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direction cosine matrix , actual attitude of the aircraft with respect

to inertial space
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inertial space
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ain
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i inertial coordinates of aircraft acceleration vector
s
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WC
wheel command

n variables of unsteady aerodynamics

e

pitch angle

V nozzle angle

p density of air

side - force angle

Ф roll angle

yaw angle

wa
body coordinates of aircraft angular velocity

3

w
n bandwidth

vii





A FORMAL STRUCTURE FOR ADVANCED AUTOMATIC FLIGHT -CONTROL SYSTEMS

George Meyer and Luigi Cicolani

Ames Research Center

SUMMARY

An effort is underway at Ames Research Center to develop techniques for

the unified design of multimode, variable authority automatic flight-control

systems for powered- lift STOL and VTOL aircraft . This report describes a

structure for such systems which has been developed to deal with the strong

nonlinearities inherent in this class of aircraft , to admit automatic coupling

with advanced air traffic control requiring accurate execution of complex

trajectories , and to admit a variety of active control tasks . The specific

case being considered is the augmentor wing jet STOL research aircraft .

INTRODUCTION

Government and industry are investing substantial resources in developing

new aircraft configurations required to meet the needs of the nation in the

1980's and beyond . Present indications are that automatic flight-control sys

tems will play a significant role in this development . The basis for such a

forecast is a combination of three factors .

1 . The mix of aircraft types such as VTOL , STOL , CTOL , and SST will

require an advanced air traffic control (ATC ) system . The accommodation of

many aircraft covering a wide spectrum of speeds and maneuverability and at

the same time satisfying stringent environmental constraints can be achieved

only if the ATC has at its disposal a sufficiently large set of trajectories .

Accurate execution of any one of a large set of complex trajectories will

require a powerful automatic flight -control system that uses the maximum capa

bility of each aircraft type .

2 . Current work aimed at providing aircraft for short -haul transportation

is developing the powered - lift technology . Among the concepts being considered

are the augmentor wing , tilt rotor , lift fan , and externally blown flap . In

all cases , the wide range of lift coefficient is achieved by inflight modifi

cations of the aircraft configuration .

These modifications result in drastic changes in control characteristics

of the aircraft ; particularly in the high lift transition and landing con

figurations, the aircraft response to control inputs is very nonlinear . More

over , the presence of powered- and direct- lift generators increases the total

number of controls available to the pilot who must continually make decisions



on control techniques . Accurate , unaided manual tracking of complex trajec

tories by manipulating a large set of interacting controls of an aircraft

whose control characteristics are nonlinear and rapidly changing represents an

unacceptably high pilot workload . Automatic flight control can reduce the

pilot workload to an acceptable level by integrating control functions so as

to generate desirable handling qualities without reducing the performance of

the aircraft as an element of the advanced civil air transportation system .

The advantages of automatic flight control are potentially even more substan

tial in military applications of STOL and VTOL aircraft . Both the advanced

military STOL and the Sea Control Fighter VTOL must utilize to the fullest the

maneuvering capability of the basic aircraft . The tracking of complex trajec

tories must be sufficiently accurate to properly execute a mission , and the

pilot workload associated with flying must not adversely affect his ability to

perform other tasks . Again , the maneuverability , accuracy , flexibility , and

level of pilot workload can be improved with automatic flight control .

3 . The rapidly advancing technology of sensors , actuators , and electronic

components is approaching the point when servomechanisms with reliability com
parable to that of a wing can be built and maintained economically . Conse

quently , the conventional direct mechanical systems composed of cables , push

rods , bell cranks , and mixers that link the pilot to control surfaces can be

replaced by fly-by-wire systems . Although fly-by -wire technology itself

offers several advantages over the conventional mechanical control systems ,

the real goal lies in the application of active control technology (ACT ) to

future aircraft . The key idea of ACT is the integration of control with aero

dynamics , structures , and propulsion early in the design cycle of the aircraft .

Studies have shown that significant reductions in induced drag and structural

weight , improvements in passenger comfort , and reduction of flight hazards can

be achieved with ACT . These benefits are possible due to (a ) a reduction in

the sizes of stabilizing surfaces , with stability provided by dynamically

controlling movable surfaces rather than statically with larged fixed surfaces

as in the conventional designs ; (b ) reductions in structural strength require

ments by applying maneuver load alleviation and gust load alleviation ;

(c ) improvement of ride qualities by a ride quality control system ; and

(d ) reduction in the occurrence of inadvertent flight hazard through automatic

limitation of flight conditions . These and other ACT concepts are currently

being developed . A total automatic flight - control system is required to inte

grate all these control functions with the autopilot .

Thus , indications are that automatic flight -control systems will play a

significant role in the development of future aircraft . Of course , these

systems were needed in the past , but the designer was severely limited by the

characteristics of available transducers and , particularly , by the small

inflight computational capacity . However , rapid advances have resulted in a

large variety of accurate and reliable devices , while the capacity of digital

flight computers has increased phenomenally and continues to increase .
As a

result , the designer is now limited primarily by the available methodology

for the design of automatic flight - control systems .

The most severe limitation of the existing design techniques is their

So long asextreme reliance on linear perturbation models of the aircraft .

N



nonlinear effects are of minor significance , these techniques are quite ade

quate . But as nonlinearities become prominent because of either increased

system accuracy requirements or the physics of force and moment generation in

the powered- lift configurations , linear methods become less tractable . Many

perturbation models are needed to cover the flight envelope adequately . Even

the procedure for choosing reference trajectorie
s

about which to perturb is

unclear at present , and controls correspondi
ng

to these trajectories that trim

the aircraft cannot be generated easily or accurately by means of perturbatio
n

techniques . Logic must be provided in the flight computer for switching the

perturbati
on control gains and reference controls as the aircraft leaves the

domain of validity of one perturbatio
n

model and enters another . The result

is a design that is complex in concept and implementat
ion

so that analyses of

closed- loop sensitivity to modeling errors and subsystem failures are exceed

ingly difficult and not very convincing .

Design techniques are needed of sufficient generality to be applicable to

a large set of aircraft types with nonlinear dynamics and multiple redundant

controls . The techniques must admit an effective tradeoff between tracking

accuracy requirements on the one hand and requirements imposed on the capacity

of the flight computer and on the a priori knowledge of system dynamics on the

other hand . The techniques must be nearly algorithmic to permit tradeoff

studies early in the aircraft design cycle when many alternative aircraft con

figurations are being considered . Techniques are needed for integrating a

variety of active control functions with an autopilot having a multitude of

modes and for coupling the autopilot automatically with the air traffic con
trol . Finally , these design techniques must result in designs sufficiently

simple to admit an effective reliability analysis .

An effort is underway at Ames to develop the methodology for the design

of advanced flight - control systems . This report describes the progress made

in the first segment of this program , namely, the formulation of an overall

logical structure for multimode, variable authority , automatic flight-control

systems . The proposed structure consists of five major subsystems : ( 1 ) The

force trimmap trims the aircraft to any admissible time -varying acceleration

vector . One of the outputs of the force trimmap is the possibly time -varying

trim attitude. ( 2 ) The attitude control system generates commands to the

moment- generating control surfaces and thereby forces the aircraft attitude to

follow the input from the force trimmap . (3 ) The wind estimator provides

estimates of the aircraft velocity vector relative to the air mass which are

needed in the force trimmap and attitude control system calculations . (4 ) The

trajectory perturbation controller closes the loop around the inaccuracies of

the force trimmap , attitude control system , and wind estimator . The result is

a trajectory acceleration vector controller whose input - output relation between

the commanded acceleration and actual aircraft acceleration is essentially an

identity , provided the input is flyable and its bandwidth is suitably

restricted . (5 ) The trajectory command generator transforms the inputs from

the air traffic control or the pilot into trajectories whose acceleration is

consistent with the limitations of the trajectory acceleration controller .

The basis for the proposed structure as well as its feasibility , benefits , and

limitations are discussed . The internal structure of the five major subsys

tems is presented in some detail to clarify the intent of each subsystem .

3



The augmentor wing jet STOL research aircraft is used as a specific example .

It is emphasized , however , that the objective of this report is not to present

a complete automatic flight -control system for a particular aircraft , but

rather to propose an overall logical structure for such systems .

BASIC COMMANDS TO AUTOMATIC FLIGHT - CONTROL SYSTEM

Control
Sensors Aircraft

ATC 1

The boundary of the system considered here is shown schematically in

figure 1 . In the following discussion , the automatic flight -control system is

the complete control system of the air

craft . It consists of all sensors ,

Generalized Command i actuators , and control logic . The set
logic

Actuators
dynamics

of sensors measures aircraft motion and

includes devices that are onboard as

well as ground -based systems such as

Figure 1.- Elements of automatic the MLS (when available ) . The function

flight control system . of the control logic is to operate on

the data from the sensors and commands

from the (generalized ) air traffic control (ATC ) and thereby to generate com

mands to the actuators which , in turn , control the aircraft . The degree of

automation of the control logic ranges from the fully automatic mode , in which

the actuators are completely under the control of the flight computer , to the

fully manual mode , in which the actuators are controlled exclusively by the

pilot . Between these extremes , there is a spectrum of modes with specific

functions such as handling quality control , ride quality control , gust load

alleviation , maneuver load control , and a variety of autopilot modes such as

autothrottle , altitude hold , heading capture , etc. Of course , combinations of

such elementary modes may also be required . In addition , the control logic

must be able to detect failures in various subsystems and switch (when neces

sary) to the next safest control strategy . The subject of this report is the

design of such control logic . ( The estimation problem associated with sensors

and the design of fly-by-wire systems is not discussed . )

The basic input to the control logic is the trajectory to be followed by

the aircraft . The trajectory may be commanded explicitly by the ATC or

implicitly by the pilot . A simple case , conceptually , occurs when (based on

wind estimates , the capabilities of the aircraft , and other considerations )

ATC selects a flyable trajectory to be followed by the aircraft . Generally ,

the set of admissible trajectories consists of a sequence of continuous seg

ments defined on relatively long (e.g. , greater than 10 sec ) intervals of time

(ref . 1 ) . Often the segments belong to a small set (e.g. , lines and circles ) ,

in which case only the parameters and duration of the segments are transmitted

to the aircraft and the commanded trajectory is reconstructed onboard . Other

wise , the coordinates of the trajectory are transmitted to the aircraft con

tinuously . In either case , the segments are defined on intervals of time ;

hence , position , velocity , and acceleration vectors corresponding to the com

manded trajectory are available to the control logic continuously . Moreover ,

since the motion of the aircraft in inertial space (a flat nonrotating earth

is assumed throughout for simplicity) is of prime concern , inertial

4



coordinates of these vectors are considered as fundamental . The situation is

essentially the same whenever the aircraft is commanded to coincide with a

moving target as , for example , a carrier landing or docking with another air

craft or a missile intercepting another object .

The pilot is an alternative source of commands . Of course , if he feeds

the trajectory parameters into the autopilot either as a voice command from

ATC or on his own initiative , he may be considered part of the ATC . However ,

many of the commonly used autopilot modes such as heading hold , altitude hold ,

autothrottle , glide- slope capture , control wheel steering , etc. , generate the

commanded trajectory only implicitly and often incompletely . Nevertheless , in

most cases , an appropriate equivalent ATC trajectory can be constructed to

represent the pilot command . The trajectory may contain a number of free

parameters which the control logic can be instructed to ignore . Consequently ,

most commands concerning the motion of the aircraft center of mass may be con

sidered , at least conceptually if not in actual mechanization , to be generated

in a standard form by the generalized ATC .

In view of the preceding discussion , the following decision is made con

cerning the structure of the automatic flight -control system :

Decision 1 : The basic command to the automatic flight-control system is

a concatenation of continuous segments Tk , each of which is given by

R * ( + )
S

& g * ( t )Til
S V * (t)

)
te 7*

k
k = 1,2 , ...

(1)

s

( t )

13
17

4

15
räti

where the 9 - tuple consists of

inertial coordinates of commanded

inertial position ( R * ) , velocity

(v5 ), and acceleration (13)
vectors .

16

16

1
5

Transition

trajectory

13 . t5

16

.12

The complete trajectory may

have discontinuities across the

boundaries of the intervals Tk . For

example , all coordinates are discon

tinuous at t = t4 in figure 2 . The

control logic must synthesize a

transition trajectory consistent

with the limitations imposed by

dynamics. Another possibility is

Figure 2.- A trajectory

rk rk+ 1 with

total discontinuity at t =

r * =

t4 •

5
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A
l
t
i
t
u
d
e

1*

h = 0

1 : 0 Time t = 10 sec

r
i

ra illustrated in figure 3 , which represents

the vertical channel of the command to

land . The segment 7 correspond to

altitude variation while the aircraft is

on the glide slope . The flare initiation

altitude occurs at t = 0 , at which time
Flore trajectory

the segment is commanded . Thus

k + 1

there is a discontinuity in both position

and velocity at t = 0 . Again , the con

rit
trol logic must synthesize an appropriate

transition ( flare ) trajectory .

As already noted , some parameters of

In

Figure 3.- ATC command , r * =
the commanded trajectory may be free .

k+ ls

to land .
particular , all nine coordinates need not

be always tracked . For example , consider

the three segments shown in figure 4 .

rå + 2

no
Segment rk represents the command to

riti track a four - dimensional trajectory with

constant altitude h* . At t = ty , the
Transition aircraft encounters heavy turbulence .

trajectory

Heavy turbulence Depending on the severity of the turbu

lence relative to the limits imposed on

aircraft dynamics , tracking may have to

be relaxed from position , to velocity , or

ti acceleration and , in the extreme case ,

only the attitude of the aircraft will be

Figure 4.- Encounter with heavy
tracked while the ATC command is ignored

turbulence .

completely . As a result , the aircraft is

allowed to drift along some trajectory r* away from the true ATC command .
K + 1

As turbulence subsides at t = t2 , four -dimensional tracking can be resumed.

However , because of the errors accumulated in the interval (tot ) , there will

be , in general , a discontinuity in all coordinates of the command at

The control logic must synthesize an appropriate transition trajectory to

bring the aircraft back on The situation is essentially the same when
k+ 2

the set of operating sensors changes with time or when the constraints imposed

on the aircraft dynamics change perhaps because of failures in certain sub

systems .

Based on the preceding discussion , the following decision is made con

cerning the formal structure of the control system .

Decision 2 : The control logic contains a command generator that synthe

sizes trajectories

t2

t = tz
°

;

Roc (t)

T = y ( t ) = Var (t) Ht

j

selt)

6



which are flyable at all times by

the aircraft with the available

sensors and actuators and with

existing constraints imposed on

dynamics . no

A
l
t
i
t
u
d
e

-

r

For example , the output of

the command generator corresponding

to the case in figure 3 is shown in

figure 5. Note that there is no

discontinuity in r at t = 0 ; while

there is a discontinuity in r * at

the same instant . (The command

generator is discussed further

later in the report . )

h 0

1

= 10 sec= 0
Time

Figure 5.- Output of the command generator

for a landing maneuver .

TRACKING ACCURACY

Clearly , one of the essential attributes of a control system is that it

be as simple as possible , both in concept and in mechanization . The level of

complexity , however , is determined ultimately by accuracy requirements . If

the required accuracy is low , then many details of the aircraft equation of

motion may be suppressed , and a simple model usually leads to a simple control
law , As accuracy requirements are increased , a more detailed representation

of aircraft dynamics becomes necessary . The model increases in complexity .

The dimension of its state space increases as more dynamical elements are
accounted for . New cross - coupling links appear . The number of parameters

increases with finer representation of nonlinearities . All this increases the

complexity of the control system . Moreover , the design methodology may hav

to be changed completely with an increase in accuracy requirement .

result , tradeoff studies may become intractable . However , such studies are

essential in the design of automatic flight -control systems advanced aircraft .

Of particular interest is the tradeoff between the required capacity of the

onboard computer and trajectory tracking accuracy . Hence , a single design

methodology must be developed in which tracking accuracy is a variable .

As a

The natural evolution of an AFCS for a new , possibly experimental , air

craft is by means of a sequence of refinements . For safety , initial flight

tests are restricted to relatively simple maneuvers and to correspondingly

simple modes of the control system with minimal authority and tracking accu

racy . As flight data accumulate and good estimates of critical aircraft

parameters become available , the set of maneuvers is expanded until , finally ,

it coincides with the designed flight envelope . Thus, the automatic flight

control system must be designed to allow a spectrum of tracking and modeling
accuracies .

A spectrum of accuracy , rather than a single level , is also needed for

normal aircraft operation . For example , in cruise , altitude tracking is

7



obviously not as significant as during a landing maneuver and can be traded

for , say , ride quality.

Therefore, the following decision is made concerning the structure of the

control system .

Decision 3 : The tracking accuracy enters the control logic as an inde

pendent variable , both during design as well as in normal operation .

The accuracy of a control system is ultimately limited by the accuracy of

the navigation system . Hence the accuracy of the latter serves as an estimate

of an upper bound on the former . The RAINPAL system (ref . 2 ) is one of the

most accurate , flight - tested , navigation systems currently available . A com

parison of RAINPAL errors with allowable errors for CTOL and SSV is given in

table 1 . In the remainder of this report , the RAINPAL errors are taken as the

upper limit on the trajectory tracking requirements .

TABLE 1.- COMPARISON OF RAINPAL NAVIGATION ERRORS WITH

ALLOWABLE ERRORS FOR CTOL AND SSV

Component

RAINPAL navigation

error standard

deviations

Navigation errors

allowable for CTOL

automatic landing

systems

Navigation errors

allowable for the

SSV autoland

system

X 0.9 +0.6 m ( 3 +2 ft ) 132 m (433 ft ) 43.2 m ( 139 ft )

Y 1.2 +0.6 m (4 +2 ft ) 2.38 m (7.79 ft ) 1.51 m (4.97 ft )

Z 0.9 +0.6 m (3 +2 ft ) 2.46 m (8.08 ft )

Å 0.15 +0.06 m/ sec

( 0.5 +0.2 ft / sec )

1.76 m/sec

(5.77 ft/ sec )

Ý 0.3 +0.15 m/sec

( 1 +0.5 ft/sec )

0.88 m/sec

(2.89 ft/ sec )

•N

Ż 0.15 +0.06 m/sec

(0.5 +0.2 ft/sec )

0.088 m/ sec

(0.289 ft/sec )

EQUATIONS OF MOTION

Let the inertial coordinates of the aircraft position and velocity with

respect to the runway axes (flat , nonrotating earth is assumed throughout ) be

denoted by Rs and Va , respectively . Then

8



Ř = V

s S

( 3 )

where ( ° ) denotes differentiation with respect to time t . Aerodynamic forces

and moments depend on the velocity of the aircraft relative to the air mass .

Let Wg denote the inertial coordinates of the wind velocity . Generally , Ws

is a complicated function of position and time which may vary significantly

over the dimensions of the aircraft . Let

W

6 = wg (Rg,t ) + Bw . ( R
dw

S

+

(4)

Post ) 4
s

where the first and second terms consist of wavelengths longer and shorter ,

respectively , than the aircraft dimensions , and rg is position -referenced to

the aircraft center of mass . The inertial coordinates vs of the aircraft

velocity relative to the air mass are defined in this report by

v • V

8 Vs - W
(5 )

8

where ws = Ws (Rg , t ) is the average wind at the aircraft center of mass . Wind

shear across the aircraft is ignored here . Polar coordinates of relative

velocity are defined in a standard manner according to figure 6 . Thus

v = vu

S vus
(6 )

vus

and

us• • ( ( )B (W,JE (Y,) , ( 7 )
1

where Eż (0 ) is an Euler rotation about

axis i , OT is the transpose of ( ) ,

and 8i is the column with 1 in the ith

place and 0 in the other two . In the

absence of wind , Wo is the aircraft

heading angle and Yo is the glide- slope

angle .

2

In che aircraft body axes , the

relative velocity is given by

va
= vu

α

(8 ) Figure 6.- Definition of airspeed ,

v , heading angle to and glide
slope angle You

where

• • ( )Ez(a)E?(B)67
u

a

(

( 9 )

9



Conversely ,

aa = tan ? [ ( 3) / u, ( 1 ) ]

B = sin"? [u ,(2)]?

( 1

-1

a

where a and B are the angle of attack and sideslip angle as normally defined

(ref . 3 ) .

The attitude of the aircraft body axes with respect to the runway axes

are defined by the direction cosine matrix Aas . If Euler angles are used in

the 3-2-1 sequence , then

A as
= E

1E, (0 )EZ ( O ) EZ (U )
DE U ( 1

2

The attitude can also be defined in terms of the angles associated with the

direction of the relative velocity vector as

А

as

= E

E2(Q)E?(B)E, (0,JE_ (Y, JE ,( ,) ( 11
3 2

Axes: Runway Wind tunnel

where do is the angle of roll about the relative velocity vector vs. A bloch

diagram representation of equation ( 12 ) is given in figure 7 for future

reference . The term "heading"

Heading Velocity Stobility Body refers to the heading of the rela

1 E3(W )
tive velocity vector .

LEIBHEzla) AosEzlov - E ,18 )

Subscript
Let the body coordinates of

aircraft angular velocity with

Figure 7.- Block diagram representation respect to the runway be denoted b

of equation ( 13 ) . wa Then (see , e.g. , ref . 4 ) ,

S h v wt st 0

Å

as

( 13
asS (wa )

(x1 ,x2,43) ?,where , for any column 2 =

0 23
-22

S (x)

C :)

=

-23 0 ܫܢ ( 14

X

2

-JCI2

Equations ( 3 ) and ( 13 ) are the kinematic components of the aircraft equations

of motion .

Let the inertial coordinates of total aerodynamic and propulsive force be

denoted by fs , and let m and g be the aircraft mass and acceleration of

gravity , respectively . Then

10



+ g83 ( 15 )
S m S

The total aerodynamic and propulsive force is most directly expressed in terms

of coordinates with respect to the wind - tunnel axes . Thus the total force

along the relative velocity vector , henceforth to be called total drag ,

Dest
-QS CD1 ( 16 )

where the dynamic pressure

Q = { pu? ( 17 )

for which p is the density of air , Sw is the wing area , and Cp is the total

drag coefficient . The total force perpendicular to the relative velocity

vector , henceforth to be called total lift ,

---QS,CLE? (0)63 ( 18 )

where Ci is the total lift coefficient and o is defined in figure 8 . Note

that the present definition of the total lift coefficient includes the side

force , and both total lift and drag

coefficients include the effects of

thrust . Generally ,

CD = Co ( a, b , u ; n )

C = C (a , b , u ; n ) ( 19 )

o = o (a , b , u ; n )

where u represents the available con

trols such as flaps , throttle , ele

vator , rudder , ailerons , etc. , and n

represents the dynamic variables such

as a , b , wa , etc. , and other variables

such as air temperature and density .

The inertial coordinates of the

total aerodynamic and propulsive force

are given by 3

fs = QSCS ( 20 ) Figure 8.- Definition of lift

vector used in report .

where the total force vector coeffi

cient is

11



Co = ( ) (B)[C,87 + CFI(0 83]
( 21 )

The dynamic equation for rotation is given by

Jak [Ma + s (walhal
( 22 )

a

where Ja is the aircraft moment of inertia in body axes , Ma is the total aero

dynamic and propulsive moment , and ha is the total aircraft angular momentum .

When the angular momentum of spinning parts is negligible ,

h = J w

a αα
( 23 )

The moment vector is defined in terms of the moment coefficients in the usual

manner :

M

.. :)
( 24 )

a

where b and c are the span and mean chord , respectively , of the wing .

Generally ,

сма Cm (a, b , u ; n ) ( 25 )

Aos

( Q , Q , B )
I vs , pl

Equations

( 10 , 17 )

Equations

( 19 , 20, 21 )

fs

U ก

The data represented by equa

tions ( 19 ) and (25 ) are considered as

the fundamental source of information

concerning the total aerodynamic and

propulsive force and moment . In the

remainder of this report , these data

are assumed to be given to various

levels of accuracy . The information

flow involved in force and moment

generation is shown in figure 9 .

Equations

( 24 , 25)

Mo

Figure 9. - Main information flow in

force and moment generation .

Equations ( 3 ) , ( 13 ) , ( 15 ) , and (22 ) are the fundamental components of the

system state equation . Other effects such as the dynamics of actuators and

sensors may be adjoined to these equations as the need arises to obtain the

complete state equation modeling the aircraft .

12



AUGMENTOR WING JET STOL RESEARCH AIRCRAFT

A specific aircraft is described here to motivate and aid in the follow

ing discussion . Note that , although the discussion in the remainder of the

report is directed toward this specific aircraft , the essential concepts are

applicable to other types of aircraft .

78'9"

32'0 "

28'8 "

Pegasus

nozzles

Rolls - Royce

Spey 801 - SF

Augmentor

flaps

The augmentor wing jet STOL

research aircraft (AWJSRA ) is a

de Havilland C- 8A " Buffalo" modified

according to the general arrangement

shown in figure 10. The wing area

Sw is 80.36 m2 (865 ft? ) and the

maximum gross weight is 20,400 kg

(45,000 lb) . The aircraft is

powered by two turbofan engines .

The relatively cold flow from the

front fans is ducted through the wing

and fuselage to the augmented jet

flap and blown ailerons . The

arrangement of the augmentor flap is

shown in figure 11. The entire flap

unit pivots about the main hinge

point . No provision is made in this

installation to retract the upper

flap units into the main wing con

tour . The Coanda surface serves to

deflect the (cold) flow from the

nozzle . The augmentor chokes at the

trailing edges of the main flaps con

trol the lift generated by the flaps .

The two outboard flap chokes are

used to control roll and all four

chokes are used to spoil lift after

landing

-77'3.8"

Spoiler

Aileron

1601
..00

To'o "

27'10"

Figure 10.- General arrange

ment of the modified C-8A .

Coonda
Intake

Duct

Wing rear i

spar
I and

nozzle
Shroud1

1

Flap hinge point 8F

Flap

Choke

The hot gas from the two turbo

fan engines flows through two pairs

of nozzles that can be rotated in

flight to provide vectoring of the

hot thrust through a range of 98 ° .

All nozzles are connected to move in

unison in response to a single nozzle

angle command. The geometry asso

ciated with the hot thrust is shown

Diffuser

Figure 11.- Arrangement of the

augmentor flap .
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cg

Nozzles

in figure 12. Since the aircraft center of

gravity is not on the axis of rotation of the

nozzles , the hot thrust generates a moment
that depends on the nozzle angle v . The

servos that control the nozzles are quite

fast , being limited to 90 ° / sec . The hot and

тTk
cold thrusts depend on the engine speed . The

speed of both engines is controlled in unison

by a single throttle command, or . The asso

ciated servo system is relatively slow with a

bandwidth of approximately 1 rad / sec. The

cold flow has a pronounced effect on the wing

body polars of the aircraft as shown in

figure 13 , where the independent variables are

flap angle Of , angle of attack a , and cold

thrust coefficient Cj = Ic /QSW .

Of particular significance for the
Figure 12.- Geometry of hot

design of automatic trajectory tracking sys
thrust in body coordinates .

tems is the large variation in the basic aero

dynamic characteristics of the aircraft (evident in fig . 13 ) . Certainly , there

is quite a significant change between cruise configuration (flap = 4.5 ° ) and

landing configuration (flap 65 ° ) . But present indications are that the non

linearity is significant even over much smaller regions . For example,

Lift -drag polar, AWJSRA CL la , F, C ,) vs Co.
WB

la, Ę C; )
WB

4 5 55

5 5

3 4 45 1

2

3

3 . 35 1

CLWB CL
WB

CLWB

1 2 2.5

0 15

O

5

Cj F = 4.5 F :50F : 5

1

-2 -1

0

55 551 6

4.5 45 o
n

3.5

T

3.5 4

CLWB CLW CL
WB

25

WB

3
2.5 1

1.5 15 24

5 5H 1

1

F = 60

I J

3

11

2

-5

-1

F : 65

1

3

o 1

2

F : 75

1

3 42 1

con COWE
con

WB WB

Figure 13.- Wing-body polars (CD , C ) ( a , C7,0p ).
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Flap = 65°

Throttle = 22°

Airspeed : 65 knots3.5

5.5
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figure 14 shows the total lift and drag

coefficients , including the effects of the

hot thrust for a constant flap , throttle ,
lacC=C dc

да

and airspeed which correspond to a typical

dal

landing configuration with angle of attack

dc

and nozzle angle as the independent

variables .

Point A , represents equilibrium flight

at 65 knots along the -7.5 ° glide slope .

Point Aą represents level flight at the

same speed . The derivatives of the total

force vector coefficients are also shown
27

at these two points . As the aircraft is

maneuvered between A, and A2 , the change in

these derivatives may adversely affect

closed- loop stability . Of additional con

cern is the magnitude of steady - state error

in altitude which will result if linearity 늘
is assumed in this region . Thus , for a. Total drag coefficient co

maneuver that takes the aircraft from A ,

to Az , the feed forward based on the linear Figure 14.- Total force

model at A1 will trim the aircraft to coefficient .

point A12 giving an error in the required

lift coefficient , ACL /CL = 4.5 percent . This error will be absorbed by the

altitude feedback , resulting in an error he = 0.045g /wń , where g is the accel

eration of gravity and wn is the bandwidth of the altitude loop . But , because

of limitations imposed by the unsteady aerodynamics on this bandwidth ,

Wn 0.5 rad/sec at 65 knots ; hence he ? 1.8 m (5.8 ft ) . Similarly , a maneuver

that takes the aircraft from level flight (point Ay ) onto the -7.5° glide slope

(point Aj) by means of the feedforward based on the linear model at A2 will be

trimmed to point A21 , resulting in a magnitude of altitude error he > 4.9 m

( 16 ft ) . Of course , this hang - off error can be removed by means of an inte

grator in the altitude error channel . Because of bandwidth limitation , such

trim corrections will be too slow for many maneuvers . Consequently , when such

errors cannot be tolerated , even the relatively small transition as between

A , and A2 must be considered nonlinear for the purposes of generating trim

controls . So , as usual , the practical concept of linearity is intimately

related to accuracy requirements .

The trim problem is further complicated by the presence of redundant con

trols . Thus , as shown in figure 14 , the total lift and drag coefficients

required for steady flight at 65 knots along the -7.5 ° glide slope (point A ; )

can be achieved by the trim condition (a , v , 87,0p) ( 2.5,92,22,65 ) . However ,

the same coefficients can be achieved by other combinations of controls . This

redundancy is shown in figure 15 , where point A , corresponds to the particular

solution A , in figure 14 . The question (the redundant control problem ) is

which combination (a , v ,87,0F) to use in any given situation .

The preceding discussion of the characteristics of the AWJSRA implies

that careful attention must be given to the problem of trimming the aircraft .

Present indications are that other aircraft types that use powered lift and
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Angle of attack a

10 8 6 4 2 O -2

70

60

undergo rapid changes in configuration

are similarly nonlinear and have redun

dant controls . Hence the following

decision is made concerning the struc

ture of the automatic flight -control

system ,

50

F
l
a
p
- 40

80 90 100 105

30
Nozzle u

20

16

1

28

11

3018 20 32 3422 24 26

Throttle T

Decision 4 : The control logic con

tains a section in which the control

redundancy is resolved and trim controls

are generated continuously . This sec

tion of the control logic is referred to

as the trimmap .

Figure 15.- Controls for one

value of total force

coefficient .

The Trimmap

To solve the trim problem , one must , in effect , reverse some of the

information flow shown in figure 9 . Thus , given the relative velocity vs and

density e , and the commanded (trim) total force vector fsc and moment vector

Mac , the problem is to find the required trim controls uc . From equation ( 20 ) ,

it follows that

Csc ( as ) -?f5c
( 26 )

Since drag is defined as the force component along -vs , and lift is defined as

the total force perpendicular to vg ,

сре - CSC
-и с

( 27 )

CLc ccccse - cc)1/2

where ug is defined by equation ( 6) .

Two cases arise in the computation of the commanded side - force angle oc

(see fig . 8 ) , according to whether or not the commanded (trim) attitude of

the aircraft As is completely defined outside the trimmap .

If A™s is completely defined , then the commanded angle of attack Qc and

side - slip angle Bc are defined because the relative velocity vector vs is not

subject to control within trimmap ; when in trim , va = Acsvs and a and B are

defined by equation (10 ) . Consequently , the wind - tunnel coordinates (see

fig . 7 ) of the total aerodynamic and propulsive force vector coefficient

required for trim are given by

ಎte = E 8E3 ( BEZ(Q.JA *ssc ( 28 )
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while equation (21 ) implies that

= arctan [Cute(2 ) , -Cwte (3)]) (29)
с wtc

so the problem is reduced to that of partially inverting the basic data of

equations (19 ) and (25 ) :

Co (a ,b ,u ; n ) - CDe = 0

Cz (a ,b ,u ;n) - Clc = 0

(30)

o (a , b , u ; n ) - 0 = 0
3

CyCu (a ,b ,u ;n ) - CMac
= 0

*

If Acs is incompletely defined in that the trimmap is free to select the

commanded angle of attack , then this angle and the controls must be chosen to

satisfy equation (27) with constraints (30) , which define the side- force angle

Oc Then the commanded attitude can be defined according to equation (12 ) ,

namely ,

*

А

AS ,( .) (8.38,(0,JE,(Y, ) , ( , )E2
(31 )

CS 2

where

II

( 32 )

8

+ arctan [Cve (2 ), -Cve (3 )]

R
O

and (see fig . 7 )

Cve = E2 ( Q ) E3 (42 )CscС ( 33 )

The commanded attitude can also be defined without the explicit use of

the angles (ovo Voito) as follows . The unit vector up along the lift vector is

given by

= (se + Cdc42)/CLCCD
(34 )

=

CSC
+

where CDe and Clc are defined by equation (27 ) . Let the matrix Uus be the

rotation defined by

U

uus - [ug, -S(4), - 1 (35 )
S S

where S is the vector cross-product operator defined by equation (12 ) . The

rotation Uus takes the axes that are initially aligned with the runway (iner

tial ) axes into the attitude in which the relative velocity is along 8 , and

the lift vector is along -83 . Hence the trim attitude is also given by

1

17



*

=

A

CS Ez(Q )E (B_JE, (0 ) UUS ( 36 )

m

( 15 )

日اهلو

U

Vs

( 35) Uus

Trimmap

( 30)

( 36)

The main flow of information in the automatic trim logic when the commanded

attitude is incompletely defined is shown in figure 16. The primary inputs are

the input translational accelera

tion Vs I and the input angular
acceleration War . The output is the

Vsi
control , u , and the required trim

isc 1Срс , CLC

| (26,27) attitude , Ams : The solution of

equations ( 30 ) ( called the trim

map ) is the core of the automatic

trim logic . Within the trimmap ,Vs

control redundancy is resolved and

laciocaUus control strategy is modified in

ACS
case of component failures . The

wal Смос trimmap provides a natural setting

for monitoring the proximity of the

aircraft to its performance limits

and for protecting the aircraft

from exceeding its design limits ,

that is envelope limiting . Further

Figure 16.- Main information flow in more , the primary purpose of the

automatic trim logic . automatic trim logic is to provide

a priori open - loop information to

the overall automatic flight -control system and thereby relieve the perturba

tion controller whose feedback is intended to control the uncertainties of the

process as well as relatively insignificant details that are known but ignored

in the construction of the trimmap . Thus , it is also within trimmap that the

major tradeoff between complexity and computer capacity on the one hand and

accuracy of performance on the other takes place .

Mac

(22 ) (24 )

BC

Ja ,wo

The perturbation controller is discussed in the next section . However ,

note that the relative velocity vector vs is used in the trim logic .
Since

wind contributes significantly to the relative velocity , estimates of the wind

must generally be computed . For this reason , the following decision regarding

the structure of the automatic flight - control system is made .

Decision 5 : The control logic includes a wind filter that estimates the

inertial coordinates , ws , of the wind vector . (The wind filter is discussed

further later in the report . )

Perturbation Controller

The perturbation controller provides closed - loop , feedback control over

details of the physical process not accounted for in the open - loop , feed

forward , trim control either because they are not known a priori or because

they have been purposely ignored to simplify the open - loop control . For the

purposes of discussion , let the system state equation be

18



= f (x , u ) ( 37 )

where x and u are the state and control , respectively , of appropriate dimension

and , in addition , the control is restricted to a set U that may depend on the

state , A trajectory [Zo (t ), te T] is flyable if , for all t in T , there is a

control uo ( t ) such that

( t )
=

f [xo (t ) , u, ( t ) ] ( 38 )

The trim problem (as discussed previously ) is to find a control ug that satis

fies equation (38 ) , given that the trim (nominal ) trajectory X , is flyable .

The solution will be an inverse of the state equation (37 ) , namely , a function

(9 , F) , which we call the trimmap , so that for all (x , x ) in F ,

( 39 )f [x , g ( C, x )] = 3

The corresponding trim control is given by

ug g= g ( ,x ) (40 )

Usually , trim refers to cases with constant uo . Here the concept is general

ized to include open- loop controls that vary with time . As noted previously ,

when controls are redundant , the state equation (37 ) alone does not suffice to

define the trimmap (g , F) , and additional conditions must be introduced to

resolve the redundancy .

The trim problem may be difficult to solve , but , evidently , its solution

to the required accuracy is the essential first step in any design of auto

matic flight - control systems . The next step usually is to design feedback

control systems based on perturbation models . Thus , given a flyable trajec

tory (x ,xo) trimmed by uo according to equation (40) , the linear model (41 )
is obtained for the perturbations .x = x Xo and du = u uo :

să
a

ax

dx +

(34)
δυ (41 )

where the partial derivatives are evaluated along the nominal trajectory .

Then the application of the methods of linear control theory (ref . 5 ) yields

the perturbation control law

du = K
Kom (42 )

Since the coefficients in equation (41 ) depend on the nominal trajectory , the

process must be repeated for a sufficiently large number N of nominal trajec

tories (« ,x ) in Puntil the flight envelopeF is covered adequately . The

result is a scheduled gain matrix K (co ,% ) and the complete control law is
given by

u = g ( x ) + X ( X ) (x - 2 ) (43 )
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The structure of the control

system selected in the conventional

perturbation controller design is

shown in figure 17 . The distur

bance is represented by
( Xo , to )

glio, Xo) f ( x , u )

si
8 x

e .

The many advantages of the

methods of quadratic optimization

of linear systems are well publi

Figure 17.- Selected structure in cized (ref . 5 ) . Indeed , these

conventional design . methods are very powerful . But when

the state equation ( 37) is highly

nonlinear , the procedure for choosing the proper set { (coi ,xoi ) } n of nominal

trajectories to adequately cover the flight envelope F with perturbation models

so as to apply these methods to each of them is , at present , rather unclear .

Then there is the problem of how to obtain envelope limiting . The perturba

tion control su ( see fig . 17 ) may , in response to a disturbance , force the air

craft outside its design limits even though the nominal control ug is main

tained by the trimmap well within these limits . If envelope limiting is

achieved by limits 8U on ou , then questions concerning the stability of the

resulting nonlinear perturbation controller must be resolved for each of the N

perturbation models . Since these limits on u are likely to depend on ( ico , x ) ,

8U (CO , x ) must be stored in the control logic in addition to the gain matrix

K (cco , x ) and the trimmap glio, x ). If N discrete cases of these variables are

stored, the dynamics of switching from one case to the next as the aircraft

state moves through their domains of validity must be designed . For example ,

hysteresis may have to be introduced to prevent jitter when the aircraft is

required to fly near the boundary separating these regions . Switching

dynamics further increase the storage and computation requirements of the

flight computer . Lastly , there is a plethora of problems associated with

reliability . Typically , does the system remain stable when a column or row of

the gain matrix K is lost ? – which corresponds to the loss of a sensor or a

control , respectively . Such questions concerning the structure of the feed

back are , as yet , difficult within the framework of quadratic optimization .

In this respect , the older classical design techniques based on sequential

loop closures that result in a nesting (hierarchy) of subsystems with decreas

ing bandwidth are more effective for designing fail - safe systems .

Because of these considerations , the following decisions are made con

cerning the formal structure of the automatic flight -control system .

Decision 6 : The feedback is closed through the automatic trim logic .

Decision 7 : The structure of the control logic is hierarchical .

The information flow implied by decision 6 is shown in figure 18 . The

feedback is through perturbation &xo in the trim condition xo. Suppose that ,

initially , x = xo : In the absence of any modeling errors , the control

u = g (z ,x ) (44 )
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Xowill maintain x = xo . The tracking

will be perfect even if , at some point

in time, é is perturbed to čo + Sico ,

provided that (ão + 8ão, x ) is in F.

The corresponding control is

= g (če + oico ,x ) (45 )

g /* +810, ) f ( x , u ) 8x

น =
dio

Now suppose that initially x - x = 0 , Figure 18.- Structure of proposed

but that the error can be removed by perturbation controller .

means of a flyable trajectory . Then

there is an ao
8ão that will take x into x, by means of the control law

given by equation (45 ) . That is , the feedback for controlling the process

uncertainties can be closed through the automatic trim logic as in figure 18

rather than after the trim logic as in figure 17. One immediate consequence

is that envelope limiting is done within the trimmap . The other consequence

is that , for any admissible sin, the perturbation model is given anywhere
inside F by

= sic (46 )+ e

where the magnitude of the error e depends on the accuracy of the automatic

trim logic . Thus the emphasis is shifted from the N perturbation models

required to cover F to the construction of flyable perturbations in the com

manded trajectories . The latter task is considerably simplified by decision 7 .

Consider the block diagram in figure 19 , which represents the automatic

flight - control system as viewed from one level in the hierarchy , namely , that

(R. V.

RSV vs

Perturbation controller Vs Vs

Risch Rse

Avs ki

ws sm T

(T., S.1) ) Aas

Voc Vse

Avs K2
( 7,5 :1) AVEVS

Wind estimator

Vam

Aust K3

งIsm

Sensor

U

Vs!

Throttle

flap
Sensors

M-- Eq JE 31@v)
wa

ve =9[Fvcoû, un

Attitude

throttle

servos

Vs = f ( Vs, wg , u up)
一口 。RS

( this)
O

Vs Vs

Trimmap Plont

Figure 19.- Acceleration controller for the AWJSRA .
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of the acceleration controller . The function of the acceleration controller

is to accept commands from the command generator , which is one level higher ,

and transform them into commands to the flap , throttle , and nozzle servos , as

well as to the attitude control system , all of which are one level lower . At

the level of the acceleration controller , the servo systems are represented by

relatively simple , possibly linear and low - order , input - output relations , which

are treated as specifications to be met in the design of these subsystems . Of

course , the subsystems may be quite complicated internally . For example , the

attitude control system may have its own automatic trim logic and perturbation

controller and may rely on simple input -output relations that describe the

control surface servos , which are another step lower in the hierarchy .

The major blocks of the acceleration controller are the trimmap , wind

filter , and compensator . The inertial coordinates V,The inertial coordinates Vse of the input accelera

tion vector are transformed by the trimmap (fig . 16 ) into commanded flap ,

throttle , nozzle , and attitude .

The wind filter computes smoothed inertial coordinates Wg of aircraft

velocity relative to the air mass from body -mounted air velocity vam
sensors

and from the inertial velocity Vs and attitude Aas of the aircraft. Note that

only the inertial coordinates of wind are filtered , while Vs is unaffected .

Hence , in the absence of wind and , of course , sensor errors , Ös

The input- output relation , VsI + is, where the is terms are the inertial
coordinates of aircraft acceleration vector , is given by (see eq . ( 46 ) ) ,

Vs .

v

S

= V + e ( 47 )
SI

where e depends on the inaccuracies of the trimmap and the wind filter , the

presence of unsteady aerodynamics such as å effects , and on attitude and other

subsystem dynamics. The purpose of the perturbation controller is to close

the loop around such effects and thereby reduce e to a tolerable level . Iner

tial coordinates of position , velocity , and acceleration errors are trans

formed into approximately longitudinal , lateral , and normal errors by means of

the direction cosine matrix Avs computed from the commanded inertial velocity

Vsc; the errors are weighted by constant gain matrices K1 , K2 , and Kz commen

surate with the acceleration capacities of the aircraft in these directions .

The result is filtered to ensure compatibility with the attitude control sys

tem and other subsystem dynamics. The corrective acceleration is transformed

back into inertial space and added to command Vse to give input VgI. In this

way , feedback is closed around the process uncertainties , e , so that

i = V

SC
( 48 )

S

is sufficiently accurate if the acceleration isc commanded by the command

generator is admissible , namely , if (Vse,ise) is flyable and the bandwidth of

sc is suitably restricted . Coriolis terms due to the time rate of change of

Ave may be included in the perturbation controller if necessary using the

techniques of the next section .
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Angular Acceleration Controller

The discussion thus far has been concerned with controlling the motion of

aircraft's center of mass . The concepts that led to the structure of the

(translational ) acceleration controller shown in figure 19 are also applied to

formulate the structure of the angular acceleration controller . The function

of the angular acceleration controller is to accept commands from the attitude

command generator and transform them into commands to the wheel , elevator , and

rudder servos . The structure is again hierarchical . The attitude command

generator , one step above the angular acceleration controller , accepts attitude

requests from the translational control system and , based on simple input

output representation , generates rotational trajectories (Acs (t ) ,we (t ) ,wc (t)]

as input to the angular acceleration controller . The control surface servos ,

one step below the angular acceleration controller , are represented by rela

tively simple , input -output relations .

The structure of the angular acceleration controller is shown in figure 20 .

The major blocks are the moment trimmap , wind estimator , and attitude pertur

bation controller . The body coordinates wal of the input angular acceleration

vector are transformed by the moment trimmap into commanded wheel wc, ele

vator sec , and rudder oOrc

(Aas هو)

| Aas الو

Vs Vs

Ly.| Aca Vam

Acs х
Euler

para
к

A as Sensor S

ca Wea

Wc Aach K₂ +Sluca)
Aas

Wind

estimator

G (S )
Ur Vs, Ws

Throttle

flap

nozzle Sensors

Attitude perturbation controller

ܣܘܘ تولا Мос uc
U

ac AOC Jo uc= 92/Mac, Parur!

Control

surface

servos

ofalva,wa, ur, u ) 1s

00省
►Aas

Sw

de

8r

8w

Se

8,
cSiwalJawa

Moment trimmap

Aasi wa

Plant

Figure 20.- Structure of the angular acceleration controller for the AWJSRA .

The wind estimator provides estimates of the body coordinates ûa of air
craft velocity relative to the air mass , which are needed in the moment trim

map calculations . The structure is very similar to that of the wind estimator

in the translational control system . There may be differences in detail

because of different bandwidth requirements .
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个The input - output relation , wai wa, is given by

wa
+ e (49 )

ai

The pur

where e depends on the inaccuracies of the moment trimmap and the wind esti

mator , the presence of unsteady aerodynamics such as å effects and wind shear

across the aircraft , and on the dynamics of control surface servos .

pose of the attitude perturbation controller is to close the loop around such

effects and thereby reduce the error e to a tolerable level . Following

reference 4 , attitude error is defined by the direction cosine matrix

А

ac

= A A7
T

Cascs
(50 )

Thethat represents the aircraft attitude relative to the commanded attitude .

time derivative is

Å
T

= À A

ac as CS
À

T

+ A A

as cs

But (see eq . ( 14 ) ) ,

Å
s (w .)Aasas a

and

Å
s (w .)ACSCS

where wa represents (in body axes ) the aircraft angular velocity relative to

the runway, and we represents (in the commanded body axes ) the commanded angu

lar velocity relative to the runway , Hence

Å А

ac ас acS(W )S (wa)Aac

= S(ad/4aa - Aas(uddaa(

S ( ) - S (AacW .) A

A ac acac

w aca hac ас

S (wa - Acc . )Aac
A

aceα ас

or , equivalently ,

Å
ac S (wea] A ac (51 )

where the body coordinates of angular velocity error are given by

w

ea AacWc
(52 )

a
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Therefore , the time derivative is

a ас с асS (wea) A acWc - Aacuc

+ S (wca )wea - AacicA
α

=

where wca = AacWc represents (in the body axes ) the commanded angular velocity .

The identity S(2)y S (y ) x was used in the last step above. Thus the body

coordinates of angular acceleration are expressed in terms of the command and

perturbations as

Accüce -
А
αce

s (wca ]wea (53)
а 'ea

Note that , since no small signal approximations are used to derive equa

tion (53 ) , it is universally valid .

Equation (53 ) can be interpreted as defining the required angular accel

eration wal of the aircraft (which is the input to the moment trimmap ), so

that the command is executed with perturbation (Aac , Wea , wea ). An equation

connecting wea to (Aac, wea ) closes the loop around the perturbations. Thus

the remaining problem is to synthesize a control law h h (Aac,wea) so that
the system

Å
ac s (wea] A ac

(54 )

= h
ea

has an acceptable relaxation transient response , (Aac (0 ) ,wea(0 ) ] + (1,0) .

This problem is treated in some detail in references 4 and 6 . For example,

the attitude error is defined by

1923 a32

€ = 0.5 аз1 a13

912 a 21

where (aij) = Aac : According to Euler's theorem on rotations , every attitude
can be attained with a single rotation . Let º be the angle of Aac, and let c

be the unit vector along the axis of Aac . It can be shown that E = (sin ) c.o c

Thus, for small attitude errors (0 < 0.5 radian ) , e gives both the magnitude

and direction of attitude error . In addition , for small perturbations ,

= W

" ea

is a good approximation to the kinematic equation , and the state equation (54 )

becomes
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ė

ea

W = h

ea

There are many techniques for synthesizing the control law h . A simple

example is

h =
- K7 € - Kqwea (55 )

where the constant gain matrices Ky and Ky are selected to provide the required

bandwidth and damping in each axis .

With the control law (55 ) , the input to the moment trimmap becomes

wal = Accüc - {K, € + [K, + S (wca )]wea})A +

?
(56)

( shown schematically in fig . 20 ) . The dynamic element Gi (s ) is included in

the attitude perturbation controller to provide high - frequency cutoff . Thus ,

a feedback is closed around the process uncertainties , e , in equation (49 ) so
that

ف=نو (57 )
a

is sufficiently accurate if the angular acceleration command, wc, commanded by

the attitude command generator is admissible , namely , if (Acs ,wc ,w .) is

flyable and if the bandwidth of wc is suitably restricted .

Now , consider the translation perturbation controller discussed at the

end of the preceding section . The Coriolis effects may be included as follows .

Let the matrix A define an axis system with respect to inertial space , and let

Re = A (Rsc )Rs) and. Ve = A (Vec - Vs ) be the position and velocity errors ,

respectively . Then A = S (w)A, where w is the angular velocity of A , and

Ř S ( w ) R

-

+ V

ee

Ä

=

S (W) RE + S (w ) [S (w )Re + ve]) ve] + s (w ) Ve
+

s
+

Alice - 0е

Hence ,

T

js = ise
=

S2 )
SC e e- Vec + 4%[S(W)R + ? ( w )R + 25(w )V. - * )A

The designer is free to choose A and Ře. For example , let the error relax

according to the linear law ,

-K ,Re - KRŘ - -K ,fe
е 2 e

Then the input to the trimmap is given by
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T
j

SI = + A2 { [S( ) + S2 (w) + K2S (W) + K , ]Rw
+

+ [ 2S (w ) + K ]V )?SC

In particular , if A = Avs , which aligns the first axis with the commanded

velocity , Vsc, and maintains the second axis horizontal , then

T

W =

W , - /(Ays + k8 , 0735(vec) Vac!V?
-

υ SC

where

3
4
3ºsc

V

SC

k =

8 zu

compuse)

=

You ( v .)-1/2V1
1

T

น

SC2 V sc'sc

1 . (

The results of simulation tests suggest that all significant coriolis effects

are accounted for by the approximation in which k = 0 and the gains in

figure 19 are replaced as follows ,

K; + S2 (w ,) + K25(W , ) + Kywy +

K2 + 2S (W) + K2

and Kz is unchanged.

Trajectory Command Generator

The last two major blocks of the proposed structure of automatic flight

control systems are the trajectory command generator and the attitude command

generator . Their function is to provide only admissible commands to the

corresponding acceleration controllers . In this section , only the trajectory

command generator is discussed . Since , within the scope of this report , the,

two generators may be considered to be very similar , the discussion applies

also to the attitude command generator .

In the hierarchy of control logic , the command generator is one level

above the acceleration controller and one level below the generalized air

traffic control (which includes the pilot ) . Sufficiently smooth commands can

be passed unmodified to the acceleration controller . However , in general ,
discontinuities will be present : the air traffic control may request a dis

continuous change in trajectory ; the pilot may switch to a different control

mode ; the set of active sensors may change ; or a strong disturbance due to

wind or a partial failure may force the aircraft too far from the commanded

trajectory to be brought back by the perturbation controller .
In such cases ,

the command generator must generate an acceptable transition (flare ) trajec

tory that returns the aircraft on target . The transition may be generated by

means of a dynamical system as shown in figure 21 .
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Initial conditions

The output of the command generator is

given by

Transition

dynamics

000

E
R ( 58 )

e
j

ev

R$

Rgc

Vi Vsc

vi VscSC

where the quantities ( ) * are the ATC

command (see eq . ( 1 ) ) , and er , ey, and

ey are the modifications of that com

mand in position , velocity , and

acceleration .

Figure 21.- Generation of transition

(flare ) trajectory .

Let the differential equation of the transition dynamics be

ė = h (e ) (59 )

with an output map

'R

ev = H (e ) (60)

ev

If equation (59 ) is asymptotically stable and H (0 ) = 0 , the output of the com

mand generator will approach the ATC command with time . To have continuity in

commanded position , velocity , and acceleration , the dimension of e must be at

least 9 , that is , 3 for each axis . If initial conditions are chosen so that

VR (0 ) R* (0)

R (0 ) S

I
l

@y(0)
(61 )

Vs ( 0 ) - V (0 )

(0) (0)ej (0 )/

then , at the initiation of the transition , the command coincides with the

actual position , velocity , and acceleration of the aircraft .

The detailed shape of the transition is controlled by means of the func

tion h (e ) in the state equation (59 ) . Generally , the state space will consist

of at least two regions , one of which includes the origine = 0 .0. In this

region , the function h (e ) may be linear . Thus , for example, let the small

transitions be generated by three uncoupled , linear systems with constant
coefficients ,
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ė; - Fili
(62 )

where , for each i = 1,2,3 , the dimension of eż is 3 and the dimension of the

constant matrices Fi is 3 3. If the initial conditions are defined by the

rows of the matrix

e (0 ) = Aveler(0) ,ey (0 ) ,e; (0 ) ]
0 = (63 )

vc R

and the output map is defined by

[er (t) , y (t) ,ej (t) ](+ - A =(6)
=

T

VC
(64 )

then the transition dynamics will be approximately invariant with respect to

the commanded velocity axes given by the matrix Ave. Since the acceleration

controller tracks the output of the command generator with small error , equa

tion (62 ) represents approximately the transition dynamics with respect to the

longitudinal (i = 1 ) , lateral (i = 2 ) , and normal (i = 3 ) axes of the aircraft ,

respectively . The bandwidth of the transition can be made compatible with the

restrictions of acceleration controller by a proper choice of matrices Fi.

= =

Outside a neighborhood of e = 0 , the function h (e ) must be modified ;;

otherwise , the magnitude restrictions of the acceleration controller will be

violated . In this region of the state space of e , the design of h (e ) may be

based on such considerations as the optimization of transit time or transit

energy with hard constraints on e .

In effect , trajectory tracking errors have been sorted into three levels .

Small errors are corrected by the perturbation controller without reinitializ

ing the command generator . Medium errors are corrected by means of the com

mand generator with linear transition dynamics. Large errors are corrected by

means of the command generator with nonlinear dynamics .

The total output of the command generator is given by equation (58 ) . The

generalized ATC command (RS, VE ,VS) ?, when not provided explicitlyas a func

tion of time by ATC , must be generated onboard from a set of trajectory

parameters that are either signaled by ATC or selected by the pilot .

Finally , the command generator must contain a subblock within which

autopilot modes can be defined for the control logic . The essential function

of the mode variable is to specify which parameters of the commanded trajec
tory are to be tracked . A very simple example is given in table 2 .

TABLE 2.- EXAMPLE OF A MODE VARIABLE

Trajectory parameter

to be tracked

Axis

LateralLongitudinal Vertical

Acceleration 0 0 0

Velocity 1 1 1

Position 2 2 2

2
9



The mode variable M in this case is three-dimensional . Each coordinate

can take one of three values . Thus , there are 27 possible modes : M = ( 2,2,2 )

specifies position tracking in all three axes ; M = (0,1,2 ) specifies the

tracking of longitudinal acceleration , lateral velocity , and vertical posi

tion ; and M = ( 1,1,1 ) represents velocity vector tracking mode , etc. Of

course , other definitions of the mode variable are possible and are being

investigated . Some of the commonly used modes can be included within the

proposed structure by simply changing the set of active sensors . For example ,

if compass heading and barometric altitude are to be tracked instead of iner

tial heading and altitude , then compass and baro altimeter should be used for

feedback instead of , say , MLS . Other modes , such as when the automatic flight

control system is allowed only limited authority and must interact with the

pilot in the loop may be more difficult to include within the proposed struc

ture , but present indications are that such inclusions are possible . For the

present purposes , however , it is sufficient to note that the automatic control

logic must include a mode definition subblock .

The proposed structure of the command generator is outlined in

figure 22 .

From sensors

Rs Vs Vs

E
R

e
v

eň

ATC / Pilot HMC . ) Input map

( RS , V5, 13)Trajectory

parameter

select

elo)Trojectory

command

ė = hmle ) State equation

M
Mode

select
Mode matrix e (1 )

HMC . ) Output map

ER ev ej

Trajectory command generator

Rocl vsc isc
To acceleration controller

Figure 22.- Structure of the trajectory command generator .
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PROPOSED STRUCTURE OF AUTOMATIC FLIGHT - CONTROL SYSTEM

The overall logical structure of the automatic flight-control system

developed here is outlined in figure 23. The structure consists of five major

subsystems, namely , the trimmap , wind filter , attitude and throttle control

systems , perturbation controller , and command generator .

Sensors

Aas'

(485)
Aas

Vs Vs

VamVam

Roc)

V sc

SC

ATC Trajectory

perturbation

controller

Wind

estimator

Trajectory

command

generator (༧ སྐདelse
Wind

estimatorPilot
Force

trimmap

Attitude

perturbation

controller

Attitude

command

generator
со Moment

trimmap
Pilot al

Angular acceleration controller

Attitude control system

c
a

Actuators

4ד

Trajectory acceleration controller

Figure 23.- Proposed structure of the automatic flight -control system

for the AWJSRA .

The decision to include a trimmap is motivated by the need to provide

automatic envelope limiting and by the impracticality of overcoming the

highly nonlinear characteristics of the aircraft by means of high- gain feed

back . In the trimmap , a priori information concerning the aircraft character

istics is used to generate open - loop control commands that trim the aircraft

to a given acceleration vector .

The decision to include a wind filter is dictated by the fact that aero

dynamic forces and moments are functions of the aircraft velocity relative to

the air mass .

Considerations of reliability and simplicity motivated the decision to

impose a hierarchy on the control logic . The six degrees of freedom of the

rigid aircraft are partitioned into a three-dimensional translation system and

a three-dimensional rotational system . The function of the attitude control

system is to execute the attitude commands provided by the (translation )

trimmap . The bandwidth of the attitude control system is an order of magni

tude higher than the bandwidth of the translation control system .
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Process uncertainties are controlled by means of a perturbation controller

which closes the loop around the trimmap , wind filter , and attitude and

throttle control systems . The design and implementation of the perturbation

controller are drastically simplified by the decision to close the feedback

through the trimmap .

The subsystem composed of the perturbation controller , trimmap , attitude

and throttle control system , and wind filter is an acceleration controller .

Its input - output relation between the commanded acceleration Vse and actual

aircraft acceleration Vs is approximately an identity everywhere on the flight

envelope for suitably restricted acceleration commands . The function of the

command generator is to give only admissible commands to the acceleration

controller and to provide the interface between the control logic and the air

traffic control or the pilot .

As stated in the introduction , the purpose of the present report is not

to present a complete design of an automatic flight control system , but ,

rather , to outline a structure of such systems . The discussion in the report

leads to the structure composed of five major subsystems which are intercon

nected as indicated in figure 23 . Some of the details within these subsystems

discussed in the report are intended primarily to further clarify the purpose

of each subsystem rather than as final designs . Indeed , the detailed struc

ture of each of the five subsystems is currently being developed and the

results will be reported in forthcoming publications . However , the feasibility

of the proposed structure has been tested by application to a simulation of the

unmodified DHC- C8A and the Augmentor Wing Jet STOL Research Aircraft . The

proposed logical structure has been shown to be feasible , and flight test

evaluation will occur in the near future .

CONCLUSIONS

The proposed approach to the design of automatic flight control systems

for advanced aircraft has several advantages , among which are the following .

The approach is applicable to a large class of aircraft .

The approach is nearly algorithmic .

The tracking accuracy enters as an independent variable which may be

varied over a wide range .

There is an effective trade -off between tracking accuracy and flight com

puter requirements .

Because the approach leads to a hierarchical system , questions of relia

bility are tractable .
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The approach has been shown to be feasible , and flight test evaluation will

occur in the near future .

Ames Research Center

National Aeronautics and Space Administration

Moffett Field , Calif . 94035 , February 12 , 1975
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DEVELOPMENT OF A REMOTE DIGITAL AUGMENTATION SYSTEM AND

APPLICATION TO A REMOTELY PILOTED RESEARCH VEHICLE

John W. Edwards and Dwain A. Deets

Flight Research Center

INTRODUCTION

The NASA Flight Research Center has developed a facility for flight testing air

craft using a remotely piloted research vehicle (RPRV) technique . This technique

involves a pilot who controls the flight -test vehicle from a ground-based cockpit ,

and a ground -based digital computer for computation of command signals . The re

mote pilot cockpit and the computer are coupled to the flight -test vehicle through

telemetry uplink and downlink data channels . This concept evolved from an interest

in developing a low- cost alternative to full- scale manned prototype testing for high

risk flight tests such as stalls and spins .

The flight - test capability of the NASA Flight Research Center's RPRV facility is

enhanced by its remotely augmented vehicle (RAV) system , which can provide re

mote augmentation for manned or unmanned test vehicles . In this system the ground

based digital computer provides closed- loop control law computation for the remote

vehicle . The closed - loop control laws can be implemented on the computer by using

FORTRAN programing , which removes much of the complexity from the onboard sys

tems. The computer can simulate either digital flight control systems or analog

flight control systems . The RAV system is not suitable for duplicating some flight

control concepts such as redundancy management or multiple channel operation .

The RPRV technique was used at the NASA Flight Research Center in a flight

test program on a 3 / 8 - scale model of the F- 15 airplane. The RPRV systems used in

this research program were checked out on a PA- 30 airplane (ref . 1 ) . The develop

ment of the RPRV testing technique is summarized in reference 2. The objective of

the scale-model flight-test program was to investigate the high - angle - of - attack

stall- spin region of the F - 15 airplane . For this program the RAV system simulated

the full - scale F- 15 analog control system (both the open - loop mechanical control sys

tem and the closed-loop control augmentation system ) . It also provided basic control

modes that enabled stability and control data to be obtained from the flight data .

This report describes the RPRV facility at the NASA Flight Research Center , the

development of the digital RAV system , and its application to the scale-model F- 15

flight- test program .



SYMBOLS

a model scale factor

;,b ;; C;,d ,, ;,Bi coordinates of poles and zeros of general s - plane transfers

function

b , c , d , ß coordinates of specific poles and zeros in s -plane transfer function

C* longitudinal performance index ,
nz

V

со

a

g

E
FOOE

s
e, longitudinal and lateral stick force , respectively , N

G (. ) general transfer function where ( • ) is (s ) , (w) , or ( z)

Go (s )
zero - order hold transfer function

g acceleration of gravity , m/sec2

I moment of inertia , N/m2

Ix
moment of inertia about X - axis , kg-m²

Ixz product of inertia , kg-ma

ly
moment of inertia about Y -axis , kg-mº

Iz
moment of inertia about Z - axis , kg-m²

i
index variable

j = V - 1

KO
feedback gain associated with ( • )

K ' , K " general filter gain constants

k , difference between order of numerator and denominator of G (s )

1 length , m

M Mach number

M ,,M , Mg 22:26MM
α q

>

a
dimensionalized stability and control derivatives for longi

tudinal short -period equations of motion
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m mass , kg

nit number of complex pairs of roots in numerator and denominator ,

respectively , of general transfer function

nziny airplane normal and lateral acceleration , respectively , g
у

Δη

Z
incremental change in airplane normal acceleration , g

p , q , r airplane roll , pitch , and yaw rate , respectively , deg/ sec

Rez , Im z abscissa and ordinate of 2-plane , respectively

S s - plane complex variable

LI
sample period , sec

u , r number of real roots in numerator and denominator , respectively , of

general transfer function

V
velocity , m/ sec

V

vo speed of sound , m/ sec

V

со
crossover velocity for C * index , m/ sec

W

Z 1

w-plane complex variable ,
Z + 1

Z

ST

z-plane complex variable , e

a , ß angle of attack and angle of sideslip , respectively , deg

aileron signal, ž ( 8
-

- 8

(89, 80p)
deg

a

, 8

n

o

g

al 'OR
left and right aileron position , respectively , positive trailing edge

down , degR

pilot's lateral stick position , cm

2
0
g

6/8
a

lateral stick gearing ratio , deg/cm

18.00

6 differential stabilator signal, ž
d

( mm one)
o
n deg
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Odcas
contribution to 8 , from roll command augmentation system , deg

d

dmcS
contribution to 8 , from roll mechanical control system , deg

d

pilot's longitudinal stick position , cm

s
e
p

8 6 longitudinal , lateral , and yaw trim , respectively , cm
e

8

r

trimetrim ' atrim

o
n collective stabilator signal, ž

Con
E
n
R

deg

Enca
pitch command augmentation system command , deg

CAS

o
n
y ona left and right stabilator position , respectively , positive trailing edge

down , deg

брь
pitch boost servo output , deg

брь lagged pitch boost servo output , deg

or rudder position , deg

o
r
d rudder command due to aileron interconnect , deg

6,16 aileron-to-rudder interconnect gain , deg/ cm

pilot's rudder pedal position , cm

ه
ل
ه

01 : 02,83,84 general uplink commands of RPRV system , counts

Š damping ratio

Ꮎ pitch angle , deg

0:

angular acceleration , deg/ sec?

μ , ή abscissa and ordinate of w-plane , respectively

<

kinematic viscosity , m / sec

P atmospheric density , kg/ m3
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0 , Ɛ abscissa and ordinate of s -plane , respectively

w frequency , rad/ sec

Subscripts :

с commanded variable

f full scale

тах maximum value

S stability axis

sp short period

Abbreviations:

CAS control augmentation system

MCS mechanical control system

REMOTELY PILOTED RESEARCH VEHICLE FACILITY

A block diagram of the RPRV system is shown in figure 1. The vehicle response

variables are telemetered to a ground station where they are routed to a ground com

puter , a ground cockpit instrument panel , and analog strip chart recorders for real

time flight monitoring . The ground cockpit proportional control functions (longitu

dinal and lateral stick and rudder pedals ) are processed by the analog - to -digital con

verter and are trunked to the ground computer together with the mode panel signals .

The ground computer calculates the command variables and provides them to the

uplink encoder . Figure 2 shows the location of the components of the RPRV system

in the RPRV facility . The ground cockpit (not shown ) is adjacent to the cockpit

electronics racks , which makes the RPRV system a self-contained , dedicated facility

except for the uplink and downlink transmission and reception systems .

The RPRV system uses two uplink encoders ( fig . 1 ) . The computer encoder

receives command variables from the computer , and the bypass encoder receives

command variables directly from the ground cockpit . The RPRV pilot selects an

encoder by means of a pushbutton on the mode control panel . The bypass encoder

serves as a backup to the computer encoder if the computer malfunctions . The

command signals are transmitted to the test vehicle , where they are decoded and

sent to the appropriate servochannel .

The pilot may select one of two telemetry uplink antennas : an antenna slaved

to a radar tracking antenna , or a fixed antenna . The uplink antennas and the up

link encoders are the only dualized components in the RPRV system . Since the

system is intended for flight research , it was designed as a single channel system

except for the critical uplink channel .
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Test vehicle

Uplink

Transmitter

Downlink
TV

Encoder Encoder

Television

receiver

Bypass

Telemetry ground

station

Digital-to - analog

converter

Ground

computer

Television

monitor
Analog

stripout

Pilot

commands Pilot display signals
Analog -to -digital

converter
Ground cockpit

Mode panel

Vehicle response variables

Figure 1. Functional block diagram of the RPRV system .

Cockpit electronics

Telemetry uplink

encoder

Computer

Telemetry downlink

ground station

Figure 2. RPRV facility equipment . E -26105

6



Ground Cockpit

In the operation of the RPRV system , the remote pilot is given direct propor

tional control of the test vehicle . This makes it possible to use experienced test

pilots so that the maximum research capability can be realized from the system .

Accordingly , the ground cockpit is configured to provide the pilot with as much in

formation as possible about the test vehicle and with complete control over the system .

Figure 3 is a photograph of the ground cockpit showing the instrument panel, con

trol stick , mode control panel, and pulse panel. The pilot controls the vehicle with

a control stick and rudder pedals . The stick and pedals are part of an artificial feel

system , and position limits and force gradients are adjustable . The pilot may select

various control modes and gains on the mode control panel and apply control surface

steps or doublets , under computer control , through the pulse panel. The mode con

trol panel implements four control modes in three axes (pitch , roll , and yaw ) and

provides gain switches that can be programed in each axis . The panel also permits

the pilot to select the bypass mode or computer modes and informs him if any down

link variable fails a window check . The mode control panel pushbutton switches are

rear - lighted under computer control and indicate the control mode of the computer .
.

Mode controlpanel Instrument panel

i

ロ同
日

ロ
コ
ロ
ロ

日日日日日

!

Control stick

Pulse panel
Stre

1

Figure 3. Remote pilot cockpit . E-26991

Telemetry Downlink and Uplink

Successful operation of the telemetry data links is critical to the RPRV /RAV sys

tem . The links must be highly reliable and not introduce unacceptable time delays.

During operation in a closed - loop RAV system mode , transmission losses lasting more

than several tenths of a second would be unacceptable . This is in contrast to typical
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remotely piloted drone military missions which involve the transmission of discrete

commands to onboard analog autopilots and are capable of operating in hostile

environments .

The time delay of the data links in the RPRV system is approximately 3.3 micro

seconds per kilometer , which yields a total time delay of approximately 0.5 milli

second through the downlink and uplink when the test vehicle is at a range of 75 kilo

meters . This is an acceptable time delay , compared to the total computational delay

through the RAV system .

The telemetry links are essentially line-of - sight transmission paths , so the sig

nal may be blocked by the wing of the test vehicle at extreme attitudes or by the hori

zon if the vehicle is at too low an altitude at extreme range . Thus the range of RPRV

testing is a function of vehicle attitude and altitude . It was estimated that flight

operations would be limited to approximately 55 kilometers at 1500 meters altitude

and to approximately 185 kilometers at 13,700 meters altitude .

The number of bits in the downlink and uplink telemetry channels ( 9 bits in the

downlink and 10 bits in the uplink) was chosen to permit valid implementation of

typical closed - loop aircraft control laws . Simulator studies indicated that little in

creased performance was achieved with more than 10 bits , whereas less than 9 bits

led to deterioration in performance as evidenced by granularity of the command sig

nals and a tendency to limit cycle .

Telemetry downlink.– The NASA Flight Research Center's telemetry flight data

acquisition system is used for the telemetry downlink portion of the RPRV system .

This system provides aircraft response variables to the ground station at 200 samples

per second . The characteristics of this pulse code modulation (PCM) system are as

follows:

144,000 bits per second

9 bits per data word

80 words per PCM frame

200 PCM frames per second

No parity check

L-band transmission

12 - foot parabolic receiving antenna slaved to radar tracking antenna

The system has 40 -hertz first -order -lag analog prefilters on all channels . The low

power ( 5 watts ) and the lack of parity check on the downlink indicated the need for

reasonability checks in the software to discriminate against incorrect telemetry data .

The downlink is commonly used to obtain data at ranges as great as 320 kilometers

for high-altitude aircraft.

Telemetry uplink . - The telemetry uplink used for the system was developed by

the U.S. Navy for the remote control of drone aircraft . The system is capable of

several modes of operation , from the control of a single drone to the time-multiplexed

control of a fleet of drones . Because it can control more than one drone simultane

ously , the update rate of the system when controlling a single aircraft is comfortably
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high . Consequently , the system has good research capability . The characteristics

of the system are as follows:

16 bits per data frame ( 10 -bit proportional command signal and 6 discrete signals )

4 data frames per cycle

53.33 cycles per second

2 parity checks per data frame

Synchronization and parity checks on each cycle

UHF band transmission

Frequency shift keying

The telemetry uplink cycle ( fig . 4 ) consists of 4 data words (frames ) and a sync

word transmitted at 53.33 samples per second ( 18.75 milliseconds cycle time ) . The

transfer of each data word from encoder to receiver output on board the test airplane

requires 3.75 milliseconds . The four command signals are coded in the 10 most sig

nificant bits of the uplink words , with the remaining 6 bits being available for dis

crete signals to the test vehicle . Since parity checks are performed on each data

word , intermittent dropout of the telemetry uplink signal was not expected to cause

serious problems .

Frame 5 Frame 1 Frame 3Frame 2

Oz

Frame 4

6

Sync P IP

a

P P

P

P

9 bits
Parity bit

+-3.75 msec

18.75 msec

Figure 4. Telemetry uplink time schedule .

1

Ground Computer

The computer used in the RPRV system is a general purpose rack -mounted mini

computer with a 16K memory consisting of 16 -bit words and with a 750 -nanosecond

cycle time . The peripheral equipment includes a card reader , line printer , magnetic

tape unit , disc unit , teletype , paper tape reader /punch , and peripheral floating

point processor . The software is composed of an assembler , a FORTRAN compiler ,

and a mathematical subroutine support library . During real -time RPRV operation ,

data inputs to the computer (cockpit data and downlink data ) and data outputs from

the computer (uplink commands ) are initiated by means of input /output interrupts .

The peripheral floating point processor receives and transmits data associated

with the hardware floating point operation over the input /output bus by means of the

priority memory access unit. Although this operation consumes the major portion of
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the 75-microsecond hardware floating point execution time, it is faster than the com

puter's software floating point option . It is slower , though , than may be achieved

with integrated floating point hardware . A floating point data word requires two

memory locations and has an 8-bit exponent and a 22-bit mantissa (six-place accu

racy ) .

The open-loop and closed-loop control law computations are implemented throug

an RPRV computer program which uses floating point FORTRAN . Thus the FORTRAN

compiler is used to debug and check out programs , and the floating point feature

eliminates the need for variable scaling. The obvious advantage of this mode of pro

graming in a research environment is the ease with which programs may be written

and modified by a control systems engineer . The RPRV computer program also con

tains the assembly language subroutines which perform all input and output of data ,

pass the data to the FORTRAN main program , and receive the uplink command sig

nals from the main program .

As an indication of the capability of the RPRV computer to perform feedback con

trol law computations , approximately 0.7 millisecond is required to sum two feed

back variables and a pilot command signal (each multiplied by a gain ) and to operate

on the resulting error signal with a first - order digital filter .

Ground Computer Input/Output Interface

Figure 5 illustrates the RPRV system interface at the computer . The number of

bits in the data words passed to and from the computer is indicated in the arrows .

All input/output of data is performed by assembly language interrupt servicing sub

routines . The FORTRAN main program tests for the occurrence of interrupts by calls

to the assembly language subroutines . The data are transferred between the assem

bly language routines and the FORTRAN program through the common data block and

subroutine calling lists .

Telemetry downlink

9

bits

Frame

sync

Downlink

interrupt

Data

lines

200 samples /sec

10 bits , Cockpit data

53.33 samples /sec

Cockpit interrupt

Command word 16 bits

53.33 samples/sec

Uplink interrupt
Telemetry

uplink123 bits
Mode control

and pulse

panel data

53.33 samples /sec

12 bits

Figure 5. Input /output interface at the RPRV computer .
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Telemetry downlink interface.- Downlink telemetry data are transferred to the

computer by the downlink interrupt servicing routine at 200 samples per second for

each variable . The program recognizes the variables by their sequence with respect

to the FRAME SYNC PULSE which occurs once every PCM frame. The values of the

variables are represented by a 0 to 511 decimal count format.

During on - line operation , the downlink interrupt servicing routine continuously

updates the table of telemetry data . When the FORTRAN main program accesses the

data , a window check is performed on the most recent data word to discriminate

against bad data caused by loss of the downlink signal . If this word is within +70

counts of the last " good " data word , it is accepted as valid .

Telemetry uplink interface.- The computer encoder interrupts the computer

every 3.75 milliseconds to request one of the five 16-bit command words . The up

link interrupt servicing routine tests five sense lines to determine the correct varia

ble to output . If the computer program and the uplink encoder should get out of

synchronization , the computer sends the variable that the encoder requests , even

though it may have anticipated sending a different variable .

Ground cockpit interface . - The pilot's proportional command signals and the

mode control panel status are sampled by the computer once each cycle at a rate of

53.33 samples per second . The present mode control panel status is interrogated by

the FORTRAN main program to determine if a mode change is being commanded by

the pilot .

Timing and Synchronization of RPRV System

Figure 6 shows the time sequence of operations of the RPRV system . The

FORTRAN program computation sequence is controlled by the uplink interrupt . For

instance , during frame 1 the program computes the command signal 8 This com

1

mand is passed to the uplink interrupt servicing subroutine , and the FORTRAN pro

gram then waits in an idle loop for an uplink interrupt . When the interrupt occurs ,

the FORTRAN program determines if 6 , was requested and , if so , begins computing

the next command signal, 62. If any other command was requested , the FORTRAN

program branches to the appropriate frame in an attempt to get back into synchron

ization .

During frame 5 , the FORTRAN program accepts the cockpit data , determines the

mode control panel status , and performs mode switching initialization . The final

function during frame 5 is a check to determine if the cockpit is in the bypass mode .

If it is , the FORTRAN program continually loops in frame 5 awaiting the pilot's

selection of a computer mode .

The downlink system is asynchronous with respect to the uplink system . The

PCM data are provided at 200 samples per second , and the uplink commands are up

dated at 53.33 samples per second . The high data rate of the downlink system is

used to minimize the time delay through the closed-loop system ; all telemetry data

11



are accepted but only the most recent value of a downlink variable is used . Thus

the effective overall sample rate of the flight control system is that of the system

with the lowest sample rate , in this instance , the uplink system .

Cockpit

data

5 msec

PCM frame

Cockpit

dataCockpit and

telemetry

downlink data

9

5 1 2 3 4 5

Computer Cockpit data Compute ,
Compute oz Compute 03б Compute 6s p cockpit data

6 .

10 Oz
02

5 1 2 3 4 5

Encoder Encode 6,84 Sync Encode , Encode Oz Encode 03 Encode 64

Ground

Time , msec
-

Airplane

0 3.75 7.50 11.25 15.0 18.75

Decoder Decode 64 Sync Decode 87 Decode 62
Decode 63 Decode 8

z
servo

8
6 , servo O, servo Oz servo Oz servo servo

updated updated updated updated updated updated

Figure 6. Computation sequence for RPRV system .

The throughput delay associated with the computer and encoder varies from

7.5 milliseconds to 12.5 milliseconds . The minimum delay occurs when a sensed

variable enters the computer immediately before the beginning of the frame in which

it would be used . The variable would be used to update the command signal during

that 3.75-millisecond frame and would be transmitted to the test airplane to update

the airplane's controls at the end of the following 3.75-millisecond frame. The maxi

mum delay of 12.5 milliseconds occurs if the sensed variable is 5 milliseconds old

before the current computation frame begins.

As an example of the approximate total lag through the system , from sensor out

put to control surface actuator command, the lag shown in the table on the next page

would be accumulated for a 5 -hertz signal with a vehicle located 75 kilometers from

the ground station .
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Time delay ,

milliseconds

40-hertz analog prefilter

Downlink (PCM) encoding

Transmittal to ground station

Average computer/ encoder throughput

Zero-order hold

Transmittal to airplane

4.44

.06

25

10.00

9.40

.25

Average total delay 24.40

This time delay corresponds to a 44° phase lag at 5 hertz , an acceptable lag for most

applications. If this lag is unacceptably large , some lead could be generated by

programing a lead - lag filter in the digital computer .

All computations within a given frame , as well as background interrupt servic

ing ( invisible to the FORTRAN program) , must be performed within 3.75 milli

seconds. If this time constraint is violated , the interrupt for that frame will occur

before the FORTRAN program is ready to test for its occurrence . Then the FORTRAN

program must wait for the next interrupt before it can begin the next computation

frame. Thus the command in the following frame would not be updated .

SUBSCALE F- 15 PROGRAM

!

The RPRV facility was used to flight test a 3 / 8- scale model of the F- 15 airplane .

The goal of the flight program was to investigate the model's high - angle - of - attack

performance and its stalling and spinning characteristics . This program was an

appropriate application of the RPRV technique to hazardous flight testing , in that it

was possible to perform much of the model testing before spin flight tests were made

on the full - scale F- 15 airplane. The function of the RPRV ground computer in the

subscale F- 15 program was to simulate the full - scale F- 15 flight control systems .

The F- 15 open -loop mechanical control system (MCS ) and the closed-loop control

augmentation system (CAS ) modes , containing actuator dynamics , gearing schedules ,

gains, and shaping filters , were implemented by using the ground computer .

F- 15 Model

A three -view drawing of the F- 15 model is shown in figure 7. The model was

built to be at least as stiff as the full - scale airplane to minimize structural resonance

problems. Batteries powered all onboard systems, including the hydraulic actua

tors which positioned the control surfaces . The control surfaces consisted of left

and right stabilators for pitch and roll control , ailerons for roll control , and twin

rudders for yaw control. The control surface actuators had 10-hertz bandwidths .

A detailed description of the model and instrumentation system is given in refer
ence 3 .

1
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0.98

-4.89

0.47

-3.73 1.82

ام

-7.15

-4.20

Figure 7. Three -view drawing of 3/8-scale -model F- 15 . Dimensions in meters .

Two center -of- gravity locations - at the 26-percent mean aerodynamic chord

and at the 30-percent mean aerodynamic chord - were used . The 30-percent mean

aerodynamic chord location is the most rearward center -of - gravity location in the

full - scale F- 15 airplane.

Weights and inertias were as close as practical to the values required for correct

3 / 8 -scale inertial- force - to - gravitational -force scaling . Appendix A discusses this

scaling technique and derives the corresponding scaling laws. The desired values

of weight and inertia and the actual values for the two center -of - gravity locations

are as follows:

Actual valueDesired value

at 26-percent

mean aero

dynamic chord

26-percent mean

aerodynamic chord

30 -percent mean

aerodynamic chord

Weight, N 7,668 10,964 10,951

235 373 373

1,520 2,579 2,452

Ix , kg-m?

ly , kg-m?

Iz , kg-m?

Ixz, kg-m?

1,708 3,021 2,894

-4.7 15.7 3.4
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The differences between the actual and the desired values point up the difficulty

of independently controlling the mass distribution of a flight vehicle while meeting

| all the proper geometrical and structural design load requirements . Strict adherence

to the desired values was not necessary , since the ratio between model and full - scale

atmospheric density is a factor in each of the mass and inertia scaling laws (table A2) .

Proper selection of model F-15 flight - test altitude could give a reasonable simulation

of the full - scale F- 15 at a different altitude .

9

To implement the full - scale F- 15 CAS , the ground computer required three-axis

rate signals, normal and lateral accelerations , and angle of attack from the model .

Table 1 lists the input/output variables, and their ranges , required by the ground

computer to implement the F- 15 control system . The only analog prefiltering per

formed on board the model was with 40-hertz first - order low-pass filters on all sig

nals . A simple wings-leveling autopilot was the only onboard control system . It

was activated by loss of the carrier frequency of the uplink command signals .

Launch and Recovery Technique

The unpowered model was air-launched from a B-52 airplane at an altitude of

13,700 meters and had a flight time of approximately 5 minutes , depending on the

number and types of maneuvers performed . The model was recovered with a midair

parachute recovery system which was automatically deployed at 4600 meters altitude

unless manual recovery was started earlier . The flight range of the model from the

ground station was approximately 15 kilometers to 25 kilometers . During the launch

sequence , the control surfaces of the model were locked in the launch configuration

į for 3 seconds. At the end of this interval , the uplink command signals became opera

tive and the remote pilot took control of the model .

Simulation

A simulation of the RPRV system was required to check out RPRV programs and

to provide pilot training and flight planning capability . The simulation was per

formed on the NASA Flight Research Center's central computer , utilizing its real

time simulation capability . The cockpit used in the simulation was designed to be as

similar as possible to the RPRV facility cockpit . Six - degree -of - freedom equations of

! motion were mechanized , and the program was written to accept aerodynamic force

and moment data in a general format . The airplane's continuous differential equations

of motion were integrated numerically by the computer , using a second - order Runge

Kutta integration technique .

.

Two separate simulations of the RPRV system were implemented . The first,

called the RPRV digital simulation , contained the basic aircraft simulation described

above and a subroutine which simulated the control system modes of the RPRV com

puter program . The filters and actuator dynamics required for the basic modes and

the F- 15 control system modes were implemented in this subroutine by difference

equations. The update rate of the difference equations was 53 samples per second .

The processing of these equations simulated the operations performed by the RPRV

computer .
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TABLE 1.- INPUT/OUTPUT VARIABLES TO

RPRV COMPUTER FOR 3 / 8- SCALE-MODEL F- 15

Variable Range

Cockpit inputs ( 10 bits )

-7.37 cm to 13.72 cm

O

O

R

+10.16 cm

s
o
p

+8.26 cm

d
i
g

-111 N to 204 Nб
о

६
6
0 +71 N

S -7.37 cm to 13.72 cm
e

trim

8 +10.16 cm

atrim

Telemetry downlink inputs ( 9 bits)

a -5 ° to 35 °

p

q

+200 deg/sec

+100 deg/ sec

+100 deg/ sec

-3g to 6g

r

nz

ny
+ 1g

Telemetry uplink outputs ( 10 bits )

S
o
c +20 °

s
n
y
a -27.5 ° to 15°

o
n
e
c -27.5 ° to 15 °

S
r
c +30 °
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The second simulation , called the analog CAS simulation , contained the basic

aircraft simulation and a subroutine which simulated the operation of the F- 15

analog CAS . The continuous differential equations which described the analog CAS

were integrated , along with the airplane's equations of motion , at 200 samples per

second . Both systems of equations were integrated by using the same second -order

Runge -Kutta integration technique . The validity of the RAV system approach to

flight testing was assessed by comparing the RPRV digital simulation of the F- 15

CAS and the analog CAS simulation .

.

Since the subscale model flight program involved stalling and spinning , these

maneuvers were simulated . Wind - tunnel aerodynamic data for angles of attack from

0 ° to 90° and angles of sideslip from -40 ° to 40 ° were used in the simulation , as well

as a limited amount of wind - tunnel aerodynamic data for angles of attack from 0 ° to

-90 ° . Thus stalls , departures , post- stall gyrations , and fully developed spins

could be simulated to the extent of the validity of the aerodynamic data .

Because the RPRV computer program was coded in floating point FORTRAN , it

was possible to incorporate the actual program into the RPRV digital simulation as a

subroutine. Only minor modifications to the RPRV computer program were required

to make it compatible with the flight planning simulation .

The central computer's UPDATE feature was another aid in modifying the RPRV

program . An UPDATE file of the entire simulation program was created , including a

representation of the actual RPRV program card deck as a subroutine. The UPDATE

feature permitted individual cards to be inserted or deleted from the UPDATE file and

the resulting file to be compiled by the FORTRAN compiler . This enabled modifica

tions to be made in the RPRV program in less than 5 minutes . When a final configura

tion was attained for an RPRV flight, a hard-copy record of the individual changes

to the original RPRV card deck was available . This method of operation , coupled

with the debugging capability of the RPRV computer's FORTRAN compiler , provided

a high level of confidence in the modified RPRV program software .

USE OF REMOTELY AUGMENTED VEHICLE SYSTEM WITH

THE SCALE-MODEL F- 15

The RAV system can be used to control remote vehicles in a closed-loop , high

bandwidth mode using telemetry downlink and uplink data . This capability gives

the RPRV facility an added dimension over an open-loop uplink control mode but re

quires that attention be given to the stability of the system . This section discusses

the use of the RPRV facility in this remote augmentation mode .

1

Digital Filtering Technique

Simulation of analog components of a flight control system on a digital computer

requires the use of a technique of discrete representation of continuous transfer

functions. The technique used in the RPRV /RAV system was to transform continuous

transfer functions , G (s ) , into discrete transfer functions , G (2) , which were then

implemented in the control computer as difference equations. The digital filtering

algorithm used to simulate the scale -model F- 15 analog control system is described

17



in appendix B. The algorithm is an extension of the technique referred to in refer

ence 4 as " bilinear transformation with frequency prewarping " and in reference 5

as the matched z - transform . The algorithm implements an exact conformal mapping

from the s-plane to the w-plane , followed by the bilinear transformation :

W =

Z 1

2 + 1

The exact mapping of the s-plane to the w-plane yielded digital filters with magni

tude and phase characteristics which were good approximations of the original con

tinuous transfer functions . The resulting digital filters were similar to those which

would be obtained by using the Tustin method , an alternative filtering algorithm

(ref . 5 ) , but were superior in several respects , as noted in appendix B.

The filtering algorithm described was also used to implement required digital

compensation , aside from any requirement for simulating an analog function . In this

application , frequency domain requirements such as notch filters may be translated

directly to a digital filter by the algorithm . For example , digital notch and low-pass

filters were required for the closed-loop rate damper and CAS modes . The z -plane

transfer functions of the digital filters were derived by the filtering algorithm . Thes

transfer functions contained the coefficients required for mechanizing the filters by

means of difference equations in the RPRV program control laws . The general form

of the notch filter was

K " ( z2 2 cos bTz + 1 )
G (z ) =

-сT

za
-2cT

cos dT Z + e2e

where

K " =

-CT -2cT

1 - 2e cos dT te

2 - 2 cos bT

in which b specifies the notch frequency and location of the positive complex zero on

the s -plane imaginary axis , and c and d specify the s-plane coordinates of the

desired poles . The general form of the low -pass filter was

( 2 + 1 )

G ( 2) :(1-e-BT
)(z - e -BT)

where ß specifies the s -plane coordinate of the desired real pole .

Remote Augmentation Modes for the Scale-Model F- 15

Several tasks were required of the RPRV ground computer in the scale -model

F- 15 program . It was necessary to have two basic control modes available that were

specifically designed for the research function of the scale model and not related to

the full - scale airplane's control system . The MCS and CAS modes were not well
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suited to stability and control maneuvers because of gearing schedules and inter

connects which modified and restricted control surface authority as a function of

flight condition , particularly at high angles of attack . The computer was also re

quired to simulate the full- scale airplane's open-loop MCS and closed-loop CAS for

the stall and spin testing . Motion of the control surfaces can have a marked influ

ence on an airplane's propensity to experience a spin departure . The basic control

modes and the F - 15 control system modes were implemented in the computer program

as four different control modes and placed under the remote pilot's control by means

of the mode control panel .

Telemetry lockout Window reset

Bypass

O
Computer

Pitch Roll Yaw

Computer

direct

Computer

direct

Computer

direct

Basic modes.- As shown in figure 8 ,

the two upper rows of selector buttons on

the mode control panel are the basic modes ,

and the two lower rows are the F- 15 con

trol system modes . The basic modes were

required to provide ( 1 ) a simple control

system for the initial checkout of the RPRV

systems and ( 2) the full control authority

of the airplane throughout the model's

flight envelope to obtain stability and con

trol data . The open - loop airplane is

lightly damped in both the longitudinal

and lateral- directional axes at high angles

of attack , so the requirement to obtain use

ful stability and control data necessitated

high damper gains . These gains were im

plemented in the rate damper mode . Sta

bility and control maneuvers were per

formed by using the damper system to

establish a trimmed flight condition and

switching the damper gain in one or more

axes to a low value or zero before the

maneuver was started .

Rate

damper

Rate

damper

Rate

damper

Mechanical

control

system

Mechanical

control

system

Mechanical

control

system

Control

augmentation

system

Control

augmentation

system

Control

augmentation

system

2 3

8Block diagrams of the basic modes for

the pitch axis are shown in figure 9 (a ) and
Pitch gain Roll gain Yaw gain

for the roll and yaw axes in figure 9 ( b ) .

The pilot's longitudinal stick displacement

is modified by a nonlinear gearing sched- Figure 8. Mode control panel .

ule which commands the stabilators col

lectively . The nonlinear gearing sched

ule , shown in figure 10 , was implemented to provide good model handling qualities

in the launch condition (80°) and full stabilator authority of 15° to -27.5 ° in the
h

computer direct and rate damper modes . These are the maximum positive and nega

tive stabilator deflections that can be commanded by the full - scale airplane's con

trol system . Full stabilator authority was provided because it was intended to ob

tain stability and control data in these modes at the maximum angle of attack early

in the flight program . The gearing schedule was mechanized in the RPRV computer

as the sum of linear and quartic factors of 8

р
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Figure 9. Block diagrams of the computer direct and rate damper modes .
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-25

Aft stick

limit-30

Figure 10. Nonlinear longitudinal stick - to - stabilator gearing for the

computer direct and rate damper modes .

The pilot's lateral stick displacement , commanded the ailerons and the
a

р

rudders through an aileron - to -rudder interconnect . Since the F- 15 MCS mode con

tained an interconnect schedule , the basic modes used this interconnect by executing

the same code as used by the MCS mode for this function . The interconnect gain was

scheduled as a function of pitch boost servo output , Opb » a parameter generated in

the MCS code approximately proportional to the pilot's longitudinal stick position .

The pilot's rudder pedals also controlled the rudders .

In the rate damper mode mechanization ( fig . 9 ) damper commands were summed

with the computer direct mode pilot commands . The rate damper mode implemented

angular rate feedback in which pitch rate , q , was fed to the collective stabilators ,

roll rate , p , was fed to the differential stabilators , and yaw rate , r , was fed to the

rudders. Each of the rate gyro signals was low - pass - filtered at 6 hertz and notch

filtered to eliminate the dominant structural resonance near 20 hertz . Amplitude
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authority limits of + 10 ° , + 10 ° , and -15 ° were implemented in the pitch , roll , and

yaw axes , respectively . Maximum rate damper gains used are listed in table 2

together with the gains implemented in the CAS mode , which will be discussed later

All the functions of the computer direct and rate damper modes shown in figure 9

were programed in the RPRV computer .

TABLE 2.- MAXIMUM RATE DAMPER GAINS AND

SCALE -MODEL F- 15 CAS GAINS

Quantity

Maximum rate

damper gain

Scale -model F- 15

CAS gain

sec 0.4 0.133

a

sec -0.8K

p

-0.077>

Kr , sec
4.0

K sec 0.613

r

S

KC * , deg/g 1.0

K

n
deg/ g 9.2

ny

Scale-model F- 15 modes . - Simulation of the full - scale F - 15 control system re

quired scaling of the system gains and characteristic frequencies in order to main

tain the proper ratios of inertial to gravitational force . Appendix A derives scaling

laws for the augmentation feedback control gains and shows that only angular rate

feedback gains need modification . For example , the correct scaling for pitch rate

feedback gain is

Ž
K = a - K

q
af

where a is the model scale factor and K is the pitch rate feedback gain for the full

9f

scale F- 15 airplane . The decrease in gain reflects the increased angular rates ex

perienced by the model . Also , all the critical frequencies of the full - scale airplane's

flight control system dynamic components ( actuators and filters ) must be increased

- Ž

by a to reflect the time scaling of the model . Block diagrams of the F - 15 MCS and

CAS modes are shown in figures 11 ( a ) and 11 (b ) for the pitch and the roll and yaw

axes , respectively . The figures show the system implemented in the RPRV com

puter and include the critical frequency and rate feedback scaling .

The analog transfer functions of the servo actuators and shaping filters are also

shown in figure 11 and are summarized in table 3. The transfer functions were sim

ulated by difference equations which were implemented by using the digital filter

ing algorithm described in appendix B. The position limits and rate limits of the

actuators were also simulated and are listed in table 3 .
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TABLE 3.- CHARACTERISTICS OF THE SERVOS AND SHAPING FILTERS

FOR THE SCALED F- 15 FLIGHT CONTROL SYSTEM

Servos and shaping

filters
Transfer function

Position limit ,

deg

Rate limit ,

deg/sec

Pitch boost servo
100

S + 100
15 , -25 +320

Roll boost servo

( single surface )

100

S + 100
+20 +320

Stabilator series

servos

100

S + 100

+10 +57

Rudder series servo
100

S + 100

+15 +146

Interconnect servo
40

S + 40

+57

Lead - lag filter
0.33 (s + 16 )

S + 49

Pitch rate washout

filter

S

S + 0.54s

s2
Yaw rate washout

filter
2

(8 + 0.54 )

S

Differentiator

0.3s
1 + 2

s2
+

37

372

Mechanical control system : The MCS mode was a simulation of the primary

flight control system of the full -scale F- 15 airplane in which the pilot was assisted

in pitch and roll control by hydraulic power boost servos . These boost servos were

simulated on the ground computer for the scale -model MCS mode . The pitch boost

servo output , 6 was combined with the roll MCS command , 8 , to form the

MCS

commands to the left and right stabilizer power actuators , and These

pb

8

n
y
o

E
n
e
o

power actuators were duplicated on board the scale-model F- 15 by the model's hy

draulic actuators and were not simulated in the ground computer . Similar functions

were performed by the aileron and rudder actuators .

The longitudinal stick position controlled the collective stabilators, and the

lateral stick position controlled the ailerons and differential stabilators . The

rudders were controlled by the rudder pedals and the aileron - to -rudder inter

connect . Lateral control authority was scheduled as a function of the lagged pitch

, boost servo output, opb , and resulted in the authority being restricted at aftand for

ward longitudinal stick positions ( fig . 12 ) . The interconnect was also scheduled as
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a function of 8 ( fig. 13 ) and resulted in rudder commands proportional to lateral
pb

stick deflectio
n

.

2.0

1.5

6

a

deglcm 1.0s
o

.5

0

15 10 5 . 0 -5 -10 -15 -20 -25

6 deg
Pb.

Figure 12. MCS lateral control gearing schedule as a function of lagged

pitch boost servo output .

-6

-4

-2

deg/cm
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.

0

2

1
4

15 10 5 0 -5 -10 -15 -20 -25

6 . deg

pb'

Figure 13. MCS aileron - to -rudder interconnect gearing as a function of

lagged pitch boost servo output .
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Control augmentation system : The CAS utilized pitch , roll , and yaw rates and

normal and lateral accelerations as feedback variables . Each of these five signals

was notch filtered to suppress the approximately 20-hertz resonance . The three

rate gyro signals used the same notch filters as those for the rate damper mode

(described previously ) .

e

e

The pitch CAS command was composed of a modified form of the blended normal

acceleration and pitch rate response parameter , commonly referred to as C * ( ref . 6 ) ,

and commanded normal acceleration derived from longitudinal stick force , F, The
8

commanded normal acceleration signal was derived by passing the longitudinal stick

force , Fo , through a dual- gradient gearing schedule and a first -order shaping filter .

A stall inhibiter function is also included in the full -scale F- 15 CAS to provide

nose-down stabilator deflection when angle of attack or washed out pitch rate ,

or both , exceed a preset level . For the flight tests described in this report , this

stall inhibiter function was disabled in the RPRV computer program because the in

tent of the program was to investigate the stalling and spinning characteristics of the

model . The pitch CAS command was passed through a proportional plus integral

feed - forward network and limited by the schedule shown in figure 14 to form the

pitch CAS command , 8 which was summed with the roll CAS command , 8
d

CAS CAS

The combined pitch and roll CAS commands positioned the series servos . The out

puts of the servos were then summed with the pitch boost servo output and the MCS
differential stabilator signal to form the left and right stabilator commands , and

h

б
у
с

which were the uplink commands required for the RPRV system operation .

o
n

P

C

10

5

Limit on

oncas'
0

deg

-5

-10

-25 -20 -15 -10 0 5 10 15-5

deg8

Pb

Figure 14. Pitch CAS authority limit as a function of pitch boost servo output .
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The roll CAS command to the differential stabilator was formed by comparing roll

rate to commanded roll rate from the lateral stick force . The commanded roll rate

signal was derived by passing lateral stick force , F through a dual - gradient gear
6

a

ing schedule . The resulting roll rate error signal was limited by the roll CAS angle

of - attack schedule shown in figure 15 to form 6 and summed with the pitch CAS

command , 6 . " CAS

CAS

d

' Inc.

5

4

pocas , deg 3
'max 2

1

0

-5 0 5 20 25 3010 15

a , deg

Figure 15. Roll CAS authority limit as a function of angle of attack .

In the yaw axis CAS mode , rudder pedal gearing was effectively doubled over

that of the MCS mode . Lateral acceleration and washed out stability axis yaw rate

were fed to the rudders . The stability axis yaw rate signal was computed as

= r - ap .r

S

To account for different accelerometer locations in the full - scale and scale

model F- 15 vehicles , pitch rate and yaw rate were differentiated and summed with

n, and ny , respectively , to simulate lever arm effects .
n n

Z

The full - scale CAS contained an automatic "downmoding" from CAS to MCS for

spin departure prevention which was activated when the yaw rate exceeded +42 deg/

sec . For the scale - model F- 15 the scaled yaw rate was +70 deg/sec . The effect of

the downmoding was to restrict control authority and deactivate feedback controls ,

since full control authority or feedback augmentation , or both , could enhance the

departure rather than oppose it . This function was easily programed into the RPRV

system .

Software Mechanization

The scale-model F- 15 computer program occupied 100 percent of the available

core of the RPRV program and had a duty cycle of approximately 90 percent of the

available computation time . The allocation of the RPRV computer's 16K memory for

the subscale F- 15 flight program is shown in figure 16. Note that the FORTRAN

main program was the largest single unit in the computer , requiring 6500 words .
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Words

1,900 Resident operating system

800 Common

1,700 Loader

The core required by the resident opera

ting system and the loader could not be

utilized during real -time RPRV operation

and may be viewed as the cost of the

FORTRAN programing capability . This

was not really a disadvantage because

the general purpose minicomputer mem

ory could have been expanded if a larger

flight program were required . All con

stants , digital filter coefficients, and com

binations of constants required for the

RPRV program were precomputed in a

separate FORTRAN data program on the

RPRV computer and processed in an off

line batch processing mode .

3,700

Run -time mathematics

and utility routines

1,400 Assembly subroutines

6,500 FORTRAN main program

300 Pointers

Total 16,300

Wherever possible , the computations
Figure 16. RPRV computer memory

performed by the RPRV program were in
map for scale -model F- 15 program .

engineering units using floating point

arithmetic . This eliminated the require

ment of variable scaling and problems with arithmetic overflow . The relatively slow

floating point execution time (approximately 75 microseconds ) of the RPRV computer

did not permit the entire RPRV program to be coded in floating point , so several

functions , including the digital notch filters , were coded in scaled fixed point

FORTRAN

Analysis and Design

Two primary objectives of the scale -model F- 15 flight program were to obtain

stability and control data for the full - scale airplane and to simulate the operation of

the F- 15 flight control system in the high- angle-of- attack stall- spin region . Both

of these objectives required the use of the remote augmentation capability of the

RPRV system . As noted previously , to obtain high-quality stability and control data

at these high angles of attack , it was necessary to implement a relatively high gain

rate damper mode to stabilize the vehicle before the maneuvers were started . Also ,

the CAS mode had significant effects on the high-angle-of-attack response of the

vehicle . Thus it was necessary to make a limited analysis of both augmented modes

to insure proper operation of the systems . The analysis discussed in this section is

for the 26-percent mean aerodynamic chord center -of- gravity location on the model .

Figure 17 is a z-plane plot of the location of the response modes of the open- loop

airplane as a function of trimmed angle of attack . The short- period , Dutch roll , phu

goid , roll , and spiral modes are shown . The approximate s-plane coordinates are

included for reference. The stability boundary is indicated by the portion of the unit

circle . The open - loop natural frequencies of the airplane decrease with increasing

angle of attack from a ~ 3° to a ă 17º . Above a ă 17 ° the short-period and Dutch roll

modes remain very lightly damped with a frequency of approximately 2 radians per

second over a large range of angle of attack , whereas the roll and spiral modes
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continue toward a lateral phugoid mode . Minimum stability for the short-period

mode is at a ~ 26 ° and for the Dutch roll mode at a ~ 28 ° . The phugoid mode is only

slightly affected by angle of attack . Obviously , the lightly damped oscillatory

modes would respond to pilot inputs or aerodynamic buffet , so a damper system was

required to augment the damping of the vehicle .
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Figure 17. Root locus ( 2 -plane ) of response modes of scale -model F- 15 as

a function of trimmed angle of attack . (Approximate s -plane coordinates

given in parentheses . )

!Rate damper system . - The short-period mode was easily damped by using a

pitch rate feedback to the stabilators . Figure 18 shows the z -plane root locus of this

feedback for a = 3 ° and a = 26 ° . The actuator dynamics and filters shown in fig

ure 9 ( a ) were included . A maximum gain of 0.4 second was chosen . The pilot was

able to select lower gains by using the pitch gain switch on the mode control panel .

1

-
-
-

Damping the Dutch roll mode proved to be difficult because the yaw rate damper

was ineffective at angles of attack above 15 ° . Figure 19 shows the z -plane root locus

of yaw rate feedback to the rudders for a = 3 ° and a = 289. The actuator dynamics
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and filters shown in figure 9 (b ) were included . The complex zero of the ( z )
6
r

transfer function effectively cancels the Dutch roll pole at high angles of attack . In

addition , the rudder control power drops rapidly at these angles of attack .
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Figure 18. Root locus ( z -plane ) of

pitch rate damper short-period mode

for a = 3° and 26° .

Figure 19. Root locus ( 2 -plane ) of

yaw rate damper Dutch roll mode for

a = 30 and 28° .
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a = 3° and 28° .
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in damping this lateral phugoid , as shown in figure 21. The figure shows the z-plane

root locus of the lateral phugoid at a = 28° due to roll rate feedback to the stabilators ,

followed by the root locus of yaw rate feedback to the rudder . The maximum yaw

rate gain of 4.0 seconds was selected to position the lateral phugoid roots .
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Figure 21. Root locus ( 2-plane ) of lateral phugoid mode for roll rate feed

back to stabilators followed by yaw rate feedback to rudder at a = 28º .

The high maximum roll and yaw gains chosen for the rate damper mode reflected

the relative uncertainty concerning the model's lateral-directional aerodynamics

when trimmed at full aft longitudinal stick . The pilot was able to select lower roll

and yaw damper gains through the gain switches on the mode control panel.

Control augmentation system . - The CAS mode introduced feedback variables into

the remote augmentation system in addition to those required for the rate damper mode .

Normal and lateral acceleration feedbacks and angle- of-attack scheduling of roll rate

feedback were required , as shown in figure 11. The effectiveness of the rate feed

backs in the CAS mode in damping vehicle motions was similar to that for the rate

damper mode . The crossfeed of roll rate to the rudder in the stability axis yaw rate

feedback was a key difference between the rate damper mode and the CAS mode ,

aside from the higher gains used in the rate damper mode . The z-plane root locus of

the Dutch roll mode for the stability axis yaw rate feedback to 8 is shown in figure 22

for a = 3 ° and 28 ° . The filters and actuator dynamics shown in figure 11 were in

cluded , and the yaw CAS gain (Kr = 0.613 sec ) is indicated on the locus . The damp

ing of the Dutch roll mode is increased at both angles of attack by the stability axis
yaw rate feedback .

r

S

In addition to the rate feedbacks, the CAS uses normal and lateral acceleration

feedbacks to provide good handling qualities . No difficulty was foreseen in using

these signals for rigid body control ; however , the use of acceleration feedbacks may
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have caused structural resonance problems. (The implementation of notch filters to

suppress structural resonance was described previously . )
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Figure 22 . Root locus ( 2-plane) of stability axis yaw rate feedback to

rudder for a = 3° and 28° .

-

A primary objective of the scale -model F- 15 program was to achieve a valid simu

lation of the F- 15 analog flight control systems . No attempt was made to investigate

modifications to the CAS mode. The ability of the remote augmentation system to

simulate the analog CAS of the full- scale F- 15 airplane is indicated in figure 23 ,

which compares step responses of the pitch CAS for the RPRV digital simulation and

the analog CAS simulation . No attempt was made to adjust the gains or constants of

the RPRV digital simulation to achieve a better "match " with the analog CAS simula

tion .

Ground Testing and Checkout

Before flight the RPRV program software was extensively checked and tested to

insure that computation time was not excessive and that the gearing schedules and

gain schedules operated correctly .

To identify resonance problems, a ground vibration test was made on the vehicle .

Symmetric vibration modes were mapped with frequencies of 15.4 hertz , 16.2 hertz ,

18.2 hertz , 21.0 hertz , 39.0 hertz , and 51.0 hertz . The 21.0 - hertz mode had a

noticeable horizontal - stabilator motion which was sensed by the pitch rate gyro

and normal accelerometer . The 18.2 -hertz mode was also prominent. The strong
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input for RPRV digital simulation and analog CAS simulation .
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coupling between stabilator motion and sensor pickup of the modes near 20 hertz

indicated a possible problem in the augmented modes .

Before the flights in which the rate damper and CAS modes were used , structural

resonance tests were made on the closed-loop system to determine stability margins .

The test feedback gains were several times larger than those to be used in flight. The

RPRV flight program was coded to branch around the notch and low -pass filters in the

feedback loops if a sense switch was set . Thus the effect of the filters on the system

stability could be assessed . The only structural resonance observed in the tests was

a symmetrical mode which was driven unstable by pitch rate feedback to the stabila

tors at a frequency of approximately 20 hertz . For the pitch rate damper mode with

no notch or low - pass filtering , the instability occurred at a gain of 1.0 second . When

the notch filter was added , the 20-hertz instability was no longer seen , but a 10-hertz

neutrally damped oscillation occurred at a slightly higher gain . No structural mode

had been identified at this frequency , and the oscillation was traced to a mass unbal

ance of the stabilators which caused a " tail -wags - dog " oscillation . In the fabrication

of the model , primary importance had been placed on weight and strength constraints ,

rather than on duplicating mass and inertia effects . One result was a mass imbalance

in the stabilators in which the center - of - gravity - location was 4.4 centimeters rear

ward of the hinge line .

When the low-pass filters were added to the rate damper mode , the 10 -hertz

oscillation did not occur until a gain of 3.0 seconds was used . This was 7.5 times the

naximum gain selected for flight (table 2 ) . A similar resonance was observed in

esting the pitch CAS mode . The pitch rate CAS feedback excited a structural insta

bility at approximately 20 hertz at a gain of 4.0 deg/ g with no notch filtering on pitch

ate or normal acceleration . When the notch filters were added , the 10-hertz oscilla

ion was again observed at a gain of 4.0 deg/ g . This gain is four times the pitch CAS

fain (table 2 ) .

No structural resonances were observed for the roll and yaw rate damper and

CAS modes , although the roll rate damper mode did excite the tail-wags-dog oscilla

ion at a gain of 4.0 seconds with the notch and low -pass filters . Again , this was five

imes the roll CAS gain (table 2 ) . Thus the ground resonance checks established

itability margins for all axes of the rate damper and CAS modes . A minimum sta

bility margin of 12 decibels was verified for the pitch , roll , and yaw axes of the two

lugmented modes .

FLIGHT-TEST RESULTS

Before the scale-model F- 15 was air launched , two captive flights were made to

check the operation of the telemetry links , onboard systems , and RPRV facility . Data

from the first nine drop flights are presented in this section . Additional data from

the first four flights are presented in reference 3 .

The flight program was scheduled so that the modes and components of the RPRV /

RAV system could be activated gradually . Thus the remotely augmented rate damper

and CAS modes were not activated until the open - loop operation of the system had
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been demonstrated . The early flights were devoted largely to obtaining basic sta

bility and control data to verify the wind - tunnel data used in the simulation . These

manuevers were performed using the computer direct and rate damper modes . After

these stability and control flights were made , the model was flown in the MCS and

CAS modes , and aggravated inputs were applied to investigate its stall , departure ,

and spin characteristics .

Basic Modes

The computer direct and rate damper modes were designed to permit the pilot to

perform stability and control maneuvers efficiently . In the nine flights of the model

( 40 minutes of flight time ) , approximately 100 stability and control maneuvers have

been performed using these control modes .

The unaugmented modes were used on the first flight of the model , and data were

obtained from a = 5 ° to 26 ° . Simulation studies had indicated very light damping of

the Dutch roll and short-period modes , so use of the rate damper mode was planned

for subsequent flights . Power spectra were obtained from the first flight for roll ,

pitch , and yaw rates and normal and lateral accelerations at several angles of attack .

All the variables showed a strong resonance at approximately 20 hertz ; the intensity

of the resonance was a function of angle of attack . At a < 10° all the signals were

clean , with the accelerations indicating a broad low- amplitude resonance of approxi

mately 50 hertz . Above a = 10 ° the energy at approximately 20 hertz increased with

angle of attack on all signals until an angle of attack of 20 ° was reached , after which

it remained constant . The resonance may have been caused by buffet characterized

by locally separated flow on the wing at high angles of attack which excited the

approximately 20-hertz structural modes .

Before using the rate damper or CAS modes , it was necessary to consider the

possibility of closed -loop structural resonance . The versatility of the RPRV com

puter permitted a simple solution to this problem : the implementation of digital

notch filters in the control law computation .

The power spectra from the first flight were used to select frequencies for notch

filters on roll , pitch , and yaw rates and normal and lateral accelerations . Five notch

filters were added to the program between the first two drop flights . In addition ,

6 -hertz low-pass filters were applied to the roll , pitch , and yaw rates for the rate

damper mode to aid in the attenuation of high-frequency structural resonances . The

filter used to simulate the F- 15 series servos performed a similar high - frequency

attenuation in the CAS mode .

The rate damper mode was activated on the third flight and operated as expected .

The operation of the pitch and the roll and yaw dampers is shown in figure 24. Fig

ure 24 ( a ) shows the open-loop pitch response to a stabilator doublet followed by the

operation of the pitch damper after several oscillations . The pitch damper was effec

tive in damping the short-period mode of the vehicle , as had been predicted . Fig

ure 24 (b ) shows the operation of the roll and yaw rate dampers at angles of attack

of 28 ° to 31 ° Three successive open - loop manuevers are shown with the damper

system operating between maneuvers . During the maneuvers , the model is excited

by aileron , rudder , and differential stabilator doublets . The doublets are indicated
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! by arrows on the 8 8 and & traces and were commanded electrically through
d ' a

the pulse panel . The pilot did not use the rudder pedals ; all rudder motion is due to

the aileron - to -rudder interconnect , the yaw damper , and the pulse panel inputs .

The figure shows that the open - loop airplane's Dutch roll mode at this angle of attack

was unstable for small oscillations in p , r , and ß and that the dampers were effective

in damping the oscillations.

The RPRV computer program was modified and recompiled between each flight.

Most of the changes were associated with the computer direct and rate damper

modes and were implemented to help the pilot obtain high - quality stability and con

i trol data . Stability and control derivatives have been identified over a range of

angle of attack from -20 ° to 40 ° . Changes were made in the damper gain , control

authority ( for example , lateral stick gearing) , and pulse panel software . Also , the

aileron - to -rudder interconnect was incorporated to aid in turn coordination . To ob

tain the negative - angle - of - attack data , the model was flown inverted for prolonged

periods and trimmed with forward stick inputs . No difficulty was experienced with

| the telemetry links in these maneuvers .

In preparation for the CAS flight tests , several maneuvers were performed in

the basic modes at stick deflections equal to the maximum stabilator authority in CAS .

For example , on the fourth flight the model was trimmed at a = 31 ° and flown in the

computer direct mode with full aft stick (on = -27.5 ° ) , which is the maximum stabilah

tor authority of the full -scale F- 15 CAS mode . On the seventh flight, with the cen

ter of gravity at 30 - percent mean aerodynamic chord , the model was trimmed at

a = 40 ° with full aft stick .

F- 15 Control System Modes

The MCS and CAS modes were fully exercised during the nine flights of the

model . The MCS mode was used on every flight. The first five flights were flown

with the center of gravity at the 26-percent mean aerodynamic chord location , and

the following four flights at the 30-percent mean aerodynamic chord location . On the

second flight the model was flown for several minutes in the MCS mode with full aft

longitudinal stick (8 , = 23° ) and trimmed at a = 28° .
h

The CAS mode was used for the first time on the fifth flight and operated as ex

pected . No problems were encountered in the use of acceleration feedbacks in the

pitch and yaw axes . Figure 25 shows the model's pitch CAS response to pilot input

during flight and in the RPRV digital simulation . The closed - loop bandwidth of the

pitch CAS is approximately 4 radians per second . The pilot's input was the same as

· that in figure 23. Figure 25 shows good correlation between the flight and simulation

responses .

Complete verification that the model F- 15 under control of the digital RAV sys

tem in flight provides a valid scaled simulation of the full - scale F- 15 airplane with

onboard analog control system would entail a number of steps and require flight

; data from the full - scale F- 15 airplane . Full-scale F- 15 flight data were not available ;
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however , most of the key steps were taken to verify the technique . The RPRV digital

simulation was validated as an accurate simulation of the closed-loop model F- 15 in

flight ( fig . 25 ) and then compared with the analog CAS simulation ( fig . 23 ) . Since

both figures show close agreement in vehicle motion response for identical inputs

and initial conditions , the assumption that the digital RAV system in control of the

model F- 15 in flight would provide a valid simulation of an onboard analog system in

control of the same model can be made with confidence .

High -angle - of - attack stall and spin departure studies were started on the third

flight, utilizing the MCS mode . Aggravated inputs (full aft and full lateral stick )

were applied in this mode on the third and fourth flights , but no control problems

were experienced . On the fifth flight , using the additional control surface authority

provided by the CAS mode , attempts to spin the model were again unsuccessful . A

spin was finally achieved on the seventh flight by using a spin entry control scheme

developed on the simulation . The model recovered easily when spin recovery con

trols were applied . Two more spins were performed on the following flight, and

again no difficulty was experienced in recovering . As noted previously , the stall

inhibiter function of the full -scale F- 15 CAS was not implemented in the RPRV

computer program for these tests . The spin entries were started with the computer

in the CAS mode , and the computer automatically downmoded to the MCS on each

spin entry when the yaw rate exceeded 70 degrees per second .

The results of this series of flights, which involved high-risk flight testing and

the use of the remote augmentation system to perform the control function , demon

strate the usefulness of the RPRV system . An approach this aggressive would not

usually be attempted in a manned program .

RPRV FACILITY OPERATIONAL EXPERIENCE

The operation of the RPRV system during the first nine flights of the scale-model

F- 15 showed that the RPRV approach to flight testing is a promising method for ad

vanced systems testing and hazardous flight testing . The remote augmentation sys

tem , which utilizes a ground-based computer , did not experience a failure during

flight; however , problems did occur with the telemetry downlink and uplink .

On the second flight, the ground station receiver was slightly out of adjustment ,

which made the remote pilot's displays unusable because of downlink dropout . This

adjustment was carefully monitored during the following flights , and the problem did

not recur . No other downlink dropout was experienced during the test time on any

of the other flights .

The uplink command system functioned perfectly during the first five flights;

however , a problem which occurred during attempts to make the sixth flight resulted

in two aborted flights. On both of the aborted flights and on the sixth flight, the up

link signal strength dropped below a preset threshold . Proper action was taken by

the system in each instance : On the aborted flights a low signal level was indicated ,

and on the sixth flight the onboard autopilot system was activated . The difficulty
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was traced to a series of unrelated alinement and calibration problems . The most

important of these was faulty boresighting of the uplink system ground antenna .

Modifications were made to the onboard receiver to permit the signal strength level

to be monitored through the telemetry downlink . After the system was properly

alined and calibrated , three additional flights were made without incident .

The RPRV system operation has also provided information about the capability

of a remote pilot to control a vehicle during unrestricted maneuvering . The F- 15

model was flown through an extensive range of attitudes , including 360 ° rolls and

90° nose-down attitudes . High oscillatory rates of 200 deg/ sec in roll , 100 deg/ sec

in pitch , and 200 deg/ sec in yaw were sustained , and the model experienced ele

vated acceleration maneuvers up to its structural design limit ( 4g) . As noted , the

model was flown in an inverted attitude for prolonged periods to obtain data at nega

tive angles of attack , and aggravated full authority control inputs in both the MCS

and CAS modes were made in attempts to force the model into departures and spins .

The interaction between the remote pilot and the RPRV systems proved to be of

great benefit in accomplishing the research objectives of the program . By utilizing

the flight planning simulator and the control of the RPRV computer software afforded

by the mode control panel and the pulse panel , the pilot was able to perform many

high-quality stability and control maneuvers . The FORTRAN programing capability

made it possible for suggestions by the pilot or required additions to the software to

be implemented quickly and made available for the next flight. For example , it was

necessary to add five notch filters and three low -pass filters in the rate damper

mode to the computer program between the first and second flights . This was accom

plished easily within the planned 1 } weeks between the flights . Also , it was neces

sary to modify the scale-model F- 15 modes in order to duplicate modifications made in

the full - scale F- 15 flight control system during its initial flight testing . These mod

ifications were made easily in the RPRV computer software .

The RPRV system operation was enhanced by the use of floating point FORTRAN

coding to write the RPRV computer programs . This capability was in keeping with

the overall philosophy of low -cost subscale testing , in that the control system en

gineer was able to write the flight control system software directly . He thus had

direct control of the software and could use the FORTRAN compiler to check out and

debug the program . The ability to run the identical program card deck in the RPRV

digital simulation was a further check on the software .

CONCLUDING REMARKS

The remote augmentation capability of the remotely piloted research vehicle

(RPRV) facility at the NASA Flight Research Center was used in flight tests of a

3/ 8- scale model of the F- 15 airplane . It was found that coupling the remote piloting

task with the remote augmentation technique in a ground-based digital computer

made it possible to achieve the research objectives of the subscale F- 15 program .

The use of FORTRAN programing made it easy to write and modify the program con

taining the control laws .

42



The validity of the remote augmentation concept of implementing closed-loop

feedback control of a remotely piloted research vehicle in a ground-based digital

computer was demonstrated . Rate damper and control augmentation systems were

successfully implemented for the scale model .

The integrity of the RPRV facility's uplink and downlink telemetry systems was

demonstrated for the control and remote augmentation of unmanned models . The

telemetry links operated for extended periods and over an extensive range of vehicle

attitudes without transmission difficulties .

The remote augmentation technique of simulating an analog flight control system

was successful. The RPRV system accurately simulated the F-15 analog control

augmentation system .

Flight Research Center

National Aeronautics and Space Administration

Edwards , Calif. , January 6 , 1975
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APPENDIX A

MODEL SCALING TECHNIQUES

Scale-model flight testing requires an understanding of the scaling laws that

relate the dynamic behavior of the scale model to that of the full - scale aircraft . It

is important to realize that exact similitude between the model and the full -scale air

plane cannot be achieved , and that a choice must be made between several available

scaling techniques . Also , in designing remote augmentation systems for use with

scale models , it is necessary to compensate for scaling effects in the closed-loop con

trol laws by modifying feedback gains .

Figure A1 shows the forces , moments , and geometry relevant to the dynamic

response of a model and a full - scale airplane . The functional dependencies of the

forces and moments are indicated in the figure . Table A1 lists the scaling relation

ships which would have to be satisfied for exact similitude . Relation 1 is a statement

of the model scale factor , and relation 2 is a statement of the requirement of matching

helix angles so that the vehicles follow geometrically similar flightpaths . There are

eight relations between the seven variables: model scale factor , a , frequency , w ,

velocity , V , Mach number , M , mass , m , moment of inertia , I , and atmospheric

density , p . Thus , in general , at least one of the relations will not be satisfied . The

relations chosen to be matched are determined by the purpose of the scale-model test .

Full -scale airplane

Scale model
Aerodynamic force ,

2,2

Inertial force ,

2 .

Priva , ,my W ' s

Aerodynamic force ,

v2?ما

Inertial force ,
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18,

Aerodynamic moment,

2 , 3

Pave ?
Inertial moment, Aerodynamic moment,

Të pv?

Gravity force ,

mg Gravity force ,

mog

Frequency.
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We

Velocity,
w

Velocity.

V

Helix angles

Figure Al . Force , moment , and helix diagrams of scale model

and full -scale airplane .
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APPENDIX A - Continued

TABLE A1.- SCALING RELATIONSHIPS IN MODEL TESTING

Relation Quantity

1 l = als
Length

2
wl_Wolf

V V

f

Helix angle

3

V

V -
f

V

Mach number
V

M =

4

W 뮤
Vily

Reynolds number

uf

10
11.8

fºf
5

pisv² ppp
3 2

V

f

Ratio of inertial moments to

aerodynamic moments

21

mwil mi6 Ratio of inertial forces to

aerodynamic forces

m

m

7

pl²v² pply? vi

ma

mw ?l meu ,els

ma

p/²v² pply? V

Ratio of gravitational forces

to inertial forces

m

8

2

Ratio of gravitational forces

to aerodynamic forces

For wind-tunnel testing , the length , Reynolds number , and Mach number relations

are usually matched (refs . 7 and 8 ) . For free - flight model testing , scaling relation

ships must be chosen on the basis of the dynamic pressure region being investigated.

compressibility effects are being investigated , the Mach number is matched (ref. 9 ) .

For dynamic testing at low dynamic pressures , the Froude number (ratio of inertial

forces to gravitational forces) is held invariant (ref . 10 ) . This inertia-gravity

scaling technique was used for the scale-model F- 15 .

If
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APPENDIX A - Continued

atve

Requiring that the ratio of inertial forces to gravitational forces be held invari

ant while at the same time matching helix angles places a constraint upon the model

velocity (relations 2 and 7 , table A1 ) . This constraint may be stated in the form of

a scaling law , V = a ? V The remaining relations between forces and moments (rela
f

tions 5 , 6 , and 8 ) are matched by properly scaling the model's mass and inertias .

Table A2 lists the complete set of scaling laws for an invariant inertia -gravity rela

tionship . Note that mass and inertia scaling is a function of the ratio of atmospheric

pressures , plpp . Proper selection of model altitude provides some independent con

trol over these scaling ratios .

TABLE A2.- SCALING LAWS FOR INVARIANT

INERTIA-GRAVITY RELATIONSHIP

Quantity Scale factor

Model scale a

Density 이
는

Mass азр

f

Inertia Q5 L

a
s
e

рPf

V

с

atMach number

1
0% 05

Velocity a}

Linear acceleration 1

Angles 1

1

Angular velocity
- }

a

Angular acceleration
- 1

a

Time
Ž

a

Reynolds number a

ح
ا
د
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APPENDIX A - Continued

The scaling indicated in table A2 is particularly important in interpreting a

scale model's dynamic response and the effect of scaling on closed-loop model opera

tion . Using two -degree - of - freedom longitudinal equations of motion , reference 11

derives the short-period natural frequency and damping as

w
-

M 2

4 α

M

a

(A1 )

sp

- (2a a)=

Ssp

Z + M

α

2w

sp

(A2 )

Because the model is scaled to be geometrically similar to the full -scale airplane ,

the nondimensional stability derivatives of the two vehicles will be the same . Dimen

sionalizing the derivatives (as shown in ref . 11 ) at the same altitude and using the

inertia - gravity scaling laws of table A2 gives the following relationship between

model and full - scale dimensionalized derivatives :

za
Z = a

α

I
l of

I
l
s
o
f

1
8
e

= a

1

-1

M
a
fM a

a

M = a

ama *

M
a
s

-

M
o
eof

M
8be

= a

Substitution in equations (A1) and (A2 ) gives

stw
SPAW = a

sp

(A3 )

1
1

=

=

Ssp
Espf

(A4 )

- }

Thus the frequencies of the response modes of the model are increased by a over

those of the full - scale vehicle , whereas the damping ratios are unchanged . This re

flects the time scaling indicated in table A2 .

.

For closed - loop control of scale models the airplane response is modified; how

ever , it is necessary that the scaling relations of equations (A3) and (A4) hold for the
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APPENDIX A - Concluded

closed-loop vehicle as well . To investigate the effect of scaling on the control sys

tem , the following general feedback control law is postulated :

on = K + Kao= K2O + K a + K 9 + K
q inz

n

z

When this general control law is substituted into the two - degree - of - freedom short

period mode approximation equations of reference 12 and the scaling laws of table A2

are applied , the closed-loop frequency and damping of the model will obey equa

tions (A3 ) and (A4 ) if only the pitch rate feedback gain is scaled as

K = -

a -af

None of the other feedback gains require scaling . In general , all angular rate feed

back gains of the full -scale airplane must be reduced by the square root of the

scaling ratio . Also , the critical frequencies of control system components such as

shaping filters and actuators must be increased as in equation (A3 ) . The critical

parameters of nonlinear components must be adjusted according to the appropriate

scaling law , as well . For example , angular rate limits must be increased by aa } ,
corresponding to the angular velocity scale factor in table A2 .
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APPENDIX B

DIGITAL FILTERING TECHNIQUE

To utilize the RPRV system , the systems engineer must use digital filtering

techniques to simulate analog systems , implement digital control systems , and sup

press undesirable noise and structural resonances in the test vehicle's response

signals . The problem of shaping the frequency content of a continuous signal with

linear analog filters is well understood , and it is desirable to use this knowledge in

designing digital filters . The resulting problem is that of approximating the filter

ing action of a continuous linear filter on a continuous waveform with a linear digital

filter operating on a sampled continuous waveform . Many techniques are available ,

among them numerical integration and the standard z -transform . Numerical inte

gration techniques are usually inefficient for real-time operations because they rely

on repeated evaluations of functions to produce a solution and they do not take ad

vantage of the known structure of linear filters . The standard z -transform tech

nique is the natural choice for analyzing discrete system stability , but it has draw

backs when used for approximating continuous transfer functions (ref . 5 ) . Two of

these drawbacks are the aliasing of power about the Nyquist frequency and the dif

ficulty of implementing some standard filter forms such as high-pass filters .

The derivation of the filtering algorithm used in the RPRV computer program is

illustrated in figure B1 . The poles and zeros of the continuous transfer function

jim z

je

TT

Х

T

Х

1
*

O

O Rezo
0

Х Х

Х TT

І

8.

s -plane W -plane z -plane

W = tanh

2st
1 + W

Z =

1 - W

Figure B1 . Conformal mappings between the s- , w- , and z -planes used in

defining the digital filtering algorithm for the RPRV computer program .

G (s ) contained in the primary strip of the s - plane are mapped into the left half of

the intermediate w -plane by means of the complex transformation

ST

w = tanh *
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APPENDIX B - Continued

The transformation maps a root located at s = 0 + je to a root located at w = u + in with

M

sinh oT

cosh oT + cos εT

sin εΤ

n =
cosh oT + cos ET

T

T

TT

Note that the imaginary s - plane axis from - to maps onto the entire imaginaryT

axis of the w-plane . The negative real axis in the s - plane maps onto the negative

segment of the real axis of the w-plane from -1 to 0. The final step of the algorithm

maps the function G (w) into the unit circle of the 2 - plane through the bilinear trans

formation

1 + w
Z ==

1 - W1+w

=

The transformation maps a root located at w = 4 + jn to a root located at

z = Re z + j Im z :

1 - Hº + nº
Re z =

( 1 - μ) 2 + η ?

2n
Im z =

( 1 - u) ? + na

z = e

It can be shown that the complete algorithm maps roots from the s -plane to the

z - plane such that a real root located at s = -ß will map to a real root located at

-BT

and a pair of complex conjugate roots with the characteristic polynomial

(s + c ) 2 + d² will map to a pair of complex conjugate roots with the characteristic

-CT -2cT
polynomial za 2e cos dT Z + e Band - limited transforms, such as low-pass

filters , with more poles than zeros have additional zeros inserted at z = -1 such that

the orders of the denominator and the numerator of G ( 2) are the same . The effect of

these zeros at z = -1 (for low-pass filter forms) is to introduce a " notch " character

istic in the frequency response of the digital filter at the half -sample frequency .

This is in addition to the desired low-pass characteristic for which the filter was

designed and may be regarded as a " free " noise rejection capability of the digital

filter at frequencies near the half -sample frequency .

The complete algorithm can be stated as follows: Given a continuous transfer

function ,

n

KK'

u

S a

i=1

S + a b

G (S ) =

Š( +a)[ {*+,jeto.pl]

) 41

4 ) + b

+ )*+ 4 ]c ?

r

s + ßParCS
S + d.

i= 1
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APPENDIX B - Concluded

a digital filter approximating G (s ) is given by

k

K " ( 2 + 1)2

-a :
.T

2e
22

cos bị72 +2 20:")
b.Tz e

i

i= 1

G (z ) =

11 *- 4:")(

( )

T

Z e

i= 1

-B.T \ t

Z e

i= 1

(B1 )
-C.T

G
22 - 2e

-2c.T

cos d.Tz + e
-

i= 1

)

where k = r + 2t - u - 2n , k > 0 , and K " is the normalization constant . For unity gain

low-pass filters , K " is set by the condition G ( z )
,K )|G (2

= 1 , and for unity gain high-pass

z =+ 1

filters , by the condition G ( z ) |z

2
z =-1

= 1 .

The preceding digital filtering algorithm is an extension of algorithms described

by Kaiser in reference 5 and Gold and Rader in reference 4. The algorithms dis

cussed in these references are referred to as the bilinear transformation , although the

algorithms are not the same . The algorithm described by Kaiser is also known as

Tustin's method and involves trapezoidal integration of the differential equation

· describing the continuous transfer function . The algorithm described by Gold and

Rader performs a prewarping of the critical frequencies of the filter transfer func

tion before the application of the bilinear transformation . In both of these algo

: rithms , the root locations of the resulting digital filters are approximations to those

given by equation (B1 ) . The matched z - transform algorithm (ref . 12 ) gives the

same pole and zero locations as equation (B1 ) but does not account for the zeros

| added at 2 = -1 for band - limited functions . In the use of the matched z - transform ,

it is common to add these zeros in an ad hoc manner .

1
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FORMULATION OF THE INFORMATION CAPACITY OF THE

OPTICAL -MECHANICAL LINE -SCAN IMAGING PROCESS

Friedrich O. Huck and Stephen K. Park

Langley Research Center

SUMMARY

The information capacity of the optical-mechanical line - scan imaging process is

formulated by generally following the classical work of Fellgett and Linfoot who applied

Shannon's theory of information to the assessment of film - camera images . Although

images obtained with film cameras and optical -mechanical line -scan devices are both

degraded by blurring of spatial detail and by noise , the latter images are also degraded by

aliasing that results when spatial scene radiance variations are undersampled , and by

quantization that results when the photosensor analog signal is converted to a digital sig

nal for transmission.

Numerical evaluations of the derived expression reveal that both the information

capacity for a fixed data density and the information efficiency (i.e. , the ratio of informa

tion capacity to data density ) exhibit a distinct single maximum when displayed as a func

tion of sampling rate , and that the location of this maximum is determined by the system

frequency -response shape , signal -to -noise ratio, and quantization interval. These results

suggest a general design criteria for optical-mechanical line -scan devices : namely , the

optimization of either their information capacity for a fixed data density or their informa

tion efficiency , especially if large quantities of data are involved or the data must be trans

mitted over long distances .

INTRODUCTION

Film and television cameras have generally been employed in the past to characterize

spatial variations of scene brightness , whereas optical - mechanical line - scan devices have

been employed to characterize spectral and radiometric variations . Little attention has ,

therefore , been paid to the image quality of spatial detail obtained with the latter devices .

However , the spatial characterization of scenes has become in recent years an important

objective in several applications of the optical -mechanical line -scan technique to multi

spectral imaging systems for Earth -orbiting spacecraft ; and it is the most important

objective in applications to the so - called facsimile cameras of the U.S.S.R. spacecraft Luna

(ref. 1 ) and Lunakhod (ref. 2 ) and the U.S. spacecraft Viking Lander (ref. 3 ) .
)



Data returned from Earth -orbiting spacecraft are constantly increasing, and data

returned from planetary spacecraft will remain very expensive. In both cases, the quality

of the data is most generally assessed by its information content, and the capability of the

imaging system by its information capacity . The application of information theory to the

assessment of optical-mechanical line - scan devices is particularly interesting because

the quantity of data that is transmitted and the quantity of information that these data can

contain are interrelated by two factors : the inevitable line - scan sampling process asso

ciated with this device , and the electronic sampling and quantization process required for

digital data transmission .

The approach that is pursued here to formulate the information capacity of the

optical -mechanical line -scan imaging process generally follows the classical work of

Fellgett and Linfoot (ref. 4 ) who applied Shannon's theory of information (ref. 5 ) to the

assessment of the image quality obtained with film cameras . Images obtained with film

cameras and optical -mechanical line -scan devices are both degraded by blurring of small

detail and by random noise. However , the latter images are also degraded by the aliasing

that results when spatial scene radiance variations are undersampled and by the quantiza

tion that results when the photosensor analog signal is converted to a digital signal for

transmission .

SYMBOLS

A isoplanatism patch of camera field of view

| A

solid angle of isoplanatism patch , sr

В sampling frequency passband

f camera frequency passband

g( x , ) spatial function confined to A

glu , w ) frequency spectrum of g ( x ,y ) confined to F

hd data density , bits/sr

hi information density or capacity , binits/sr

Ha quantity of data in A, bits

2



Hg entropy of g( x ,y) , binits

Hi quantity of information in A, binits

I( x ,x) random variable, minus its average value , of all signal and noise components

in A

k filter -shape parameter (see fig. 3 )

K average signal, A

m ,n elevation and azimuth sampling counts , respectively

MN number of elevation and azimuth samples , respectively

ne magnitude of white Gaussian noise spectrum , A

N( x ,y) random variable , minus its average value, of all noise components in A

NO ) average spectral radiance of object, W /m2

o( x ,y) normalized spatial distribution of object radiance

P,9 elevation and azimuth integers of mathematical sampling points in Ê ,

respectively

P (x ,y) random variable, minus its average value, of all signal components in A
A

S( x ,y) spatial distribution of camera signal, A

Suw ) frequency spectrum of camera signal, A

X ,Y elevation and azimuth sampling intervals , respectively , rad

6
delta or unit impulse function

η number of binary encoding levels , bits

к
number of quantization levels

3



λ wavelength , um

o standard deviation

T( x ,y ) point - spread function

î (uw ) spatial frequency response

U , elevation and azimuth spatial frequencies , respectively , rad"
-1

ve
cutoff frequency of electronic filter , rad - 1

î (uw ) square root of 7 ( ,w )uw

olu.w ) Wiener spectrum , or power spectral density

X , 7 elevation and azimuth angles of camera scanning coordinates , respectively ,

rad

TIT ( X , 4 ) sampling or comb function

0 ) average value or ensemble average

9

( 2 ) spatial frequency domain

( ) * ( ) convolution

Subscripts :

an aliasing noise

с camera

е electronics

en electronic noise

0
9 spatial function g( x ,x )

1

1 lens

4



0 optics

ps proper signal

FORMULATION

The Optical-Mechanical Line -Scan Imaging Process

Consider an optical-mechanical line -scan imaging device such as the facsimile cam

era shown in figure 1. Radiation from the object field is reflected by the scanning mirror ,

captured by the objective lens , and projected onto a plane which contains a photosensor

covered by a small aperture . The photosensor converts the radiation falling on the aper

ture into an electrical signal which is then amplified , sampled, and quantized for digital

transmission . As the mirror rotates , the imaged object field moves past the aperture and

thus permits the aperture to scan vertical strips . The camera rotates in small steps

between each vertical line scan until the entire object field of interest is scanned . The

distance between object and camera is assumed to be large compared with the distance

between camera mirror and lens ; thus, spherical coordinates with an origin at the center

of the objective lens can be used as reference for the elevation and azimuth imaging coor

dinates, labeled " x " and " , " respectively .

The process by which this device transfers the ( continuous) object radiance distri

bution o( x ,x ) into a (discrete ) electrical signal S ( x , y ) can be approximately formulated

by the equation (ref. 6 )

s( x : x ) = { [ cx ,x ) • Te ( x ,x)=(**)
( 1 )

The symbol * denotes convolution , K is the camera response to uniform radiance , and

Tc ( x ,y ) is the camera point - spread function which , in turn, is given by

Telxvx ) = 7 (xv) • Tp (x ,x) * (Tell orus]

where Tz ( x , ) , p ( x ,y ) , and Te (x) 0 ( 4 ) are the point - spread functions of the lens ,

photosensor aperture ,and signal electronics,respectively . The symbol TC ) is the
sampling (ref . 7 ) or comb (ref. 8 ) function . This function is an infinite sum of delta func

tions with spacings X and Y radians , which in this case correspond to the effective

camera elevation and azimuth sampling intervals , respectively :

IT

( ) ) -m = XY o (x -Xm , 4- Yn)

m = -00 n = -00 m = -On= -0
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For facsimile cameras used on planetary landers, the spacing Y is equal to the azimuth

stepping interval times the cosine of x where x is measured from a plane normal to

the optical axis of the objective lens .

An approximation is introduced into the formulation of equation ( 1 ) by the separation

of spectral and spatial object and camera characteristics, with the average signal K

accounting for the spectral characteristics . Actually , 0 ( x ,t) and Tc ( x ,y ) are functions4

of wavelength , and the spatial convolution should , therefore, be integrated over wavelength .

However, it is convenient here to let (ref. 9 )

K B

= A B.So Ñ ( 1) Fe (a) R (A ) aN da
т (2 )

с

т .

T

where Ac is the area of the lens aperture, Bc is the solid angle of the field of view

formed by the photosensor aperture (i.e. , the solid angle that defines a picture element ) ,

Ñ ( ) is the average spectral radiance of the object, Tell ) is the transmittance of theca

camera optics, and R ) is the responsivity of the photosensor. The use of K in equa(a

tion ( 1 ) permits o ( x ,x ) and (x , ) to be expressed as normalized functions while

S ( x ,y ) takes on the unit of K, which is amperes.

The optical -mechanical line -scan imaging process is implicitly a function of time .

The formulation of equation ( 1 ) implies , therefore , that the convolution of the object radi

ance distribution with the camera point -spread function be performed for each picture

element ( pixel) in a picture to allow for changes of ( x , y ) or Tc ( x , ) with time . If

neither object radiance distribution nor camera response varies with time (as is assumed

here ) , then it is immaterial whether the pixels in a picture are formed simultaneously or

in sequence , and the convolution needs to be performed only once for each picture.

Significant variations in defocus blur and in azimuth sampling intervals , however,

may occur as a function of the elevation scanning angle . If such variations occur, it is

necessary for the purpose of analysis to divide the camera field of view into isoplanatism

patches (i.e. , areas within which these variations become negligibly small) and restrict all

formulations to such a patch. The total information contained in an image is the sum of the

information contained in all the patches that make up the image.

An isoplanatism patch is denoted here by A and assumed to be rectangular and cen

tered at x = y = 0. For M samples per line scan and N line scans in A , X, and y

are limited to

--

-XM / 2 SX SXM/2

-YN/ 2H YN/2
1

6



and the solid angle subtended by Ais ( A = XYMN steradians . Any spatial function

g( x ,y) is then said to be confined to A if g( x ,y ) = 0 for all points outside A. The

error that is introduced by confining the radiance distribution o ( x ,y ) to A is negligibly

small everywhere in A except at a very narrow strip along the boundary of A. (See , for

example, refs. 10 and 11. )

The imaging process formulated by equation ( 1 ) is generally more convenient to eval

uate for the isoplanatism patch A in the frequency rather than spatial domain . Any spa

tial function g ( x ,y) which is confined to A and its corresponding frequency function

glu ,w ) are related by the Fourier transform pair

( wy

ŝ (uw) = SS. 8(x,t)e -127 (vx+wY) dx dy, A

g( x , ) = SS ôlu,w )ei27 (vx +wy) du dw

By using this transformation , equation ( 1 ) becomes

Štu,w ) = K[olu w ) felv.w) * XY TCX1,Yw ), )
( ) (3a)

where

Felv,w ) = (0,6 ) Folu,w) Telu)

and

XY TI (Xu,Yw ) = Σ Σ ο(-ω-3)6

m = - n= -0

Equation (3a) can be written more conveniently as

S(u ,w ) = K
Σ olu(༦ -––-9)*(༦ -)- (

(3b )

m = - n = -00

o
r

ŝlu ,w ) = K ô (u , w ) ? c( ,w) + K Ï Ï of 3) ( )- 2.- ) (30 )
n

1
n

YX X

m= -0 n = -00

(m,n)+(0,0)
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The first term of the equation for S (u , w ) given by equation (3c) , Kõlv ,w ) 7 (0,w ), is

equal to the image frequency spectrum obtained with film cameras if 7c(1,6 ) is inter

preted as the combined camera lens and film spatial frequency response and K as a

( linear ) film exposure -to -density transfer function . It is the existence of the sidebands

given by the second term in equation (3c ) that distinguishes the signal frequency spectrum

generated by the optical-mechanical line -scan imaging process from the image frequency

spectrum of the film camera .

In order to characterize the signal frequency spectrum Slu ,w ) , it is convenient to

make the following two definitions : First , let Ê be the camera passband ; ultimately ,

this passband is limited by the diffraction limit of the camera objective lens i.e.,

(i.e.,
2 + 2

2

2 sin a
<

λ

ال

sin aja. ure).where sin a is the lens numerical aperture Second, let B be

1

U = t+23 and W =

1

the sampling passband with corner points and + zy and sides parallel to
2Y

the frequency coordinates (uw ). Two cases must be recognized as illustrated in figure 2 :

(a) sufficient sampling when Ê CB; and (b ) insufficient sampling, or undersampling,

when F ¢ B.

If sufficient sampling occurs (fig . 2 (a ) ) , then the " proper signal" term

Kõ (v.w ) c (0 ,w) can , in the absence of noise , be completely recovered by passing the

signal frequency spectrum through an ideal low -pass filter whose passband agrees with

the camera passband For sampling passband B. However , if insufficient sampling

occurs (fig . 2 (b ) ) , then the " proper signal" components cannot be completely recovered ,

because displaced , false - frequency components , called aliased signals , fall into the pass

band Ê . These aliased signal components cannot be distinguished in practice from the

proper - signal components but tend to mask spatial detail in the image just like noise . The

aliased signal is consequently treated as noise whose power is additive .

Data Density

Recall that M is the number of samples per line scan and N is the number of

line scans in the isoplanatism patch A, and let K be the number of quantization levels

of each sample . Then , the number of distinguishable states in A is KMN , and the

amount of data in A is given by

TA
H = MN log2 K =
d log2 K

XY

The units of Hg are binary digits . It follows that the data density in A ( i.e. , the chan

nel capacity of the optical - mechanical line -scan device for the field of view ( Al ) is given

by

8



на 1

h

ha
=

AXY

log2 к (4a)

The units of ha are binary digits per steradian. For n - bit encoding , k = 2 and

ha
n 끄

XY
(4b )

If all the image states «MN are independent and equally probable, then He is the

amount of information contained in A and ha is the information density . However , all

image states are generally neither independent nor equally probable in practice . To dis

tinguish between units of data and information , the unit " binary digits " will be abbreviated

to ' bits " for data and to " binits " for information .

Information Density

The spatial radiance distribution of natural scenes is generally not completely pre

dictable and must be treated as a random phenomenon . Otherwise , of course , the image

data of such a scene could not be considered to carry any information . Image data of a

reference test chart , for example , are not intended to provide information about the chart

but about the camera performance . Consequently , an imaging system (just like a com

munication or control system ) must be designed for an ensemble of scene radiances (or

messages ) and an ensemble of noise , not a particular scene radiance (or message ) and a

particular realization of noise . Wiener has shown that power spectral density is a mean

ingful and useful statistical description of random phenomena (ref . 12 ) . For optical sys -

tems , the power spectral density is often referred to as the Wiener spectrum to free the

mathematical concept of a power spectral density from its physical implications in elec

trical engineering (ref . 13 ) .

Before formulating these statistics for the optical -mechanical line -scan imaging

process , it is convenient to review a general analytical representation of random phe

nomena as presented by Fellgett and Linfoot (ref . 4 ) and by Linfoot (ref . 10 ) for optical

images . Pertinent scene and camera characteristics are then molded into this analytical

presentation , leading directly to the desired formulation of the information density gener

ated by the optical -mechanical line -scan imaging process .

Analytical representation.- Let the spatial function g( x , y ) be a random process that

represents any signal or noise component confined to the isoplanatism patch A of the

reconstructed line - scan image ; let the Fourier transform of this function ĝ (uw ) be the

corresponding frequency spectrum confined to the camera passband Ê; and let

@glu ,w ) = jÀ lệcu,w )/2 ( 5 )

9



be the corresponding Wiener spectrum . In other words , the Wiener spectrum can be cal

culated by averaging the modulus squared of the Fourier transform of g( x ,x) , that is ,

Iğlu ,w ) | ?, over the ensemble to which g( x ,t) belongs and by dividing the result by the

area | Al .

The function g( x ,y ) is real for the case of incoherent radiation treated here , so

that the complex conjugate of ĝ (u , w ) is equal to ĝ ( -3 , -w ) . The Wiener spectrum is

always real,nonnegative,and symmetric about the origin (i.e. , og(uw )= o(( -u , -w )).

Furthermore, let špg = g(up.wa) be the value of ĝlu ,w ) at the sampling points

( up.wa ) = ( p / XM , / YN ), where p and q are integers. The sampling intervals
( 1/XM, 1/YN) assure sufficient (mathematical) sampling since g(x ,y) is confined to A

( i.e. , 1x | $XM / 2,1x| SYN / 2 ). The frequency function ĝlu ,w ) can then be reconstructed

from the sampled values according to Shannon's sampling theorem (ref . 5 )

ślu ,w ) = @pq sinc (XMU - p) sinc (YNw - q )
pqef

where

sin πυ

sinc u =

TI U

and the notation pq e Ê indicates that the summation is performed over all sampling

points in Ê . The spatial function g(x , y) can be reconstructed by the Fourier series

expansion

2 PM
( (x ,x) E A)

A

g ( x ,y )

ΣΣέρα

271( PX + qy
1

e

pqEF

0 (( x , x) € A )

To avoid possible confusion it should be pointed out that the sampling intervals

( 1/XM, 1/YN) in the frequency domain are not directly related to the camera sampling

intervals (X ,Y ) in the spatial domain except through the somewhat arbitrarily defined solid

angle | All of the isoplanatism patch A. The former sampling intervals are introduced

to provide a convenient analytical representation of scene and camera characteristics as

a summation of discrete sampling values . The latter sampling intervals are an inherent

aspect of the optical -mechanical line -scan imaging process .

The statistical properties of any signal or noise component g ( x , y ) confined to A

can be characterized by the statistical properties of the finite collection of complex random

10



variables ſpg for which (up.wa ) € Ê . If Špq has a probability distribution Ppglê),

the entropy of @pq is defined as

HERO -SS Ppg(@)log, Ppq ( C) as dit
(6 )

where § and $ are the real and imaginary components of ŝpq, respectively . Due to

the conjugate symmetry of the collection of Spq, only one - half of them can be assumed to

be independent. With this understanding, the joint entropy of the collection of Spq (i.e. ,
of g(u w ) ) is given by

Hg=
H

ΣΣΑέρα

(7)

2

pqe

Each sample value of Spa is assumed to have a Gaussian ( i.e. , normal) probability
density function with mean zero and variance 02 equal to the average power of Špa;

g , pa

that is ,

l@12/2021
g ,pa

e ( 8 )

Ppg ( 6)
2702

8 , pa

where

g , pg,pa jaloo("puwa)

For a random variable with a specified variance , the Gaussian probability density function

represents the maximum statistical uncertainty , or entropy , of the random variable. Sub

stituting this function into equations (6 ) and (7 ) yields the following familiar results

(ref . 5 ) :

H.

log , 4702
(9 )

g ,pa

Spa

H,-ΑΣΣ

=

1 X 1062
470

2
( 10)

8 , pa

pqE

Now, let the spatial function I( x ,y ) be the random variable, minus its average

value , that represents all the signal and noise components that have been constructed

(without loss of information ) in the isoplanatism patch A of the image ; let the Fourier

11



transform of this function î (uw ) be the corresponding frequency spectrum confined to

the camera passband f ; and let © ( ,w ) be the corresponding Wiener spectrum. Simif

larly , let P ( x , ) be the signal components of I( x , ) , minus its average value , with

Plu ,w ) and Ộplu ,w ) the corresponding frequency and Wiener spectrum ,respectively;(

and let N( x , ) be the noise components of 1( x ,« ) , with Ñ(0 ,w ) and onlu ,w ) the
y I

corresponding frequency and Wiener spectrum , respectively . It is assumed that the signal

and noise components are additive and statistically independent, so that

2

oi,pa = of,pa
2

'

+ o

'N ,pgNpq

In the sense that the information gained about a scene can be regarded as a reduction

in the statistical uncertainty , or entropy , about the probable state of the scene , the quantity

of information H contained in 1( x ,y) is defined within the foregoing constraints asI

H, = H , - Hv = 1 X 1082 410%,a1 105, 470%,pa, = - Η - Η ΣΣ , Η ΣΣ,
H

2

4πσ- -

2 I pa 'Npq

peh

2

pqef

2 2

P.pa

; = 2 2H, - : ΣΣ του , τα.: ΣΣ τους
1

2

°1,pq10822
1082 1 +

22

( 11 )
2

ON,pa
peh pqe ' N ,pa

This summation can be approximated by an integration of a continuous function over Ê

as

H; = ¿ 1A1 SS 1052
p (0,w )

ỘNuw)

du dw

The information density in the isoplanatism patch A is then given by

hi

-
H;

TAI SS
1082

Φρ(υ ,ω)

@nu,w)

du dw ( 12 )
2

F

The units of hi are binits per steradians .

Object radiance.- The radiance distribution of a natural scene is taken to be

N ( ) o( x ,y ) with the spectral and spatial characteristics separated for convenience . The

spatial characteristics are given by the random variable 0( x ,y ) which has the following

12



two constraints : ( 1 ) The variations of o ( x ,y ) are effectively confined to the range

0 o( x , y ) = 2 ( ( x ,y) € A)

( 13 )

o ( x ,x) = 0 ((x ,x) & A)
A) }

( 2 ) The average value of 0 ( x ,y ) is unity ; that is ,

IÀ SS, ( x , x ) dx dy = 1
( 14 )

A

An ensemble of scenes may be regarded to contain all scenes that consist of the same

composition and have undergone the same morphological processes . The information con

tent of the scene is contained in the spatial distribution o ( x ,y ) of the radiance . How

ever , it should be recognized that the average photosensor signal K is proportional to the

spatial average value of the scene radiance Ñ(a ) (see eq . ( 2 ) ) and that (1 ) contributes,

therefore , to the amount of information about the scene that can ultimately be recovered

from the camera signal. With this understanding, the Wiener spectrum of the scene is

defined as

,(w , w ) - À lotu,w )2
( 15 )

where again lolu,w )]2 indicates that lô(0 ,w ) /2 has been averaged over the ensemble to

which Ôlv ,w ) belongs .

Camera signal. - The Wiener spectrum of the camera signal is defined as

Og(uw ) - Ištv,w /?

where Ŝ (uw ) is given by equations (3 ) . It is assumed on practical grounds that the

aliased signals are to be treated as noise – similar , for example , to the noise generated

by the photosensor . It may be pointed out to emphasize this analogy that the Wiener spec

trum of the aliased signal, like that of the photosensor noise , may be assumed known ; but

a particular realization of either aliased signal or photosensor noise cannot be assumed

known for any random process . The Wiener spectrum of the " proper signal" Opslu,w)

( i.e. , of that component which is contained in the camera passband Ê when sufficient

sampling occurs ) is defined as

@pg(0,w )= K2 bolu ,w ) Fe (u,w)2 ( 16 )
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Following Blackman and Tukey (ref. 14 ) , the Wiener spectrum of the " aliased noise "

@an (u,w) (i.e. , of those components that are contained in Ê only when insufficient sam

pling occurs) is defined as

2

@an (vw) = K2
* Z + ( -4. ) ( - - )-3 *9 u -2

(17 )

m = - n=-0

( m , n ) * (0,0)

Electronic noise.- Noise is present in the object radiation itself, in the photosensor

which transduces this radiation into an electrical signal, and in the electronic circuit

which amplifies the small photosensor current into a signal large enough to be processed

for transmission . Noise in the object radiation, referred to as photon noise , results from

the random arrival of photons at the photosensor . However , the magnitude of this noise is

significantly smaller than the noise generated in the solid - state photosensors and associ

ated electronics that would generally be used with optical-mechanical line - scan devices .

The noise generated in photosensors can be divided into noise affected in magnitude by the

presence of the arriving radiation , referred to as shot noise , and noise not so affected,

referred to as dark current. The noise generated by the electronics is independent of the

magnitude of the arriving radiation . It is generally too complicated to account rigorously

for variations in shot noise as a function of variations in signal level; instead , an average

value for the shot noise based on an average signal current K can readily be accounted

for . This approximation applies in particular to low-contrast scenes .

The electronic noise is amplified and sampled together with the signal for digital

transmission . Just as under sampling of the signal frequency spectrum generates aliasing,

so does undersampling of the noise frequency spectrum generate additional noise . How

ever , severe undersampling of the electronic - noise frequency spectrum that would generate

a significant increase in the magnitude of the noise samples should generally be avoidable

by proper shaping of the electronic frequency response Fe(u). The Wiener spectrum ofTelu

the sampled noise at the output of the electronics becomes then

pen(u ) = @en(u)[Fe( ) 12 ( 18)

where øen (u ) is the Wiener spectrum of the unfiltered electronic noise .

Quantization noise.- After the electrical signal (and noise ) that has been generated

along the line -scan direction is sampled, each one of the samples is also quantized for

digital transmission . The quantization effect is a basic limitation of di systems in

determining the true value of a signal, just as random noise is a limitation of analog

systems .

14



In order to determine the loss of information that results from quantization , it is

necessary to account for some of the assumptions that have already been made about the

signal and noise. Pertinent assumptions are : The average value of the signal is K and

of the noise is zero ; the probability density functions of signal and noise are Gaussian; and

the effective range of signal variations is 2K. To form a valid model of the quantization

process with these assumptions , it is necessary to assume also that the average - signal-to

rms -noise ratio is large say , 10 or more . (This constraint is not serious in practice

since only extremely poor images are reproduced from signals for which the signal-to

noise ratio is less than 10. )

Additional assumptions are as follows : The signal is linearly quantized over its

effective range 2K, so that the quantum levels have a uniform spacing of 2K / K where K

is the number of quantization levels ; the quantization error of any one sample is uncor

related with that of any other sample ; and the signal occurs equally likely anywhere in the

quantization interval -K / K to K / K. The last assumption is valid only if the number of

quantization intervals is large say , K 2 16 (i.e. , 4 - bit encoding or more) .

These assumptions imply that the quantization error nk has the uniform probability

density function (ref. 15)

p(1x) =

к

2K ( -K /K 5D, SK/W)

= 0 ( Elsewhere)

In fact , a random variable which is constrained to a finite interval has maximum entropy

when its probability density function is uniform .

A signal that is uniformly distributed between -K / K and K / K has a mean equal to

zero and a variance given by

.

=

2

n. pin
к

-K / K

K2

3к2
к

Since quantization noise is uncorrelated (in the spatial domain) , it has a Wiener spectrum

equal to its variance; that is ,

Økn( ,w ) = K2 ( 19 )

3к2

Quantization noise will be treated as additive white Gaussian noise with the Wiener

spectrum given by equation ( 19 ) . The fact that this treatment of quantization leads to rea

sonable results is demonstrated in the next section .
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Formulation of information density.- It remains now only to recognize that ộp (uw )

in equation ( 12 ) is equal to the Wiener spectrum of the proper signal component ps(0,w)

given by equation ( 16 ) and that onlu,w) is equal to the sum of the Wiener spectrums of

the aliased noise oanku ,w ) , electronic noise Ôn(u ), and quantization noise on (uw )

given by equations ( 17 ) , ( 18) , and ( 19 ) , respectively. Substituting these results into equa

tion ( 12 ) leads to the desired expression for the information density of the signal generated

by the optical-mechanical line -scan imaging process :

en kn

2

(,),(1,نس)(2

n = SSE
1062 1 + du dw (20)

bo ) 7

{ • « * 3)*4 * 34*** 2801541234

+

m = - n = -O

( m , n ) + ( 0,0)

In order to support the treatment of quantization as additive noise and , hence, to

explore the validity of equation (20 ) , consider the following idealized situation . Let the

Wiener spectrum of the camera signal with an effective range of 2K be

kļ6,10 , w )Fe (0,6w) 2 = K? (Iul )
1

2x
|هيا=

4 2Y

= 0 ( Elsewhere )

Consequently , the camera passband and sampling passband are the same ( i.e. , B Ê ) , and

the aliasing noise term is zero. Similarly , let the Wiener spectrum of the electronic noise

with an effective range 2ne be

Ⓡen(u)[Fe (w)!2

2

e

4

=

1
$

2x

= 0 ( Elsewhere )

Equation ( 20 ) reduces then to

SS log2 1 +

В

du dw

2K

ne

4
K

3

Finally , let the electronic noise be small compared to the quantization interval ; that is ,
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(H) *» n

Then, equation (20) reduces further to

h;
- ISS 108261+ x2)audu = x 108341***)

If the number of quantization levels is large, then for this idealized situation

h;* 2XY 1082 ; x2 = log2/
3

к

4

-

It is readily recognized that in this situation the information density hi approaches

but remains slightly less than – the data density hd given by equation (4a) . The fact that

the maximum possible value of the ratio hina is slightly less than unity is consistent

with the observation that ha represents the maximum possible information density for a

spatial radiance distribution which is uniform rather than Gaussian .

It is also informative to compare equation (20) with the general expression for infor

mation density derived by Fellgett and Linfoot (ref. 4 , p . 399 ) for film -camera images as

given here in the notation of this report :

hi, film – SS 10821+
du dw

F

© (0,w )| (u , w ) / 2

@plu ,w ) lîzp(u,w )|2 + Ⓡp (u , w )f

where ø (uw), opku,w),and $plu , w ) are the Wiener spectrum of the object radiance,

photon noise , and film granularity, respectively , and izflu ,w ) is the combined frequency

response of the camera lens and film . It should be noted in particular that photon noise

and aliased noise are similarly treated . Both are part of the object radiation , yet appear

as statistically independent quantities . Furthermore, both their Wiener spectrums are

modified by the frequency response of the camera.

Information Capacity and Efficiency

The information density hi formulated by equation (20 ) is a function of scene as

well as camera characteristics . It is convenient to assume here that the Wiener spectrum

of the scene is constant out to some frequency beyond the system response f. (See , for

example , ref. 16. ) Consistent with the previous assumption that the spatial radiance dis

tribution of the scene o( x , ) is Gaussian with an effective range of 2 , its Wiener spec

trum (0,w) is 1/4 . It is also convenient to assume that the Wiener spectrum of the

electronic noise is constant within the frequency passband of the electrical filter Felu ),

with magnitude çen(u ) é /4.= n
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With these assumptions, the (statistical mean ) information capacity ( in binits per

steradian) of the optical -mechanical line - scan imaging process becomes

2

|(رصم)
hi - SSE log21 +

du dw
(21 )

2

Σ ΣΤfe(υπω| 7c (u - ...--) + K +292172(0)12 +-2 u

2
4 -2

K,W

Х

m= -0 n =

(m ,n )* (0,0 )

The data density ( in bits per steradian ) that is inevitably associated with this information

capacity is given by equation (4a) as

ha

1

XY

log2
к

It can be recognized that the objective to maximize the information capacity hi

without regard to the associated data density hd would lead to sufficient sampling and

very small quantization intervals, and, therefore , to large data requirements. It may often

be more desirable either to maximize hi for a fixed value of hd or to maximize theha

ratio hi /ha . This ratio will be referred to as information efficiency.

EVALUATION

The foregoing formulation of the information capacity of the optical -mechanical line

scan imaging process was based in part on reasonable considerations of the effect of alias

ing and quantization rather than on strictly mathematical grounds . It is , therefore, desira

ble to demonstrate that these assumptions lead to reasonable results .

Frequency - Response Shapes

The realizability of frequency -response shapes of optical apertures is constrained

by the requirement that the aperture transmission is always greater than zero. This con

straint may be generalized by noting that any aperture transmission function , being always

positive, must have a square root; that is , t ( x , ) = r2 ( x ,y ) , where f( x ,y ) is the aper

ture response and r( x ,y ) is its square root . Taking the spatial Fourier transform and.

using the transform properties of the convolution yields

fluw) = S* S*SS, ") uÎ(u',w') Î(u - u ' , w -w ')du' dw '
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In words , any realizable transfer function must, in the spatial-frequency domain, be repre

sentable as the convolution of a function with itself . Given any response function, realizable

or not (it must , of course , be the transform of a real function ) , a fully realizable one can

be generated simply by convolving it with itself (ref. 17 ) .

The frequency -response characteristics of electrical filters are not similarly con

strained . Consequently , the overall frequency response of electro -optical systems can be

shaped with greater freedom along the line - scan direction than along the azimuth - stepping

direction .

It is convenient here to consider only the simplified frequency -response shapes gen

erated by the function

flv ,w) = 1 - ( 02 + w2]k/2) + +( u2 + w251 )

( 2 + 2 = 1 )

(22 )

= 0 U2 > 1

where k > 0. (See fig. 3. ) For electrical filters , î depends only on v and for large

k becomes the approximately rectangular - shaped frequency response of ideal low -pass

electrical filters . A cylindrical - shaped frequency response (i.e. , the rectangular shape

with circular symmetry) is not realizable for optical apertures ; however , an approximately

cone - shaped frequency response is realizable as can be shown by convolving the cylindrical

shape with itself. In fact , this convolution yields the frequency response of a diffraction

limited lens (see , for example, ref. 9 ) , which is approximated by equation (22 ) for k = 1 .

The remainder of this paper is concerned with four numerical examples. For con

venience , in all but the first example, the camera passband Ê is normalized to be the set

of points (vw ) with 12 + w2 < 1. Consequently , the Nyquist elevation and azimuth sam

pling rates are 1 / X = 2 and= 2 and 1 / Y = 2 , respectively . In the first example only an elec

trical filter is considered for which the Nyquist rate is 1/X = 2 .

Examples

-

The performance of the optical - mechanical line - scan imaging process for fixed sam

pling rates ( 1 / x and 1/Y) is determined consistent with the assumptions that have been

made by the signal- to - noise ratio K /ne, the digital encoding level n , the optical filter

shape parameter ko, the electrical filter shape parameter ke , and the electrical filter'

cutoff frequency ve: Table I presents a summary of values for these five parameters

that are used in the following examples.

Electrical filters.- Consider first a one-dimensional example that is representative

of electrical filters. The information capacity analogous to equation ( 21 ) is
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72 ( )
hi = Some

10521 + du (23 )

-2

( m )
+

K

n

e

52 ( ) +
4 -2

к

3

m= -00

m#0

The frequency response of the electrical filter is given by

Telu) =
= 1 -

(24 )
( lutsve )

( Iul > ve )
= 0

where
ve is the cutoff frequency. Analogous to equations (4 ) , the associated data den

sity is

na = šlog =
ๆ

х
(25 )

The units of hi and ha are binits/radian and bits/radian , respectively.

Often more useful and certainly more familiar is the information rate

hi = ish; binits/second and the data rate hd = isha bits/second , where is is the

mirror line- scan rate in radians/second . The information efficiency remains the same

i.e., hi /ha = h /ha)

Figure 4 illustrates the variation of information capacity hi , data density hd , and

information efficiency hi /ha with sampling rate 1/X . For reference: ve 1 ; the

Nyquist sampling rate is 1/X = 2 cycles/radian; the root -mean -square (rms ) magnitude

of the electronic noise is

-2 1

K

So &((u ) du = 1.3 x 10-3
n

e

= 1 ; and the rms magnitude of the quantization noise forfor K/ne = 400 and= k

n = 8 bits is

е

|

ح

ا

ت

4 -2
K = 2-0 C

o
l
a

= 4.5 x 10-3

The results shown in figure 4 are intuitively satisfying . It should be noted in par

ticular in figure 4 (c ) that the information efficiency approaches unity ( h; /ha = 0.9 ) for a

nearly ideal filter ( ke = 4 ) and a nearly Nyquist sampling rate ( 1/X = 1.95) and that the

peak information efficiency not only decreases with a poorer filter response but also shifts

20



toward lower sampling rates . Also, note in figure 4 (b ) that 10 -bit encoding provides a

significantly higher information capacity over 8-bit encoding, but that the latter provides

a slightly higher information efficiency . Finally, note in figure 4 (a) that a signal -to -noise

ratio significantly higher than K /ne = 400 does not appreciably increase either hi or

hi/ hd.

Optical filters (symmetric sampling).- Consider next a two-dimensional example

with circular symmetry that is representative of optical filters . The information capacity

given by equation (21 ) becomes

20,w
hi = 2

1 V1-62

log2 1 +So
du dw (26 )

O JO0 -2

་་ ༩ པ༧,{g).…Σ Σ
K

n

4 -2

к

놓Y

m = -00 n= -0

(m ,n )+ (0,0)

j

า

The frequency response of the optical filter is given by

7,62 , w) = 1- (02 + x2) Ko/?( u2 w2 ko 2W

(12+w251)

( u2 + w2 > 1 )

(2
7
)

= 0
=

)ا
The associated data density given in equations (4 ) is

ha

η

log2 K =
XY XY

=

The units of hi and ha are binits/steradian and bits / steradian, respectively .

Results for hi, hd ,and hi/nd are plotted in figure 5 for symmetric elevation and

azimuth sampling rates (i.e. , 1/X = 1/Y ) . It should be noted by comparing figures 4 and 5

that the information efficiency for optical filters tends to be substantially lower than for

electrical filters . Also, the peak information efficiency tends to occur at substantially

lower sampling rates than the Nyquist sampling rate 1/8 1 / Y = 2 .=

Optical filters (unsymmetric sampling).- Consider next a two -dimensional example

identical to the previous one except that the elevation and azimuth sampling rates , 1/X

and 1/Y, respectively , are not restricted to be equal. Since the information capacity hi

and efficiency hi / hd are then functions of two sampling rates , it is necessary to use a

two - dimensional graphical representation of numerical solutions . Figure 6 presents a-

contour plot of information efficiency ( i.e. , lines of constant hi/na ) corresponding to the

set of parameters K/ne = 400 , n = 8 bits , and k. = 1. As would be expected , the con

tour lines have diagonal symmetry for a filter with circular symmetry . Consequently , the

maximum information efficiency is obtained with symmetric sampling rates (i.e. ,

1 / X = I / Y ).

k
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Figure 7 (a ) presents a contour plot of information capacity hi and three contours

of constant data density ha . Figure 7 ( b) presents a plot of values of hi along the three

contours of constant ha against the azimuth sampling rate 1/Y . Again , the maximum

information capacity is obtained with symmetric sampling rates .

Electro - optical systems.- Consider last a two -dimensional example without circular

symmetry that is representative of electro - optical systems . The information capacity

becomes

-w2

ni = 2 80'So
72(0,w )()

CSIA 1 + du dw

-2

K

Σ Σ
4 -2

к

Y X
e

m= -On= -0

(m , n ) * (0,0 )

(28)

The frequency response of the electrical filter is given by equations (24 ) and of the optical

filter by equations ( 27 ) . The associated data density hd is given by equations (4 ) .

Figure 8 presents a contour plot of the information efficiency hi /ha analogous to
figure 6 , but for K /ne = 400 , n = 8 bits , ko = 1 , ke = 4 , and ve = 0.8. Maximum

values of hi /ha still occur at sampling rates below the Nyquist rate. However , as would

be expected , the location of these maximum values occurs off the diagonal at an elevation

sampling rate which is lower than the azimuth sampling rate because of the additional

electrical filtering along the elevation direction .

Figure 9 presents information - capacity plots analogous to figure 7. Again , as in

figure 8, the maximum information capacity for a fixed data density occurs at an elevation

sampling rate lower than the azimuth sampling rate .

CONCLUDING REMARKS

Imaging systems cannot exactly reproduce a scene as an image. All images are

degraded at least by some blurring of small detail and by random noise . As demonstrated

by Fellgett and Linfoot , these two phenomena inevitably limit the amount of information

density in an image . The optical - mechanical line -scan imaging process of many space

borne cameras almost unavoidably generates some additional image degradation due to

aliasing and quantization . The results of Fellgett and Linfoot are extended here to include

the effects of these degradations . All formulations are constrained by the assumption of

statistically independent and additive Gaussian random processes , as have been all pre

vious related analyses for incoherent radiation . This assumption includes here in partic

ular the treatment of aliasing and quantization as noise sources .
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The information density in an image depends not only on characteristics of the imag

ing system but also on statistical properties of the scene ; namely , its random spatial radi

ance variation and power spectral density (i.e. , Wiener spectrum ) . It is assumed that the

radiance variation is Gaussian and that the Wiener spectrum is flat out to some spatial

frequency beyond the optical passband of the imaging system . The information density of

an image is then solely determined by the information capacity of the instrument used to

obtain this image.

The objective to maximize the information capacity of the optical -mechanical line

scan imaging process without regard to the associated data density can lead to impracti

cally large data requirements. It may be preferable either to maximize the information

capacity for a fixed data density or to maximize the information efficiency (i.e. , the ratio

of information capacity to data density ) . Both the information capacity for a fixed data

density and the information efficiency exhibit a distinct single maximum when displayed as

a function of sampling rate .

It is shown that the information efficiency of an instrument can approach unity (i.e. ,

that the information capacity of an instrument can approach the data density) under certain

theoretical conditions . These conditions can be approximated in practice by electronic

systems for time-varying signals but not by optical systems for space -varying signals.

The reason for this is that the frequency response of electronic systems can approach a

rectangular shape , whereas that of optical systems cannot approach a two - dimensional

equivalent to this shape (i.e. , a cylinderlike shape ) . In fact , the frequency response of

an optical system is in practice generally limited by the conelike shape of a diffraction

limited lens , limiting the information efficiency of optical-mechanical line -scan devices to

considerably less than unity . Nevertheless , within this limit , the information efficiency

can vary significantly with sampling rate , signal -to -noise ratio, and quantization interval,

as has been illustrated for a wide range of reasonable camera frequency -response shapes .

Langley Research Center ,

National Aeronautics and Space Administration ,

Hampton , Va ., April 22 , 1975 .
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TABLE I.- SUMMARY OF EXAMPLES

Parameters

Systems

K /ne bits
ne

ko ke ve

Electrical filter 100 6 Not applicable 0.25 1

400 8 1 1

1600 10 4 1

Optical filter , symmetric sampling 6 0.25 Not applicable100

400 8 .5

1600 10 1

Optical filter , unsymmetric sampling 400 8

1

Not applicable

400 8 1 4 0.8Electro - optical filter , unsymmetric

sampling
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Figure 1.- Basic facsimile - camera configuration.
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Figure 2.- Frequency spectrum generated by the optical-mechanical
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AEROTHERMAL PERFORMANCE AND STRUCTURAL INTEGRITY

OF A RENÉ 41 THERMAL PROTECTION SYSTEM AT MACH 6.6

William D. Deveikis, Robert Miserentino, Irving Weinstein,

and John L, Shideler

Langley Research Center

SUMMARY

-

A flightweight ( 10.6 kg /m2 (2.18 lb / ft2 )) 106.7 by 148.3 cm (42.0 by 58.4 in. ) panel

of a corrugated René 41 thermal-protection - system concept for hypersonic and reentry

vehicles was subjected to both radiant and aerodynamic heating in order to evaluate its

thermal performance and structural integrity. The panel consisted of 0.05 -cm (0.02 - in . )

thick heat shield and support members of riveted construction and 5.08 -cm (2 - in . ) thick

silica fibrous insulation packages covered with René 41 foil and inconel screening. It

was designed to carry a uniform pressure of 20.7 kPa (3 psia) at a surface temperature

of 1089 K ( 19600 R ). Test goal was to protect a stainless - steel substructure from tem

peratures above 422 K (7600 R) for 28 min . All tests were conducted in the Langley

8 - foot high -temperature structures tunnel with the heat - shield corrugations alined in the

stream direction . Nominal free - stream Mach number was 6.6 , and free -stream unit

Reynolds number was 5.118 x 106 per meter ( 1.56 x 106 per foot ). Angle of attack was.

varied to produce local Mach numbers from 6.2 to 4.4 , surface pressures from 3.5 to

11.7 kPa (0.5 to 1.7 psia ), and local dynamic pressures from 97 to 158 kPa ( 14 to 23 psi).

The panel sustained 5.33 hr of intermittent radiant heating and 6.5 min of intermittent

aerodynamic heating of up to 1 -min duration for differential pressures up to 6.2 kPa

(0.9 psi) following radiant preheating . In addition , the panel endured tunnel start and

shutdown acoustic loading of up to 157 dB for about 30 sec per test .

The panel suffered no apparent degradation of thermal or structural integrity and

was tolerant of abuses from electrical arcing, water impingement on the hot surface , and

accelerations up to 12g . The largest measured change in panel natural frequency was

6 Hz (3.5 percent). During radiant heating, the substructure temperature limit occurred

26 min after heating started, and panel thermal performance was predictable with reason

able accuracy. During aerodynamic heating, temperature - rise rates on support members

approximated those obtained under radiant heating. However, as expected, thermal per

formance degraded when hot gases from the boundary layer were unrealistically forced

through the panel interior . For the heating and loading conditions of the tests , analysis

indicated stress concentrations within yield -stress limits but higher than the proportional



limit . The stress concentrations were located in the angles formed by the juncture of

pairs of legs on the truss -shaped support members . Results of the investigation identi -

fied areas for improving panel design to enhance concept suitability for flight application .

INTRODUCTION

Hypersonic cruise and reentry vehicles (such as Space Shuttle ) will require light

weight thermal protection systems that should endure many flights before requiring refur

bishment. However , as reported in references 1 and 2 , these systems present critical

technological deficiencies in terms of materials , reuse potential , and , hence , economical

refurbishment . Consequently , NASA has initiated a major effort to develop the necessary

design technology for suitable thermal protection systems . As part of this effort, the

Langley Research Center, through experiment and analysis, is evaluating several full

scale , flightweight panels of metallic and nonmetalic concepts . (See , for example , ref. 3. )

Experimentally, thermal performance and structural integrity are assessed from repeated

exposures to two types of heating . One type is radiant heating from quartz lamps for

exposure times up to approximately 1/2 hr using a surface -temperature history repre

sentative of a reentry heat pulse from Earth orbit . The other type is aerodynamic heat

ing with associated pressure loading for exposure times up to 1 -min duration in the hyper

sonic stream of the Langley 8 -foot high -temperature structures tunnel . Analytical tools

employed are a finite -difference computer program (ref . 4 ) for thermal analysis and a

finite -element computer program (ref . 5 ) for stress analysis .

The present investigation was the first of the series conducted and, therefore ,

served the twofold purpose of evaluating a metallic (René 41 ) thermal protection system

and of verifying the test techniques (ref . 6 ) that were developed for the present evaluation

program . The panel used was a corrugated heat shield with insulation packages . It was

designed for service on a reentry surface where temperatures reach approximately

1089 K ( 19600 R) , as depicted in figure 1 , and to protect the load -carrying substructure

from temperatures above 422 K (760° R) . The metallic heat - shield design was based

on a multisupported concept reported in reference 7. Its configuration is convenient for

covering large areas uninterrupted by longitudinal (streamwise) panel - to -panel joints .

Hence , the number of places requiring sealing against inflow of hot boundary -layer gases

is minimized . Therefore , for the present investigation , the prime requirements were

( 1 ) to design and fabricate a panel which covered the largest area that could be accepted

by the test fixture and ( 2) to test only for thermal and structural response . The result

ing panel had no transverse (spanwise ) thermal expansion joints , and problems of sealing

the edges and the representation of a thermally realistic substructure were not addressed.

Prior to thermal testing, the structural characteristics of the panel were deter

mined from static load -deflection tests and vibration surveys . Upon completion of these

2



tests , the panel was subjected to the radiant-heating and aerodynamic-heating tests

which were to be conducted alternately . Occasionally , panel structural integrity was

checked by additional vibration surveys . For the aerodynamic-heating tests , nominal

free - stream conditions were : Mach number , 6.6 ; total temperature , 1722 K (3100° R) ;

and unit Reynolds number , 5.1 x 106 per meter ( 1.56 x 106 per foot) . Surface tempera

tures , temperature distributions through the panel , surface deformations , natural fre

quencies , and results from thermal and stress analyses are presented herein . The test

and analytical results are used to assess the thermal and structural performance of the

thermal protection system and to identify potential areas for improving its design .

SYMBOLS

Values are given both in SI Units and in U.S. Customary Units . The measurements

and calculations were made in U.S. Customary Units .

a panel length between supports in x -direction (streamwise)

Dx panel bending stiffness in x - direction (fig . 7 )

F
reaction force , N (1b)

f frequency, Hz

kta
Kd Kr

Dx

kra

Dx Dy
nondimensional deflection, rotational, and torsional spring

constants , respectively

ka,kr,kt deflectional , rotational, and torsional spring constants , respectively, per unit

length

2 panel length, cm (in . )

M Mach number

m number of half -waves in x -direction (streamwise, fig . 7 ) between adjacent

supports

n number of half -waves in y - direction (transverse to stream , fig . 7 ) over width

of panel
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p pressure, Pa (psia)

a dynamic pressure, Pa (psi)

R Reynolds number

т temperature, K (OR )

t time, sec

W panel width , cm (in . )

x, y, z panel coordinates (see fig . 7 ) , cm (in . )

α
angle of attack, deg

B compressibility parameter, M2 - 1

Ap differential -pressure load on panel, Pa (psi)

o
n

deflection, cm (in . )

o stress, Pa (psi)

Subscripts :

b base of panel holder

2 local condition at edge of boundary layer

max maximum

t total condition in combustor

tu tensile ultimate

ty tensile yield

free stream
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PANEL, PANEL HOLDER , AND INSTRUMENTATION

Thermal-Protection System Panel

-

-

Description and design.- The thermal-protection -system panel used in the present

investigation is shown attached to a substructure of stainless - steel hat -section members

in figure 2. The panel consisted of the following components: A rectangular René 41

sheet -metal heat shield with 60° circular - arc corrugations that ran longitudinally

(streamwise) ; four continuous René 41 transverse support members that were alined

laterally (spanwise); 14 René 41 V -shaped center support members that were oriented

longitudinally; and a set of insulation packages placed at the bottom of the support mem

bers. Heat shield and support members were joined by rivets . The support members

were arranged so that they divided the heat shield into bays of approximately equal length .

Stainless - steel screening was placed across the hat -section members to take the place of

a substructure wall and thus to support the insulation packages. For the present installa

tion, the packages were tied to the screening with nickel chromium (Nichrome) wire . The

support members were bolted directly to the hat -section members through holes cut in the

screening. Combined unit mass of the heat shield and support members was approxi -

mately 6.4 kg /m2 ( 1.30 lb /ft2). Total unit mass of the thermal protection system was

10.6 kg/m2 (2.18 lb /ft2 ). Masses of panel elements are itemized in table I.

The simplicity of the heat - shield design and its low mass are attractive features of

this system . Its configuration absorbs lateral thermal displacements and therefore obvi -

ates the need for heavy , built - up transverse beams. Thus, the corrugations in the heat,

shield allow free lateral thermal expansion, and flexible bents at the top and bottom of the

transverse support members allow nearly unrestrained longitudinal thermal growth. The

center supports carry the aerodynamic drag loads. In designing the heat shield, corruga

tion radius was governed by the stiffness needed to beam the loading produced by aero

dynamic surface pressures to the support members . The support members were sized

to carry a uniform pressure of 20.7 kPa (3 psia ) at a temperature of 1089 K (1960° R )

without buckling as columns and without yielding. Design calculations were based on

temperature -dependent material properties given in appendix A.

Fabrication details. - The panel was fabricated from materials on hand . René 41

components were cut and die -formed from 0.05 -cm (0.02 -in . ) thick sheet that, as a result

of uncertainties in material properties, had been re - solution treated for 2 hours in air

at 1339 K ( 24100 R ). Cutting and forming operations were performed without difficulty.

The components were then aged 4 hr in air at 1172 K (21100 R) and air cooled. Formed

configurations did not distort during the aging process . Inasmuch as the properties of the

René 41 material can be adversely affected by reactions with elements in other materials,

including body chemicals (see ref . 8 ) , the heat shield and support members were both
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freon and ultrasonically cleansed before aging and after assembly; degreased tools and

rivets were used in assembling the components; and surgical rubber gloves were worn

when components were handled .

Heat - shield details and dimensions are sketched in figure 3. The heat shield was

148.3 cm (58.4 in . ) long and 106.7 cm (42.0 in . ) wide . It contained 13 corrugations sep -

arated by narrow flat sections spaced at 8.01-cm (3.154 -in . ) intervals. Corrugation

radius and height were 5.9 cm (2.32 in . ) and 0.8 cm (0.31 in . ) , respectively. Inasmuch

as there was no single sheet on hand large enough for the heat shield, two pieces of sheet

were required to make up its width . The two pieces were overlapped along a flat section

and were joined by two staggered rows of spotwelds spaced 1.27 cm (0.5 in . ) apart. The

spotwelds in each row were 0.64 cm (0.25 in. ) apart. Five holes were drilled and dim -(

pled through the heat shield along the center line of each flat at intervals of 35.56 cm

(14 in . ) to provide 70 attachment points for the support members . Each attachment point

was reinforced by a 0.05 -cm (0.02 -in . ) thick René 41 doubler approximately 2.03 cm

(0.8 in. ) square . Each doubler was spotwelded in four places to the underside of the heat

shield.

The support members are sketched in figure 3 (b) and are shown photographically

in figure 4. The transverse support members were reinforced by 0.05 -cm (0.02 - in . )

thick René 41 right -angle elements riveted at every attachment as illustrated in fig

ure 3 (b) and shown in figure 4 (a ). These elements prevented the introduction of eccentric

loads at the top of the column -type supports and provided the desired stiffness in bending

at the bottom . The center support members were assembled to give the box configuration

shown in figure 4 (b) for torsional stiffness in taking out the aerodynamic drag loads . The

box configuration was obtained by overlapping and spotwelding top and bottom flanges of

individual center support sections together at four places. All support members were

attached to the heat shield with 0.40 -cm (0.16 -in .) diameter, A -286 stainless -steel

countersunk blind rivets . The right -angle reinforcing elements were attached with

brazier head rivets . This type of rivet was used in order to observe effects of aerody

namic heating on protruding rivet heads . Anchor nuts were fastened to the bottom flanges

on all support members for convenient attachment to the hat -section substructure mem

bers . The hat sections were formed from 0.13 -cm (0.05 - in . ) thick, type 347 stainless

steel . Anchor nuts were fastened to the flanges of the hat sections for convenient attach

ment to the test fixture .

Insulation package .- In order to satisfy the requirement limiting substructure tem

perature to 422 K (7600 R) after an exposure time of approximately 1/2 hr at a surface

temperature of 1089 K (19600 R) , a 5.08-cm ( 2 -in . ) thickness of layered silica fibrous

(Micro -Quartz) insulation having a density of 67 kg/m3 (4.2 lb /ft3) was used in packages

tailored to fit snugly between support members , as shown in figure 5. Rectangular pack

ages were used between transverse support members , but the center packages were
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notched to fit around the center support members. A ship lap joint was also provided on

the center packages as a means of interrupting a direct radiation path to the panel inte

rior . Small packages were constructed to fit inside the box of the center support mem

bers . Photographs of insulation packages are shown in figure 6. The insulation material

was enclosed in envelopes constructed of 200 -mesh screen made of Inconel 650 on the

sides and undersurface and a 0.005 -cm (0.002 - in . ) thick René 41 foil reflector surface

on the top as shown in figure 5 and in the photograph of figure 6 (b) . The screening pro

vided soft corners and sides to fit around the legs of support members and also permit

ted package venting during the rapid pressure changes of the wind -tunnel start and shut

down periods . The envelopes were assembled by spotwelding . Each package was made

up of 12 layers of insulation . Wafers of a single layer of insulation were inserted

between the layers along two rows on approximately 12.7 cm ( 5 in . ) centers as shown in

the photograph of figure 6 (a) . These wafers provided " hard" points for attaching the

package to the substructure screening (fig . 2 (b) ) and aided in maintaining overall package

thickness. The " hard" points were capped at the top and bottom by 0.005 -cm (0.002 - in . )

thick René 41 foil wafers that were held together with 0.05 -cm (0.018-in . ) diameter

( 26 -gage) nickel chromium (Nichrome ) wire looped through the package . Package weight

was 4.3 kg /m2 (0.88 lb/ft2) . A photograph of the fitted center packages is shown in

figure 6 (c) .

Panel Holder

Description.- The panel was tested using the panel holder illustrated in figure 7 .

Details on the development of this test fixture are given in reference 9. The panel holder

is rectangular in planform , 141 cm ( 55.4 in . ) wide by 300 cm ( 118 in . ) long, and is

30.5 cm ( 12 in . ) deep . Its lower surface is bevelled 200 from the sharp leading edge.

Exterior surfaces are covered with 2.54 - cm ( 1 -in . ) thick Glasrock foam tiles which pro

tect the internal structure from the aerodynamic heating environment produced in the

wind tunnel. For wind -tunnel testing , the panel holder is sting mounted at its base . Test

panels are mounted within a rectangular cavity 108 cm (42.5 in . ) wide by 152 cm (60 in . )

long located 102 cm (40 in . ) downstream from the leading edge. Aerodynamic fences

along the sides of the panel holder provide two -dimensional flow over the test area , and

a boundary -layer trip of 0.24 -cm (0.094 -in .) diameter stainless - steel spheres near the

leading edge generates turbulent flow over the panel surface. Surface pressures and

aerodynamic heating rates are varied by pitching the panel holder . Differential -pressure

loading of the panel is controlled by regulating the cavity pressure under the panel by

means of spring -loaded vent doors in the boxes shown at the base of the panel holder .

Details of the differential -pressure control system are described in the section entitled

" Differential -Pressure Control" and in reference 6 .

7



Panel installation.- The panel and hat -section substructure assembly was bolted

through six 7.62 -cm (3-in . ) steel channel beams that, in turn, were bolted to the leading

and trailing - edge walls of the cavity in the panel holder. Spacing of the beams was as

shown in figure 7 (a ). The panel was inclined 0.30 to the panel -holder surface. It was

mounted so that the crests of corrugations intersected the Glasrock surface at the lead

ing edge and the flats between corrugations intersected the Glasrock surface at the trail

ing edge. Thus, the corrugations provided rearward -facing steps at the trailing edge, as

shown in figure 7 (b ). Panel inclination was accomplished by using hat sections of differ

ent heights (see fig. 3 ) . This orientation was chosen because it presented fewer aerody

namic problems, especially with respect to interference heating at the leading and trailing

edges .

No attempt was made to close the open corrugations at the trailing edge. Thus, the

openings provided a natural interior venting capability in the event that the differential

pressure control system would not perform as expected. (The differential -pressure

control system was to be proof tested in the present test program .) Total vent area of

the open corrugations was 41.3 cm 2 (6.4 in 2).(6.4 ina) . Panel side edges and the ends of the flat

surfaces at the trailing edge rested on a frame formed by the flanges of René 41 close

outs configured as shown in figure 8. The closeouts (fig. 8 (a) ) were 0.05 cm (0.02 in. )

thick and were bolted to the side and trailing - edge walls of the cavity. The leading edge

of the heat shield was covered by the seal and fairing unit shown in figure 8 (b ). The flat

sections between the corrugation closeouts ramped down from the Glasrock to the flats on

the heat shield. In order to avoid separation of the leading -edge fairing from the heat

shield surface by thermal distortion, the crests of the fairing and the heat shield were

clamped by a round-head rivet . As illustrated in figure 8(c) , relative motion from ther

mal expansion between the fairing and heat - shield leading edge was allowed by slots cut

in the crests of the fairing . A view of the panel and panel holder in the test chamber of

the wing tunnel is shown in figure 9 .

Instrumentation

-

Panel temperatures were sensed by eighty -two 30 -gage, chromel -alumel thermo

couples. Forty - six thermocouples were distributed over the back surface of the heat

shield as shown in the sketch of figure 10 ; 30 were spaced at 2.54 -cm ( 1 - in . ) intervals

down the legs of the seven support members indicated in figure 10 by letter designations;

four were placed inside the insulation package near the center of the panel - one each

near the upper and lower surfaces and two at half depth ; and two were used for sensing

the air temperature within the cavity under the hat sections. Where temperatures were

expected to be very hot , as on the heat shield and support members , stainless -steel

sheathed thermocouple assemblies were used. A typical thermocouple installation on the

heat shield can be seen in the photograph of figure 4 (a) . The ends of the thermocouple
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wires were alined normal to the flow direction and were spotwelded to the heat shield to

form the junction . The wires were slacked to allow for thermal growth of the heat shield

and passed through a two -hole ceramic bead to maintain separation of the wires . The

sheathing was strapped to the heat shield with small strips of stainless -steel foil that

were spotwelded to the heat shield. It was then routed down the legs of support members

and joined to glass - cloth - covered thermocouple extension wiring below the insulation

package where temperatures were expected to be cooler . The thermocouple installation

technique on the legs of support members was similar to that on the heat shield . Glass -

cloth -covered thermocouple wires were used in the insulation packages . For that instal

lation , individual thermocouple wires were spotwelded to 0.94 by 5.08 cm (0.37 by 2.0 in . )

strips of 0.04 -cm (0.016 -in . ) thick René 41 sheet . These strips were then placed

between layers of insulation at the desired depth.

In addition to the use of thermocouples, detailed coverage of surface temperatures

during aerodynamic heating was obtained remotely by means of infrared radiometry.

The radiometer was located outside the test stream about 183 cm (72 in . ) above the cen

ter of the heat shield and scanned a 76.2 cm (30 in . ) square, as shown in figure 10. This

area was surveyed by 150 scanlines every 5 sec . Details of the radiometer are reported

in reference 6 .

Six high -temperature (922 K (16600 R) ) deflectometers that operated on the induc

tive principle were distributed under the heat shield, as shown by the circle symbols in

figure 10, to sense static deflections and dynamic response of the heat shield . The deflec

tometers were mounted in stainless -steel holders that were bolted to the channel beams

supporting the panel . The deflectometer face was set at a distance of 0.09 cm (0.035 in . )

from the back surface of the heat shield. Deflectometer power supply units were housed

in two nitrogen -gas - cooled containers located between the pairs of channel beams.

Surface pressures were measured at four orifices spaced around the periphery of

the panel -holder cavity and one orifice in the Glasrock 8.57 cm (3.38 in. ) upstream of the

cavity leading edge. Also measured were the differential pressure between the surface

and the airspace under the heat shield , the cavity static pressure under the hat sections ,

the panel-holder base pressure, and pitot pressure at the trailing edge of the heat shield .

All these measurements were obtained from strain -gage pressure transducers connected

to 0.15 -cm (0.060 -in . ) inside diameter stainless - steel orifice tubing. The transducers

were located in the cavity under the hat sections. Panel accelerations were measured

with an accelerometer mounted under the panel near its center of gravity .

High - speed motion -picture cameras were used for photographing the heat shield

during wind -tunnel tests, and still photography was used for recording panel surface

appearance throughout the test series .
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APPARATUS AND TESTS

Test Facility

The present tests were conducted in the Langley 8 -foot high -temperature structures

tunnel shown schematically in figure 11. This facility is a hypersonic blowdown wind

tunnel that operates at a nominal Mach number of 7 , at total pressures between 4.1 and

24.1 MPa (600 and 3500 psia) , and at nominal total temperatures between 1389 and 2000 K

( 25000 and 36000 R) . Corresponding free -stream unit Reynolds numbers are between

1 x 106 and 10 x 106 per meter (0.3 x 106 and 3.0 x 106 per foot) . Within the operating

envelope bounded by these conditions, the aerodynamic pressures and heating rates

encountered in flight at Mach 7 in the altitude range between 25 and 40 km (80 000 and

130 000 ft) are obtained .

The high -energy test medium is the products of combustion of a mixture of methane

and air which is burned within a pressurized combustion chamber . The combustion pro

ducts are then expanded to the test-section Mach number through an axisymmetric con

toured nozzle having an exit diameter of 2.4 m (8 ft ). In the test section, the stream is a

free jet with a usable test core approximately 1.2 m (4 ft ) in diameter over a length of

4.3 m ( 14 ft) that is diffused and pumped to the atmosphere by means of a single - stage

annular air ejector . Total temperature is controlled by regulating the fuel -to -air ratio .

Air storage capacity is sufficient for run times up to 2 min . The combustion products

are considered to be in chemical equilibrium and are oxidizing . Partial pressure of free

oxygen is calculated to be 70 Pa (0.01 psia) over the range of stream conditions.

Test models are protected from adverse tunnel startup and shutdown transient loads

by storing them in a pod below the test stream until the desired hypersonic flow conditions

are established. The model is then inserted rapidly into the stream on a hydraulically

actuated elevator having a mass of 13 608 kg (30 000 lbm) and can travel vertically over

a distance of 2.1 m (7 ft ) to the stream center line in 1 sec . A model pitch system pro

vides a range of angles of attack up to +20°. Prior to tunnel shutdown, the model is with

drawn from the stream . Other details on this test facility are reported in reference 9 .

Radiant Heaters

The present test program required the installation of two retractable , hydraulically

actuated quartz - lamp radiators for thermal cycling and preheating the panel in the pod

beneath the tunnel test chamber (ref. 6 ) . Preheating was necessary because the relatively

short aerodynamic exposure times available precluded obtaining desired temperature dis

tributions through the panel . The radiators parted above the heat- shield longitudinal cen

ter line, retracted spanwise in opposite directions , as in the sketch of figure 12, and

were transported on a steel framework carriage mounted on rails . Full travel time in
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each direction was 1 sec . Each radiator was made up of 10 gold -plated, water -cooled

reflector units containing 16 tungsten filament quartz lamps rated at 2000 W. Lamp dis

tance above the model surface was 10.2 cm (4 in . ) . This distance was dictated both by

the height of the aerodynamic fences on the sides of the panel holder and by what was

believed to be the minimum allowable clearance that would preclude arcing to the heat

shield at the reduced pressures during wind -tunnel operations.

Both radiators were divided into three zones . Voltage to the outer zones was

ratioed to the center zones to give the desired surface temperature distribution . An

ignitron tube power supply controlled by a closed loop servosystem continuously com

pared the output from a heat - shield thermocouple and the desired temperature input

which was plotted on a time -based curve . Three -phase electrical power was distributed

to the lamps through a system of rubber -covered copper cables that were wrapped in

glass tape behind the reflector units . Maximum power capacity available was 1 mW.

Acoustic and Buffet Protection

A pair of retractable baffles shown in figure 13 was mounted to the carriage of the

quartz -lamp radiators to shield the panel from potentially damaging acoustic pressures

that occur during tunnel startup and shutdown and from severe buffeting associated with

abnormal shutdowns. Under the baffles , the acoustic energy is attenuated approximately

from 168 dB to 157 dB over the range of combustor pressures for which the flow is sub

sonic . Other details on the baffles are given in reference 6 .

Differential -Pressure Control

Provision for varying the differential -pressure loading normal to the panel surface

was built into the panel holder both as a means of protecting the panel during tunnel

startup and shutdown and of extending the range of test variables . The differential

pressure control system consists of spring -loaded vent and fill doors at the base of the

panel holder, as shown in figures 7 and 14 , and a supply of nitrogen gas . On tunnel start ,

the vent doors allow the pressure within the cavity to follow the test -chamber evacuation

rate of 41.4 kPa (6.0 psia) per second . On tunnel shutdown, the fill doors allow the pres

sure in the cavity to follow the test -chamber compression rate of up to 1 atmosphere per

second. With this system , either positive (inward acting) or negative (outward acting )

differential -pressure loading can be applied when the panel is in the stream . Positive

differential pressures as high as 17.2 kPa ( 2.5 psi ) are achievable by varying angle of

attack up to -18° and venting cavity pressure to panel -holder base pressure . Differential

pressure can also be varied between positive and negative values independently of angle

of attack by locking the vent doors closed and pumping nitrogen gas into the cavity . The

door locks are pneumatically actuated pins .
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Tests

Panel evaluation testprogram.- The present investigation focused on panel struc

tural and thermal response during repeated exposures to both radiant and aerodynamic

heating to observe cumulative effects of cyclic heating . Structural response was evalu

ated by comparing structural static and dynamic characteristics of the panel before and

after the heating tests . These characteristics were determined from static load

deflection tests and vibration surveys of natural frequencies . Panel structural integrity

was monitored during the heating test series by means of visual inspections, surface

mapping , and vibration surveys . Details of the procedures, apparatus, and results from

the characterization tests are presented in appendix B.

In the heating tests , the panel was subjected to the three types of surface heating

profiles shown in figure 15. The profile of figure 15 (a) illustrates a radiant heating ther

mal cycle . This profile approximated the surface temperature encountered during a

reentry heat pulse from Earth orbit (ref. 10 ) . The profile of figure 15(b) illustrates a

combined radiant preheating and aerodynamic -heating (aerothermal) test . These two

types of tests were interspersed throughout the test series . The profile of figure 15(c)

illustrates an aerothermal shock test in which the panel was not preheated. This type of

test was conducted to observe panel response to the most severe test that could be

applied . A summary of all of the tests is presented in table II.

Thermal cycle.- For thermal cycling events (fig . 15 (a) ) , the radiant heaters were

programed to allow heatup and cooldown of the heat shield at a rate of 2.8 K/sec

( 50 R/sec) to 1089 K ( 19600 R) and to maintain a constant surface temperature for peri

ods up to 28 min . However, surface cooldown was to commence when the substructure

temperature reached 422 K (7600 R) . The programed cooldown rate was maintained by

the radiant heaters until a surface temperature was reached below which natural (uncon

trolled) cooling dominated .

Radiant-preheat - aerothermaltest.- In the radiant -preheat - aerothermal test

(fig . 15(b) ) , the heat shield was preheated at a rate of 2.8 K / sec (50 R/sec ) to 1089 K

( 19600 R) and was maintained at that temperature until one of two desired temperature

distributions through the panel was present. These were indicated when the substructure

temperature reached either 311 K (5600 R) or 422 K (7600 R) and corresponded to dis

tributions that occur early and late, respectively, in reentry. The panel was then exposed

to the tunnel stream for as long as possible at conditions that would sustain the preheat

surface temperature of 1089 K ( 19600 R) . Surface cooldown following aerodynamic

exposure was uncontrolled because arcing problems precluded use of the radiant heaters

in the low -pressure environment of the tunnel prior to shutdown .

For these tests, the tunnel was started when the desired substructure temperature

was reached. If nominal flow conditions could not be achieved, radiant heating was con

12



tinued as in a thermal cycle . When the correct flow conditions were established, the pro

cedure, as illustrated in figure 16 , was to de -energize the quartz lamps, retract the

radiators and acoustic baffles, and insert and simultaneously pitch the panel holder so

that it attained the desired angle of attack on reaching the stream center line . At the end

of aerodynamic exposure the procedure was reversed, and tunnel shutdown was initiated

after the radiators and acoustic baffles covered the panel . The desired interval between

radiator retraction and panel insertion was 5 sec for minimum interruption of panel

heating . On insertion , the panel entered the edge of the stream 1 sec after the elevator

began lifting and reached the stream center line after an additional second. Panel accel

eration during insertion and withdrawal was usually approximately 6g .

-

A maximum duration tunnel run required operating at high total conditions . Con

sequently, the average combustor - chamber pressure was 18.2 MPa (2641 psia) , and the

average total temperature was 1762 K (31730 R) . (Two tests, 4 and 11 , table II , were

inadvertently conducted at an average combustion pressure of 6.9 MPa (1005 psia ) .)

Average free -stream Mach number was 6.6 , and average free -stream unit Reynolds num

ber was 5.1 x 106 per meter ( 1.56 x 106 per foot ). For most tests , panel -holder angle of

attack was -90 ; its selection was based on the turbulent calibration data of reference 9

and an estimate of the heating rate required for the preheat surface temperature. How

ever , during three tests (tests 26 , 31 , and 34 , table II ), panel -holder angle of attack was

varied between -30 and -120 to obtain data on the variation of positive differential pres -

sure with angle of attack . These tests resulted in local Mach numbers at the panel from

6.2 to 4.4, surface pressures from 3.5 to 11.7 kPa (0.5 to 1.7 psia) , and local dynamic

pressures from 97 to 158 kPa ( 14 to 23 psi) . In tests 26 and 31 , the cavity pressure was

vented to panel -holder base pressure . In test 34 , the vent doors were closed and the

cavity was pressurized to maintain an unloaded panel at various angles of attack .

Aerothermal shock test . - In the aerothermal shock test (fig . 15(c ) ) , the panel was

not preheated prior to its insertion into the tunnel stream . The test was conducted to

evaluate panel response to transient aerodynamic heating. In addition, panel -holder

angle of attack was increased in steps to approximately -12° to obtain data on the varia

tion of positive differential -pressure loading with angle of attack with the vent doors

closed and then was decreased to -90 for the remainder of aerodynamic exposure. Sur

face cooling after withdrawal was uncontrolled. The radiant heaters and acoustic baffles

covered the panel during tunnel transient periods, and free -stream conditions were the

same as for the radiant -preheat -aerothermal test .

Data Acquisition

During thermal cycles and preheat events , thermocouple output was recorded at a

sampling rate of once every 2 sec . When the wind tunnel was operating , thermocouple

and pressure - transducer outputs were recorded at a sampling rate of 20 per second.
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Outputs from the infrared radiometer and deflectometers were recorded on FM tape. All

data were reduced to engineering quantities at the Langley central digital data recording

facility. Analytical quantities reported herein for the wind -tunnel tests are based on the

thermal, transport , and flow properties of the combustion products test medium as deter

mined from reference 11. Free -stream conditions in the test section were determined

from reference measurements in the combustion chamber by using results from tunnel

stream survey tests such as reported in reference 9. Local Mach number was obtained

from oblique - shock relations .

RESULTS AND DISCUSSION

Summary of Panel Test Experience

The panel was tested in the sequence given in table II. As indicated, a positive dif

ferential pressure of 6.9 kPa ( 1 psi) was applied statically to the panel at the beginning

and at the conclusion of the test series . In addition, the panel was vibrated to obtain up

to nine natural frequencies on 17 occasions throughout the test series. (Results from

these structural characterization tests are presented in appendix B. ) The panel was also

subjected to 12 thermal cycles at a surface temperature of 1089 K ( 1960° R) , 10 radiant -

preheat-aerothermal tests , and one aerothermal shock test . However , in attempting

radiant -preheat-aerothermal tests , there were 21 false starts of the wind tunnel during

which the panel did not enter the test stream but which resulted in 14 additional thermal

cycles . For those events , the panel was simultaneously subjected to the effects of rapid

test - chamber evacuation to near -vacuum conditions of 0.7 and 2.1 kPa (0.1 and 0.3 psia)

and to tunnel start and shutdown acoustics under the baffles for about 30 sec per test .

Heat - shield and substructure temperature histories from all the heating tests are

presented in sequential order in figure 17. The interrupted histories from tests 2 and 5

reflect intermittent electrical power failures to the quartz -lamp radiators , whereas the

interrupted history from test 33 was deliberate in order to photograph the radiantly

heated heat - shield surface . Environmental conditions and panel exposure times are sum

marized in table III for each type of heating test. Thus , the panel endured the following :

5.33 hr at a surface temperature of 1089 K (19600 R) ; 6.5 min in a Mach 6.6 stream that

loaded the panel externally to differential pressures of up to 6.2 kPa (0.9 psi ) while

maintaining a surface temperature of 1089 K (19600 R) ; 12.9 min at low pressures result

ing from 22 rapid test - chamber evacuations during preheating ; and 81 excursions on the

elevator that produced panel accelerations of up to 12g on a few occasions . (The high

accelerations that exceeded the nominal value of 6g were inadvertent and occurred during

calibration of the elevator control system . ) Moreover, the heat shield was struck by

electrical arcing from the quartz - lamp radiators during nearly every evacuation of the

test chamber . On at least two insertions, a cloud of steam wiped along the hot surface
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as the panel entered the stream boundary layer and momentarily decreased heat -shield

temperatures by about 22 K (400 R) . In those instances , water leaking from the tunnel

nozzle cooling system sprayed onto the Glasrock surface upstream of the panel prior to

insertion . The panel survived the foregoing with no apparent degradation of structural

integrity. Therefore, these tests revealed an attribute inherent in this rather simple ,

lightweight thermal -protection -system concept - namely, ruggedness.

Panel Thermal Performance

Thermal cycle.- Panel thermal performance under radiant heating is demonstrated

in figure 18 by thermocouple data obtained near the center of the panel during test 17

(table III). Variations of temperature with time are shown in figure 18 for the heat shield

at flat 8 (fig . 10) from thermocouple 11 located 18 cm (7 in . ) upstream of the center of

the panel , for center support A ( fig . 10 ) , for the substructure , for the air in the cavity

under the substructure , and for the insulation package . Calculated temperatures of sup -

port A obtained from a thermal analysis of this panel (presented in appendix C) are super

imposed for comparison with the experimental values (fig . 18 ) . The calculations were

based on the output of heat -shield thermocouple 11 which was used as the surface heating

input to the computer program . The very good agreement obtained between experiment

and calculation indicates that a complex structural configuration can be modeled to pre

dict interior temperatures resulting from heat conduction through the depth of the struc

ture with reasonable accuracy.

During surface heatup at 2.8 K/sec ( 50 R/sec ) , 265 sec elapsed before the substruc

ture temperature began increasing . In the constant -temperature period, temperatures on

center support A were about 56 K ( 1000 R) lower than in the insulation package (compare

temperatures at locations 3 and 4 in fig . 18 ) , indicating that excessive heat was not con

ducted down the support member . At 1268 sec into the constant -temperature period, the

substructure temperature limit of 422 K (7600 R) was reached, and surface cooldown was

initiated at a rate of 2.8 K/sec ( 50 R/sec ) . At that time, average heat -shield tempera

ture was 1089 K ( 19600 R) within a spread of +35 K (+630 R) . At 185 sec into the cool

down period, the substructure temperature peaked at 429 K (7730 R) , and cooldown using

the quartz -lamp radiators terminated because the programed cooldown rate exceeded the

natural surface cooldown rate . Panel heating and cooling processes are illustrated in

figure 19 by temperature distributions on center support member A. During the con

stant surface -temperature period (fig . 19 (a) ) , the temperatures on the support member

increased to the approximately linear distributions of different slope above and below the

top of the insulation package , as shown by the data at the end of that period. During panel

cooldown (fig . 19 (b) ) , the maximum temperature moved toward the substructure . The

shaded band in figure 19 (a ) indicates the spread in temperatures obtained down all instru

mented support members at the end of the constant surface -temperature period . The
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width of the band reflects thermal response to variations in heat -shield temperature, to

the heat -sink effect of the cavity walls , and to variations in the amount of radiation block -

age provided by the insulation packages at the support members . The cooler edge of the

shaded band is the distribution obtained from support member E (fig . 10) at the heat

shield edge . The dashed curve in figure 19 (a) was obtained from calculated values based

on an assumed surface -temperature history similar to the output of heat -shield thermo

couple 11. These values fall within the shaded band and were used in a stress analysis

of the panel which is presented in appendix D.

Thermal growth during the thermal cycle was indicated by scratches on the trailing

edge closeout where the trailing edge of the heat shield had rubbed and by a change in

color of the oxidized coating where the heat -shield leading edge was covered by the

leading - edge fairing . The length of the scratches and of the discoloration as measured

with a ruler showed that the heat shield grew longitudinally about 0.80 cm (0.31 in . ) in

either direction from the center support members . This result agrees with the calcu -

lated thermal displacement reported in appendix D.

The time at which the substructure temperature limit occurred fell 2 min short of

the desired 28 min . However , the use of a more realistic substructure of aluminum alloy

with its greater thermal capacity would have extended this protection time . Inasmuch as

the current Space Shuttle guideline limits the substructure temperature to 450 K (8100 R)

after 28 min of heating, the thermal performance of the present thermal protection sys

tem in a radiant heating environment is considered excellent.

Radiant -preheat –aerothermal test.- The effect of aerodynamic heating on panel

thermal performance following a radiant preheat is shown in figure 20 by thermocouple

data plotted as a function of time . Calculated temperatures from the thermal analysis

presented in appendix C are also included . As a companion to this figure , figure 21 is

presented to show the thermal response during aerodynamic exposure on an expanded

time scale . The data were obtained during test 19 (table III). In that test , the panel was

preheated for 648 sec, at which time the substructure temperature was 318 K (573° R) ,

and panel exposure time in the stream was the longest of the test series (61 sec ) . (Aero

dynamic exposure times varied as a result of anomalies in test facility operation .) Panel

holder angle of attack was -9°, and the cavity pressure was vented to base pressure in

order to apply maximum positive differential pressure on the panel.

The thermal response to this type of test is characterized as follows (figs . 20

and 21 ) : panel cooling by aspiration during test - chamber evacuation on tunnel startup

near the end of the radiant preheat ; additional cooling at reduced ambient pressure

(2.1 kPa (0.3 psia) ) for a 5 -sec interval between quartz -lamp radiator retraction and

panel entry into the stream ; substantially greater temperature rise rates throughout the

interior after entry into the stream ; heat -shield temperature recovery by aerodynamic
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heating ; and uncontrolled cooldown after withdrawal from the stream . After approximately

16 sec in the stream , the heat - shield temperature (fig . 21 ) recovered from the 5-sec cool

down prior to insertion to an average value of 1089 K ( 1960° R) within a spread of +28 K

(+ 50 ° R) . Thus , the preselected panel-holder angle of attack of -9° was approximately

correct for the stream conditions of these tests . Positive differential pressure was

4.8 kPa (0.7 psi) . At 220 sec into the cooldown period , the substructure temperature

peaked at 382 K (688° R) . The calculated curves in figure 20 show very good agreement

with measured temperatures during radiant preheating , but the thermal modeling does not

account for variations caused by the flow of hot gases through the interior of the panel

during aerodynamic heating. Consequently , in the aerodynamic portion of the test , the

calculated temperature at locations 3 and 4 on the support member and on the substruc

ture underpredicted the corresponding measured temperature by about 83 K (150° R ) and

44 K (80 ° R ), respectively ..

Although support- member temperatures increased after insertion , insulation tem

peratures appeared not to be affected by the insertion event (fig . 20 (b) ) . The increase in

heating along the support members after entry into the stream resulted from an unrealis

tic situation in which hot gases were drawn from the boundary layer by differential pres -

sure between the surface and the cavity, through the gaps between the insulation packages,

and out the vent doors at the base of the panel holder . (See fig . 7. ) From the slope of the

curve for the substructure temperature given in figure 20 (a) , it appears that if the time in

the stream could have been extended , the substructure temperature limit would have

occurred at a time far short of the desired 28 min . In fact , as demonstrated by the tem

perature distributions on the support member in figure 22 , the distribution obtained after

only 58 sec in the stream following a relatively short radiant preheat approximated

that obtained after 1563 sec of radiant heating in the thermal cycle of test 17 (fig . 19 (a) ) .

However , the circulation of hot gases to the cavity under the hat sections can be retarded

by keeping the vent doors closed . In that event , the cavity pressure primarily vents

through the open corrugations at the heat -shield trailing edge with the result that the tem

perature rise rate on the lower part of the support member (location 4 ) is substantially

less than when the vent doors are open , as indicated in figure 23. The data for this figure

were obtained during test 31 (table III) in which the vent doors were closed for approxi

mately 9 sec and then were opened while the panel holder was at a = -99 . This effect is

further illustrated in figure 24 , where slopes of the thermocouple output at location 4 are

plotted as a function of time for 4 -sec periods taken just before airflow began and before

and after the vent doors opened . These results show the following : ( 1 ) when the vent

doors were closed , the variation of temperature rise rate with time at the bottom of the

support member (location 4) was the same both before airflow began near the end of the

radiant preheat period and after panel insertion into the stream , and (2 ) when the vent

doors were opened , the temperature rise rate increased markedly . At that time , the
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pressure under the open corrugations at the heat - shield trailing edge decreased by about

0.8 kPa (0.12 psia) , and positive differential pressure loading of the panel increased by

the same amount. This result indicated a diversion of some of the interior flow from

the open corrugations to the base of the panel holder . Therefore , in a more realistic

test setup, the present concept shows excellent potential for protecting a substructure

from a severe aerodynamic -heating environment. In the present test series , no attempt

was made to seal the side edges positively against boundary-layer inflow . Future devel

opment tests of this thermal -protection -system concept should address this problem .

Aerothermal shock test . - In order to observe panel response under transient aero

dynamic heating, the panel was subjected to aerothermal shock by inserting it into the

stream without preheating (test 35, table II) . In this test , the vent doors were locked

closed to minimize internal flow of hot gases and thus maximize thermal gradient . Expo

sure time in the stream was 46 sec . Positive differential pressures up to 6.2 kPa

(0.9 psi ) were obtained for panel -holder angles of attack up to approximately -120. Max

imum cold -wall heating rate to the surface was 158 kW/m2 ( 14 Btu/ft2 -sec) as deter

mined from heat - shield thermocouple data for Q = -90. This result is within 5 percent

of the flat -plate turbulent cold -wall value determined from the calibration data of refer

ence 9 for a panel angle of attack of -9.3º .

α =

The thermal response of the panel to these conditions is shown in figure 25 by

thermocouple data plotted as a function of time . As indicated, heat -shield temperature

increased very rapidly from the initial room -temperature value on insertion into the

stream . Just prior to withdrawal from the stream , the average heat -shield temperature

was 1096 K ( 1972º R) within a spread of +29 K (+530 R) . The distribution of heat -shield

temperatures at that time was similar to that obtained in test 19 (table III) in which the

panel was preheated . The longer exposure time with the vent doors closed, relative to

test 31 (previously discussed) , afforded a better opportunity in test 35 to observe panel

performance under conditions that would not force hot boundary - layer gases down the

support member . That this, indeed, was the case is indicated by the relatively high tem -

peratures on the portion of the support member located above the insulation package

(locations 1 and 2) with respect to the very low temperatures <367 K (<660° R ) on the

lower portion of the support member (locations 3 and 4 ) adjacent to the insulation pack

age . The temperature of the substructure and of the air under the substructure did not

vary during the aerodynamic exposure period. These results indicate that the thermal

performance of the present thermal-protection -system concept in a severe aerothermal

shock environment is excellent.

Calculated support -member temperatures based on two different heat - shield tem

perature histories as input are also shown in figure 25. In addition to the calculations

based on a measured heat - shield temperature history from thermocouple 11 , calculations
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were performed using a heat - shield temperature history based on heat -transfer coeffi -

cient and adiabatic wall temperature as determined from tunnel stream conditions corre

sponding to the various angles of attack. The latter calculations were independent of any

measured heat -shield temperature response and reflected the accuracy with which the

heat -transfer coefficient and adiabatic wall temperature were determined . The calcu -

lated temperatures based on the measured heat -shield temperature history as input

( dashed curves) considerably underpredicted temperatures on the upper half of the sup

port member (locations 1 and 2 ) . The calculations based on the heat -shield temperature

history determined from flow conditions (dash - dot curves ) showed good agreement at

location 1 and better agreement at location 2 than was obtained by the former calculations .

However , the latter calculations overpredicted the measured heat -shield temperature , and

therefore, higher calculated support -member temperatures would be expected. The

agreement obtained by both methods with experiment was much better at locations 3 and

4 and was excellent on the substructure . These calculated results indicate the need for

better definition of the convective heat -transfer process that was obviously present to

some extent under the heat shield even when the vent doors were closed .

Surface temperatures.- As indicated earlier , thermocouple data showed that aero

dynamic heating tended to smooth out the heat - shield temperature distribution obtained

by radiant preheating from a spread of +35 K (+63 ° R) to +28 K (+ 50° R) . Digitized

traces of scanlines obtained from the infrared radiometer in test 19 in figure 26 showed

a much smaller spread in the heat - shield surface temperatures during aerodynamic

exposure than did the thermocouple data only +8.3 K (+150 R) . In this figure , the scan

lines were obtained along the flat sections and along the crests of corrugations over

approximately one -half of the infrared viewing area between the center-line corrugation 7

and corrugation 11. The data were taken after approximately 55 sec of aerodynamic

exposure . Temperatures along corrugations appeared uniformly distributed , whereas the

protruding brazier -head rivets produced peaks in the distributions along flat sections .

The peaks indicated rivet temperatures that averaged at least 30 K ( 54 ° R) higher than

the average surface temperature . Inasmuch as the size of the resolution element scan

ning the surface was larger than the rivet head , actual rivet temperatures were probably

somewhat higher than indicated. As shown in figures 26 (b) , 26 (d ) , and 26 ( e ) , good agree

ment was obtained between temperatures given by infrared radiometry and by

thermocouples .

Spanwise surface -temperature distributions at various longitudinal stations are pre

sented in figure 27. The data for this figure are cross plots of digitized data traces

spaced at approximately 0.6 - cm (0.25 - in . ) intervals . Between support members

x /l = 0.381 and x /l = 0.657 (figs . 27 (d ) and 27 (b) ) , the distributions appeared flat within

a spread of +8.3 K (+150 R) and show good agreement with thermocouple data . At

x /l = 0.281 and x /l = 0.736 (figs . 27 (e ) and 27 (a ) ) , the effect of the hotter , protruding
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brazier - head rivets is clearly indicated. These results are pictorially represented in

figure 28. A plot of the temperatures across the center-line corrugation 7 is presented

in figure 29. Data from four thermocouples and from 14 infrared scans show that the

temperatures were within +5.6 K (+100 R) over the corrugation . Interestingly, the data

from both systems reflected the same trends and indicated a small increase in tempera

ture near the corners joining the corrugations and flat sections.

Under transient aerodynamic -heating conditions, rivets and support members are

initially heat sinks ; consequently, their temperatures lag those of the surrounding surface .

This effect is seen as downward pointing spikes on scanlines of surface temperature

obtained from the infrared radiometer during test 35 (table III), as shown in figure 30 .

The digitized trace shown in this figure was obtained 15 sec after panel insertion in the

stream . The agreement of infrared and thermocouple data is within 28 K (500 R) .

Panel Integrity

Thermal.- Panel thermal integrity can be evaluated from figure 31 by comparing

the variations of temperature with time obtained from thermocouples on the heat shield

and on center - support member A during thermal cycles conducted early and late in the

test series (tests 13 and 33 , table III). In figure 31 , only the first heatup in test 33

(fig . 17 ) is plotted. Test 13 was the earliest thermal cycle of sufficient duration to allow

adequate response at the bottom of the support member (location 4 ) for comparison with a

subsequent test. Test 33 was the last thermal cycle that was free of radiant -heater out -

put anomalies. Through test 13 , the panel had been subjected to nine thermal cycles, of

which six resulted from abortive tunnel runs , and to four radiant -preheat-aerothermal

tests for approximately 1 hr of radiant heating at 1089 K (1960° R) and 2.3 min of aero

dynamic heating. After the panel endured 14 additional thermal cycles , of which seven

resulted from abortive tunnel runs , and five radiant -preheat - aerothermal tests for an

additional 4.3 hr of radiant heating at 1089 K (1960° R ) and 2.6 min of aerodynamic heat

ing, no degradation in thermal response was evident during test 33. The similarity of the

temperature histories along the support member indicates excellent thermal integrity for

this panel.

Structural. - Panel structural integrity during the present test series can be assessed

by comparing the natural frequencies obtained from vibration surveys taken between heat

ing tests ; these frequencies are presented in table IV . Details of the procedures for the

vibration surveys are given in appendix B. Experimental and calculated natural frequen

cies and mode shapes obtained from the static characterization tests conducted prior to

the heating tests are also given in appendix B. The tabulated frequencies are for one

half -wave (m = 1 ) in the stream direction between support members and 1 , 2 , 6 , and

9 half -waves in the cross -stream direction. The number of accumulated test events

between vibration surveys is also given in table IV. The largest observed change in
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panel natural frequency between vibration surveys was 6 Hz, and changes in the natural

frequency appeared to be independent of the type of event or the number of events between

vibration surveys , which was as high as seven (between tests 29 and 32 , table II). The

maximum change in natural frequency throughout the test series was about 3.5 percent .

Although some scatter and drifting in frequencies occurred, first downward and then

upward, no indications of serious structural degradation were detectable from results of

the vibration surveys . During aerodynamic exposures , no evidence of panel flutter by the

heat shield was indicated, as might be expected for highly orthotropic panels where the

flow is alined with the major stiffness. An estimate of the flutter parameter from refer

ence 12 showed that the heat shield should flutter at a value of 9/B above 5033 kPa

(730 psi ) , whereas the maximum wind -tunnel test value was only approximately 34 kPa

( 5 psi ) . However, as reported in reference 13 , the flutter parameter for highly ortho

tropic panels can reduce more than an order of magnitude for small angles of yaw. Thus

in a flight application, this heat - shield concept may be flutter prone if the corrugations

are not alined with the flow direction .

-

Surface deformation . - A contour map of the changes in heat -shield surface defor

mation made at the end of the test series is plotted in figure 32. Each contour represents

a deviation of 0.025 cm (0.010 in . ) with respect to pretest values . In general, variations

in the surface were within only one or two skin thicknesses as a result of an outward

warp along the trailing edge toward the left corner, looking upstream . The largest change

in surface shape was a depression approximately 0.23 cm (0.09 in. ) deep shown on the

center - line crest in the leading - edge bay. This depression extended to the adjacent flat

sections and is believed to have occurred during test 6 (table III ); further discussion of

this test follows in the next section . Data on static loads and deflections given in appen

dix B indicated no detectable changes in stiffness of the support members from the begin

ning to the end of the test series .

Posttest condition of panel.- Except for the appearance of the heat - shield surface ,

which became increasingly discolored and pitted as the tests progressed , the panel was

in excellent structural condition at the conclusion of the test series . Photographs of the

heat - shield surface taken prior to testing and after the final test are shown in figure 33 .

The large, lighter areas shown in figure 33 (b) reflect a pattern produced by the quartz

lamp radiators during preheating and thermal cycling events . Temperatures from ther

mocouples in these areas during radiant heating were approximately 44 K (80° R) higher

than in the darker areas . Rainbow -like color variations appeared at random intervals

along the side edges of the panel from effects of burnt silicone rubber sealant used on

the walls of the rectangular cutout in the panel holder . Other contaminants marked the

surface with white, powdery deposits, which may have resulted from an occasional broken

quartz lamp, and with dried streaks from liquid deposits perhaps drops of hydraulic

fluid . Extensive pitting and scratching resulted from electrical arcing, as in the photo

-
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>graph of figure 34 , and from impacts by particles in the tunnel test stream . The parti

cles were produced by flaking of a coating of plasma -sprayed alumina used for thermal

protection on the combustor liner of the wind tunnel . All upstream surfaces of protrud

ing rivet heads and the leading edge of some flush rivet heads were eroded, as shown in

the photographs of figure 35 .

At the back of the panel , most of the bolted connections between the support mem -

bers and the stainless -steel substructure hat -section members had seized slightly so

that an audible snap occurred as they were loosened using a ratchet wrench for disas

sembly. The heavy stainless -steel wire screen, the back surface of the Inconel 650

screen envelope covering the insulation material , the back surface of the heat shield, and

the support members resembled their pretest appearance . The finish of the René 41 foil

on the upper surface of the insulation packages, shown in figure 36 , was oxidized to hues

of blue and purple from repeated exposures to the test temperatures .

A careful visual inspection of the heat shield and support members showed no

stretched or twisted support members , dimensional changes, or cracks other than a

hairline crack around two (out of 112) spotweld craters at the top of the two outboard

center support members. The origin of the cracks is not known, and it cannot be stated

with certainty that they were not present prior to testing . Nevertheless, they were not

structurally degrading. However, inasmuch as the cracks were located in both outboard

center support members, they may have developed during testing from the unrealistic

panel edge condition provided by the side -edge closeouts (fig. 8 ) . These relatively rigid

components impeded vertical motion of the heat - shield side edges induced by the thermal

expansion of the outboard corrugations, acoustics, buffeting, and surface pressures

encountered during aerodynamic testing . Such vertical motion would have occurred for

an edge condition more representative of a heat -shield to heat - shield longitudinal joint

in a reentry application . The only obvious indication of some structural change that could

be attributed to an effect of testing was that all of the center support members could

rotate freely about the countersunk rivets that fastened them to the heat shield. All other

riveted connections appeared tight. It is believed that the rivets may have loosened dur

ing test 6 (table III ). In that test, 12 thermocouples and six deflectometer probes were

destroyed by heat -shield impact when the panel was subjected to combustor noise of at

least 154 dB for at least 1 min during an aborted attempt to run the tunnel when the ejec

tor failed to operate and tunnel shutdown was unusually severe .

Heat -shield and support -member stresses.- A stress analysis of the heat shield

and support members using the SNAP (Structural Network Analysis Program of ref. 5)

finite -element digital computer program is presented in appendix D. The analysis was

based on material properties given in appendix A. The results indicated that for the

loading and heating conditions of the present tests (excluding aerothermal shock), stresses

in the heat shield were low and that the support members offered little resistance to ther
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mal growth . However, in the transverse support members , maximum compressive

inplane stresses of 552 MPa (80 ksi) were concentrated in the angles formed by the inter

section of each pair of legs at the bottom of the support member. Tensile stresses of

241 MPa (35 ksi ) were concentrated in the angles at the top of the support member .

Although these stresses were well within yield -stress limits , they exceeded the propor

tional limit . An assessment of their severity in terms of life degradation is beyond the

scope of the present investigation and would require a nonlinear analysis using a finer

grid of finite elements . Nevertheless , further development work to reduce stress con

centrations in the transverse support members is indicated.

Recommended Improvements in Design

The results from the present panel evaluation substantiated the viability of the

René 41 thermal protection concept and also indicated where improvements in detail

design would enhance its practicality for service on hypersonic vehicles . Thus, the

transverse support member should be designed so that stress levels in the formed angles

are reduced . As indicated in appendix D, design changes might include ( 1 ) dimpling the

angle to allow thermal growth or (2) riveting separate legs together to form the truss -

shaped support. Inasmuch as the heat shield was lightly loaded, its thickness could be

reduced to save mass. Further development work should also concentrate on making

this type of heat shield flutter free . Toward this end, consideration should be given to

placing the insulation in contact with the heat shield so that it can assist in damping heat

shield vibrations . Placing the insulation against the heat shield should also eliminate the

need to totally envelop the insulation in screening or foil and, thus , might result in further

savings in mass .

CONCLUDING REMARKS

A large, flightweight panel for a metallic thermal -protection -system concept for

reentry- and hypersonic -vehicle application was tested in the Langley 8 -foot high

temperature structures tunnel to evaluate its aerothermal performance and its structural

integrity . The panel consisted of a 106.7 by 148.3 cm (42.0 by 58.4 in . ) corrugation -

stiffened heat shield riveted to support members made of 0.05 -cm (0.02 - in . ) thick heat

treated and aged René 41 sheet material and 5.08 -cm (2 -in . ) thick silica fibrous insula -

tion packages that were covered with René 41 foil and Inconel 650 screening. The insu

lation packages were located at the bottom of the support members . The system was

designed to protect the substructure from temperatures above 422 K (7600 R) for 28 min

and to carry a uniform pressure of 20.7 kPa (3 psi) at a surface temperature of 1089 K

( 19600 R) . Total mass of the system was 10.6 kg /m2 (2.18 lb /ft2) . The panel was sub

jected to the following tests : 12 thermal cycles by radiant heating at atmospheric pres: -

23



sure to a surface temperature of 1089 K (19600 R) for constant -temperature exposure

times up to 21 min; 14 thermal cycles by radiant heating with intermittent pressure and

acoustic pulses ( rapid reduction in ambient pressure to 0.7 kPa (0.1 psia) and acoustic

pressures to 162 dB) ; 10 radiant preheats followed by aerodynamic exposures that pro

duced differential -pressure loading up to 6.2 kPa (0.9 psi) , local Mach numbers from

6.2 to 4.4, local dynamic pressures from 97 to 158 kPa (14 to 23 psi) , and aerodynamic

heating rates that maintained a surface temperature of 1089 K (19600 R) ; and one aero

thermal shock test at a cold -wall turbulent heating rate of 158 kW/m2 (14 Btu / ft2 - sec).

Aerodynamic exposure times were up to 1 min at a nominal free- stream Mach num

ber of 6.6 and a nominal free -stream unit Reynolds number of 5.118 x 106 per meter

(1.56 x 106 per foot). Heat - shield corrugations were alined with the stream.

During these tests, the panel sustained 5.33 hr at a surface temperature of 1089 K

(19600 R) , 6.5 min in the aerothermal environment, and accelerations of up to 12g without

apparent degradation of thermal or structural integrity . The panel demonstrated that

under radiant heating it can protect the substructure from temperatures above 422 K

(760° R) for 26 min with a surface -heating history corresponding to a typical reentry heat

pulse from Earth orbit . This is well within the current shuttle guideline that limits the

substructure temperature to 450 K (8100 R) after 28 min of heating . The panel also dem

onstrated excellent potential for thermal protection in a severe aerodynamic -heating

environment by temperature rise rates on support members that approximated those

obtained under radiant heating. However , as would be expected, panel thermal perfor

mance degraded when hot gases from the boundary layer were forced through the panel

interior.

>

Thermal analysis demonstrated that this thermal -protection -system concept can be

modeled to predict thermal response with reasonable accuracy. Stress analysis, based

on the test pressures and heating rates, indicated stress concentrations in the angles

formed by the intersection of support -member legs within yield -stress limits but greater

than the proportional limit by as much as 30 percent. In view of these calculated stresses,

further development work should consider redesigning support members to reduce the

level of stress concentration. Design changes might include ( 1 ) dimpling the angle to

allow thermal growth or (2) riveting separate legs together to form the truss -shaped sup

port. Inasmuch as the stress analysis also showed that the heat shield was lightly loaded,

mass can be saved by reducing the heat -shield thickness .
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Although no evidence of panel flutter was indicated during the aerodynamic expo

sures , this heat-shield concept may be flutter prone at small angles of yaw , according

to analysis. Therefore , further development work should also focus on making the heat

shield flutter free . As a step toward this end , placing the insulation against the heat

shield would aid in damping heat-shield vibrations . This action would eliminate the

need for totally enveloping the insulation in screening or foil , which might also result

in further mass saving.

Langley Research Center

National Aeronautics and Space Administration

Hampton , Va . 23665

July 18 , 1975
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APPENDIX A

MATERIAL PROPERTIES

This appendix presents the material properties which were used in the thermal and

stress analyses of the test panel . Table V contains temperature-independent values of

emittance and density which were determined by tests or were obtained from standard

material handbooks . Figure 37 gives temperature-dependent properties , most of which

were taken from reference 14. Values of thermal conductivity and specific heat in fig

ures 37 ( a) and 37 (b ) are connected by straight lines since linear interpolation between

known values is used in the program .
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APPENDIX B

PANEL CHARACTERIZATION

Static Load - Deflection Tests and Results

Tests. - Panel static load -deflection data were obtained experimentally before and

after the heating test series . A differential -pressure loading technique was employed,

using the setup as shown in figure 38. With this technique , the heat shield was covered

with a sheet of vinyl, and the edges of the vinyl were sealed to the Glasrock surface of

the panel holder . A vacuum pump reduced the pressure within the cavity under the panel

and thus induced a uniform load over the heat shield. Cavity pressure was reduced in

increments of 1.4 kPa (0.2 psi) to a maximum differential pressure of 6.9 kPa ( 1 psi )

and then was increased by the same increments . Panel deflections were recorded at

each pressure level from the output of a deflectometer system mounted on a traversing

trolley and bridge mechanism that can survey the entire heat - shield surface . The mech

anism was operated so that the deflectometer was transported in the spanwise direction

on the bridge which traversed the heat -shield length on rails . For these tests , the tra

versing mechanism surveyed heat - shield surface deflections along the length of only one

flat and the crest of one corrugation near the longitudinal center line . Output of the

deflectometer probe was recorded on an x -y plotter. Deflections were also recorded

from the outputs of the six deflectometers mounted under the heat shield (fig . 10) and

from readings of 12 dial micrometer gages on the surface; these gages were used to

check symmetry of deflections .

Static loads and panel deflections. - Panel deflections measured along a flat nearest

the center line are presented in figure 39 as a function of length. Inasmuch as the deflec

tions varied linearly with loading, they were normalized with respect to the maximum

loading of 6.9 kPa ( 1.0 psia) which totaled 10.9 kN (2453 lb) . Support -member locations

are indicated by a center line and dashed lines . The results obtained at the beginning and

at the conclusion of the test series were virtually the same and so are shown as a single

curve . The repeatability of results indicates that heat -shield and support stiffnesses did

not change.

The raw data were corrected by the amount of the deflections of the heavy channel

beams to which the hat - section substructure members were mounted. The correction

was determined by using simple beam theory and was verified by the data from the fixed

deflectometers. Deflections were symmetrical about the center support which deflected

the least of the supports, i.e. , about one -half the heat- shield thickness. Deflections of

the transverse supports adjacent to the center support were approximately 63 percent

greater than the deflection of the center support, whereas the deflections of the transverse
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supports adjacent to the leading and trailing edges were only about 27 percent greater

than those of the center support.

Maximum deflections of the heat shield between supports, excluding support

member deflections, occurred in the leading - and trailing - edge bays and were approxi

mately three times those that occurred in the interior bays . Maximum deflection of the

heat shield in these outer bays amounted to a little more than one skin thickness.

-

Vibration Modes and Frequency Surveys

Tests.- Panel vibration modes and frequencies were obtained before and after the

heating tests and intermittently during the test program . The surveys were conducted

using the portable setup shown in the photograph of figure 40. The panel was excited by

an electrodynamic shaker mounted above the heat shield . In order to define mode shapes,

the entire surface was surveyed using the traversing trolley and bridge mechanism as

was done during the static load - deflection tests . Resonant frequencies were indicated by

the peak amplitude response shown on an oscilloscope, and modal frequencies were sur

veyed in the range between 50 and 500 Hz by using a frequency sweep technique . The

natural frequencies thus obtained provided a convenient means of detecting panel struc

tural degradation after a thermal cycle or a wind - tunnel test, as indicated by significant

changes in natural frequency.

Panel vibration modes and frequencies.- Some of the experimentally observed

nodal patterns and frequencies determined from vibration surveys of the panel that were

conducted at the beginning of the test series are presented in figure 41. Up to two heat

shield bays were surveyed . Although the interplay of heat - shield and support -member

responses often precluded clear definition of the mode shapes, sufficient information was

generated to indicate that mode shapes are complex, a characteristic that was identified

in reference 15 for a corrugated panel constructed of René 41 similar to the present

panel .

Experimental and calculated natural frequencies (calculations based on theory of

ref. 13) of the panel are given in table VI and are plotted in figure 42 as a function of the

mode number n up to 10 modes. The measured natural frequencies varied between 222

and 376 Hz, and their agreement with calculated values is fairly good (within 5.5 percent)

through the mode n = 7. After the seventh mode, the agreement between experiment and

calculation diverges . The boundary conditions assumed in the calculations were that the

streamwise edges of the heat shield were simply supported and that the other two edges

were supported by deflectional, rotational, and torsional springs of equal stiffness ,

respectively. The approach used in obtaining calculated frequencies was to identify the

deflectional spring constant Kd from the deflection data determined by the static load

tests as shown in figure 43. In that figure, calculated and measured heat - shield and
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support -member deflections in half of an interior bay bounded by a center support mem

ber are compared and show good agreement; although the other half of the bay would be

different since , on the panel, the leading - and trailing - edge supports are unequal. Rota -

tional and torsional constraints were then adjusted for a " best fits of the vibration data .

The calculated frequencies were obtained using Kd = 75.5, Kr = 10 , and Kt = 5. The

technique used is described in reference 16 .

=
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THERMAL ANALYSIS OF RENÉ 41 THERMAL PROTECTION SYSTEM

A thermal analysis was made to predict the temperatures on the surface and through

the depth of a metallic thermal protection system for comparison with the experimental

results . The program used for the analysis was MITAS (Martin Interactive Thermal

Analysis System) which is described in reference 4. The panel is divided into a network

of nodes where each node is considered to be a constant temperature region. The network

solution is obtained by using a finite differencing technique . The region modeled for the

thermal analysis was a symmetrical section in the center of the panel (see fig . 10 ) over

a length of 17.8 cm (7.0 in . ) and width of 4.0 cm ( 1.6 in . ) and included a center support

member and a node containing a surface thermocouple.

A schematic for the section modeled is shown in figure 44 . The modeling included

a node representing the rivet that attached the support member to the heat shield and a

node representing the bolt that attached the support member to the hat section. The

insulation blanket was divided into a number of nodes through the thickness .

Figure 45 shows a section through the panel identifying the various components and

the modes of heat transfer considered in the analysis . The preheating tests allowed the

quartz lamps to radiate to the heat - shield surface to maintain a controlled surface tem

perature . The modeling allowed for a radiation interchange between the heat -shield sur

face, the support members , and the insulation package as indicated in the figure. Con

duction was considered to have occurred along all surface and support nodes , through the

insulation package, and along the hat sections . A radiation heat loss was allowed from

the lower surface of the thermal protection system .

Temperature -dependent thermal properties for the materials used as components

in the thermal -protection system are presented in figure 37. The material density and

the constant - value emittance of these materials are given in table V.

The following assumptions were made for the analysis : ( 1 ) The initial starting

temperature for all nodes was taken as the local ambient condition, (2 ) The emittance

values used for radiation were taken as a constant value for each material involved,

(3 ) There was no thermal interchange considered between the support nodes and the ends

of the insulation nodes since the temperature at adjacent locations were nearly the same ,

and (4 ) An aluminum plate 1.3 cm (0.5 in . ) thick was placed below the system to repre

sent an equivalent structure to which heat radiated (this plate represented the mesh

screens on the lower surface of the insulation package , the instrumentation wiring, and

the cavity walls of the panel holder) . Calculated temperatures are compared with ther

mocouple measurements through the depth of the panel in the main text .
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STRESS ANALYSIS OF RENÉ 41 THERMAL PROTECTION SYSTEM

A stress analysis of the René 41 heat shield was performed by using the SNAP

( Structural Network Analysis Program of ref . 5 ) finite - element digital computer program .

The length of the portion modeled by finite elements (see fig. 10) represents the aft

20.96 cm (8.25 in . ) of the total heat -shield length of approximately 147.32 cm ( 58 in . ) .

Lengthwise (x -direction) rigid body displacements of the entire heat shield are prevented

by the center supports , and thermal growth of the heat shield occurs from the center sup

ports. The transverse supports , located every 35.56 cm ( 14 in . ) from the center sup -

ports , prevent lateral (y -direction) displacements , carry pressure loads , and flex to

accommodate thermal growth of the heat shield . The end portion of the heat shield was.

selected for modeling since the greatest displacement due to thermal growth occurs at

the end.

The grid used for modeling is shown in figure 46. The 4 -node elements contain

both membrane and bending stiffness and , consequently, the stresses calculated are the

sum of membrane and bending stresses . All elements were 0.05 cm (0.020 in . ) thick

except that the elements around support attachments (nodes 59 and 112 ) were 0.10 cm

(0.040 in . ) to include doublers at these locations . A beam 0.10 cm (0.040 in . ) long with

extremely high stiffness properties connected nodes 45 and 112 to represent the attach

ment of the heat shield to the support . The right -angle reinforcing elements were added

after the stress analysis was performed (compare fig . 46 with fig . 3 ) and so were not

modeled. Conditions of symmetry were used at the nodes along cut edges to represent

the remainder of the heat shield and support member . Node 59 was completely restrained

from motion to represent a riveted attachment to the substructure . An initial longitudinal

displacement (x -direction) was assigned to nodes 1 to 5 to represent the thermal growth

of the portion of the heat shield upstream of that location. Temperature -dependent values

of material modulus of elasticity, coefficient of thermal expansion, and Poisson's ratio

used in this analysis are given in figure 37 .

Loading and heating conditions applied to the structure were a 3.5 -kPa (0.5-psi)

differential pressure pushing the heat shield inward, a uniform surface temperature of

1089 K (1960° R) , and a temperature gradient of 1089 K ( 1960° R) at the top of the sup -

port to 450 K (8100 R) at the bottom of the support member. An assumed surface

temperature history was used with the MITAS program described in appendix C to calcu

late the temperature distribution shown by the dashed line in figure 19(a) . An initial

temperature of 294 K ( 5300 R) was assumed for the temperature history followed by a

2.8 K/sec ( 50 R/sec ) rise to 1089 K ( 19600 R) . The surface temperature was held con

stant for approximately 1300 sec and then was reduced to 294 K (5300 R) at a rate of
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2.8 K/sec ( 50 R/sec) . The temperature distribution shown in figure 19(a) (dashed line)

was calculated at a time corresponding to the end of the constant -temperature period.

These loading conditions were selected because a 3.5-kPa (0.5-psi) differential pressure

load was expected during wind - tunnel tests and because maximum thermal expansion of

the support was expected at the end of the constant -temperature period of the surface

temperature history . The agreement of the calculated temperature gradient with the

experimental scatter band from test 17 (table III) indicates that the calculated results

represent a reasonable temperature distribution ,

The resulting longitudinal displacement and reaction forces of the support members

at the trailing edge are given in figure 47. The displacement of 0.85 cm (0.335 in. )

agrees closely with the measured value of 0.80 cm (0.313 in . ) . The small reaction force,

3.58 N (0.803 lb) , which results entirely from thermal growth of the heat shield, indicates

that the support members are highly flexible in the length direction.

Inplane stress contours showing the summation of membrane and bending stress

are plotted on the developed surface of the support member in figure 48 and show that

the maximum stress is compressive and occurs in the angle formed by the intersection

of each pair of support -member legs at the bottom of the support (see 552-MPa (80-ksi )

contour ). The stress appears to be primarily a result of constrained thermal expansion

rather than a result of the temperature gradient. The stress level in the upper angle

formed by the intersection of each pair of support -member legs exceeds 345 -MPa (50-ksi)

tension and appears to be caused, at least in part, by the temperature gradient down the

top portion of the support. The right -angle reinforcing element, which was not modeled,

was attached near this location of maximum stress . However, this element should have

had negligible effect on the thermal stresses in this region since the element was attached

by a single rivet . These stresses fall well within yield -stress limits (see appendix A) but

exceed the proportional limit . Although these stresses may not be critical for short

duration tests (no evidence of failure was found as a result of the tests reported herein) ,

their level is such that a nonlinear analysis and a finer grid of finite elements in the

regions of maximum stress would be required to assess their severity accurately. For

example , such a detailed study might be necessary if a heat -shield support of the design

considered herein were to be used for a specific life application. Furthermore, any

additional development of this type of support should probably consider design changes to

reduce stress levels in the formed angles. Such changes might include ( 1 ) dimpling the

angle to allow thermal growth or (2 ) riveting separate legs together to form the truss -

shaped support.
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Heat-shield stresses , plotted on the developed surface of the heat shield , are shown

in figure 49. They are relatively low compared with the stresses in the support members

because the high flexibility of the support allowed essentially unrestrained thermal growth .

The maximum shear stresses for the heat shield and the support were small and are not

shown. In each case they were about one-tenth the value of the previously mentioned max

imum stresses .
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TABLE I.- MASS OF PANEL ELEMENTS

Mass Unit mass Thickness

Item

kg
lb in .kg/m2 1b /ft2 cm

4.81 0.98 (a )Corrugated René 41 heat shield with 70 doublers 7.60 16.76 (a )

4 René 41 transverse support members .86 1.90 0.05 0.020

14 René 41 upper reinforcing elements
6.04

b.09

-
-
-

.05.020

13 René 41 lower reinforcing elements 6.05 b.11

-
-
- .05.020

14 René 41 center support members 1.17 2.58

-
-
-

.05 .0201

52 floating anchor nuts 08 .18

-

-
-
-

14 rigid anchor nuts .01 .02

-
-
-

70 countersunk rivets .06 13

-
-
-

156 brazier head rivets .18 .40

Heat shield and support assembly 10.05 22.17 6.36 1.30 10.6 4.16

Insulation packages 7.12 15.69 4.26 .88 5.1 2.00

Thermal protection system 17.17 37.86 10.62 2.18 10.6 4.16

a Corrugated heat shield , 0.05 cm (0.020 in . ) ; doublers, 0.05 cm (0.020 in . ) .

bCalculated.
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TABLE II.- SUMMARY OF TESTS

Test Type of test Remarks

Static load deflection Four tests conducted at Ap = 6.9 kPa

( 1 psi ) ; natural vibration modes and

frequencies obtained ; panel surface

deformations mapped at zero load

1 Thermal cycle

2 Thermal cycle
Vibration survey followed this test

3
Thermal cycle from aborted tunnel runa Vibration survey followed this test

4
Radiant preheat and aerothermal Low total pressure

5 Thermal cycle from aborted tunnel run

6 Thermal cycle from aborted tunnel run Hard shutdown destroyed 12 thermo

couples and 6 deflectometers ; vibra

tion survey followed this test

7 Thermal cycle from aborted tunnel run

8
Thermal cycle from aborted tunnel run Vibration survey followed this test

9 Thermal cycle from aborted tunnel run

10 Radiant preheat and aerothermal Vibration survey followed this test

11 Radiant preheat and aerothermal Low total pressure

12 Radiant preheat and aerothermal Vibration survey followed this test

13 Thermal cycle

14 Thermal cycle from aborted tunnel run

15 Thermal cycle from two aborted tunnel Hard shutdown; vibration survey and

surface mapping followed this testruns

16 Thermal cycle from three aborted tun

nel runs

17 Thermal cycle

18 Thermal cycle from two aborted tunnel Vibration survey and surface mapping

followed this testruns

aFalse tunnel start resulted in no aerodynamic exposure but subjected the panel to

rapid test - section evacuation and recompression; also to acoustic loading of 157 dB.
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TABLE II.- SUMMARY OF TESTS - Concluded

Test Type of test Remarks

19 Radiant preheat and aerothermal Vibration survey followed this test

20 Radiant preheat and aerothermal Test aborted after 2 sec in tunnel

stream

21 Thermal cycle Vibration survey followed this test

22 Thermal cycle

23 Thermal cycle

24 Radiant preheat and aerothermal

25 Thermal cycle Vibration survey followed this test

26 Radiant preheat and aerothermal Pitch angle varied

27

28

Thermal cycle

Thermal cycle Vibration survey followed this test

Thermal cycle from three aborted tun - Vibration survey followed this test

nel runs

29

30
Thermal cycle from aborted tunnel run

31
Radiant preheat and aerothermal False tunnel start preceded aerody -

namic exposure ; pitch angle varied ;

vent doors closed initially , then opened

32 Thermal cycle from two aborted tunnel Vibration survey followed this test

runs

33 Thermal cycle

34 Radiant preheat and aerothermal Pitch angle varied; vent door closed;

cavity pressurized

35 Aerothermal shock
Pitch angle varied ; vent doors closed ;

vibration survey followed

36 Thermal cycle

Static load deflection =

Two tests conducted at Ap = 6.9 kPa

( 1 psi ) ; natural vibration modes and

frequencies obtained ; panel surface

deformations mapped at zero load
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TABLE III.- TEST CONDITIONS

( a ) Thermal cyclesa

Peak substructure

temperatureTest
Time at 1089 K

( 19600 R) , sec

K OR

1 60

2 272

-
-
-

13 930

-
-
-

17 1268 429 773

21 1227 428 770

22 1225 433 779

23 1198 443 798

25 1033 438 788

27 1204 433 780

28 1138 446 803

33 815

36 593 409 737

22.8 K/sec ( 50 R/sec) heatup and cooldown with a

constant surface temperature period at 1089 K (19600 R) .

39



TABLE INI. - TEST CONDITIONS Continued-

( b ) Thermal cycles from aborted tunnel runs

Peak substructure

temperatureTime at 1089 K

( 19600 R) , sec
Test

False Test Time between Time between

tunnel chamber 148 dB and 159 dB and

starts evacuationsa 157 dB,b sec 168 dB, C sec
K OR

3 195 1 1

5

295 1 1 40

6 603

-
-
-

-
-
- 1 0 57

7 94
-
-
-

1 1 27

8 87 1 1 18 17

9 90 1 1 29

14 237 1 1 25

15 483 375 675 2 1 333

16 857 404 727 3 0 32

18 815 409 736 2 1 100 d180

29 786 404 728 3 1 42

30 345 361 650 1 1 30

e31 378 1 0 13

32 301 346 622 2 1 39

astatic pressure in test chamber between 0.7 and 2.1 kPa (0.1 and 0.3 psia) .

bPanel covered during subsonic flow periods of tunnel operation .

CPanel uncovered during subsonic flow periods of tunnel operation .

dpanel exposed to subsonic flow during air storage depletion .

@Aerothermal test followed the false tunnel start .
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TABLE V.- DENSITY AND EMITTANCE OF PANEL MATERIALS

Density

Material Emittance

kg /m3 lb /ft3

René 41 (oxidized) 0.75 8250 515

René 41 foil .55 8250 515

347 stainless steel .4 7690 480

Silica fibrous insulation (Micro -Quartz ) .5 67 4.2

TABLE VI.- MEASURED AND CALCULATED FREQUENCIES

OF PANEL BEFORE THERMAL TESTS

Modes f, Hz

m n Experiment Calculated

1 1 222 221

1 2 232 235

1 3 245 252

1 4 258 271

1 5 272 287

1 6 291 302

1 7 314

1

8

355 326

1 9 376 337

1 10 348
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1390 K (2500 ° R )

1220 K (2200° R)

1089 K (1960 ° R ) -Use region for René 41

thermal protection system

Figure 1.- Isotherms on reentry surface .
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Corrugated René 41 heat shield

René 41 center supportmember

René 41 transverse

support member

René 41foil and Inconel screen covered insulation package

Stainless - steel hat - section substructure member

(a) Heat -shield surface view.

Stainless - steel screen

L -75-186

(b ) Back surface view .

Figure 2.- René 41 thermal-protection -system model .
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(a ) Transverse support member.

L -75-187

(b) Center support members.

Figure 4.- Heat - shield support members .
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0.005-cm (0.002 -in . ) René 41 foil reflector

Twelve layers of silica fibrous

(Microquartz ) insulation; density

3

67 kg/m' (4.18 pcf)

Envelope of 200 -mesh Inconel

650 screen

Section view

0.31 kg

(0.69 1b)

1.67 kg

( 3.69 1b)

1.61 kg )

(3.56 1b)

1.61 kg

(3.56 1b)

1.65 kg 0.34 kg

(3.63 1b) (0.75 1b)

ப

108 cm

(42.5 in .)

ப
ப
ப
ட
ட
ா

H

154 cm

(60.8 in . )

40.0 cm 35.6 cm
6.3 cm

6.3 cm 35.6 cm 40.0 cm
( 15.8 in ) ( 14.0 in . ) ( 2.5 in . )

(2.5 in. ) ( 14.0 in. ) ( 15.8 in . )

T
5.1 cm

( 2.0 in . )

Figure 5.- Insulation - package configuration . Package weight, 4.3 kg / m2 (0.88 lb /ft2).

1
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Insulation wafer

(a) Fabrication.

(b) Fabricated center section .

René 41 foil

Inconel 650 screen CE
NT
IM
ET
ER
S

L -75-188

( c ) Fitted center sections .

Figure 6.- Insulation packages .
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Boundary -layer trip of 0.24 ( 0.094) dia . spheres

Glasrock surface

Panel test area

7.6 ( 3.0) steel channel mounting beams

-y

108

(42.5 )

108 141

(42.5 ) ( 55.4 )

+y

EES

102

(40.2 )
152 (60) -

300 (118 )

Differential - pressure

control boxes

(a) Planview without panel.

Rearward -facing step

#

Panel Pitot rake

Vent door

Flow

30 ( 12 )

TT

N

20°

Fill doorAerodynamic fence Back surface

Leading edge

( b ) Longitudinal cross section with panel in place .

Figure 7.- Details of panel holder. Dimensions are in cm (in. ) .
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Retract Heater bank

Sting

Panel holder

D
U
U
N

Retract

Heat shield
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Figure 17.- Summary of heat - shield and substructure temperature responses.

60



1100

т , к т, ° R

200

6 ( T ' ) 7 ( T ' ) 8 (T ' ) 9 (T ' )

1100 2000

т, к T, PR

200 400

15( т ) 16(T ' ) 17 (т ) 18 (T ' )

ГАДАГ

ППО

ГО

-МАГ

1100 2000

T, к
T, PR

200 400

24(A ) 25(Т ) 26 (А ) 27(Т )

Figure 17.- Concluded..

61



1200
2200

Heat - shield thermocouple 11

1100 2000

1000 1800
1 2

900
1600

800

Iz
1400

3 T , 'R
T, K 700

1200

600

1000

500

Substructure
Experiment

Calculated800

400

Cavity air

600

300

Heat shield
400

200

( a) Center support .
Support member

w
a
r
e
n

0
1
1
1
1
1
1

- Insulation

1000 1800

900
1600

Cavity air

Substructure

800

I

3

1400

700

1200

T , K 600 T, PR

1000

500

800

400

600

300

200

400

2000400 1600800 1200

t , sec

(b ) Insulation .

Figure 18.- Response of panel to radiant heating (test 17) .

62



z , in .

2 30 4 5

1100
2000

1000 1800

End of

constant

surface

temperature

period,

t = 1563 sec

O Center support A

WL
Data spread from all

support members

Calculated

t = 1563 sec

900 1600

800
1400

Support

member ET, K 700

1200 T, 'R

600

1000

Beginning of
500

constant surface

temperature
800

400 period,

t = 333 sec
600

300

L 11

400
0 2 4 6 8 10 12

z , cm

(a) Constant surface temperature.

Heat shield

Support member

Insulation

A
W
N

z , in .

1 2 3 4

4

1000 3
5

1800 Cavity air

Substructure

900 1600

800

1400

700

1200 T, ' R

TEK

600

t , sec

1663

1763

1963

1000

500

800

400
0 2730

600

300

0

11

2

1

6

1

8

1

10

J

124

2 , cm

(b ) Cooldown.

Figure 19.- Comparison of support -member temperatures during heating and cooling .

63



2400

1400 Heat- shield thermocouple 11

Aerodynamic heating at a =
gº 2200

1200

Radiant

preheat

1100 Heat shield
2000

1000 Support member - 1800

2

900
Insulation

1600

Startup
Substructure

800 1400 T, ' R

T, K Cavity air

700 3

Shutdown
1200

600

1000

500

800
Substructure

400

600

300

Cavity air

400

200

(a) Center support.

900
1600

3

800
Experiment

Calculated
1400

700

1200

600

T, K

500

1000 T , PR

1

800

400

600

300

200

0

400

2200
400 800 1200 1600 2000

t , sec

(b) Insulation .

Figure 20.- Response of panel to radiant preheating followed by exposure

to aerodynamic heating ; vent doors open (test 19) .

64



Heat shield

-Support member

Insulation

Cavity air
Substructure

2200
1200 Radiant

preheat Aerodynamic heating at a - 90

Heat - shield thermocouple 11

1100
2000

1000 2
1800

Enter stream Withdraw

900

1600

Startup ( aspiration cooling begins )

800

1400

T , ' R
T , K 700

1200

600

1000

500

800

400

600
Substructure

300

Cavity air

400

200

625

1

715635 645 655 665 675 685 695 705 725

1. sec

Figure 21. - Thermal response of panel to aerodynamic heating;

vent doors open (test 19) .

7 , in

0 1 2 3 5

2200

1200

2000

1100

1000 1800

900

1600

T, OR

T, K 800

1400

700

End of preheat,

t 620 sec

1200

600 End of aero . htg . ,

1.713 sec

1000

500

800

400

0

1

42

1

6

em

8 10 12

Z

Figure 22.- Temperature distributions on center support

during radiant -preheat - aerothermal test ; vent doors

open (test 19) .

65



Heat shield

Support member

2
Insulation

-Cavity air
Substructure

2200

1200 Radiant

-preheat Aerodynamic heating

2000
1100

Withdraw

1000 1800

2

Heat - shield thermocouple 11
900

1600

Airflow begins

Enter stream (vent doors closed)

800

1400
Vent doors opened

( ingress of hot boundary

layer gases )
Startup

T, 'R

T , K 700

1200

3

600

1000

500

800

400

Substructure

600

300
Cavity air

400

200

780 790 800 810 840 850 860 870 880820 830

t , sec

Figure 23.- Thermal response of panel during test 31 showing effect of vent door position .

66



Heat shield

Support member
1

2
Insulation

T

Substructure Cavity air

O Radiant heating

O Aerodynamic exposure; vent doors closed

( hot gas flow retarded )

Aerodynamic exposure; vent doors opened

( hot gas flow unimpeded)

3

2

AT

At

1

0

|1 sec

t , sec

Figure 24.- Effect of hot -gas flow on thermal response at bottom of support member

( location 4 ) , test 31 .

6
7



1100
2000

Heat shield

Insulation

Surface

1000
Heat-shield

thermocouple 11

1800

Support

member
900 1600

800
1400

1

Cavity air Substructure
1200

700

T, K

600 T, OR

1000

500

800

400

Cavity air
600

300

400
200

800

400
Location 3

T , PR

T , K

400
200

Experiment

Calculation based

on measured

surface temp.

Calculation based

on flow test

conditions

800

400
Location 4

T, PR

T , K

400

200

800

400
Substructure

T, ' R

T , K

400

200

800
3

400

Insulation package 4

T, PR

TK

400

200

0 10 40 5020 30

t , sec

Figure 25.- Response of panel to aerothermal shock at Mc 7 ; vent doors closed

(test 35) .

68



11 10 9 8

Heat shield

11 10 9 8 7

2100

1150

-Protruding brazier -head rivet
2000

1100

1050
1900

(a ) Flat 11 . (f ) Corrugation 11 .Infrared

o Thermocouple

2100

1150

2000
1100 hmmm

1050
1900

(b ) Flat 10. (g ) Corrugation 10 .

2100

1150

1100T, K
2000

mal
T , ' R

1050
1900

( c ) Flat 9 . ( h ) Corrugation 9.

2100

1150

1100 hann
2000

1050
1900

(d ) Flat 8, ( i ) Corrugation 8.

2100
1150

1100

1new
2000

19001050

0 .2 .4 .6 .8 1.0 0 .2 .4 .6 .8 1.0

x /1 x /1

( e ) Flat 7. (j ) Corrugation 7.

Figure 26.- Infrared scanlines of René 41 heat -shield surface temperatures after

approximately 55 sec of aerodynamic heating following radiant preheating (test 19 ) .

69



2100

1150

2000

1100 ЛM

1900

1050
Heat shield

( a ) x/l = 0.736.

1000 1800

2100

1150 Infrared

O Thermocouple
2000

1100

w

O

1050
1900

0.657 .( b ) XL

a1000 لےل d 1800

2100

1150

2000

1100

T. K T, ' R.

1900

1050

( c ) x/ l = 0.500.

1000 11800

2100

1150

2000

1100

moram

1050
1900

( d ) x/ l = 0.381 .

1000 1800

2100

1150

2000

1100

wwmo

1050
1900

( e ) x/ l = 0.281 .

1000

-.5 -.4 -.3 -.2 -.1 0 .1 .2

1800

.5.3 .4

y/w

Figure 27.- Spanwise surface temperature distributions of René 41 heat shield

by infrared radiometry after approximately 55 sec of aerodynamic heating

following radiant preheating (test 19 ) .

70



Protruding brazier -head rivet

Flow

Figure 28.- Pictorial representation of aerodynamically heated René 41 heat - shield

surface from infrared radiometry.

Infrared

ThermocoupleO

2100

1150

Corrugation

O
o

2000 T , 'R
T, K 1100

Flat

1050
1900

-.04 -.02
0 .02 .04

y / w

Figure 29.- Temperatur
e distribution across center -line corrugation of René 41

heat shield during aerodynamic heating.

1000 1800

15 sec

950

ngay
1700

T, 'R

T , K 900

1600

Support members

850 Infrared

Thermocouple

Flat 7

1500

800

Х

Figure 30. - Infrared scanline of René 41 heat shield during transient

aerodynamic heating (test 35) .

71



Heat shield

Support member
1

2

Insulation

Substructure

Test 13

Test 33

2200

1200

Heat-shield thermocouple 11

2000
1100

1000
2

1800

900
1600

800 3

1400

T,
OR

T, K 700

1200

600

1000

4

500

800

400

600

300

400

200

0 400 800 1200 1600 2000

t , sec

Figure 31. - Comparison of temperatures obtained early and late in heating -test series

on René 41 heat shield and support members.

72



+
2

+
1

+
2

-
3

-
1

+
1

-
2

+
2 +
3

+
4

F
i
g
u
r
e

3
2
.
-

M
a
p

o
f
c
h
a
n
g
e
s

i
n
s
u
r
f
a
c
e

d
e
f
o
r
m
a
t
i
o
n
s

o
f
R
e
n
é

4
1

h
e
a
t

s
h
i
e
l
d

a
t
e
n
d

o
f
h
e
a
t
i
n
g

t
e
s
t

s
e
r
i
e
s

.

E
a
c
h

c
o
n
t
o
u
r

r
e
p
r
e
s
e
n
t
s

0
.
0
2
5

-c
m

(0
.
0
1
0

-i
n

.)c
h
a
n
g
e

.

73



Lea
din

g
edg

e

05 02
9
2

5
222
0
2

8
1
9
m
m

C
E
N
T
I
M
E
T
E
R
S

L -75-191

(a) Before testing .

Figure 33.- René 41 heat -shield surface before and after testing.
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Figure 34.- Electrical arcing patterns on René 41 heat - shield surface .
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Figure 35.- Eroded rivets after exposure to aerodynamic heating at M. = 6.7

and Tt ~ 1722 K (31000 R) ; maximum rivet -head diameter, 0.8 cm (0.3 in. ) .
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DESIGN AND PERFORMANCE AT A LOCAL MACH NUMBER OF 6

OF AN INLET FOR AN INTEGRATED SCRAMJET CONCEPT

Carl A. Trexler and Sue W. Souders

Langley Research Center

SUMMARY

A research program on hypersonic propulsion at the NASA Langley Research Center

is focused on the development of a concept for a modular supersonic combustion ramjet

(Langley Scramjet Module). The modular engine concept is designed to integrate with the

airframe; precompression of the engine airflow will be produced by the vehicle bow shock

and additional expansion of the nozzle exhaust will be produced by the vehicle afterbody.

As part of this research program , component investigations are in progress on the base

line inlet configuration and the present paper reports the design philosophy and results of

experiments at Mach 6 to evaluate the performance of the inlet.

With the integration advantages, the inlet was designed with modest contraction

ratios and fixed geometry . Three fuel injection struts contribute to the inlet flow com

pression and provide a short combustor design that results in low internal cooling require

ments. The baseline inlet configuration is rectangular in cross - sectional shape, has

sweptback sidewall planar compression surfaces , has an opening upstream of the cowl

leading edge through which spillage occurs for starting and normal operation, and has the

external cowl surface alined with the local flow to provide a minimal external drag. The

inlet model had a projected geometric capture area measuring 19.05 cm high by 15.24 cm

wide . The sidewalls and struts had 48° swept leading edges and nominal compression sur

face angles of 6º.

Tests were conducted in the Langley 20 -inch Mach 6 tunnel and the inlet model was

instrumented to obtain both wall and survey pressure measurements which were used in

computing performance and capture flow . The data -reduction system provided integrated

performance data as well as contour maps of parameters such as total-pressure recovery

and Mach number in the inlet throat. The difficulty and importance of properly position

ing the shock waves in the throats of hypersonic inlets were demonstrated, but no adverse

effects were noted as a result of the inlet ingesting a boundary layer on the top surface

which simulated the boundary layer that would be ingested from the vehicle forebody.

The average throat Mach number was 3.1 compared with the predicted value of 3.4 .

The kinetic energy efficiency was 97.7 percent (0.59 recovery ) compared with prediction



of 98.3 percent (0.67 recovery ), which did not account for all sources of total -pressure

loss . The average inlet aerodynamic contraction ratio was 7.0 , which does not include

the compression expected from the vehicle bow shock. The inlet captured 94 percent of

the flow at its face ; and, overall, the inlet performance was well within the acceptable

range for high engine performance.

INTRODUCTION

The attractive potential of hypersonic flight with air -breathing propulsion has been

recognized for the past 15 years ; however , major advances in technology are required.

Exploratory research on concepts for hypersonic air -breathing engines has been pursued

in substantial research and development programs and a broad technology base has been

established . See , for example , references 1 to 4. The investigation of several small

scale , hydrogen fueled, supersonic combustion ramjet (scramjet) engine designs has

shown that the scramjet is a feasible engine concept and practical levels of thrust have

been demonstrated (ref. 5 ) . Hypersonic research and technology programs have been

conducted (refs . 6 and 7) which illustrate the next logical step in scramjet evolution ,

which is the development of engine concepts which will integrate with the airframe . Inte

gration includes the use of the vehicle forebody to precompress the engine airflow before

it enters the inlet and the use of the vehicle afterbody for additional expansion and thrust

vectoring of the nozzle exhaust gas . Other principal design criteria for hypersonic sys

tems are minimum engine cooling requirements to make part of the heat sink of the hydro

gen fuel available for active cooling of the airframe , fixed geometry to reduce weight and

system complexity , and minimum external drag .

Detailed analytical and experimental studies at the Langley Research Center have

resulted in the definition of the Langley Scramjet Module , with design features in both the

inlet and combustor which will satisfy the engine design criteria , when the benefits of

vehicle and propulsion system integration are included . This report deals primarily with

the design and performance evaluation for the hypersonic inlet concept for the Langley

Scramjet Module. The design criteria were met with the use of swept compression sur

faces , which produced oblique shock waves , and a matching swept throat and combustor .

Because of the complexity of the flow , it was necessary to optimize the selected inlet con

figuration from the experimental results of several earlier configuration studies . Once

the concept was derived , computer programs aided in locating shock waves within the

inlet, determined boundary - layer corrections to the interior walls , provided theoretical

performance results , and reduced experimental test data .

A model of the inlet portion of the Langley Scramjet Module , 19.05 cm high by

15.24 cm wide, was tested in the Langley 20 - inch Mach 6 wind tunnel. This test

2



condition represents local inlet face conditions for a flight Mach number of approxi

mately 7.6 after compression from the vehicle forebody. The tunnel free - stream

total temperature and pressure were 467 K and 11.9 atm ( 1 atm = 101.3 KN /m2),

respectively , and provided a Reynolds number per meter of approximately 9.8 x 106 .

One run was made at a reduced Reynolds number per meter of 3.3 X 106.

SYMBOLS

When two symbols are given for the same concept, the second one is that used for

the computer data .

A cross - sectional area of a stream tube

A* cross - sectional area of a stream tube with sonic velocity

*

A /A1 aerodynamic contraction ratio ,
A1 Pt A*

A1* Pt.1
A

,

c , C distance from cowl tip ( fig . 13 (d) )

c ' ,c ' distance from cowl leading edge (fig. 13 (d) )

H inlet height, 19.05 cm (7.5 in . )

M Mach number

PP static pressure

P1 ,P1
static pressure in front of inlet

Pt
total pressure

Ppitot,PITOT pitot pressure

R Reynolds number

S distance from foreplate leading edge ( fig. 13 (a))

3



s ' distance from sidewall leading edge (fig . 13 (c ) )

s " distance from strut leading edge (figs . 13 (e) to 13 (g) )

T temperature

Taw adiabatic wall temperature

Tt total temperature

V velocity vector

V velocity

W throat gap or width of capture measurement station , cm

(figs . 11 and 25 )

X distance downstream of intersection of sidewall with foreplate

(fig . 13 (b) )

х axis parallel to free - stream flow (fig . 57)

Y distance from foreplate (fig . 13 (c))

у axis perpendicular to free - stream flow (fig . 57)

Z
N

distance away from model center line (figs . 13 (a) and 13 (d) )

z ' distance across throat or across duct (fig . 11)
Z

N

axis perpendicular to free -stream flow and y -axis

(figs . 4 and 57)

6 boundary - layer thickness

бр flow turning angle normal to leading edge of swept wedge (fig . 57)

буу cross-flow angle (fig . 57)

δXZ wedge angle or flow turning angle in xz -plane (fig . 57)

4



Exz shock-wave angle in xz - plane (fig . 57)

nk kinetic energy efficiency

A
sweep angle measured in xy -plane, deg

λ distance around capture measurement station (fig . 62)

р density

o

dihedral angle measured perpendicular to ridge line , deg

dihedral parameter

Subscripts :

1
conditions at inlet face or ahead of a shock wave

2,3,4 conditions behind 1st, 2d , and 3d shock waves , respectively

n normal to leading edge (fig . 57)

t
tangential to leading edge (fig . 57)

8

free stream (in front of vehicle)

INLET DESIGN CRITERIA AND CONCEPT

Airframe- Engine Integration

The advantages of integrating the airframe and engine of a hypersonic vehicle are

well known. The parametric analysis of reference 8 indicates that the contributions of

the vehicle forebody and afterbody are responsible for up to 70 percent of the thrust . At

hypersonic speeds very large engine airflows are required for adequate thrust in spite of

the high - energy potential of the hydrogen fuel. These engine airflow requirements are

best met by utilizing the precompression obtained from the vehicle forebody and locating

the engine on the underside of the vehicle toward the aft end . (See fig . 1. ) A method of

designing the forebody is discussed in reference 6. The propulsion system inlet area is

therefore restricted to the space between the vehicle under surface and the bow shock and

is several times wider than it is high , as shown in the cross section of figure 1. This

5



geometry concept suggests the arrangement of a number of adjacent rectangular engine

modules, and the use of modules also permits development in ground test facilities of

reasonable size . The relatively thick turbulent boundary layer generated on the vehicle

forebody is an unfavorable characteristic which must be considered in the inlet design .

The design of the vehicle afterbody , discussed in reference 7, is also important because

of the large gross-thrust and moment forces involved, which can generate large trim drag

penalties if not correctly considered.

The Scramjet Engine

The primary objectives of the scramjet engine design are : to provide a high level

of thrust and specific impulse with efficient capture over the flight Mach number range

from 3.5 to 10, to have low cooling requirements in order to make a portion of the fuel

heat sink available for active cooling of the vehicle structure at high Mach numbers, to

have satisfactory operating characteristics over the Mach number range including the

establishment of supersonic flow ( starting) within the inlet at the low end of the Mach num

ber range , to have fixed geometry in order to reduce system complexity as well as joint

and seal problems , to ingest successfully the vehicle - forebody boundary layer, and to pro

duce low external drag. Many of these objectives are interrelated and trade -offs dis

cussed in reference 7 indicate that a fixed geometry inlet with moderate contraction for

starting at a low Mach number is desirable . A moderate contraction and low internal

pressure will not only mean a reduction in engine weight and cooling requirements but

also an increased ability for the engine to ingest the vehicle - forebody boundary layer .

Because the use of only fuel injection from the sidewalls would produce very long

mixing lengths for this type of modular design , the scramjet engine concept of figure 2

has three struts to provide six planes of instream fuel injection. This feature not only

reduces cooling and shortens the combustor but also the inlet, since the struts provide a

significant part of the inlet flow compression. The sidewalls are the main inlet com

pression surfaces , whereas the top surface partially eliminates expansions produced by

the downflow created by the swept shock - wave system , which is a unique characteristic

of the swept inlet design. The cowl is kept nearly parallel to the vehicle underbody to

minimize external drag.

>

The Inlet Concept

The inlet must efficiently compress the airflow captured for the combustor. Refer

ence 7 indicates that a contraction ratio between 6 and 10 would be satisfactory for a fixed

geometry inlet at a flight Mach number of about 7 , and several inlet configurations were
2

investigated which would fit into the area provided beneath the vehicle . Inlet interior

walls consisting of swept planar surfaces were assumed ; this assumption simplifies the

analysis and avoids the need for three - dimensional characteristic computer programs.

1
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Compression angles between 60 and 80 were employed ; these angles are a compromise

between high angles which contribute to high total -pressure losses from shock waves and

increase the possibility of shock - induced boundary - layer separation and low compression

angles which make the inlet long .

Prior to the development of the inlet shown in figure 2 , a design utilizing swept com

pression surfaces in which the top surface was the primary compression surface was con

sidered and is discussed in reference 9. Disadvantages to this design were : a corner

flow problem originating at the top surface and covering much of the inlet throat; diffi

culty in obtaining good capture characteristics over the Mach number range ; and no effec

tive way of dealing with the vehicle -forebody boundary layer . Therefore sidewalls with

swept leading edges were made the primary compression surface for the inlet in figure 2 .

Because planes of constant flow properties tend to be parallel to the sweep lines , the fuel

injection struts and all downstream stations are also swept at the same angle. This design

generates a system of swept shock waves which turns the flow away from the top surface

and thus reduces the corner flow and boundary - layer problems on that surface . A cowl

design which would provide 100 -percent capture at high Mach numbers was tested on a

preliminary design , and those results indicated that better starting and operating perfor

mance could be obtained with the pointed cowl leading edge located near the struts as

shown in figure 2. Good capture characteristics can be obtained over the Mach number

range with the fixed geometry design ; and spillage , produced by the flow being turned

toward the opening in front of the cowl by a transient shock system , permits starting at

a low Mach number. The downflow produced by the sweep during normal operation tends

to reduce the static -pressure rise near the top surface and should make possible the inges

tion of the vehicle - forebody boundary layer without separation.

Inlet Starting

Inlet starting at the low end of the Mach number range is primarily a function of

contraction ratio, which is influenced by the amount of sweep, the strut design , and the

cowl leading - edge location. From simple one -dimensional considerations at an entrance

Mach number of 3.0 , an area contraction of less than 30 percent is necessary downstream

of the plane of closure corresponding to the cowl leading edge . However , in figure 3 the

normal plane B -B having the minimum cross -sectional flow area is shown to be located

at the cowl leading edge ; therefore , on the average there is no contraction downstream of

the cowl leading edge . This is a strong indication that the inlet will have no starting prob

lem , and early investigations of similar designs substantiate this conclusion .

The frontal height -width ratio also contributes to the starting characteristics of

the inlet. If the width is greater than the height, the inlet is longer and end effects from

the top surface and cowl begin to dominate the throat. If the width is much less than

the height, the struts become slender and structural problems can appear . Based on
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preliminary investigations, a width -height ratio of 0.8 was selected for the inlet design

to reduce end effects and to permit a reasonable flight weight structure.

INLET MODEL DESIGN

Sweep Angle

In order to develop the swept shock -wave system for these inlet configurations, it

was necessary to understand the process that the supersonic flow undergoes as it strikes

a swept wedge . A detailed discussion of the calculation procedure for obtaining the shock

wave angle Exz , downflow Oxy, and the flow properties behind the shock wave is given in

reference 9 , and a method for predicting the complete shock -wave train for the inlet is

developed in appendix A.

A shock wave may be attached or detached depending on the sweep angle and Mach

number; consequently , the sweep angle determines the lowest Mach number at which the

shock waves can be attached at the strut leading edges . If the sweep is too high , low Mach

number operation will result in shock waves being detached well upstream in the inlet

ahead of the struts . These detached shock waves may create a situation where disturb

ances originating in the combustor may extend upstream of the struts locally and produce

an undesirable inlet combustor interaction . Too little sweep means the internal contrac

tion is high and no mechanism is provided for sufficient flow spillage for inlet starting at

low Mach numbers . Because of the difficulty in analyzing inlet performance at low Mach

numbers when the shock waves become detached, two models with struts were built and

tested over the Mach number range of 2.3 to 6.0 . These models had sweep angles of 600

and 56º . Several smaller models without struts but with sweeps of 50° and 0° were also

tested at Mach 4. The results of these tests indicated that a sweep angle lower than 500

could be obtained with adequate starting capability and a sweep angle of 48° was selected.

Mach 6 Shock -Wave System

The theoretical shock diagram for a Mach number of 6 is shown in figure 4 with

tables for the various flow passages and struts within the inlet . Section A -A is a hori

zontal plane parallel to the vehicle underbody and cowl . The sidewall compression angle

was kept low to prevent the possibility of boundary - layer separation due to boundary

layer-shock interactions . (See ref . 10. ) A detail of the predicted shock-wave structure

in the vicinity of the struts is given in figure 5 , and the properties of each numbered bay

are listed in table I. The struts provide approximately 75 percent of the inlet static

pressure rise (46 - percent decrease in throat area measured in the xz -plane ) . The side

struts were positioned within the inlet so that two - thirds of the flow area available was

in front of the center passages. This flow division permits the fuel to be injected equally

from the surfaces of both the center strut and side struts (only six injection planes) .
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Boundary - layer transition on the sidewalls is expected to occur ahead of the struts ,

and the correction of 0.40 (based on flat - plate predictions ) in conjunction with the side

wall angle provides a nominal turning of 6º . Because the chords of the struts are small ,

the thin boundary layer of the struts is expected to be largely laminar in front of the

throats , and separation of this thin boundary layer is expected to be of little consequence .

Although it is impossible to prevent the sidewall shocks from merging with the strut

shocks at some flight Mach number, the situation is relieved for the Mach 6 shock-wave

system by changing the wall slope of the struts at appropriate locations and either can

celing or reducing the shock strength .

Inlet Design Performance

As previously mentioned , cooling requirements are a major consideration in com

bustor design and tend to limit the inlet contraction ratio . The inviscid design aerody

namic contraction ratio (which is computed from Mach number at the face of the inlet ,

throat Mach number , and total -pressure recovery) for the inlet at Mach 6 was 6.85 for

the side passage (bay 6 ) and 7.57 for the center passage (bay 10) and yielded a mass flow

weighted average theoretical contraction of 7.3 . The geometric throat gaps between the

struts are greater than those for a two -dimensional inlet of the same contraction , because

a portion of the contraction is produced when the flow is turned toward the cowl (oxy in

table 1 ) . In this inlet design the ratio of throat gap to inlet height is 0.042 for each cen

ter passage and 0.041 for each boundary - layer - corrected side passage . The width ratio

measured in the xz -plane sidewall leading edges to the throats is 5.74 for the inviscid

side passages and 6.17 for the center passages when the predicted flow split of 67 per

cent for the center passage and 33 percent for the side passage is assumed.

In the inviscid flow the average throat Mach number is 3.4 and the total- pressure

recovery is 0.88; as a result, there is an adiabatic kinetic energy efficiency of 99.5 per

cent. The inclusion of the estimated boundary - layer losses on the struts , sidewalls , and

top surface reduces the total -pressure recovery to approximately 0.67 ( "k = 98.3 percent););

but this value still does not include corner effects. Inlet capture at Mach 6 was predicted

to be 93 percent for the cowl location discussed in the next section . This predicted cap

ture is based on the spillage generated when the flow is turned toward the opening in front

of the cowl which is computed from matching pressure and flow direction between the

external and internal streams .

End Effects

Although no attempt was made to analyze viscous corner boundary - layer interaction

regions in the inlet throat, inviscid calculations of the flow near the top surface and cowl

were made . Because the flow is turned away from the top surface as it proceeds through

the inlet, a fillet was added as shown in figure 6 (a) . To match precisely the downflow , the
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top- surface contour must vary with local Mach number , but to avoid this complication, a

single contour angle and position was selected . The angle was kept small (40 ) to avoid

shock interactions which could lead to separation of the thick, top - surface boundary layer .

The leading edge of the top - surface fillet coincides with the location of the sidewall shocks

with a Mach number of 5 in front of the inlet . With Mach 6 in front of the inlet , the top

surface fillet is upstream of the sidewall shock wave , and a 4º shock wave is produced as

illustrated in section B- B of figure 6 (a ) . At the throat the fillet displaces approximately

the same amount or cross -sectional area as it would have if it had been on design for each

bay , the Mach number in front of the inlet being equal to 6. The corrected values of flow

parameters near the top surface for this constant -angle fillet are given in table II (a ), where

the angle of flow oxy in each bay has been corrected to match the 4º slope .

When the internal flow strikes the cowl , the flow must be turned back parallel to the

cowl internal surface ; as a result , a cowl shock wave and a high -pressure region are pro

duced. The results of this flow turning are given in table II (b) where Oxy 00 .
To com

pensate partially for this high pressure , the throat area next to the cowl was opened by

relieving the struts and sidewalls . (See fig . 6 (b) . ) This relief area begins where the

shock wave from the cowl leading edge strikes the struts and sidewalls , and because the

center strut is located downstream of the cowl leading edge , the strut does not extend to

the cowl surface . For the inlet model , this cantilevered center strut was secured to the

cowl with a pin located behind the strut maximum thickness .

=

Selection of the proper cowl leading - edge shape was based upon previous model

testing. Cowls which enclosed the area behind the sidewall shock waves providing

100 -percent capture made the model difficult to start, produced a cowl shock covering

most of the inlet throat , and generated a very large corner interaction region between

the sidewalls and cowl. A partial cowl whose leading edges were swept back at 500

(fig . 6 (c ) ) was selected , which provided an open area near the inlet throats . This open

area permits spillage for low Mach number inlet starting and provides for some sidewall

boundary - layer bleed . The exact location of the cowl relative to the struts was deter

mined from additional model testing as described in a later section .

Off - Design Performance

Although the inlet is not a point design at a local Mach 6 in the conventional sense ,

it is designed to give the highest relative performance at this Mach number . As the Mach

number is decreased as shown in figure 7 , the shock -wave system shifts forward , and

experimental observations on previous models indicate an increased spillage and lower

aerodynamic contraction . For this design at a Mach number of about 3.5 , the shock waves

become detached from the strut leading edges . With this swept inlet concept, the aero

dynamic contraction will increase with increasing Mach number until the shock waves are

fully attached in the throat region . At still higher Mach numbers the number of shock
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waves in the inlet decreases as they pass through the throat and the contraction begins to

decrease slightly .

The combination of detached shock waves , with resulting spillage and variable con

traction with Mach number, permits the inlet to have fixed geometry, to start at a low

Mach number, and to provide enough contraction for successful operation at a high Mach

number .

APPARATUS AND TEST PROCEDURE

The Inlet Model

A photograph of the inlet model designed with regard to the aforementioned concepts

appears in figure 8. One sidewall has been removed in figure 8(a) and several pressure

rakes can be seen. The model is shown upside down, and the 45.72 -cm ( 18 - in. ) plate

extending ahead of the sidewalls generates a simulated vehicle - forebody boundary layer .

The boundary layer from this plate encounters early transition by trips located near the

leading edge and the resulting boundary - layer profile entering the inlet is measured by a

three - prong adjustable rake .

The model is 90.2 cm (35.5 in. ) long not including the foreplate, and inlet frontal

dimensions are 19.05 cm (7.5 in. ) high by 15.24 cm (6.0 in. ) wide. The aluminum top

surface was machined in one piece, the foreplate being detachable . Assembly consisted

of pinning and bolting the aluminum sidewalls to the top surface and then the stainless

steel cowl to the sidewalls in any one of three possible positions. Three stainless - steel

struts were bolted in slots machined in the top surface which were then sealed. The

struts were attached to the cowl by pins instead of bolts to reduce thermal stresses cre

ated by changes in the lengths of the struts and heights of the sidewalls . The normal to

the leading - edge radii of the sidewalls , cowl , and struts was about 0.01 cm (0.004 in. ) ,

whereas the foreplate leading - edge radius was 0.06 cm (0.023 in . ) . Partially visible in

the upper left of figure 8 (b ) is the actuator mechanism which moved pressure survey rakes

inside the model.

Schematic drawings of the model are given in figure 9. Stainless - steel cheeks

attached to the exterior of the sidewalls simulated adjacent inlet modules up to the inlet

closeoff station next to the cowl. A survey station for measuring inlet capture was pro

vided by a swept flat section of sidewall located downstream of the struts . A sidewall

relief area next to the cowl is also illustrated, along with the footprint of the side struts

on the cowl in section D -D. Detailed strut dimensions (fig . 10) and the relative positions

of the struts and cowl (fig . 11 ) are measured in any xz -plane parallel to the foreplate and

away from the relieved area near the cowl. The " station " positions are relative to the

sidewall leading edges in the same xz -plane . A second center strut , which provides an
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increase in contraction, is also described in figure 10. The difference in contour for this

second center strut is similarly shown by the dashed lines on some subsequent figures in

the report.

Boundary -Layer Trips

To insure a turbulent boundary layer entering the throat passages , boundary - layer

trips were attached to the sidewalls as well as to the foreplate . (See fig. 12. ) The diam

eter of the steel balls (0.159 cm) was approximately equal to the estimated, flat -plate ,

boundary -layer thickness measured 7.6 cm downstream from the foreplate leading edge .

The balls were spotwelded to steel strips which were in turn fastened with epoxy to the

aluminum surfaces. The trips on the foreplate were utilized to increase the thickness

of the boundary layer which would be entering the inlet , to determine whether there

were any adverse effects associated with ingesting the boundary layer of a vehicle

forebody .

Model Instrumentation

Figure 13 locates the 116 static - pressure orifices distributed throughout the inlet

model. The orifices were strategically located to determine inlet starting , pinpoint shock

wave position , and aid in evaluating inlet contraction. Because of the variety of locations ,

the position reference varies for each group of orifices. Iron - constantan thermocouples

were installed in the right sidewall as shown in figure 14. Each thermocouple lead was

spotwelded to the aluminum surface instead of the leads being welded together , in order

to determine more precisely the surface temperature .

Pressure Survey Rakes

The three -pronged foreplate boundary -layer probe is described in figure 15. This

probe , alined with the sidewall leading edge at Y/H = 0 and Z/H = 0.133 , was adjusted

in height between tests to obtain detailed inlet entrance conditions near the top surface .

The remaining survey probes were positioned laterally , by an electric motor and actuator

attached to the model (fig . 16 ) , in one of five access locations . Locations 1 to 4 provided

for probe surveys across the inlet's throats , whereas location 5 provided access to the

capture measurement station downstream of the struts . Tubing for the throat survey

probes (fig . 17) was routed through the hollow actuator shaft , whereas capture measure

ment probe (fig . 18) tubes were carried out the rear of the model as illustrated in fig

ure 8 (a) . The throat pitot probes were designed to survey one side and one center pas

sage simultaneously , and the static survey probe surveyed only one center passage . It

was necessary to rely on wall static data for the side passage . The capture measurement

station 6.35 cm ( 2.5 in . ) downstream from the struts was surveyed by the seven-prong

12



pitot and static probes of figure 18 (a) . A single , stationary tube ( 0.102 cm I.D.)

extended through the top surface and was bent toward the flow to obtain pitot pressure

data in the front of a center passage near the top surface . This tube was bent to differ

ent locations across the passage between test runs .

Because of the static - pressure gradients in the small throat area to be surveyed,

a conventional static -pressure probe , with the orifices located 10 to 20 diameters down

stream from the tip, was found to be unsatisfactory. Therefore , a new static probe

design (ref. 11) , with the orifices approximately 3 tube diameters downstream from the

probe tip and on a 30 conical shoulder , was used for both the throat and capture measure

ment surveys . These static - pressure probes were calibrated at a Mach number of 4.0 ,

and the recorded pressures were found to be in error by less than 5 percent.

Mach 6 Test Facility

Figure 19 is a sketch of the Langley 20 - inch Mach 6 tunnel. Tunnel test- section char

acteristics and flow calibrations can be found in the appendix of reference 12. The tunnel

total temperature and pressure were normally 467 K and 11.9 atm , respectively, and pro

vided a Reynolds number per meter of 9.8 x 106. One run was made at a reduced Reynolds

number per meter of 3.3 x 106 at a pressure of 4.4 atm, and all runs in the blowdown tun

nel were restricted to less than 2 min. The model was mounted upside down in the center

of the 50.8 -cm - square test section with two 15.24 -cm steel channels bolted to the tunnel

floor as shown in figure 20.

Facility Instrumentation

Tunnel pressure was recorded with strain - gage pressure transducers , and model

static pressures were divided between six 48 - port scanivalves . Pitot pressures and all

survey data were measured by either strain -gage pressure transducers or multirange

capacitance - type pressure transducers . Pitot position was determined with an electronic

bridge circuit, and all data were processed by an electronic data processing system .

Because of the short time in which data could be taken (less than 1 min),
the scani -

valve stepping mechanism was used to trigger the recording system , once each second ,

while the survey probe was moved continuously across the flow . Before the test the

speed of the throat probes was selected by varying the voltage to the dc motor until the

probe would span the flow in one test run. At the capture measurement station two test

runs were required to span the flow area with the probe . An analysis of the survey data

also indicated that pressure lag was not significant even though the connecting tubing was

up to -3 m in length .
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DATA -REDUCTION PROCEDURE

A curve- fitting interpolation procedure was utilized to expand the pitot and static

survey data into a grid network. Mach number , total pressure , and unit mass flow were

calculated for each grid point; and contour maps of each parameter were plotted by the

computer's graphic system . Inserted into the program for each grid point was an upper

limit on total -pressure recovery which was obtained from the inviscid shock diagram .

( See fig. 5. ) If the total pressure was greater than this limit , the measured pitot pressure

and the limiting total pressure were used to compute the flow parameters including the

static pressure . The measured static pressure was discarded when the recovery limit

was exceeded for any particular grid point because of the relative inaccuracy of the static

pressure measurements . After completing the grid , numerical integrations were per

formed to compute a mass -weighted Mach number and total -pressure recovery for the

inlet throats and a value for a capture parameter py/p1V1 at the capture measurement
station .

RESULTS AND DISCUSSION

Initial Inlet Tests

The results of the first inlet tests at Mach 6 indicated the model was not operating

as expected . Initial testing of the model at Mach 6 indicated too much compression and

possible choking was occurring within the center passage as indicated in figure 21. Upon

investigation , it was discovered that the 6° sidewall shock wave was striking the side strut

too near the leading edge . This shock wave then combined with the 40 side - strut shock

wave and produced a 100 wave which reflected between the side and center struts (fig . 22)

unlike the expected pattern of figure 5. The location of this sidewall shock wave was also

determined by removing the struts and observing the sidewall static -pressure distribution

(fig . 23 ) . The error in shock -wave position as measured in the xz -plane was only about

0.64 cm (A/H = 0.033) measured approximately 36 cm from the sidewall leading edge.

The effect of the increased compression of the center passage extended across the

inlet in the vicinity of the cowl to the sidewall, as indicated by the disturbance in the oil

streak photograph of figure 24 (a ) . More detail concerning the oil study is provided in a

later section , but proof that the sidewall disturbance was created by the center passage is

illustrated in figure 24 (b) with the center strut removed . This photograph shows no dis

turbance next to the cowl . The measured capture was only 81 percent with the choked

cowl compared with 92 percent with the center strut removed.
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Modified Inlet Configuration

To deal with the miscalculated sidewall shock -wave location, the strut arrangement

was altered to move the shock waves toward the center -passage throat . The three struts

and cowl were moved forward AX / H = 0.213 (AX = 4.06 cm) ; and the side struts were

moved toward the sidewalls AZ / H = 0.022 (AZ = 0.43 cm) to maintain the same contrac)

tion and percent of flow in the side passage . The resulting configuration is shown in fig

ure 25. It was also observed that the experimentally determined location of the sidewall

shock waves could be duplicated theoretically by the addition of 0.83° to the sidewall com

pression angle . This correction is necessary because of end effects from the top surface ,

or model misalinement , or the use of flat -plate boundary - layer calculations on the swept

sidewalls and struts . There was some concern for the inlet operation at lower Mach num

bers when the shock wave moved forward along the side strut. However , the shock waves

become detached from the swept compression surfaces and should prevent boundary - layer

separation and choking by spreading the static -pressure rise along the strut surfaces. In

fact , unpublished data from low Mach number tests support this conclusion.

The shock waves were recomputed with the new strut locations and the corrected

inviscid sidewall compression angle , and the results are given in figures 26 , 27 , and in

tables III and IV . Compression in the side passage increased because of the stronger

sidewall shock wave. Mach number , recovery , and aerodynamic contraction changed

from 3.51 , 87.9 percent, and 6.85 to 3.45 , 86.2 percent, and 7.07 , respectively . The

center -passage throat is now divided between bays 10, 14 , and 16. The predicted, invis

cid, mass -weighted average Mach number , recovery , and aerodynamic contraction for

the inlet changed from 3.44 , 88 percent , and 7.3 to 3.37 , 85 percent , and 7.6 , respectively ,

for the modified design.

From the initial inlet tests , moving the cowl to the forward position ( fig. 11 ) aggra

vated the choking situation next to the cowl ; and the cowl at the most rearward position

failed to help the design. Therefore , the center position of the cowl relative to the struts

( fig . 25 ) was maintained for the new configuration. This movement of the cowl forward

(AX / H = 0.213 ) relative to the sidewalls increased the theoretical capture by 2 percent

to 95 percent .

The center -passage - throat gap was increased when the struts were moved forward,

although the inlet aerodynamic contraction increased slightly . The purpose of center

strut 2 was to decrease again the center -passage -throat gap and to determine operating

sensitivity of the inlets on this parameter.

=
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Inlet Entrance Conditions

The foreplate static - pressure distribution and the Mach number profile for the flow

entering the inlet are given in figure 28. The static pressure on the foreplate was above

the free - stream value because no boundary - layer correction was applied; in addition , the

boundary layer was thicker than predicted by the flat-plate calculations probably as a

result of trip losses .

Wall Static - Pressure Distribution

Figures 29 to 41 present the results of the static -pressure data throughout the

model , which are compared with the predicted results of figures 26 and 27 , and of

tables III and IV . The solid symbols are data from orifices used to check flow symme

try with the two passages on the right side of the model . The round symbols are data

obtained with the initial configuration and the x -position of this data has been shifted to

correspond to the new strut locations . These data indicate in figures 29 to 33 that there

was reasonable agreement between predicted and measured operation of the side pas

sage away from the cowl. Some additional compression was observed on the cowl of the

modified configuration (fig . 32 ) that was probably due to corner interaction phenomenon

and blunt leading -edge effects . The static -pressure distribution along the side - passage

throat is summarized in figure 33. The symbols of figure 33 (b) were obtained from ori

fices located on the side strut ; and , because no static surveys were made in the side

passage , a linear pressure distribution was assumed across the throat between the strut

and sidewall for data analysis . The data from the sidewall throat (squares in fig . 33 (a ) )

of the new configuration were neglected because these orifices were no longer at the

throat but downstream of the struts .

Data in the center passage are given in figures 34 to 41. The center passage of the

initial design also operated as anticipated near the top surface (fig . 34 ) , unlike the evi

dence of too much compression on the side strut at Y/H = 0.43 (fig . 21 or 35) . The

cowl pressures were greatly reduced with the modified configuration ( figs. 38 and 39) ,

but no theoretical value is shown because of the complicated flow generated by the strut

relief (fig . 6 (b) ) . The hump in the center -passage -throat pressure distribution ( fig. 40)

is attributed to a corner effect from the top surface creating a relocation of the strut

shock waves . In general the center -passage compression was slightly greater than that

predicted because no boundary - layer correction was made on the struts. The diamond

symbols of figures 33 to 41 correspond to the larger center strut. From figure 27 it is

clear that the larger center strut reduces the gap between the struts and moves the throat

downstream . None of the experimental measurements would be expected to be affected

by the larger strut except wall statics on the side strut in the downstream portion of

bay 16 (fig . 27) . Figure 35 does , in fact , show a higher pressure on the most downstream
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static orifice . In all other instances the larger strut had a negligible effect on the

pressure measurements and it is concluded that the strut could be used successfully at

Mach 6 to provide added contraction ratio . The static pressure on the small center6

strut (fig . 41 ) is lower because the orifices were located downstream of the strut shoul

der . Appendix B presents pressure levels found within the model for a low -pressure

test (R = 3.3 106 per meter) and also an unstarted condition.

Oil- Flow Study

Although static pressures could be , and were , monitored to detect inlet starting, the

most rapid and reliable method was to observe , by closed circuit television, the oil -flow

pattern formed as the blackened oil droplets moved across the model's surface under the

approaching flow . If the model did not start, all the oil on the sidewall moved in a

curved path toward the bottom of the model . The only evidence of any shock wave was

observed well upstream of the sidewall leading edges on the top surface . With the started

inlet (fig. 42) , the oil on the sidewall moves toward the throat along a line parallel to the

line of intersection between the top surface and the sidewall . The exception was the oil

near the bottom edge of the sidewall which followed the path of the flow spilled from the

inlet. When the oil reached the high - pressure region formed by the side strut shock wave

on the sidewall , it turned toward the cowl along a line approximately parallel to the swept

leading edges . This oil accumulation line extended out the bottom of the inlet in front of

the cowl with no interruptions, unlike the original strut configuration ( fig . 24 (a) ) .

Wall Surface Temperature and Boundary - Layer Analysis

The inlet did not reach an equilibrium temperature (fig . 43 ) because of a test time

limit; however , the temperature was fairly uniform because of the high thermal conduc

tivity of the aluminum . The da shed lines of figure 43 represent the wall temperature

distribution selected for the boundary -layer analysis conducted with a modified version

of the boundary - layer program of reference 13. This integral method computer program

provided a viscous correction to the top - surface sidewalls and struts and reduced the

total - pressure recovery from 86.2 percent to 54 percent for the side passage. The center

passage recovery changed from 84 percent to 73 percent, and the inlet average recovery

was decreased from 85 percent to 67 percent. Because the surface of the cowl was small ,

it was neglected in the analysis, but the computed boundary - layer thickness for the rest

of the inlet was nondimensionalized by the inlet height and plotted in figure 44. Transi

tion was forced on the top surface 7.62 cm from the foreplate leading edge because

of the trips. Natural transition was assumed at s '/H - 0.8 for the sidewall where the

Reynolds number based on momentum thickness was equal to 1000. The sidewall boundary

layer trips had been removed prior to the modified configuration test when it was observed
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that they had little effect on the side -passage experimental data . The boundary -layer

flow over the struts was assumed to be turbulent from the swept leading edges.

Throat Surveys

Pitot pressure distributions for both the side and center passage are presented in

figure 45 , where w is the throat gap and Z ' is equal to zero at the sidewall for the

side-passage throat and equal to zero at the side strut for the center - passage throat. At

the top of the model ( Y / H = 0.14) , the center throat data were obtained from the fixed

tube , which was bent to a new Z ' position for each test. The side - passage pitot profile

( Y / H = 0.17 ) was obtained from the theoretical boundary - layer profile at z / w = 0.5=

and then assumed similarity with the profile at the adjacent side throat station of

Y / H = 0.26 . The solid symbols were not data points but depended on theoretical boundary

layer calculations to extend each survey (da shed lines) to the wall static value for data

reduction.

Data station Y / H = 0.43 was considered the station least influenced by top - surface

and cowl flow effects , and surveys for the low Reynolds number test and the large center

strut test are presented for this station in figures 45 (g) and 45 (h) . The dashed lines in

these two figures were taken from the standard tests (fig . 45 (c ) ) and indicate that neither

the large center strut nor the low Reynolds number tests had any significant effect on

inlet operation .

The static survey data (fig . 46 ) , obtained for the center passage, were faired to the

wall values as indicated by the solid symbols. As mentioned earlier , when the measured

static pressure was low and the total -pressure recovery exceeded the set upper limit

( 88 percent), a new static pressure based on the upper recovery limit was computed as

illustrated by the dashed lines . To check the effect of this restriction , it was determined

that a 10 - percent increase in the limit increased the mass-weighted total- pressure recov

ery by approximately 3 percent. The straight lines are the static -pressure distributions

assumed for the side passage and are based on neighboring wall static values . Other

static -pressure data estimated from neighborhood statics for both the center - and side

passage throats near the top surface and cowl are given in figure 47. These additional

estimated distributions made possible an analysis of a greater part of the throat flow area

as defined by the pitot surveys .

The throat stations at Y/H = 0.43 were selected to be compared with the theoreti

cal inviscid and boundary -layer calculations , and the resulting Mach number profiles are

found in figure 48. The agreement is good for both passages; the dip next to the center

passage side strut may be caused by a probe - tip shock-wave interaction. The small hash

marks indicate the pitot measurement closest to the sidewall or strut , and the remainder

of the curve is the result of fairing the pitot pressure to the wall static -pressure level.
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Throat Contour Maps

Contour maps of the results of compiling the throat pitot and static data are given in

figures 49 to 52. Figures 49 and 50 are maps of the data input used to compute the Mach

number and recovery maps of figures 51 and 52. Each map is shown with the width scale

seven times the height, which makes the relief area next to the cowl (illustrated in fig . 51 )

appear to be out of proportion . The side - passage Mach number contours (fig. 51 ) are rela

tively symmetrical, and the prediction of boundary -layer thickness o agrees well for the

top and side surface . The top - surface boundary - layer thickness for the side passage had

to agree because of the imposed boundary conditions . A nearly horizontal shock of about 80

turning was generated by the cowl leading edge and is still near the cowl surface at the

throat. This discrete shock is smeared by the computer programs interpolation process ;

and consequently a vertical Mach number gradient extending well beyond the predicted 6

for the cowl is indicated. There is some rounding of the contours at the corners , but no

flow separation is detected. The Mach number contours for the center passage are not

as symmetrical because of the greater shock-wave concentration (fig . 51 (b) ) ; however ,

the Mach 3 (mass -weighted average equals 3.11 ) contour encloses the major portion of

the total area . The mass -weighted total -pressure recovery recorded in figure 52 for

both the throat passages was obtained by a computer program which averaged the values

of approximately 1000 grid points, evenly spaced over the throat area . One case was

also integrated by hand with negligible difference, and the results verified the computed

results. The mass -weighted average recovery for the two passages is 59 percent when

the losses on the foreplate are included and 61 percent when they are neglected. The

central area of nearly constant total -pressure recovery in figure 52 (b) is in part a result

of the assumption of a total-pressure recovery limit in regions where the measured

static - pressure level was too low ( fig . 46 ) ; however , this assumption is considered to be

justified on a phenomenological basis as well as by the similarity in shape between the

measured and derived static -pressure profiles (fig . 46 ) and the reasonable agreement

between theory and data (for example, fig . 48) .

Capture Measurement Results

The procedure for analyzing the flow at the capture measurement station was iden

tical to that of the inlet throats . At this station static survey data were taken at each pitot

survey location . Each rake had seven probe tips. The data from which the Mach number

and capture parameter pv /P1v1 were derived for figures 53 and 54 are discussed in

appendix C. The wakes of the three struts , which are about 7.5 cm upstream, are

detectable in the Mach number map (fig. 53 ) ; in general , lines of constant Mach num

ber are parallel to the sidewalls . Besides measuring inlet capture flow , the capture

parameter ( fig. 54) is a good indicator of flow gradient direction because it is less sen

sitive to static -pressure error than either Mach number or recovery . The average
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value of pv /p1V1 was 3.18 for the inlet at the capture measurement station; before

capture flow could be calculated , however , some estimate of flow direction to determine

cross - sectional area had to be made . The assumptions in figure 55 are : flow parallel

to the top surface in the top - surface boundary layer; flow parallel to the cowl below the

estimated location of the cowl shock wave ; and flow down at gº for the remainder of the

area. This gº downflow was the flow turning which was computed from the rise in static

pressure due to the cowl shock . The flow was also assumed to be parallel to the side

walls at this station . With these restrictions a capture of about 94 percent was computed

for the inlet at Mach 6 .

Performance Results

Because the struts were positioned within the inlet to provide two - thirds of the flow

to the center passage , the captured flow (94 percent) was assumed to be split between the

center and side passages in the ratio of 63/31 . With this criteria the Mach 6 integrated

performance parameters based on the tunnel free - stream conditions are tabulated for

each passage, and the total inlet , in figure 56. The side -passage total - pressure recovery

was lower than the center -passage recovery because of the relatively thicker boundary

layer on the sidewalls . The average viscous total -pressure recovery was 0.59 compared

with the predicted value of 0.67 for the initial inlet configuration , which did not include

corner effects . The aerodynamic contraction ratio , which is based on the average throat

Mach number and total pressure, is 7.0 instead of the design value of 7.3 . This is because

moving the struts upstream increased the throat width somewhat and because the meas

ured total -pressure recovery was slightly lower . The larger center strut increased the

contraction , but no data were taken at the new center -passage throat location. Included in

figure 56 are curves from reference 7 predicting the inlet kinetic energy efficiency and

capture over the flight Mach number range of 4 to 10. The Mach 6.0 inlet data have been

entered in the figure for a flight Mach number of 7.6 , which indicates a representative

amount of vehicle forebody compression. The measured kinetic energy efficiency as

determined by adiabatic process was 97.7 percent compared with the predicted tunnel

value of 98.3 percent . The predicted curve is slightly high primarily because the cowl

shock and viscous corner interactions were not included . The measured captured mass

flow from in front of the inlet was 94 percent and matched the predicted value . The theory

is expected to be less accurate at low Mach numbers because of the formation of detached

shock waves . ( See fig . 7. )

CONCLUDING REMARKS

As part of a Langley research and technology program focused on the development

of a concept for an airframe - integrated scramjet engine (Langley Scramjet Module) , a
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detailed performance evaluation of the baseline inlet configuration at Mach 6 (simulated

flight Mach number of approximately 7.6 ) has been conducted .

Mach number profiles in the inlet throat agreed reasonably well with the predicted

results both for the inviscid flow and the boundary - layer calculations on the struts and

sidewall. The mass-weighted average throat Mach number was 3.0 for the side passage

and 3.1 for the center passage . This value compares with the inviscid values of 3.4 for

each of the two passages. This additional compression was produced by the boundary

layer, viscous corner interactions, and other end effects (for example , the internal cowl

shock) .

An adiabatic kinetic energy efficiency of 97.7 percent (0.59 recovery) was measured

and compared with a predicted value of 98.3 percent (0.67) , which does not include corner

or end effects.

The average inlet aerodynamic contraction ratio was 7.0 instead of the predicted

value of 7.3 because of the slightly lower total -pressure recovery . However , the results

indicated that the contraction ratio can be increased by the use of a larger center strut ,

which operated successfully but no survey data were taken .

The measured inlet capture flow was 94 percent which agrees with the predicted

value of 95 percent.

The difficulty and importance of properly positioning the shock waves in the throats

of hypersonic inlets were demonstrated , but no adverse effects were noted as a result of

the inlet ingesting a boundary layer on the top surface which simulated the boundary layer

that would be ingested from the vehicle forebody. Overall, the inlet performance is well

within the acceptable range for high engine performance .

Langley Research Center ,

National Aeronautics and Space Administration ,

Hampton , Va . , April 22 , 1975 .
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APPENDIX A

ANALYTICAL CALCULATIONS OF SWEPT SHOCK WAVES

Shock - wave systems for swept inlet configurations require a three - dimensional coor

dinate system to locate the shock waves correctly and to compute the flow properties. A

selected two -dimensional coordinate system (the xz - plane of fig . 4) is also helpful in main

taining visual contact with the problem . Figure 57 illustrates the flow striking a swept

wedge (surface AGFED) and helps to describe the development of the swept shock wave .

Points A, H, I , and D lie in the xy - plane and points A , H, G, and B lie in the xz -plane .

The flow strikes the leading edge at point A ; and if the wedge were not swept , the flow

would only be turned away from the xy - plane by angle Oxz and would follow the path AG.

However , sweeping the wedge requires the flow to traverse the surface along AF , the flow

also being turned away from the xz - plane as shown by angle Oxy which is measured in

the xy -plane. A swept shock wave (plane ABCD) attached to the leading edge is produced

and is located with angle Exz which is measured in the xz - plane . As long as the wedge

is assumed to be of infinite length , no end effects are encountered; if the wedge is assumed

to extend from the xz -plane , a reduced pressure , nonuniform flow region will exist in the

proximity of the xz -plane . To eliminate this region, a fillet (AGFB) is added which

extends out to the shock wave and fills the void left by the flow being turned away from

the xz -plane .

E

A detailed discussion of the calculation procedure for obtaining the shock wave

angle Exz , downflow Oxy, and the flow properties behind the shock wave is given in ref

erence 9 , which describes the flow velocity being broken into vector components normal

and tangential to the leading edge as shown in the sketch of figure 57. Although the veloc

ity component tangential to the leading edge Vt remains unchanged (Vt, 1 = Vt, 2 ) , thev

component perpendicular to the leading edge Vn , 1 is reduced because it is turned by On

when it encounters the wedge . The vectors on the wedge surface , Vn , 2 , and Vt , 2 , are

then combined to obtain the velocity and direction of flow on the wedge surface . One limi

tation to the procedure occurs when either the sweep angle or the wedge angle is too great ,

and the velocity component Vn,2 becomes subsonic . The shock wave may become

detached from the wedge leading edge , as illustrated in the sketch, and the downstream

flow is not uniform .

The Swept Shock -Wave System

To determine the shock -wave orientation and flow properties for a train of shock

waves as illustrated in figure 58 , additional steps are required to compute the shock angles

in the xz - plane . The computation must include the change in sweep angle and normal
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APPENDIX A - Continued

turning angle as the flow crosses each successive shock wave and is turned further from

the xz - plane.

A computer program has been written to compute an inviscid shock wave system for

an inlet, when the inlet geometry and the initial Mach number are specified . Inlet geom

etry consists of plane wedges defined by sweep angle measured in the xy -plane and flow

turning angles which are measured in the xz -plane . The shock -wave computational pro

cedure is described for the three shock waves of figure 58. The second shock wave

reflects from a plane of symmetry along line AB, strikes the sidewall ( line BB) , and is

again reflected . The flow vectors behind the three shock waves are labeled V3 ,

and V4, respectively. Because the flow angle with respect to the top surface (xz -plane)

increases as the flow crosses each successive shock wave , a new fillet is required to

eliminate three - dimensional end effects . The downstream fillets have complex orienta

tions which are functions of Mach number ; but, because they are small and considered to

have minimal influence on the flow, these effects were neglected in the inlet design.

V22

The sidewall is the generator of the first shock wave and may be considered to be

a wedge or wing with sweep 11 measured in the xy -plane, angle of attack Oxz and

dihedral as measured by the angle 01 The second shock wave is reflected from the

plane of symmetry along line AA and is illustrated in detail in figure 59. For this

reflected wave the computer program solves the problem of flow across a wedge or wing

with sweep 12 , angle of attack (xz)', and zero dihedral (^ 2 = 0). The reference axes

are x ' , y ' , and z ' . Because the flow has been turned toward the y - axis by the first

shock wave , the sweep angle 12 increased from the value of 11. Once V3 and the

shock -wave angle + (xz ) ' have been computed , the shock wave is defined in the original
xz - plane with angle Exz .

The third shock wave is illustrated in detail in figure 60 , where the flow in front of

the wave V3 approaches a swept wedge (sidewall) which is in the x " , y " , and z " coor

dinate system . The sweep angle is 13. The angle of attack is 0 (xz)", and the dihe

dral is 03 . The computer program treats this wave in the same manner as the first

wave to compute 4(x2 ) " , and then defines the shock wave in the xz - plane with exz :

The first and third shock waves are coded " type A " waves by the program whereas

waves reflected from the plane of symmetry are coded " type B. " The flow turning across

each wave , measured in the xz - plane , can be put into the program , which means the

strength of the reflected wave ( type B) may be made different from the strength of the

incident (type A) wave . To compute a shock train , the program always begins with a wave

of type A, but the wave types do not have to alternate as the wave type of each shock wave

is input to the program . When two type B waves are together, the nomenclature must be

reversed and the second type B wave considered to be type A ; then this new orientation is

continued .
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APPENDIX A Continued

The program transfers all shock angles back to the xz -plane , where the angle is

measured with respect to the flow direction in front of the wave for a type A wave; and

the shock angle is measured with respect to the flow direction behind the wave for a

type B wave . For a selected path of shock waves the sweep angle and dihedral for the

first wave are input to the program . Subsequent sweep angles are internally computed,

as is the dihedral, which is a function of the wave type. The number of shock waves in

the train is input, and the program will continue to calculate across successive shock

waves until shock-wave detachment occurs .

Because the flow properties in oblique shock-wave systems are path dependent, it

may become necessary to iterate on pressure and flow direction, when waves of different

turning strengths are encountered. Usually, however, the differences in shock -wave

turning angles are small enough to insure that such effects can be neglected. If a correc

tion is deemed to be necessary , an iteration can be done either by hand as the program

computes across one wave at a time , or by following several flow paths with the program

and averaging the results in the selected downstream flow bay.

The Computer Program

The program is written in FORTRAN IV and is adapted to the CDC 6600 computer

located at the Langley Research Center , Hampton, Virginia. Although the primary pur

pose of the program is to compute flow properties for swept , weak, oblique shock-wave

systems, additional versatility is available as shown in the input listing attached to this

appendix. Either perfect -gas or thermally perfect -gas (gas with caloric imperfections

as defined in ref. 14 ) problems may be computed by the listed program . Also operational,

but not included in the program listing , is a subroutine for real -air calculations. This

real-air subroutine uses either thermodynamic tables or equations of air in thermochem

ical equilibrum to compute flow properties behind shock waves .

For the thermally perfect gas , the local total properties are computed; and the

specific heat ratio y is computed as a function of static temperature from equation ( 180)

of reference 14. The gas characteristics that are assumed for air and are used currently

in the program are :

ov 3076 K

1.4. . •

Molecular vibrational- energy constant,

Perfect gas specific heat ratio , yp

Gas constant , R.

Molecular weight

1545.31

28.9644

Both weak and strong shock waves and perfect -gas Prandtl - Meyer expansion calculations

are possible. For the expansion fan , the angles of the leading , trailing , and average waves

are printed.
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The dihedral is measured in a plane perpendicular to the wedge ridge line

(line AG of fig . 57) and is defined in a parameter ♡ where

= 1 -
cot A tan o

sin Oxz

This parameter is defined in reference 9 as the ratio of the lengths of two line segments

(DE /AD) and is used to define the location of the wedge leading edge with respect to the

xy - plane. For the first wave of a shock train , the wedge dihedral º does not have to

be calculated because the leading edge is assumed to lie in the xy - plane and has a

value of zero . For a single -wave calculation the leading edge may be lifted out of the

xy - plane; and when the dihedral is zero , ý has a value of 1 .

Program Input

ос

Card 1 FORMAT (4F10.4,2F5.2,2F10.4,511)

Number of successive waves (Maximum = 20) (cols . 1 to 10)

Initial Mach number, M (cols. 11 to 20)
XM

ALP Sweep angle , A , deg (cols. 21 to 30)

E1 Wedge ridge angle, Oxz , deg (cols . 31 to 40)

cot A tan Q (cols . 41 to 45)
Dihedral parameter , = 1 -

sin Oxz

DEADR

GAM Specific heat ratio , y, for perfect gas (cols . 46 to 50)

P1
Static pressure , P1 , psia (cols . 51 to 60)

Set equal to 1.0 if left blank

T1
Static temperature, T1 , °R (cols. 61 to 70)

Set equal to 500° R if left blank

K1 Type of gas calculation (col . 71 )

0 perfect gas

2 thermally perfect gas

K2 Flag indicates value of turning angle for each shock wave to follow on

card 2 (col. 72)

0 all waves will have Oxz - El

2 OC values of Oxz will follow on card 2

Flag indicates wave type for each shock wave to follow on card 3 (col . 73 )

0 no card 3 necessary , waves will alternate Type A and Type B

2 OC wave types to follow on card 3

K3

25



APPENDIX A Continued

K4 Flag indicates strength of shock wave (col. 74)

0 weak shock waves

2 strong shock wave (limited to OC = 1)

K5 Special input case for dihedral (col. 75 )

0 DEADR = Dihedral parameter ,

2 DEADR = Dihedral angle, deg

Card 2 FORMAT (16 F5.3) . Do not use if K2 = 0

E11A
Value of Oxz for each wave , deg

Expansion waves are entered as negative

Card 3 FORMAT (16 F5.3) . Do not use if K3 = 0

TYPE Wave types

1 . Type A

-1 . Type B

The first wave of a shock train must be type A.

A listing of the computer program follows :

.

基本

本 史

.

.

PROGRAM IVLET ( INPUT , OUTPUT , TAPE5 = INPUT , TAPE6 =OUTPUT , TAPERI

с

C SWEPT SHOCK WAVE PHUGAAM A1P1 BY C.A. TREXLER D122774

С

C INPUT FTP CARD 1 FORMAT 14F11.4,275.2 , 2F1) . “ ,511 )

CNO .WAVES MACH NO . SWEEP DELTA DIH CAM PI TL KKKKK

DEG . DEG. DEAD PSIA DEG.R 12345

С

с SHEEP = SWEEP ANGLE MEASURED IN XY PLANS

DELTA : FLOW TURNING ANGLE IN XZ PLANE

DTH = DIHEDRAL PARAMETER ( DELAD )

GAM = SPECIFIC HEAT RATIO 在 中 SET EQUAL TO 1.4 IF LEFT BLANK

pl : STATIC PRESSURE PSIA SET EQUAL TO 1.0 IF LEFT BLANK

rl : STAT TEMP . , DEG R SET EQUAL TO 500 . IF LEFT BLANK

C ADDITIONAL ENGLISH UNITS

С
DENSITY LAM / F T** 3

C VELOCITY FT / SEC

С ENTHALPY BTU / LSM

С

с. K1 = BLANK , PERFECT GAS K1 = 2 , THERMALLY PERFECT GAS

C Kl = 4 , REAL AIR EQUATIONS ( IF TI = ) Pl- ALTITUDE , Fred

C Kl = 6 , REAL AIR TABLES ( IF 1 0 Pl = ALTITUDE, FL )

C K2 = BLANK , WAVE STRENGTHS NOT INPUT K2 = 2 , WAVE STRENGTHS INPUT

C K3 = BLANK , WAVS TYPES NOT INPUT K3 = 2 , WAVE TYPES INPUT

с K4 = BLANK , WEAK SHOCK WAVE K4 = 2 , STRONG SHOCK WAVE

C K5 = BLANK , DIH : DE / AD K5= 2, SPECIAL CASE

* SPECIAL CASE* DIHEURAL (DIHIDEFINED BY AN ANGLE MEASURED

С IN A PLANE PERPENDICULAR. TO PIDGE LINE .

С SWEEP MEASURED WITHLEADING EDGE IN XY PLANE ,

C AND WEDGE AT ZERO ANGLE OF ATTACK .

с

с INPUT FOR CARD 2 FORMAT ( 1675.2 ) NOT INPUT IF K2 = BLANK

CD ( 1 ) 0121 0 ( 3 ) D141.. D ( NW)

C D = FLOW TURNING ANGLE IN XZ PLANE (DEG )

С NW = NU ,WAVES

C

C INPUT FOR CARD 3 FORMAT (16F5.2 ) NOT INPUT IF K3= BLANK

CT ( I ) 112) T ( 3 ) 1 ( 4 ) ........ TINW )

C T = WAVE TYPE ****** T = 1. FOR TYPE A T = -1 . FOR TYPE B

С. NW = NO , WAVES

с

COMMON CATHV ,GAMP , RBAR , XMWI ,PLIL ,XM ,XMNORM , te

10 ) 100

200000

30200

400000

522222.

600000

700002

B00000

90000

1000000

II2020

1200000

130 ) ) 0

1400000

150?? 9

1600000

1702030 .

TR00000

195 2002

2000000

210DOC

2200000

233.290

24 00000

2502200

2600000

2702220

2300000

2980200

3000000

2120200

2200000

33C2000

2400000

2520202

2602000

3700000

3800000

3900000

4002000

4100000

420P020000003
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P0003

DO2003

000003

000003

000003

100003

000005

000006

200107

DODIO

00012

J00213

000014

200915

000054

20054

000057

JOUJ61

0000€ !

JO2102

000003

200055

200071

200.175

002077

J0011

000101

J00193

200105

000137

0001 ! 1

200113

000124

JO3115

300136

20136

000137

09141

200141

0 ? 142

000144

COMMON P2 , T2,0FLIN , GAM , XM2N , EPD , RHOR

COMMUN EMAX , DELINM , N , KGAS, MC

COMMUN EPDF , TPKA , AR , XMIL , XM2T

COMMUN NDEBUG

DIMENSIUN ELIA ( 201 , TYPE ( 201

C = 3.141592657189 . )

GAM = 1.400

THV = 5537.0

GAP = 1.4

RBAR = 1545.31

XM W T = 29.9944

NDE BUG = 0

JJ = 0

5 READ ( 5 , 101100 ,XM ,ALP ,E1 ,DEADO,GAM , ? 1,11, KGAS ,NDELT,NORDER , N , KSP

101 FORMATI4F10.4,2F5.2,2F10.4,5111

IF (EOF , 516,70

6 STOP

7ņ CONTINUE

TO = 0 .

DTH =DEADR

NSTREN

IF ( GAM.LT..001 ) GAM = 1.4

IF (KGAS.67.3162 TO 400

IF (P1 . EQ . ) . )Pl= 1 .

IF ( T ! .60.0.J TI =500 .

400 CONTINUE

IF ( KGAS.EU.01KGAS = 0

IF ( NUFLT , F4.0 INOELT= 2

ITINURUFK.EU.OINORDER = 0

IF (NSTR.EX.O INSTRE )

IF ( KSP.FQ.01KSP = 0

IF ( ALP.E0.0.060 TO 200

IFTEL.E2.0.160 TO 70

IF (KSP . EQ.21DEAUR = 1. - TAN (DE ACR * C ) / (SIV ( E1* C ) * TAN (ALD * C ) )

700 CIONTINUE

XM INF :XM

PINFR = 1.0

TINER = 1.0

P INFR = 1.0

KKGAS = KGAS

IF (KGAS.EU.JIKGAS= 1

MC = 0C

D. ) 3 1 = 1 , MC

ELIAI) = E1

TYPE ( I ) = 0 .

3 CONTINUE

IF (NDELT. EQ.01GO TO 4

READ15,10211E11A (NO ) ,NO = 1 , MC )

El = E11A ( 1 )

102 FORMAT ( 1675.31

4 CONTINUE

IF (NORDER . EQ.2 )READ ( 5 , 1021 ( TYPE (NO ) , NO = 1 , MC )

OC = 1.0

1 : 1

COI3PT = 2.0

ARCA= 1.0

TPRA: 1.0

K = 1

NN =0

JJ = JJ + 1

ALI -ALP

7 CONTINUE

PRINT 106

106 FORMAT ( IHI )

PRINT 126 , JJ , K

126 FORMAT ( lx , 7HCASE NO , 13 , 10x , 7HWAVE NO , 13, 29X2HK1,2x2HK2,2 X2 HK 3 , 2X

1 2 HK4 , 2X2HK5 )

IF INSTR.EQ.2.AND.E1.62.1)PRINT 121,KKGAS ,NDELT ,NORDER , NSTR , K SP

IF INSTR.NE.2.ANO.61.6 .0 , IPRINT 122 ,KKGAS,NDELT, NORDERINSTR , KSP

IF INSTR.NE.2.AND.El.Lt.U.IPRINT 123 ,KKGAS, N ELT , NORDER ,NSTR , KSP

IF ( NSTR . EQ.2.ANO, El.ll..01) PRINT 124 ,KKGAS,NDELT ,NORDER ,NSTR , SP

IF (KSPER21PRINT 1252 DIH

121 FORMAT ( 45X14H0 STRONG SHOCKL , 9X614 )

122 FORMAT 145x14H ( WEAK SHUCK ) 9x614 )

123 FORMAT 145x14H1EXPANSIUNI 29x614 )

124 FORMAT ( 45X14H(NORMAL SHOCK L , 9X614 )

125 FURMAT170x26H (DIHEDRAL = SPECIAL CASE 5,77.3,5H DEGLI

J = 1

4200000

4402200

4502000

4600222

4720000

4920220

4912200

5202220

5100000

5222220

5300000

5402220

5500000

$60 0026

5700000

5802200

590 2000

20 2220

61 ) 20) 0

5200000

6301200

6400000

5520202

t600000

6700000

6800000

691 ) 100

7000000

701010

7200000

73000 ) )

7400000

75 0 100

7000000

779 ) ) ) 2

7800000

7902003

9001000

8120200

8200000

83120122

8400000

2522222

8600000

B700000

8800000

890000

9000000

9100000

9202000

9200000

9400000

9500000

962220

9700000

9822.200

9900000

10020200

10100000

10200000

10300000

13400200

10500000

10600000

10700000

10800 100

10900000

11000 200

11100000

11200000

11300000

11400000

11500200

11602200

11700000

11800200

11900000

1200 2020

i46ניי

000150

000152

000154

200155

000157

000160

000172

000174

0001 74

000174

000211

000212

000213

000214

000215

000216

300217

000220

090222

000224

000224

300230

000230

000240

000240

201207

000315

000343

002212

000402

J004 ) 2

000402

00432

000402

200422
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000403

000403

000405

000406

000412

000412

000413

000414

000416

000420

000420

000420

000423

000426

000431

000434

000436

000437

000442

000450

000456

000461

000467

000473

000504

000507

000512

000515

000515

000517

000522

000525

300532

000544

000554

000560

000561

000563

000563

000567

000605

000620

000624

000635

000642

000645

000650

000656

000662

000663

000663

000666

000666

200673

000671

000700

000703

000 703

000706

000707

000707

000711

000713

000714

000716

000 717

000722

000722

000725

000 726

000730

000732

000734

000 735

000737

000 740

000744

000 744

600 CONTINUE

ALPH= ALP + C

EzE1 * C

IF (ALPH.GT..0911GO TO .

XMIN = XM

XMLT = J .

XMNORM = XM

DELINEE

DELTNP = DELIN

GO TO 14

9 CONTINUE

ACOD= 90 . * C - ALPH

CD = 0C * TAN (ACUD )

00 = 0C7.COS (ACOD )

BC = OC * TANTE

AD = BC

DE = AD * DEADR

PSI = ATAN2 (DE , OD )

OE = (OD** 2 + DE ** 2 ) ** . 5

08 = (BC * + 2 + OC **21 ** . 5

AE = ABS (AD - DE )

BE= (CD** 2 + AE** 2 ) ** . 5

THETA = ACOS (UC / OED

ABOE = ACOS ( (DB ** 2 +0E** 2 - BE** 2 ) / ( 2.0 * 08 * 0E )

XMIT = XM * OC /UE

XMIN = XM * SINI THETA I

IF ( XMIN - 1.01233,203,8

8 CONTINUE

OG = OC * OC /OE

CG =UC SINI THETA )

HG = OG # TANCABOEI

OH = (HG ** 2 + 0G **21** . 5

HC = (OH**20C**2-2.0 * 0H * OC COS ( EL ) **. 5

DEL TN - ACOSI( HG ** 2 +CG ** 2 -HC ** 21 / 12.0 * HG * CGI )

IF (EIIA ( K ) .L1.0.IDELINE - DELIN

DELTNP - DELTN

XMNORM = XMIN

14 CONTINUE

GR = (GAM + 1 . ) / ( GAM - 1 . )

EMAX= SQRT ( TGA4 + 1 . ) * ( 1 . + (GAM - 1.1 /2.* XMIN ** 2+ (GAM + 1.1 / 16.* XMIN **4 ) )

EMAX = ( 1. / (GAM * XM1N ** 21 ) * (GAM + 1.1 / 4 . * XMIN ** 2-1. TEMAXI

EMAX = ASINISQRT ( EMAXIL

DEL INM = (GAM + 1.1 * XM1N ** 2 / 12 . * (XM1N ** 2 * (SINIEMAX )**21-1. ||

DELTNM = (DELTNM - 1 . ) * TANTEMAXI

DEL INM =ATAN ( 1./DELTNM )

DLIMIT = DELTNM + 10. * C

IF ( XMIN.LT.2 . ) DLIMITEDEL INM + 2 . * C

IF (DLIMIT.GT.DELTNIGO TO 15

KGAS = 1

15 CONTINUE

IF (KGAS - 1110,10,11

11 CONTINUE

IF (KGAS.GT.3ICALL RAIRIZFIENSTRI

IF (KGASGL ,21GO TO 15

CALL REALG (NSTRI

IF (N.LL100 )GO TO 16

KGAS - 1

IF (DELTNM.LL.DELTNIGO TO 10

IF ( N . EQ.1001GO TO 5

16 CONTINUE

TR = 12 / 11

PR 1 =P2 /P1

RR = RHOR

EP = EPD + C

EPF : EPDF* C

IF ( ALPH.LT..001IGO TO 21

10 CONTINUE

IF (KGAS - 1112,12,2

12 CALL PGAS

IF (N.EQ.1001GO TO 5

TR = 12/11

PR 1 = P2 /P1

RR =RHOR

EP = EPD * C

EPF EPDF * C

IF ( ALPH.GT..001 )GO TO 13

21. CONTINUE

ARCA = ARCA * AR
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DEL INI =DEL TNP / C

DEL TMODEL INM / C

EMAXI : EMAXZC

EEF= 1. - 12 . / (GAM - 1 . ) * ( ( 1 / TPRA)** [ IGAM - . ) / GAM )-1.1/ XMINE** 21

PINER =PINER PRI

LINFR - T INFR * LR

RINER =RINER RR.

PRINC 115

115 FORMALIIL * SUMMARY OF FLOW PROPERTIES ACROSS UNSWEPI WEDGE

1

PRINT 17 , XM , ALP , DELTNI , EPD ,Pl , ll.

17 FORMAT (71X , 3HM1= 2F8.3, 7X6H SWEEP = 277, 3 , 7X6HDELTAE, F1.2,12X4 HEPSE ,

177.3 , 7X3HP 13,48,4,6X3H11: 2F8.21

PRINI19 . XM2N ,PINER ,RINFR , LINER.GAM

19 FORMAT ( / 1X , 3HM 2 = ,F8.3,6X , 7HP /PINF= F8.4,5X /HR /RINFE , F 8.4 , 3X7HTITIN

IF2 , F8,4,5X4HGAME , F7.4 )

PRINT 120 , TPRA , EEF

120 FORMAT (71X , 22HRECOVERY ( PT / PPINE ! -2F8,4 , ?X22HKINETIC ENERGY EFF .

1:29 . 5 )

PRINT 18 , ARCA , UELTM , MAXI

1 % FORMAT (71X , 22HCONTRACTION (AINFZAL : , F824.27X10HDELIA MAX = .FB.4 ...

14X8 MEPS MAX = ,F9.4 )

IF ( DELTNI.GT.DELIMIPRINT 119

119 FORMAT 160X28H*** SHOCK WAVE IS DETACHED *** )

IF ( DELTN.GL.DFLINMIGO TO 5

I = [ +1

IF ( MC - 115,20,20

20 CONTINUE

K = k + 1

Pl = P2

T1 = 2

X = XM2N

el = ELIA ( K )

GO TU 7

13 CONTINUE

XM2 T = XMIT * ( 1./TR )** . 5

25 CONTINUE

XM2= ( XM2T** 2 + XM2V**21* 6.5

ARC = AK * XMNOR M * XM27 ( XM2N * XM )

ARCA = ARCA ARC

ACHG= ACUSI (HC** 2 +1G ** 2 - C6**21712.* HC *HG ) I

AJHG= 180 . * C - ACHG

IF (ELIA (KT.L1.0 . )AJHG = ACHG

AJGH = EP DELTN

AHJG = 180. * C- (AJHG +AJGHI

GJ = HG * ( SIN (AJHGI /SINGAHJGI )

HJ=HG * ( SINIAJGHI / SINIAHJGII

CJEHCHJ

IF ( ELLA ( K ) .L1.1.1C JEHJ- HC

OJ = (63** 2 * 06 # * 2 ) ** . 5

FPXZP = ACUSIC0J** 2 +OC** 2 - CJ**21 / 12 . * ) # 0CDI

EXZPF = EPXZP

EXZAVG = 0.5

IF ( ELLA ( KI1505,500,500

505 AJGHF = EPF

AJGF = 180. * C- (AJHG + AJGHFI

GJF =HG * (SINCACHGT / SINIAHJGF ) ,

HJF = HG* ( SINCAJGHFI / SINIAHJGF ) ,

CJFEHJF -HC

IF ( (EPFEDELTN ) .L1.0 . /CJF = HC - HJF

OjF = 1GJF** 2 * 06 ** 21** . 5

EXZPF = ACUSI (OJF ** 2 +UC** 2 -CUF** 21 / 12. *UJF *UÇ ) )

IF ( ISPF+ DELINI.LF.0.1EXZPF = -EXZPF.

EX LAVG = EPXZP - .5 * ( EPXZP- EXZPFL

500 CONTINUE

3 ' ) 0 FORMAT ( 10F11.5 )

A5011P = ATAN2 (XM2N , XM2T )

ABOT 1P = ABOE - AEOTIP

ABEO = ASIN ( OB * SIN (ABCFI BEL

AOBE = 1 A ? . * C- ( ABEO + ABOEI

ABI IPO = 180 . * ( - ( AOBE +ABOTIPI

IF ( ABOTIPI 304 , 303 , 303

304 ABIIPU = A00E- ABS ( ABOTIPI

303 CONTINUE

BI1P = 08 * (SIN (ABOTIPI /SINTABLIPOTI

AABE = ATANCAE /CDI

TIPI2P : B11P * CUSIAABF )

ACOI 3P = ATANO TIPI 2P / OC I

AFOC = ATAN2 ( DE , UCI
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248 ) ) ) ) )

24 +00 : 00
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001351

001354

001 362

001355

001367

021314

001374

091376

001402

001433

01405

001416

201412

001411

201413

201415

201416

001420

091421

001423

201425

201426

201420

001431

001433

201435

201451

Q01452

001454

201456

001462

001462

001460

001466

201514

001514

001520

ABUF : ABSTE - AFOCI

BI 2P = ( B11P ** 2 - TIPI2P ** 2 ) ** . 5

IF ( DEADR - 1,200,200,201

2 ) 0 CI2P = 8C -BI2P

ACOI2P =ATANICI2P /OCI

GO TO 203

201 CI2P : BC + 812P

ACOI 2P = ATANICI2P / OC )

202_CONTINUE

EQ = EPIC

THETI = THETA / C

VELINI - DELIN /C

EPX1= EPXZP / C

EP XIF EXZPF / C

EXZLAV = EXLAYG / C

COI3P = ACOI3P / C

OUI2 = C013P

COI2P = ACOI2P / C .

EOTIP = AEUTIPIC

AABEL = AABE / C .

DELIMODELINMZO

EMAXI = EMAX / C

ABQEI = ABOE / C ..

ABE01 = ABEO / C

DEL INI= DELTNPIC

EEF = l2-12 . / IGAM -I.lille IPRA )** [ (GAM - h ../GAMI -LIXMINE** 21

PINER =PINER * PRI

LINER : LINER * IR

RINFRERINFR * RR .

PRINT 114

114 FORMALITT * FLON PROPERTIES REFERENCED IO SHEPL HEDGE * ).

PRINT 110

110 FORMAT ( 748,3HMIN , IX3HMU , 7X34M2N , 7X3HM2L,8X2HM2,6X6HP /PINE .5X6HR / R

LINE ,5X6HIZIINE 26X3HGAM ,

PRINT 111. XMIN ,XMILXM2N , XM2LXM2,PINER.RINER ,TINER ,GAM

111 FORMAL ( IX , 9710.51

PRINT 112

112 FORMAT ( / 3X6HDELTAN , SX4HEPSN ,6X4HAJOC , 5 X6HACOI2L ,4X6HAÇOI3P ..

14X6HAEOL12,5X5HTHETA ,4X1 )HDELTAN MAX , 3X8HEPSN MAX , 3XIHN )

PRINT 113 , DELINI, EQEPXL COI2P ,COI3P , EQT12 , THELLDELIM , EMAXLN

113 FORMAT ( IX , 9F10.5,171

IF ( DELTNI.GL.DELTM )PRINT 119

PRINT 109 , XM , ALP , E1 ,DEADR ,P1 , ti

109 FORMAT / 1X , 3HM1= , F8,3, 7X6HSWEEP : , F8.3 , 7X12HR

TIDGE ANGLE = ,F8.3, 7X6HDE /AD - F6,347X3HP L = 248.4 , 7X3H11 : 2F8,21

PRINT 19 , XM22 PINER , R INFB , TINER , GAM

PRINT 120 , TPRA , EEF
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32000000
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32200000
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32400000
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001520

201550

001550

001556

001 576

1

PRINT 108 , ARCA , EPXI ,COI3P

DA FORMATIV1X , 22HCUNTRACTION (AINF / A ! = , 78.4 , 7X 4HEPS = ,F8.3, ?X11HCRO .

ISS FLOW = , F8.3 )

IF ( DELTNI.L1.0 . )PRINT 508 , EPXI ,EPXIF , EXLIAV

58 FORMAT (72x , 14HEXPANSICN FAN * , 9X , 1OHLEAD WAVES, F8,4,5XIIHFINAL WAVE

1- , FB.4 , 5X9HAVG WAVE = 258,4 )

PRINT 118

118 FORMAT (11 FLOW PROPERTIES REFERENCED TO INITIAL XYL COORDI

INATE SYSTEM* )

WR = ARCA SINI (90.- AL ! -COI3P ) *C1/ COSIALI* C )

IF (K.EQ.TIPRINT 117, XM2 , E11A ( K , EPX1

117 FORMAT ( 71X3HM25 , F8.3,3X9HDELTA XL= ,F9.3, 10x7HEPS XL = , F8.31

IF (K.FQ.1.AND . DELINI.L1.2 . PRINT 5 ) B ,EPXI ,EPXIF , EXZ1AV

IF (K.EU . ! PRINT 116 , COI3P ,WR

115 FORMAT ( 71X29HTOTAL CROSS FLOW ( DELTA_XY ) = ,F8.3,10x

118HGAP RATIO ( W1 /W213,78.31

IF IMC.EW.11GO TO 5

274 IF ( NN ) 276,006,275

606 IF ( TYPE ( K 111601,601,502

276 CONTINUE

XJOC2 = EPXZP

ACOI2P = COI 2P *C

C01 3P1 = C01 3P + C

ALP1 = ( 90. - ALI ) * C

FXZP =_TAN (XJOC2 - ACOI2P 1 * TANIALPID / (COS (COI3P1 ) * (TANCALP1 ) -TANTCOI

1 3P1 ) )

EXZP - ATANT EXZP ) /C

XJMUP = EXZPF -ACOI2P

IF ( EXZPF.L1.0 . )XJMUP : EXZPF

EXZPF = TANG XJMUP \ * TANCALP1IZICUS (COI 3P 1 ) * ITAN (ALPI ) -TAN ( C013

IPUIN )
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002027

132032

002036

02041

002043

J02057

002070

002103

002113

002117

002120

002122

002125

022125

002127

002130

002133

002155

D2160

202202

002205

02211

002213

002232

002241

002254

002264

02270

002271
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002275

002276

002300

022313

002230

002333

002335

222336

002353

32236 €

002370

002371

002373
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102406

102410

002411

002414

02415

002417

J02423

EXZPF = ATAN ( EXZPFU / C

EX ZAVG = EXZP - .5 + ( EXZP - EXZPF )

OUT2 = ( ABUE - AEOTIPI/ C

OUTT= COI3PT +OUT2

WR = ARCA * SINI190. -ALI-OUTT ) *C1 /COSIALI* C1

PRINT 117 , XM2 , E11A ( K ) , EXZP

IF ( DELTNI.L1.0.JPRINT 508 , EXZP , EXZPF ,EXZAVG

PRINT 116 , OUTT , WR

IF (DELTN.GT.DELINMIGO TO 5

1 = 1 + 1

IF (MC - 115,5,604

604 IF ( TYPECK + 111691,602,60 2 .

275 CONTINUE

OF T =COI 3PTC

XJOC 3 = EPXZP

CAP 1 = ( 90. - ALI ) #C

EXZP= TANGCAP 1 )#TAN (OFT )#TAN (XJOC31/ (SINTOFU * TANTCAPIL - TANTOFULL

EXZP =ATANT EXZPI/ Ç

EXZPF = TANTCAP1 ) * TAN (OFT ) TANI EX ZPFIZ (SINTOFT) * ITANTCAPTI - TAN (OFTI

111

EXZPF = ATAN (EXZPFIIC

EXLAVG : EXZP .5 * ( EXZP - EXZPF )

OUTF = COI3PT + COI3P

WR = ARCA SINI190 . -ALI- OUTF ) *C1 /COS ( AL1* C )

PRINT 117 , XM2 , ELLA (K ) , EXZP

IF (DELTNI.L1.0.JPRINT 508 , EXZP , EXZPF ,EXZAVG

PRINT 116 , OUTF ,WR

IF (DELTN.GT.DELINMIGO TO 5

1 = [+1

IF (MC - 115,5,625

625 IF ( TYPE( K + 111601,601,602

601 CONTINUE

NN = -1

СО 3Р Т = COІ ЗРІ +СОЗР

ATOI3 P =ATANGTANICOI2P * C ) * COS (COI3PT* CIDIC

ALP =ATANT( TANCI92. - ALI-C013PT) ( 11 / COS (ADL3P *CLL
ALP = 90. - ALPIC

K = K + 1

Ell - EILA ( K - 1 )

TE L = ( TANCE11* C ) -TANTE11* C -E11A ( K ) *CU * JANCAIQL3P *CII TANTEIT * C )

El = ATANCTED ) 7 € .

X = XM2

1 = 2

PL= P2

DEADR = ABS ( TANCAIO 130 *CI / TAN (E1* CM )

GO TO 7

612 CONTINUE

NN = 1

COI3PT = C013PTOUT2

ALP =ALI +COI3PT

SIGMA = 190. -ALI ) * C

SIGMAI = COI3PTC

K = k + 1

E12 = ELIAIK

El= ATANITANTE12* C ) * ( TANISIGMA ) - TANTSIGMA1 ) * SINISIGMA 1 ) / ( TANOSIGMA
1 ) * TANTSIGMAI ) ) )

El - E1 / C

XM = XM2

TI = 12

P ! = P2

DEADR = ?. 0

GO TO 7

END

SUBROUTINE REALG ( NSTRI

C THIS SUBROUTINE COMPUTES NAVE PROPERTIES FOR A THERMALLY FERFECT GAS

COMMUN C , THV,GAMP , RBAR , ANWT , Pl , 11 , XM , A MNORM , 10

COMMON P2,12 , DELIN ,GAM , XM2N , EPD ,Q40R

COMMON EMAX , UELTNM , N , KGAS, 1C

COMMON EPDF , TPRA , AR ,XIT, XM2T

COMMON NDEBUG

UIMENSION P141,114 ) , P ) 14 )

FGAIT ) = 1 . + ( GAMP - 1.1 / 11 , + (GAP- 1 . ) * ( THETA / T ) ** 2 * 5XPITHETA / TITI

2EXP ( THETAHTI - 1 . )** 21

FW ( 72 ) = A * * 2 - Q * ( A ** 2-4 . * R * T21** . 5-2 . * R * T2 - DD + G6 * R * 112 - Tl ) +4 , ***

ITHETA * ( 1 ./ (EXP ( THETA / T2 ) -1.1-E1 )

EPDF = 0 .

EPDAVG = ) .

GC = 32.1741

GG =4.0 * CA1P / ( GAMP - 1 . )
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000103

000126

000112

000114

000115

200117

000120

000122_

000122

000123

J00132

000132

Jo0141

000141

000145

000145

200151

000154

200155

000157

090155

000167

000204

J00217

000223

200234

000241

000244

000246

000250

000251

200255

000261

J00262

000266

000267

000271

000272

000301

000320

000324

000344

000352

J00357

000361

000370

000406

000410

20423

000423

000425

000426

000426

000435

00447

000447

300451

300452

000453

000454

000452

090464

000464

J00465

000470

000474

000475

JOJ477

000503

000516

000523

000530

J00544

000544

၁၁၁545

000573

000573

000573

R =GC *PBAR / XMWT

RI = P1 * 146. / (RBAR /XMWT* TI )

THETA = THV

XM 1 =XMNORM

ARA = 1.0

J - 1

I = N

117 CONTINUE

DELT = DELTN

IF (DELIN.LT.Q.IPRINT 118

118 FORMAT ( 1X27H *** THERMALLY PERFECT GAS*** , 14X16H APPROX . SOLUTION I

IF (DELTN.GE.O.IPRINT

6 FORMAT ( 1X27H *** THERMALLY PERFECT GAS***

PRINT 9

9 FORMAT ( 38X16HIN FRONT OF WAVE )

CALL TOTAL ( P1,11 , XM , 10 , PTII

GAMI = FGA ( TI )

XMIN = XM1

GAMOGAMI

SOUND = ( R * TI * GAMI) ** . 5

IF (DELIN ,L1.0.1 GO TO 446

EMAX= SURTI (GAM + 1 . ) * ( ! . + (GAM - 1.112 . # XMIN * + 2 + 1GAM + 1.1 / 16.* XMIN **411

EMAX= ( 1./1GAM*XMIN**2 ) ) * ( (GAM + !.1/4 . ** MIN **2-1. EMAXI

EMAX =AŞINI SQRT (EMAXIL

DFLINM = 1 GAM * 1 . ) * XM ! N ** 2 / 12 . * ( XMIN ** ? * ISINIEMAX )**21-1.11

DELTNM = (DELTNM - 1 . ) * TANTEMAXI

DEL TNM =ATAN ( 1./DELTNMI

VI = XM1 * SOUND

PIE = 3.141592654

N2 =4

IF ( T . EQ.21N2 = 1

IF (MC.G1.1 )N2= 4

DEL 2 - DELIN

IF (DELTNM.LL.DELINIDEL 2 -DELTNM

GANOGAMI

XM12 = XM1** 2

XM14 = XM1**4

BB :-(XM12.2 . ) / XM12 -GAN SIN ( DEL 2 ) + * 2

CC = 12 . * XM12 + 11 / XM14 + ( (GAN : 1 . ** 2/4 . * (GAN - 1.1 /XM12 ) * SIN (DEL 2 ) ** 2

02 = -CUSI DEL 21**27XM14

EX = 19. * 8B * CC / 2. -88 ** 3-27 . * D2 /2.17 (BB **2-3 . * CC ) * + 1.5

IF (EX.GT.I )EX = 1 .

IF ( EX.LT. - TEX = -1

EE = ACOSTEX )

FF = COSI ( EE + N2* PIE173.1

G2 = 1-8873 . + 12+ (88**2-3 . * CC ) ** .573 . ) *FF )** . 5

EP SEASIN ( G2 )

IF INSTR.EQ.2.AND.DEL2.LT . .011GO TO 1000

G ) TO 1901

1000 EPS = 90.* C

GO TO 1904

1001 CONTINUE

RR = TAN ( EPSI / TANCEPS - DEL 21

PRI= 1 . GAN * XM1** 2 * SINTEPSI** 2 * ( 1.-1./RRI

1004 CONTINUE

EPINEPSIC

M = 1

N = 1

NN = 1

El-1./1EXP(THETA/T11-1.1

43500000

43600000

4370120

42800000

4390JOJO

44000200

44120221

44 20 2000

44309,10

44400000

44320020

44600000

44 702020

44800190

44 920000

45000

45100000

4522029

45300000

4540 ) JOC

45500000

4569 2030

45700000

4582220

49900000

46302270

46100000

46200000

46300000

46400000__

46500000

46600000

46 702000

46800000

46900000_

47000000

47100000

47200000

47302000

47400000

47502000

47600000

47702000

47800000

47900000

4800) 100

48100000

48200000

48300000

48403320

48500000

4860 1000

48700000

48800000

48900000

49900000

49100000

49200290

49300000

4941) ) )0

49500000

49600000

49700000

49800000

49900000

50000100

50100000

50290000

50320000

50400000

50 50 JOC

50600000

50 722290

50800000

5C၁ ၁၃၁

51000000

$ 112.09 .

51200000

.

NT = 1

111 CONTINUE

KK : -1

U1 = VI SINTEPSI

A= U1 + R # TI / 01

Q= A

DD = 2.0 * 11** 2

HH = XM1** 2 * ( SINCEPSI ) ** 2

HK = 12. *GAMI* HH - IGAMI - 1 . ) ) * ( (GAMI - 1 . ) * HH + 2.1 / 1 (GAMI+ 1 . ) ** 2 * HT

STR = ( 1 - .279000 . ) * To 1.0 ) *HK

IMAX = A ** 2714. * R1 - .010001

IF (N.EU.1. AND , NDEBUG.G1.01PRINT 223

223 FORMAT ( 1 )

IF ( NUE BUG . EW.01GO TO 120

PRINT 222 , TMAX , A , R ,U1,11, VI , FPI,PKI,PR2

222 FORMAT ( IX9HSUB REALG , 9F12.4 )

120 CONTINUE

WiMAX = FW ( TMAXI
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J00576

000000

009621

000602

2005 ) 3

000605

000610

000614

000616

JOJE20

000622

300024

000630

000632

000040

200542

000644

000644

000646

202652

200655

000663

000665

002667

200067

000612

งงว672

000672

000673

000675

000676

000676

000731

000704

000706

000711

000713

100716

000724

000726

000730

000733

200735

00074 0

000 746

200750

000752

000 755

000757

000762

000770

000772

000774

000777

201001

001004

001012

001014

001016

001016

001021

101021

001022

001024

001 026

001027

001027

00103 !

IF ( WMAXI 140,10,143

1.400: -Q

NT = 2

T21 = TMAX

T22 = 121

W1 = FW ( TMAX )

703 T22 = T22 - .1 * ( T21 - TI )

W2 = FW ( T 221

NTENT +1

IF ( NT - 121 803,803,802

803 IF ( W21703,19,707

707 T2i = T22.1* ( T21-11 )

WI= FW ( 121)

121 = -w17 (62 -W1 ) * ( T22-121) +121

IF ( T21 - TMAXI 706,706,709

708 T21 : TMAX- , 00JOT

706 CONTINUE

wl = FW ( 121 )

122 = 121 - .01 * 1121-11 )

W2= Find ( 122 )

121 = -W1l1w2 -W1 * (122-121 ) +121

IF ( T21 - TMAXI712,711,711

711T21 = IMAX

712 CONTINUE

W1 = FW ( 121 )

GU TO 802

19 CONTINUE

WI =W2

T21 = T22

GO TO 802

143CONTINUE

121 = STRĒT1 + 40 ,

IF ( T21 - IMAX ) 320,300,201

301 121 = TMAX

300 T22 = 121-10 . * XMI

WI - FW ( 121 )

W2 =FW ( 1221

121 = -w1/ 1W2 -W1 ) * ( 122-1211 + 121

IF ( T21- TMAXIllll214

14 121 = TMAX

T22 = 121-2 . * XMI

W ] = FW ( 1211

W2 = FW ( T221

T21 :-1/ 1w2 -W1) (122-121 ) +121

51302020

51400000

51500000

51600202

51700000

51820220.

51900000

52000200 .

52100000

5220 2090

52301000

524C 1220

52500000

526020

52700000

528ς2010

52900020

53000000

53105100

53200000

533 22 200 .

53400000

53502200

52000000

53700200

52800000

53900000

5400 2000

54100200

54200002

54300200

54400220

5450000

54600000

54 700000

54800000

54922000

55000000

551000

55200000

55200220

55400000

55500000

55600000

55700000

55800000

55900000

56000020

56100000

56200000

56300000

56400000

56500000

56600000

56700000

56800000

5690.0000

57000000

57100000

57200000

57300000

57402200

57500000

57600000

57700000

57800000

5790 0000

58000000

58100000

5820 1000

58300000

584 ) 1200

58500000

58600000

58700000

58800290

58 900000

il

IF ( T21 - IMAX ) 1412141,305

305 T21 = TMAX

141 122 = 121- , 8 * XMI.

W1 = FW ( 121 )

W2 = FW ( 1221

T21 : -W1/ (W2-W1) * ( T22-121 ) +121

IF ( T21 - IMAX ) 12,12,142

142 T21 = TMAX

12 T 22 : 121 - .1* XM1

W1 =FW IT21 )

W2 = FW ( 122 )

T21 = -W1/ (W2 -W1) + ( 122-121 ) T21

IF ( T21 - TMAXI 15,15,10

10 T21 = IMAX

15 CONTINUE

W1= FW (121 )

802 CONTINUE

XNTENT

XNN =NN

TRR = 121 / 11

T2 = T 21

13 CONTINUE

GAM2 = FGA ( T2 )

XM2 = 2.0 * 11 / 1 GAM2* T 2 ) * ( (GAM1 *XM1**272.01 + GAMPI IGAMP - 1.011* 11.0

212/11) + THETA / T1 * 11.7 (EXP ( THETA / 11) -1. ) ) - 1.7 ( EXPI THETA / T2 ) -1.1

IF ( XM2128,28,307

307 CONTINUE

XM 2 =XM 2** . 5

PR2 = 1. / 2 . * ( 11.GAM2 * XM2**21 - T1 / T2+ ( 1 . * GAM 1 * XM1** 2 ) + ( ( ( ( ( 1 . +GAM 2 *

2XM 2 ** 21 -T1/ T2* ( 1 . -GAMI * XM1** 2 ) ) ** 2 ) +4 . * T1/ 12 )** . 511

PR2 = 1. / PR 2

ROR = ( ( (GAM2/GAM1 ) * (T2/ T1 ) * ( XM27XM1) **2-1.1 / SINCEPS )** 2 )+1.

IF ( ROR ) 100,101,102

001 067

201072

001072

001576

001123

001125

001137
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001143

001143

21145

001145

001151

001151

001153

001155

J01157

031179

001170

J01172

001172

001172

031177

001201

001201

201204

101205

201 207

001212

001216

001217

001217

001223

001225

001225

001231

001237

001241

001241

001241

001244

001254

201256

001262

201265

001311

101 CONTINUE

ROR = , 000001

102 CONTINUE

ROR =ROR** . 5

100 CONTINUE

RUR = 1 / ROR

PR3 =ROR * T2 / TI

EP1 = EPS / C

IF NSTK.FQ.2.AND.DFL2.11.011GO TO 1002

GO TO 1093

1002 PRI = PR 2

GO TO 25

1003 CONTINUE

IF ( ABS( PR 2 - PRII - .001 ) 25,25,27

27 N = N + 1

NAPON

IF ( M - 2155,56,56

55 PRYEPR2

PRX - PR1

IF ( NN - 21304 , 303 , 303

304 PR I =PRI+ .5 * (PR2 - PRII

NN = 2

303 CONTINUE

PRIEPR1 + .01* (PR2 -PRIT

MEMO !

GO TO 191

56 S = ( PRY - PR217 (PRX -PRIL

PRI= ( 1./11.-$11*(-S#PRX+PRY)

M = M - 1

306 CONTINUE

191 CONTINUE

COTD = 1.0 / TAN ( DELTI

EPS= ATANICOTD / (GAMI* XM1** 2 / (PRI -1.1-1.1

EPI= EPS / C .

IF ( EPI.lll GO TO_28

IF ( N - 2011l128,28

28 PRINT 112 , EPL, 12 .Wede JAA , NN , N ,XM2

112 FORMAT11121H PR DID NOT CONVERGE 3X4HEP1= ,F10.4 , 3X3HT2- ,F19.4,3X3

2HJJ= , 14,3X2HJ= , 14,3X4HJAA= 2316 , F10.4 )

N = 109

RETURN

25 CONTINUE

P2 = PRI * p1

R2 = ROR * R1

GO TO 447

446 CONTINUE

C EXPANSION WAVE CALCULATIONS FOR TPG

XNUDF = -DELIN / C

XNUD- XNUDF

XMI = XMI

192 = TO

AW = SQRTI(GAM.1.1/ (GAM - 1 . ) ,

AAW = SQRTI (CAM - 1 . ) / (GAM + 1 . ) * (XMI** 2-1. ) )

XMU = 90. -ACOS ( 1./XM11/C

XNUS= AW * ATAN (AAW ) /C-190.-XMU )

XNUB = XNUS + XNUDF

BW = 1. /AW

CW = ( GAM - 1.1 / 2 .

Dw = (GAM + 1.1/ 12 . * (GAM - 1.11

ENE -GAMZ (GAM - 1 . )

XMW = XMI

XNUX = XNUS * C

NW = 0

444 DO 445 Jw = 1,30

XNU = AW * ATANTBW * SURTIXMW * XMW - 1.11-ATANISQRTIXMW *XMW - 1.11

DIFF = XNUX - XNU

IF ( ABS (DIFF1 - .00001122,22,33

33 D4 = ( XMW / SOP TIXMW * XMW - 1 . ) ) * ( 1.+ CW *XMW * XMW ) * DIFF

XM W = X MWOM

445 CONTINUE

PRINT8O

30 FORMAT (30H MAX NO OF ITERATIONS EXCEEDED )

22 XMU =ATAN ( 1./SQRTOXMW#XMW-1.111C

PR = ( !. + CW * XMW * XMW ) **En

IF (NW ) 54,64,66

64 CONTINUE

XMU1 = XMU

PRTIEPR

59000000

5910 1 100

59200000

59300000

59400000

59500000

59600000

59700000

59800000

59900000

6000 2200

60100000

6020 2200

60300000

60409 220

60500000

60600200

50702000

60600000

60900000

61000000

61100000

61200000

6130 7000

61400000

61500000

61600 200

61 700000

61800 200

61 900.000

62000200

62100000

6220020C

62300000

62400000

62520000

62600000

62 700 000

62800000

62900020

62.000000

63100000

63200000

63200000

63400220

62500000

6365 0200

6370 2000

63802222

53900000

64202000

64101200

+4200000.

643020

64400000

6450220

54600000

64700222

64800000

54902200

65000000

55190000

05200000

65 300000

654000 )

6550000C

55622220

65 700000

65900200

65900000

66002279

66100000

6€200000

6630 )200

66400000

66500200

60600000

66 70020

001311

Q01312

201313

001313

201315

001317

001321

001321

201322

001324

031326

001327

JO1336

001350

201357

001366

001 367

001371

001374

001377

001402

201413

001405

2014—6

001411

001432

001433

001440

201452

001453

001456

001462

001462

001472

001501

001504

001504

001505
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001 507

J01510

001512

01516

001522

301522

001523

201525

301537

001541

001543

001545

201547

001553

001555

001556

001557

JO1561

001564

001566

201567

001576

0016 ) 4

001606

001630

01632

201634

001636

201642

001644

001550

001652

001654

D1656

001600

001561

001663

001665

001700

001 702

Ci 106

001710

001710

201712

001 717

0001725

201121

021731

001735

00 ! 737

JO1740

01742

001 747

D21754

001 755

001751

XVUD = XNUDF

NWENW + 1

XNUX = ( XNUS + FLOATINWI* XNUO ) * C

IF (XVUX - XNUB *C1444,41.4,66

66 CONTINUE

XM2N = XMW

XM 2 =XM2N

TR = ( 1 . + (GAM - 1.112 . * XMIN **21 / 11 . + (GAM - 1.1/ 2 . * XM2N **21

2 = ( 1 + R

GAM2 = FGA ( T2 )

PRI = PR / PRTI

P2 = P1 * PRI

R2 = P2 * 144.4 ( RBAR / XMWT * T21

RHOR = R2 /RI

EPD = XMUI

EPI EPD

EP OF = XMU

EPDAVG = EPD - .5 + ( EPD - EPDF )

8 = 1.0

N- JW

AR = RHOR * ( XM2N /XMNORM ) * TR ** . 5

RNFR =RHOR * XM2N / ( XMNORM * TR ** . 26 )

GAMM1= GAM - 1 .

TPR = ( (GAM + 1 . ) * 8 / (GAMMI * 8 + 2.1 )** (GAM /GAMM 1 ) * ( (GAM + 1.1 / 12 . *GAM *

18-1GAMM1111 ** (1./GAMM1 )

TPRA = TPRAKTPR

DELTNI - DELTNIC

THIS PACKAGE OVER RIDES PERFECT GAS PRESSURE RATIO AND USES TPG EQ

GAX : GAMPI (GAMP - 1.1

ETT = EXP ( THETA / T 21

ETTMINETT - 1 ..

ETIT = EXP ( THETA / TO2 )

ETTIMINETTI - 1 .

ETR = ETTIMIZETTMI

TTIR = T2 / TO2

TH TR = THETA / T2

THTTR = THETA / TO2

EXI = ETTIETIMI

EX2 = EUTT / FITIMI

PIPR = ETR * TIR**GAX EXPITHTR * EXI - THTIR * EX21

P2 =PTI * PTPR

R2 = P 2 * 144./ ( RBAR / XM W T * T2 )

RHOR =R2 /R1

447 CONTINUE

13-2/

XM2 T = XMIT* ( (GAM1* 11 / 1GAM2+ 12 ) ) ** . 5

Xin 2F = ( XM2T** 2 + XM2** 21* * .5

PRINT 7

I FURMAT ( 38XLTHBEHINDWAYEL

CALL TOTAL ( P2 , T2 , XM2F , T02 PT21

PTREPT2 / PTT

TPRA : TPRAEPTA

DEL TD = DELTIC

SNO2= ( R * T2 +GAM2 )** . 5

AR = R 2 * XM2 * SND27 ( R 1 * XM1 * SCUND )

ARA = ARARAR

PRINT 8

9 FORMATII FLOW PROPERTIES MEASUREO NORMAL TO WEDGE LEADING

1 EDGE * )

PRINT113 ,XMI ,DELTO , Pl ,RlLPIT,GAM !

113 FURMATI/2X4HMINE ,F6.3,6X7HDEL TAN = , F7,3,5X3HP 1= , F1,4,6X34R1 = ,Fe ,L ,

26X2HTI = ,F8.2,6X4HPT ! : ,F10.4,6X5HGAM1 = , F6.1 )

PRINTI14 , XM2 , EP1 , P2 , R2,12 ,PT2 , GAM2

114 FORMAT (2X4 HM 2N = ,F6.347X4HEPN = ,F1,3,5X3HP23,58,4,6X3HR2= , F8 , " ,

26X3H12 = ,F1.2,6X4HPT2 = ,F10.4,6X5HGAM2 = , F6.4 )

RHOR = P2 / P1

RVER =RHOR * XM27 ( XM1* ( 12/11 )**0.26 )

PRINT_115 , RNER , AR , PRI ,RHOR , TR ,PTR ,NAP

115 FORMATIIX , 5HREYRE , F6.3,5X6HA1 /A2= , F7.3 , 2X6HP2/ P1 = 2F8.4 , 3X6HR 27RIN ,

179.4 , 3X6HT2 / T1 = , F8.4,6X4HTPR = ,F10.4 , 9X2HN = , 16 )

IF ( DELTD .L1.0.JPRINT 116 , EPD , FPDF , EPCAVO

116 FORMAT ( 1/ 2x , 14 HEXPANSION FAN * , 9X , 12HLEAU WAVE = , F8.4,5X11HFINAL WAVE

1- , F8.4,5X9HAVG WAVE- ,F9.4 )

JEJ + 1

XM2N = X M2

EP U = EPI

RETURN

109 STOP

END

56800000

5692021 ?

57000000

57123090

67200000

57300000

67400020

675000OO

67600000

67700000

57800000

67900200

68000000

68100 200

68200000

68300000

58400000

68500200

68600000

6870 000

68890 200

68900000

69009220

59100000

69200000

69300000

59400090

69500000

6960 2000

69700000

69900000

6990210

70000000

70102200

70200020

70300000

70402020

70500000

7060 2000

70700000

70300000

7090 1000

71002000

71102100

11202200

71 30 000

71400000

71500000

71602200

71700000

718212202

71 900 000

7200000C

72100200

72200020

72202000

7240 2002

72500000

72622000

72700000

72800220

12920200

730 20000

73122200

73 200000

733000

73400000

72520220

73000000

7370033

72800100

73900000

74 ) 0 ) 200

74110000

7425000

74300000

744(

74500000

74609792

001761

J2003

092003

002025

002025

302027

002036

002060

002060

092375

002075

012377

002100

202102

002103

002105
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conoc2

000002

Q00002

000002

000002

200002

QO0002

000005

000006

000097

000010

200015

000016

000022

JoJ025

000027

200432

000033

200035

000040

20004

200044

000044

200050

200052

2001:53

000054

200455

000064

200102

200126

000126

000133

000140

20142

000151

20 ? 167

000171

000173

000176

000206

090206

000220

200231

000232

20236

000244

000255

J00270

000272

000274

000275

000275

000300

000301

SUBROUTINE PGAS

C IHIS SUBROUTINE COMPUTES WAVE PROPERTIES FOR A PERFECI GAS

С INPUT: XML . DELL N QUIPUT= EP

с . NN = FOR STRONG SHOCK

С NN : 4 FOR WEAK SHOCK

COMMON C , THV , GAMP , RBAR , XMWT,Pl , ll.XM , X MNORM , TO

COMMON P2,12 ,UELIN , GAM , XM2N , EPD ,RHOR

COMMON EMAX , DELTNM , N ,KGAS,MC

COMMON EPDF , TPRA , AR ,XMIL, XM2T

COMMON NDEBUG

RBAR = 1545.31

XMWI= 28.9644

XMIN= XMNORM

EPDF = 0 .

EPDAVG = 0 .

CR = (GAM + / GAM - hel

NAV = 4 .

IF ( MC.GT.I ) N =

IF (N.EQ . 21 NN =0

IF (N.EQ.0 INN = 4

IFIDELINM.LL.DELTNIDELTNEDELIŅM

XM1 = XMIN

DELT = DELTN

PRINT 6

6 FORMAT ( 1X17H***PERFECT GAS*** )

PRINT 9

9 FORMAT ( 38X16HIN FRONT OF WAVE )

CALL TOPG ( PhetleXM , TOPILI

IF (DELIN.LL.QIGO IO 500

PIE = 3,141592654

XM12 = XM1** 2

XM14 = XM1** 4

BB = - ( XM12 + 2.1 ZXM12 -GAMĖSINIDELL )** 2

CC : 12 . * XM12.1L/ XM14 + ( (GAMO ** 2 / 4 (GAM - hel XM121 SINODELL ** 2

DD = -CUS DELL **2 /XM14

EX = 19. * 8B * ( 6 / 22-88**3-27 , * 20 / 2,1l (BB** 2-3 . * ( 6 )**1,5

IF ( EX.GT.L ) Ex = 1 .

IF ( EX.LT. - 1 ) Ex = -1

FE = ACOSTEX )

FFECUS CEE ENN PIE12 ,

GG = 1-88 /3.+ 12 * ( B8**2-3. * CC )** . 5 / 3.1* FF ) ** . 5

EP = ASIN (GG )

EPD = EPIC

IF ( EPD.GE .89.999 )GO TO 25

RRETAN (EPIZIANTEP -DELINI

25 CONTINUE

IF (EPD.G1,89,999 RR = (GAM + 1 ) XM1** 2 / 1 CIGAM - 1.l * XM1**212ed

PRI = 1 , + GAM # XMIN ** 2 * SINTEP ) ** 2 * ( 1. -IZRRI.

NONN

B= XMIN ** 2 * SIN ( EP ) ** 2

BA = ( (GAM - 1 . ) * 8 +2.1 / 12 . * GAM * B - IGAM - 1.d )

XM2N = ( 88 / (SINCEP - DELIN ) , ** 2 )** . 5

TR = 112.0 *GAM* B - IGAM - hel ) * ( (GAM - 1 . ) * 8 + 2eli ( GAM 1 . ** 2 *81

2 = IR + L1

P2 = PR 1 * P1

PR = P2 /P1

PHOR ERR

EPO EPIC

GO TO 502

500 CONTINUE

C EXPANSION WAVE CALCULATION

XMI = XMIN

XNUDF : -DELIN / C

XNUD: XNUDF

AWESORT | (GAM + 1 . ) / (CAM - 1.1 )

AAW = SQRTI (GAM - 1.1 / (GAM + 1 . ) * (XMI**2-1.11

XMU = 90. - ACOS ( 1./XMD1/C

XVUS = AWATAN (AAWI/ C - 190. - XMU )

XNUR = XNUSXNUDF

BW = 1. / AW

CW = (GAM - 1.1 / 2 .

Dnf = (GAM + 1.1 / 12 . * (GAM - 1.1 )

EN - GAM / (GAM - 1 . )

XMW =XMI

XNUX = XNUS * C

NW = 0

444 DOIDJW = 1,30

74 700000

74 800000

14900000

25000000

75 100000

75200000

25300000

75400000

75500000

75600000

75700000

Z5800000

75900000

7600000

76100000

76200000

76300000

76400200

76500000

76660220

76700000

76800000

76900000

77000000

77120.200

77200000

77300000

17400000

72500000

77600000

77700000

77800000

11900000

78000JDO

78100000

7820020

78300000

784000

78500poo

78600000

78700220

78800000

78900200

79000000

19100020

19200000

79200000

79402202

79500000

79620200

79700000

7980000

79900000

80000200

80100000

80200000

80300000

80400000

B0520000

80600000

807000

BO800,000

80 900000

81000000

B1100000

81200000

81300000

B1400000

81500000

81600200

81700000

81 800000

81900000

82000000

82100000

82200000

82300000

.

000301

000302

000304

000306

000314

00326

000335

000344

000 345

000347

00352

000355

000360

JO 361

000363

000364
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000365

003407

000410

000414

000426

000427

200432

000435

000435

000445

000454

003456

000456

000457

000461

000462

200464

000470

J00474

000474

2012475

000477

200512

000514

100516

200517

000521

100522

000526

000530

000532

000532

000541

000547

J0J551

200573

000600

020606

000012

201612

000616

00020

300621

200622

000624

300624

100630

_200034

000636

_000642

XNU = AWATANIBW * SORTIXMW * XMW - 1 . ) 1 - ATANOSORT ( XMW *XMW - 1.11

DIFF = XNUX - XNU

IF ( ABSIDIFF1 -.00001122,22,33

33 OM = ( XMW / SORT(XMW * X MW - 1.1 ) * ( 1 . + CW * XMW * XMW ) * DIFF

XM W = XMWOM

10 CONTINUE

PRINTBO

80 FURMAT ( 30H MAX NU OF ITERATIONS EXCEEDEDI

22 XMU = ATAN ( 1./SQRT(XMW * XMW - 1.11 / C

PR : 11 . CW * XMW * XMW ) **EW

IF (NN 155,55,66

55 CONTINUE

XMU ! = XMŲ.

PRTIEPR

XNUD- XNUDF

NW = NW + 1

XNUX= ( XNUS + FLOAT ( NW ) #XNUD ) *C

IF (XNUX - XNUB *C1444,444,56

66 CONTINUE

XM 2N = XMW

P21 = PR / PRTI

TR = 11 . + (GAM - 1.1/ 2 . * XMIN ** 21711 . + (GAM - 1.1 / 2 . * XM 2N **21

I2 = ( 1 + IR

P2 = P1 * PRI

RHOREPRI / TR

EPD =XMUT

EPOF = XMU

EPDAVG = EPD)- . 5 * ( EPD- EPDF )

B = 1.0

N = JW

502 CONTINUE

AR =RHOR # ( XM2N / XMNORM ) * TR ** . 5

QNER =RHOR * XM2N / ( XMNORM * TR ** . 261

GAMMI = GAM - 1 .

TPR = ( (GAM + 1.1* B / IGAMM1* 3 * 2.1 ) ** (GAM /GAMM1) * ( (GAM + 1 . ) / 12 . *GAM *

18- (GAMMI ) ) ) ** 11./GAMII

X42T= XMIT * (T1 / T2 ) ** . 5

XM 2 F = ( XM2T ** 2 + XM2N ** 21** . 5

PRINT 7

7 FORMAT( 739x11HBEHINC WAVEL

CALL TOPG (P2,12, XM2F , 102 ,P121.

TPRA= TPRAKTPR

VELTNI= DELINZC

ACR = O .

GAM1= GAM

GAM2= GAM

RI = P1 * 144 ./ ( PBAR * T ! /XWT )

R 2 = P2 * 146 ./ (RBAR * 12 / XMWT).

BHOR = R2 /RT

PRINT 8

8 FORMAT ( 11 ☆ FLOW PRUPERTIES MEASURED NORMAL TO WEUGS LEADING

! EDGE

PRINT 3 , XMNORM ,DELTNI.PLRlth ,PIL GAMI

3 FORMAT (Z2X4HMINE,F6,3,4X7HDELIANE ,F1,3,5 3HPIE ,F8.4.6X3HR1E , F8.42

26X3H11 : 2F8.2,6X4HPII : 10.46X5HGAMLE.F6.41

PRINT 4 , XM2N , EPD ,P2282 , 12.P12 .GAM2

4 FORMATI 2X4HM2N = ,F6.3, 7X4HEPN = , F7.3,5X3HP 25 ,F8.4,6X3HR23,53.2

26X3HT2= , 18,2,6X4HPT23 ,F12,4,6X5HGAM23,76.41

PRINT 2.RNERLAR , PRL RHOR.IRIPR.N.

2 FORMALIX.SHREYR = , 16.2.5X6HAL /A2= , 1,3,2X6HP2 /P1 = 1F8.4.2X6HR2ZRIE ,

118.4.3X6H12 / 113,78.4,6X4HIPRE ,F12522X2HNE , 161

IF ( DELINL ,L1.0.JPRINT 5 , EPD EPDF , EPDAVG .

5 FORMAT 1 /2X , 14HEXPANSION FAN * , 9X , 10HLEAD WAVES , F8,4,5XIIHEINAL WAYE

15,824,5X9HAVG_WAVES ,F84 :

RETURN

END

SUHROUTINE TOTALIP , T , YM , TTT,POI

THIS SUBROUTINE COMPUTES TOTAL PROPERTIES FOR A THERMALLY PERFECT GAS

COMMON C , THV ,GAMP , RBAR , XMWT,PILT1, XM , MNORM.TQ .

COMMUN P2,12 ,UELIN , GAM , XM2N , SPD , RHOR

COMMON EMAX , DELTNM , N ,KGAS , MC

COMMON EPDF , TPRA ,AR , XMIT , X42T

COMMUN NDEBUG

FGAIT ) = 1 . + (CAMP - 1.1 / 11 . + (GAMP - 1 . ) * ( THETA / T )** 2 * EXP ( THETA / TITI

2EXP ( THETA / T ) -1 . ) **21

FXM( TOT= SORTI ( A * T0-7 . /GAM ) * 8 * 11. / 1EXP ( THV/ TO ) -1. ) - Ell

82400000

82500000

82600500

82700000

82800000

82900000

83000000

83100000

83200000

82303220

83420200

33502022

32502

83700000

838 ) 2200

83900000

84000: 200

94100000

842002:22

84300000

84400000

84500000

84600000

847000)

34820000

8400010

85000000

85102000

85200200

85300000

8540000

85500000

85630DDC

85700000

85802222

85920000

8600000

8619020

80200000

86 30020

89402000

86500000

86622200

86792222

86802000

86962220

87002200

87100000

81200 200

87200000

8740 2020

87500 200

87600000

87700020

87800000

87900000

880000

38100000

98220020

28300000

88400200

38500200

88600.000

88700000

8800000

88 900000

89000500

89100000

- 8920222

89300000

8940020

89500000

99600200

89700000

A9400000

89900000

000642

200664

200664

000 706

000706

009720

000730

000743

000743

300744

с

.

000010

000010

J00010

000010

000010

000010

000044
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ככסכ72

00 : 374

000077

000177

000103

99200020

92102020

90200200

903.092

9041030

905 00000

90600000103ככמ

000104

000111

000115

000120

000122

000130

000133

000140

000142

000144

000147

300156

000161

009166

000167

00171

200173

000175

CO1 76

000176

000202

000214

000206

000 225

000236

000247

900251

000253

000253

JO0373

000303

09334

THETA = THV

PRINT2

2 FORMATI 49X , * TOTAL PROPERTIES * )

PRINT3

3 FORMAT ( BXIHM , 9X6HMCHECK , 7X2H12,9xCHT/ TO , 8X2HPO , L0X4HPIPO , ÈXIHR ,

11 )X4HR /RO , AX3HGAM , 6 XIHNI

N = 1

GAM = FGA ( T )

RHO = P * 144.7 (RBAR * T /XMWTI

A = 7.7 ( GAMITI

B : 2. * THVI ( GAM * T )

ET : EXP ( THVIT )

E = 1.7 ( ET - 1 . )

TI = T * ( 1 . + (GAM - 1 . ) # YM # * 272 . )

TO2 = T01-50 .

8 XM1 = FXM ( TOT )

X ^ 2 = FXMOTO21

TO = (YM - XMI ) / (XM2 - XM11 * ( 102-101 ) + TOI

XM3 =FXM ( TO )

IF (ABSCYM - XM31- .0001110,10,5

5 T1 = TC

TO2 = T0-10 .

= 1

NEXN 2519,2,12

یعیفرع

90700000

908000

90900 000

91000000

91109209

91200000

913CC 230

91400000

91.500000

9160000

91700000

91 800002

91900200

92000000

92102200

92200000

92300202

92400000

92500000

9260 0000

92700000

92802000

9290000

93000000

9210000

93200000

92300000

9340000

23500000

92600000

92702200

92800000

92992000

94.000000

94100000

94200nc

94 300000

94400000

2450020

94600000

94 700 200

9480000

94900000 .

95000000

95100000

95220200

95300000

9540200

25500000

95600000

95720000

95802222

95 220000

9600000

9610100

96200000

9630022

9640002

96500000

C

9 GU TO 8

10 CONTINUE

ETO =EXP ( THVI TO )

ETOI = E10-1 .

ETI - ET - 1 .

APREEXPI( THV *ET/ ( T *ETIl1- ( THV* ETOZ ( TQ * ETOILL

PR = ETOI* ( T / TOI** (GAMPI (GAMP -1.11* APRIETI

RHOR ETOI * ( T / TOI ** ( 1./(GAMP-1.1)*APRIETI

TR = T / TO

PO = P /PR

TTOTETO

PRINTI , YM , XM3, TO , TR , PO , PR , RHO ,RHOR ,GAMIN

I FORMAT( 1X , 2712.5 ,F12.3, F10,5 ,F13,3,F13,9,112,6f13.9.19.5.151

RETURN

END

SUBROUTINE TOPG ( P , T , YM , TTOT ,P ? )

THIS SUBROUTINE COMPUTES TOTAL PROPERI LES FOR A PERFECI GAS.

COMMON CATHV , GAMP , RBAR , XMWLPLIT.XM , XMNORMIR

COMMON P2.12.DELIN , GAM , XM2V.EPD .RHOR

COMMUN EMAX , DELTNM , N , KGAS , MC

COMMON EPDF , TPRA ,AR , XM1LXM21

COMMON NDEBUG

DRINI2

2 FORMATI 49X , TOTAL PROPERTIESI

PRINT3

3 FORMAT AXTHM , 9X6HMCHECK , ? X ? HTO , 9X4H1 / T2,8X2HPL , 2X4HP / P 229XLAR .

110X4HR / RO , 8X3HQAM , 6XIHNL

RBAR = 1545.21

XMW T = 28.9644

RHO = P * 144 ./ ( RBAR * T /XMWT )

A (GAM - 1.1/ 2 . * YM * * 2

R = 1 / ( 1 + A )

PR ( 1./11.+A ) ) ** (GAM / GAM - 1 . ) )

RHOR = ( 1./11 . A ) ) ** ( 1 / (GAM - 1 . ) )

0 = I / IR

PO =PIPR

TOT = T ?

X43 = YM

PRINT ! , YM , XM3,10 , TR , PO , PR , PHO , QHOR ,GAY

1 FORMAT ( 1X , 2F12.5 , F12.3, F10.5, F13.3 ,F13.9, F12.6,F13,9,19,5,15L

RETURN

END

000010

000010

000010

000110

000010

002212

000013

000013

00017

1

.

000017

200020

000022

00003 )

000034

000136

000045

300.055

000057

2 20060

000061

000062

200110

000110

DO0111

3
8



APPENDIX A - Continued

tttt
SAMPLE CASES

CASE NO , 1 FOR AN INITIAL SHEEP ANGLE OF 48 DEGREES , THIS CASE COMPUTES

FLOW PROPERTIES ACROSS 3 SUCCESSIVE SHOCK WAVES , THE WAVES

ALTERNATE TYPE A , TYPE 6 , AND TYPE A WITH THE FLOW TURNING

ACROSS EACH SHOCK WAVE EQUAL TO 6 DEGREES WHEN MEASURED IN

THE XZ PLAME .

0. 1.4 022003 .

6 .

TRPUT FCR CASE MC , 1

6.0 48 . 6.0

6 .

1 .

6 .

-1 ,

CASE NO , 2 THIS IS ALSO A PERFECT GAS CASE , VITH AN INITIAL SWEEP ANGLE

OF 48 DEGREES . THE FIRST HAVE IS A SHOCK FOLLOWED BY AN

EXPANSION FAN , BOTH WAVES ARE TYPE A , AND THE FLOW TURNING

ACROSS EACH WAVE IS EQUAL TO 6 DEGREES WHEN MEASURED IN THE

XZ PLALE...

INPUT FOR CASE NO . 2

6.0 6.048 . ... 0 . 1.4 022002..

6 .

1 .

-6 .

1 .

CASE NO . 3 THIS CASE IS A REPEAT OF CASE NO . 1 , BUT FOR A THERMALLY

PERFECT GAS AND AT A FLIGHT DYNAMIC PRESSURE CF 1000 PSF .

INPUT FOR CASE 10. 3

6.0 48 . 6.0 0 . .2775 402 . 22 2003 ,

6 .

1 . -1 . 1 .

39
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APPENDIX B

INLET PERFORMANCE FOR LOW REYNOLDS NUMBER

AND UNSTARTED OPERATION

In order to evaluate the inlets operating characteristics better , one test was made

with the Reynolds number reduced by a factor of 1/3 to 3.3 106 per meter . The result

ing static - pressure distributions within the inlet are found in figure 61 where they are

compared with the high -pressure tests . Also given in figure 61 are the results of a test

in which the model failed to start because of blockage produced by a survey rake .

The low Reynolds number tests had only a small effect on inlet operation as deter

mined by static -pressure level changes produced by slight alterations in shock -wave

positions. In the side passage these effects were seen near the cowl in figures 61 (f)

and 61 (h) , whereas the center -passage effects are observed in figure 61 (k) . The high

pressure level indicated on the foreplate ( fig . 61 (a) ) is in error because of the diffi

culty in measuring the extremely low pressures .

Alterations in static -pressure levels for the unstarted choked inlet were observed

throughout the model. High pressures were found on the foreplate ( fig . 61 (a )), top sur

face ( figs. 61 (b) and 61 (c ) ) , sidewalls in front of the struts (fig . 61 (d )), and on the cowl

(figs. 61(f) and 61 (g) ) . The pressure level in the center passage was low and uniform

and indicated the absence of shock waves ( figs. 61(i) and 61(k)) .
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APPENDIX C

CAPTURE MEASUREMENT DATA

The primary conclusions from the capture measurement data (Mach number and

capture parameter contour maps) taken downstream from the struts are presented in the

report in figures 53 and 54. The purpose of this appendix is to include the data from

pitot and static - pressure surveys used to produce those results. Like the data taken at

the inlet throat, the program used to analyze these data and generate the contour maps

is discussed in appendix B.

The static - pressure distribution around the walls of the inlet at the capture meas

urement station is given in figure 62 where is the peripheral distance around the area

as defined in the sketch . The static probe survey data are found in figure 63 which also

includes the wall values of figure 62. A nominal value of 80 percent was selected for the

total -pressure recovery limit at the capture measurement location downstream of the

struts . When the static surveys were combined with the pitot surveys of figure 64, the

computed total- pressure recovery was above the imposed limit of 80 percent only in the

very small region indicated by the dashed line in figure 63 (d) . The data are seen in con

tour map form in figures 65 and 66 , and a total- pressure recovery map is given in

figure 67 .
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TABLE II.- THEORETICAL END EFTECTS USED FOR FIGURE 5

(a) Top surface (oxy 40)

M P/P1 Pt/Pt,1 Ppitot/P1

(b) Cowl (@xy = 0 °)

p /P1 Pt/Pt,1Ppitot/P1Bay Bay
M

2 4.92 3.07 0.939 97.1
2 4.99 91.7

3 4.46 5.22 .910 136.0

4 4.13 7.79 .888 175.0

156.0

256.0

333.0

432.0

5 .883 208.0

6 .879 235.0

7

3.92 | 10.25

3.77 12.53

4.67 4.26

4.25 6.80

3.98 9.53

.933 122.0 4.485.17

8 .903 161.0

2.82 0.942

3 | 4.28 6.48 .907

4 3.67 14.40 .877

5 3.35 22.30 .867

6 3.04 34.90 .854

74.48

9 .891 199.0

.879 248.0

.871 277.0

.910

10 3.72 13.58

11 3.56 16.47

12 4.46 5.22

13 4.13 7.79

14 3.92 10.27

On plow * | 5.33 1.98

136.0

175.0.888

.886

.968

136.0.930

8 3.86 11.30 .894

9 3.31 23.60 .870

10 2.88 43.40 .846

11 2.62 63.60 .829

12 | 4.28 64.80 .907

13 3.67 14.40 .877

14 | 3.35 22.40 .870

222.0

344.0

484.0

592.0

156.0

257.0

334.0208.0

73.3

* In front of bay number 2 .
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TABLE III.- CORRECTED THEORETICAL FLOW FIELD PROPERTIES

USED FOR FIGURE 27

Bay M P/P1 Pt/P1 Oxz Oxy A /A1 Ppitot/P1

1 0 0 46.81.000

.9222 6.83 2.00 85.2

6.00

5.07

4.46

3.97

3.70

1.00

2.54

5.12

9.44

1.00

1.80

2.96

4.44

3 .891 0 3.18

5.40

133.0

196.04 .870 6.00

2.005 13.61 .866 6.52 5.66 246.0

6 3.45 19.14 .862 6.00 8.27 7.07 302.0

7 4.66 4.09 .912 10.83 3.19 2.56

8 4.07 8.37 4.00.879

.858

5.20

8.14

4.11

6.16

116.0

182.0

265.09 3.59 15.55 10.83

10 3.24 25.52 .842 4.83 10.28 8.45 357.0

11

12 4.38 5.59 .879 0 3.44 3.13 141.0

204.013 3.90 .859 -6.00 5.71 4.6510.19

14.623.64 .857 6.87 5.91 256.014

*

15 3.40 20.40 .852

-2.00

-6.00

4.83

8.66 7.34 313.0

16

|
3.24 25.28 .835 11.30 8.38 354.0

* For large center strut.
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TABLE IV.- CORRECTED THEORETICAL END EFFECTS USED FOR FIGURE 27

(a ) Top surface (oxy = 40)

M p /P1 |P+/Pt,1 Ppitot/P1

(b) Cowl (@xy = 0 )

M P /P1 P+/Pt,1Ppitot/21Bay M Bay

100.0

142.0

180.0

2 4.86 3.25 0.921

3 4.39 5.61 .891

4 4.07 8.26 .870

5 3.88 10.60 .866

6 3.73 12.90 .862

74.58 4.46 .912

8 4.17 7.34 .879

100.0

166.0

267.0

348.0

447.0

210.0

2 4.86 3.25 0.921

3 4.18 7.22 .996

4 3.57 | 15.80 .858

5 3.28 24.30 .849

6 2.97 37.80 .835

74.35 .902

83.68 13.40 .867

9 3.10 31.10

10 2.69 56.30 .801

522.0

123.0 162.0

168.0 240.0

9 3.87 10.60 .858 209.0 .829 399.0

551.010 3.63 14.60 .842 254.0

11 11

146.0 12 4.11 8.08 .873 180.0.878

.859 183.0

12 4.33 5.95

13 4.03 8.56

143.84 11.10

* 15 3.70 13.40

.845

.838

283.0

368.0.857 216.0

13 3.50 17.40

14 3.22 26.60

* 15 2.90 41.10

16 2.63 59.90

*

.852 242.0 .822 465.0

16 3.69 13.80 .835 248.0 .783 562.0

*For large center strut . *For large center strut.
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49 Top -surface fillet

4 . shock

Cowl
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Section B-B
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B B

Sidewall shock

M = 6.0

(a ) Top surface .

Figure 6.- Theoretical end effects .
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Cowl leading edge
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(c ) Cowl leading - edge design.

Figure 6.- Concluded.

1

62



D - Denotes detached shock wave
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Figure 7.- Off -design shock wave systems (x2 -plane) . Sweep = 48º .
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Figure 12.- Boundary - layer trips . All dimensions are in centimeters.
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051 cm I.D.

Tube tips
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Lock nut
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Treaded connector

2 tubes

(a) Pitot probe 1. Tube tips bent to aline with inlet throats for each test,

and onsight calibration performed.

BA

3 tubes

(b) Pitot probe 2. This probe used with modified strut configuration

which had wider gap in center passage.

Figure 17.- Throat survey probes. All dimensions are in centimeters.
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Figure 24.- Oil - streak photograph .
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Figure 28.- Foreplate conditions.
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AN AUTOMATIC DATA SYSTEM FOR

*

VIBRATION MODAL TUNING AND EVALUATION

By Robert A. Salyer ,* Ed J. Jung , Jr. ,

Stacy L. Huggins , and Barry L. Stephens

Lyndon B. Johnson Space Center

SUMMARY

A state -of - the - art data system was developed to achieve the objectives of the

oration modal survey phase of the Skylab vibroacoustic test program . The

N - frequency requirements dictated a digital -based system capable of operation

om 0.1 to 100 hertz .

An automatic modal tuning and analysis system was conceived and developed

meet the stringent test requirements and to achieve the objectives of the modal

rvey . The system uses digital techniques to provide positive control of test

nditions , a high degree of specimen safety , rapid data acquisition and reduction ,

d immediate documentation of modal response characteristics . Man-computer

teractive control allows ample operational flexibility .

The system was sucessfully used to perform a modal survey of the Skylab

yload in the launch and orbital configurations. The system incorporates analyti

1 and experimental procedures to fully close the circle of modal survey

plementation : pretest analysis , test implementation , and posttest loads analysis .

ita derived during pretest analysis are an integral part of the data base available

complement and assess the data obtained experimentally during system

plication . The system output consists of a complete data package that may be

imediately used for loads analysis without further reduction or manipulation . This

chnique provided the foundation for the automatic modal tuning and analysis

"stem design criteria and contributed significantly to the success and wide accept

ice of the system .

INTRODUCTION

The NASA Lyndon B. Johnson Space Center (JSC ) Vibration and Acoustic

est Facility (VATF) was built in 1964 and was equipped for performing a wide

inge of structural dynamic testing . Since the inception of theVATF , test operations

* TRW Systems Group , Redondo Beach , California .

* Northrop Services , Inc. , Houston , Texas .



have involved both acoustic and mechanical excitation of complex elastic structures

inherent in manned spacecraft. In the intervening years , the facility test capa

bilities have been constantly refined to meet the diverse requirements of numerous

Apollo spacecraft test programs. In turn , the subsequent Skylab vibroacoustic

test program , recently completed at VATF , stimulated development of a high

performance system for performing vibration modal surveys .

The computer-based automatic modal tuning and analysis system (AMTAS )

is a major advance in the state of the art of such systems available within NASA .

The AMTAS uses a greater complexity of digital techniques to perform excitation

force control and data acquisition , processing , and display than was previously

available . These digital techniques eliminate the low -frequency processing limits

of analog instruments and provide substantial improvements in the quality of the

resulting data . The system includes a large number of automated functions to

expedite test operations , to provide maximum test article safety during test opera

tions, and to eliminate excessive test article exposure and program delays by

providing rapid data acquisition and reduction capabilities .

The AMTAS has been used on two Skylab modal surveys involving the largest

and most complex spacecraft built by NASA . Data were obtained from the surveys

of two configurations of the Skylab orbiting laboratory , which consists of an

assembly of six modules . The Skylab test article is discussed in appendix A.

These configurations , both approximately 21 meters ( 70 feet ) high , embodied com

plex , unsymmetrical structural arrangements that weigh approximately

54 430 kilograms ( 120 000 pounds ) . These modal surveys , which required docu

menting all modes in the range of 1 to 45 hertz , were performed despite severe

limitations due to schedule time, number of shaker excitation points, and response

measurements available . The complexity of the Skylab structure and the urgency

of the survey results warranted development of the AMTAS , which is nearly as

complex as the Skylab structure . Through these Skylab surveys , AMTAS concepts

and capabilities were verified , and a highly mature modal survey system consisting

of sophisticated test equipment and software resulted . The purpose of this paper

is to present a general overview of the hardware and software components of the

AMTAS . A functional description of the system capabilities also is given .

As an aid to the reader , where necessary the original units of measure have

been converted to the equivalent value in the Système International d'Unités ( SI ) .

The SI units are written first, and the original units are written parenthetically
thereafter .

SYSTEM DESCRIPTION

The system description includes AMTAS general features , the computer ,

support subsystems , the excitation and excitation control subsystems , the data

acquisition subsystem , and the monitoring subsystem .
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General Features

Digital techniques are used to provide a low -frequency operating bound of

virtuallyzero hertz without compromise of capability . Positive excitation control

is achieved through force feedback digital control of the forcing function . The

narrow -band filtering and coincident-quadrature (co-quad) capabilities are

extended to essentially zero hertz through software for digital filtering and data

reduction .

Six elements constitute the AMTAS : a computer , a software support package ,

an excitation control subsystem , an excitation subsystem , a data acquisition

subsystem , and a monitoring subsystem . Concise information about data storage

and presentation is presented in table I. The conceptual layout of the AMTAS is

shown in figure 1. Some ancillary support systems used in the application of

AMTAS to perform related tasks are discussed in the latter part of this section .
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The control , data acquisition , and

excitation subsystems are interconnected

with the computer through the peripherals

( fig . 2 ) . Man -computer interactive con

trol of system functions is provided by

the keyboard display units at the control

console . Real -time data reduction , modal

purity , and data validity assessment

results are displayed on the alphanumeric

cathode - ray -tube (CRT ) display . Quick

look graphic documentation is presented

on the graphic CRT hard-copy unit and

digital plotter .

Data acquisition

subsystem

Test

F conductor
O

ComputerControl and

status center

©
Line

printer

Card

reader

A general -purpose computer having

32 000 words of core memory is used to

direct the system . The computer supports

the following peripherals: a card reader ,

a card punch , a line printer , a disk

drive , tape decks, a console typewriter ,

input signal selectors , a multiplexer

(MUX) and analog -to - digital (A/D ) con

verter , an alphanumeric CRT with key

board , an alphanumeric - graphic CRT with

keyboard , a force and acceleration detec

tor , and digital plotters . The physical

placement of the computer and the periph

erals is indicated in figure 3 .

Disk

drive

Tape

decksAMTAS

system

director

B

Figure 1.- Conceptual layout of AMTAS .
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Frequency

display

Typical of 12

Frequency

synthesizer

Digitally

controlled

attenuator

Forcing

distribution

control

panel

Digitally

controlled

attenuator

Zero- mass

control

Power

amplifier

Velocity and acceleration

Frequency

control

Energy

suppression Force

Individual

servomechanism

control

Meter Scope

GA 18/30 computer
Acceleration

Force and

acceleration

detector
Acceleration

Limit

accelerations

Acceleration

Force

MUX and A/ D

CRT/keyboard

Line

printer

Digital

plotter

Response

acceleration

Figure 2.- Excitation control subsystem .

Console

typewriter

Card

read punch

Line

printer

Disk Computer
1 2

Tape

The computer operates under a

group of programs (supplied by the

manufacturer) for generating , organizing ,

testing , and executing programs for real

time data acquisition and control . The

major components of this software in

clude a machine language assembler , a

FORTRAN compiler , a loader , a disk

utility program , a supervisor , and a

real - time system director .

Computer area

data console

MUX and A/ D

converter

Control console

CRT

Plotters ScannersHard

Copy

unit Alphanumeric

CRT

Force and

acceleration detector

Figure 3.- System director peripherals .

The system director , which con

trols the real-time data acquisition and

control programs, consists of time-sharing

control , program sequence control , mas

ter interrupt control , interval timer con

trol , and error alert control . A subrou

tine library consists of programs for
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input-output conversion and for performing arithmetic , functional, selective dump ,

debug , and miscellaneous operations. In addition , three other categories of soft

wareare required for the system : input -output handlers for nonstandard periph

erals , application programs (real time and off line ) , and test and validation routines.

These three groups of software , referred to as the software support package , were

written specifically for the AMTAS application .

Software Support Package

Five process control functions are provided by the software support package:

sweep direction and linear rate , response channel selection , phase-lock control ,

force distribution control , and limiting of critical accelerations . Data acquisition

is inhibited when any servomechanism (servo) correction ( force level or frequency )

is in progress . The software support package also provides the data acquisition ,

data reduction , and modal documentation features of the system .

A modular structure for the software support package is dictated by several

realities of test performance . Core memory limitations are greatly diminished by

the use of overlay and disk-resident structured coreloads that are loaded on demand .

Subroutines are used to the greatest possible extent, and many are reentrant .

File data must be installed early (with final corrections expected before the survey

commences ) to enable performance of the system confidence test . These files (e.g. ,

the mass model of the structure ) are sometimes corrected during the course of

the test . These requirements are accommodated by separate data files in the soft-

ware support package. The organization of the software support package is shown

in figure 4 .

All structure-dependent data exist in files that are easily maintained during

model updates and revisions. The operational program , the file creation program ,

and the file input program with data modules are stored and maintained separately .

For a future modal test , only the file input modules need be revised to include

the structure - peculiar data; other mod

ules are independent of structure .

Store

cards -

Individual elements

not shown

The data file creation module

creates the files required for program

execution , including the structure

dependent data . The structure-dependent

data files can be revised at any time

without disturbing the other programs by

replacing the data deck and reloading

and executing the file input program .

Main

program

Subroutines

Plot
Data file creation program

transform Store cards not shown

equation Analytical

data modal

Multiple
response

joint
data

coordinate

data Transform

equation data

File input
Multiple massa

program
model data

File input modules

Control

cards

AMTAS program

Process control . - The process

control sequence during modal sweeps

is shown in figure 5. The sweep param -

eters and reference transducers are

selected by keyboard entry . Frequency

incrementing is initiated by command .

The individual force distribution and

Figure 4.- Organization of software

support package .
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Forces No correc
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Yes data

Define Suppress
limit accelerations are checked and cor -

Enter Sweep total
rected if required . Data samples are

parameters distribution

acquired , and total-response data fromNo

Define Limit
three reference accelerometers are re

reference
Increment

acceleration
frequency solved into co-quad components . The

accelerometer okay ?

co-quad data are plotted , and the fre

Plot
quency is incremented . This sequence

0 coincident and
appropriate is repeated until the sweep is completed .

quadrature data okay ?
exciter

No Yes

Binary -coded Acquire The process control sequence dur
Sweep

decimal to data ing a modal dwell is shown in figure 6 .
complete ?

decimal

conversion
Reduce After the modal decay indicates that

the desired mode has been separated

Exit from adjacent modes , the run number

and the mode number are entered on

the CRT keyboard . All other bookkeeping

and test data are acquired by the com

Figure 5.- Process control, sweep mode . puter to completely eliminate manual

recording errors . Phase lock and data

acquisition are initiated by keyboard

Enter
Correct Suppress entry . The first set of three response

appropriate total channels is selected for co-quad analysis .
exciter distribution

Define When data sampling is complete , the
No

force limits No Yes Limit next set of response accelerometers
Force acceleration

is selected for priority level sampling ,
Energize

okay ? okay?

Exit
while data reduction , documentation ,

phase Yes command ? Exit

lock and storage continue on the main-line

level of software operation . If an exit
Initiate

Data Yes
Phase

data complete ? Exit

locked ?
command has not been entered on the

acquisition
keyboard , the force distribution and

No No

Reacquire Select Store limit acceleration are corrected , if re

mode response data
quired . The sequence is repeated until

channel

all response data are acquired or until

Compute
an exit command is received . Fourteen

Read data co -quad

digital servos are active during the
modal dwell : twelve individual force

servos , the total energy servo , and

Figure 6.- Process control, dwell mode . the frequency servo (phase lock ) .

No

Yes

Yes

Data acquisition .- Several data acquisition functions are common to both

sweep and dwell modes of operation . Bookkeeping data (run number and mode

number) are entered by means of the manual CRT keyboard , shown at the left

of figure 2. The format is printed out on the display such that the letter " X "

appears where data must be entered by the operator . After data entry , the send

key is depressed to initiate read in by the computer . The format is updated and

the input stored on disk . The run and mode numbers are used to subscript the

incoming data for proper organization and storage in disk and tape files .

A view of the control console is given in figure 7. The keyboard display

units are shown on the right side of the control console . Overall views of the

AMTAS are shown in figures 8 and 9 .
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16 LOS

Figure 7.- The AMTAS control console . Figure 8.- Overview of AMTAS looking

toward the shaker amplifier console .

The force level of each active

exciter is displayed on the alphanumeric

CRT . Limit acceleration status is dis

played at the bottom of the CRT at each

force -level update time .

Response data are acquired by a

keyboard- selected load cell and a set of

three accelerometers . These transducers

are fixed throughout a sweep . However ,

in the tuning mode , the load cell and the

response accelerometers may be selected

or changed at any time to examine

response characteristics of the structure

as the forcing distribution and frequency

are varied to optimize a desired mode .

In the dwell mode , the reference load cell

is selected by keyboard entry . The data

acquisition sequence , initiated on the key

board , consists of acquiring response

data from all accelerometers (maximum

of 200 ) in groups of 3 .

Figure 9. - Overview of AMTAS looking

toward the narrow-band filters .

Data reduction .- The software support package provides maximum real - time

visibility and immediate posttest documentation within minutes after response data

from all transducers are acquired . This result is achieved by maximizing the

data reduction that is performed as the data from each transducer are acquired .
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The raw voltage data are converted to engineering unit data , and any direct

current component introduced by the signal -conditioning equipment is eliminated .

These converted data are then processed by a Fourier analysis routine to digitally

filter the data and to obtain the real and imaginary Fourier coefficients required

for co - quad component resolution . Co - quad reduction techniques are described

in appendix B. The co-quad components are derived and stored in core and mag

netic tape files . These co-quad data are normalized to input force to remove this

dependence .

After all data are acquired and reduced to co-quad components , the normal

ized quadrature data are translated to the mass-model (generalized ) coordinates ,

and the generalized mass is computed . The generalized quadrature deflections

are then normalized to unity generalized mass . These normalized , generalized

quadrature deflection data are used for all data documentation .

Data documentation .- Documentation ( fig . 10 ) consists of co-quad plots ,

decay curves , listing of raw voltage , engineering unit and generalized coordinate

data , orthogonality matrix printout , modal plots , and a punched-card deck of

modal response data . This documentation is available immediately after modal

acquisition is completed .

The CRT display unit affords a dy

namic , real - time status display . Param

eters included are force levels , frequency ,

error , and status messages . Subroutine

execution is initiated by a command

entered on the keyboard .

Co -quad plots Decays

Accelerometer and

generalized coordinate data
Mode shape plots

Data listing by the line printer is

initiated by keyboard entry . This listing

is available for single modes or a total set

of modes and includes status and book

keeping , raw voltage , and engineering

unit and generalized coordinate (normal

mode) data . An additional keyboard

entry will result in an orthogonality

printout .

Punched cards

Orthogonality results

Figure 10.- Modal documentation .

Modal deflections for a given mode

can be produced in the form of cards by

means of a nonprocess program in an off - line, time - share computer mode . A set

of stick plots (15 maximum ) documents a mode in the form of node deflections as

functions of vehicle station .

Excitation Control Subsystem

The use of digital feedback force - control techniques avoids the need for

constant-bandwidth tracking analyzers and an analog servo unit , either of which

imposes a low -frequency limit on the system . The frequency synthesizer , controlled

by the computer (fig . 2 ) , provides the desired frequency . The finest resolution
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is 0.01 hertz . The system master gain , which controls the total forcing distribution ,

is manually initialized but is adjusted under direct program control to suppress

the total energy supplied to the structure if critical acceleration levels are exceeded .

The signal from the ensemble of critical - location sensors , which sense the highest

signal level , is selected with a force and acceleration detector . The output of this

unit is fed to the computer to control the total energy level .

The forcing distribution is manually programed by level set and phase

selection for each individual exciter . Phase adjustment is by sense only ( 0 ° or

180°) . Other phase manipulation is undesirable because normal mode motions

and damping forces act , respectively , in a 0 ° or 180 ° sense . The driving forces

are continuously variable to cancel the internal damping shears and moments and

thus to preserve the steady-state natural mode . To ensure preservation of the

forcing distribution and natural mode , a detected signal from each amplifier repre

senting force is monitored by the computer to allow computer adjustment of the

current supplied to each individual exciter . If the system total amplitude is

corrected by the computer , the individual forcing - distribution digital control output

is factored to prevent recompensation .

A separate component of the excitation control subsystem is the zero-mass

control . This unit eliminates the effects of armature and mechanical force - input

coupler (stinger ) mass during modal decays or when a zero- drive signal is applied

to the exciter . In addition , because the armature circuit remains active during

a modal decay , the unit must compensate for back electromotive force generated

by the moving coil . A secondary effect of the control unit is to transform a voltage

amplifier into an approximation of a current amplifier . A velocity transducer meas

ures the differential velocity between the exciter body and the armature . (Back

electromotive force is directly proportional to the differential velocity . ) Mass can

cellation is directly proportional to the acceleration of the armature- stinger assem

bly . Therefore , use of the acceleration signal measured on the vehicle at the stinger

interface is appropriate . The signals generated by the two transducers are

correctly phased and summed with the excitation drive signal, if present , to pro

duce a positive-feedback system . The feedback signal is summed with the drive

signal instead of switching the feedback signal into the amplifier input circuit

on initiating a decay .

Excitation Subsystem

A single channel of the excitation subsystem consists of a solid- state , direct

coupled power amplifier; a field supply and control unit ; a low -frequency , long

stroke exciter assembly ; and a stinger . A maximum of 12 channels can be excited

simultaneously by using a combination of 16 power amplifiers / field supplies and

24 exciters . A patching network provides access from a given exciter to any power

amplifier.

The primary consideration in the design of the excitation system is to ensure

that no phase shift occurs between any of the inputs to the structure . Phase

shifts may occur electrically in the input circuitry to the power amplifiers or within

the power amplifiers. A phase shift can also occur mechanically in the shaker

support structure or the stinger . Direct coupling is advantageous in minimizing

10



or deleting phase shifts in the input and drive circuits and is necessary for

very - low -frequency operation . Direct coupling is used in the system principally

because of the low - frequency design criterion .

The stinger assemblies were designed to be stiff enough to transmit the

force input without the occurrence of an appreciable phase shift (less than 5 ° )

at frequencies as high as the upper frequency limit . Nominal guidelines are to

have the first mode of the stinger , axial or bending , at a minimum frequency of

three times the upper frequency limit of the test band .

Data Acquisition Subsystem

A diagram of the data acquisition subsystem is shown in figure 11. The

analog front end of the subsystem includes the following systems .

1. A strain gage signal- conditioning system capable of being patched into

the test laboratory junction boxes supplies power , signal amplification , calibration

capability , and bridge balancing capability for one to four active - element strain

gage circuits and strain gage transducers , such as load cells .

2. A servo accelerometer signal- conditioning system capable of being patched

into the test laboratory junction boxes supplies power, output signal balancing ,

and calibration for sensitive servo - type acceleration transducers .

Response

acceleration

signals

(200 total)

Acceleration

Acceleration
Antialias

Input
Acceleration

filters

signal Ref . force

selector

MUX and

AID

The analog front end conditions the

acceleration and force signals . Groups

of transducers are selected automatically

by the computer as inputs to the low-pass

antialiasing filters . Digitized samples of

the inputs are acquired by an MUX and

A /D converter . Fourier analysis of these

digitized data provides complex Fourier

transform coefficients for the computation

of coincident and quadrature values .

Data

Force

signals

( 12 total)

Control

Central

processing

unit

Figure 11.- Data acquisition subsystem .

Monitoring Subsystem

The peripheral monitoring sub

system consists of a group of analog

meters , analyzers, and display units that aid tuning operations and provide continu

ous verification of system operation . The function of the monitoring subsystem

is to display 12 Lissajous patterns simultaneously to aid the operator in tuning .

Twelve dual-channel dynamic analyzers act as narrow - band filters (5 hertz )

to provide high - quality output signals of force and acceleration to the display units.

In addition , a 90 ° phase shift is introduced between the two channels of the analyzer

so that the Lissajous figure at resonance is a straight line rather than an ellipse .

The paired outputs of the analyzers are hard wired to signal multiplexing units

and then to bistable storage display units , which display four patterns on a single

11



unit . (Storage display units are superior to standard oscilloscopes when operating

at frequencies of less than 5 hertz . ) Two options are available to the operators

for tuning at frequencies of less than 3 hertz , where the analyzers cannot function .

Because response signals are of much higher quality at lower frequencies , the

main function of the analyzers is to provide the 90 ° phase shift between the force

and acceleration signals . Therefore , the raw acceleration can be used to tune

on elliptical patterns . An alternative is to use the raw velocity signal available

from the shaker-mounted velocity transducers . By using these transducers only

at the very-low frequencies , the phase problems associated with shaker body motion

are avoided .

Other features of the monitoring subsystem include miniature oscilloscopes

for continuous display of the raw force wave shape and analog voltmeters connected

through a signal selector from the analyzer outputs . The analog meters are used

to monitor force and acceleration when the central processor is not on line and

to cross-check the digital data acquisition system during dwell operations by

comparing analog and digital readings .

Ancillary Support Systems

The soft - spring suspension system provides a simulated free - free environ

ment in which to excite and measure the natural elastic vibration modes of a struc

ture . A maximum of 16 units can be used to suspend the test article . Each unit

can support as much as 22 700 kilograms (50 000 pounds ) while maintaining a very

low resonance frequency .

The closed-circuit television capability consists of eight video channels ,

including cameras and controls . The video control console permits adjusting the

position of each camera image . Patch panel and pushbutton selection capability

are available for matching cameras and monitors . Scan conversion , split- screen

special effects , waveform monitoring , and video signal conditioning are also
available .

Analog data recording systems include the following:

1. Analog magnetic tape recorders having frequency multiplex input capa

bility are used to record data for off- line co-quad reduction .

2. Oscillograph chart recorders that include dry-development , light

sensitive papers for recording galvanometer deflections are used to acquire un

filtered accelerometer data during modal decays .

An off - line co-quad analysis capability was developed to process data

acquired from many transducers during an incremental sinusoidal sweep over

a wide frequency band . The wide-band sweep is performed to define the structural

modes . The processed data are used in conjunction with the analytical data to

define target modes and to predict optimum forcing distributions .
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SYSTEM APPLICATION

Two keyboard CRT terminals are used for entering test parameters , ini

tiating commands to the software system , and displaying data and computations .

When the computer is brought on line to support AMTAS operations , the system

controller format ( fig . 12 ) is displayed on the alphanumeric CRT . Several key

features are programed into the display . As shown in the controller format , the

correct page of the operating procedure

that applies to the operation in progress

is displayed , the allowed options are

defined , and instructions for entering

these options are given to the operator .

The general scheme is to present the

system operating instructions as follows .

ENTER DATA INTO .XX

1- PRESS LOCAL KEY

2- ENTER DATA

FIELDS USING FOLLOWING PROCEDURE :

3- PRESS HOME KEY

4- PRESS HDX KEY

5- PRESS SEND KEY

PROCEDURE SEQ : 01

-- AMTAS CONTROLLER --

SELECTED MODULE WILL BE EXECUTED UPON ENTRY DEFINED BELOW :

-SD- EXC CONTROL AND DATA ACO SUPVR

-RE- REDUCE , STORE DATA FROM TAPE

-PR- MDCOPY PRINT OUT OF DATA

-CR- INITIATE CHECK POINT RESTART

-PL- PLOT OWK LOOK AND HDCOPY DATA

-OR- ORTHOGONALITY BETWEEN MODES

-EX- EXIT TO NON - PROCESS MONITOR

1. Alphanumeric CRT

( XX / )

a . Line 1 consists of messages

pertaining to general system operation

and required entries (to be exercised

by AMTAS control ) . Error messages

are also displayed on this line .

Figure 12.- System controller CRT

display .

b . Lines 2 to 19 are used for

definition of allowed entries . (During

real - time operations, this area is used for display of dynamic test parameters and

the definitions are presented on the graphic CRT display . )

c . Line 20 consists of messages pertaining to vibration control (initial

izing gains , phases and level , etc. ) .

2. Graphic CRT

a . The storage area is used for definition of allowed entries when the

alphanumeric CRT is displaying test parameters .

b . The scratch pad area is used to enter option messages . (The alpha

numeric keyboard cannot be used when test parameters are being continuously

updated . )

This scheme ensures that the correct operation is performed at the proper time

so that manual functions are performed synchronously with programed operations .

Operator directions and error messages (lines 1 and 20 of the alphanumeric CRT )

are blinked on and off to capture the operator's attention .

The system controller provides a logic procedure ( fig . 13 ) for selecting

the basic options for tuning and acquiring data for a mode or manipulating and

displaying modal response data for assessing the purity and validity of a previously

acquired mode . In the following paragraphs , the options are discussed in the

nominal operational sequence .
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Supervisor Option

SUPSS SUPEN

SUPTS

SUPTM

SUPSM

SUPMD

REDUC SUPDW

SUPVR

Auto

ORTHO

Controller
Cross

Print

The excitation control and data

acquisition supervisor option (SUPVR )

is composed of the software modules for

system initialization , modal tuning , and

data acquisition . All excitation , real

time monitoring and control , and data

acquisition are performed with this

supervisor . The remaining options of

the controller are associated with data

analysis , display , and assessment . The

initialization procedure ( fig . 14 ) is dis

played immediately after the supervisor

is selected . After the initialization is

completed , the patch correspondence table

( fig . 15 ) is displayed . Completion of

this table is necessary to select 24 limit

accelerometers from the 200 total - response

accelerometers . After this table is

completed , the supervisor options are

displayed ( fig . 16 ) . Eight operational

possibilities are available within the

supervisor .

CRT quick look

Plot

Digital plotter

Figure 13.- Application software logic .

.

ENTER ' C ' ON TEK KBD TO CONTINUE S / W SEQUENCE

AMTAS INITIALIZATION PROCEDURE : PROCEDURE SEQ : 01

1 - PATCH LIMIT ACCELS

2- NORMALIZE WEIGHTING AMPLIFIERS

3- PATCH INPUTS TO SUMDET

4- PATCH SCOPE AND METER PANELS

5- READY DIGITAL PLOTTER

6- SYNCON IN REMOTE MODE

7- SUMDET IN COMPUTER MODE

8- MASTER GAIN FULL CCW

9- INDIV GAINS FULL CCW

10 -PHASE CONTROLS TO OFF

11- ZERO MASS ENABLED

12 -MAG , TAPES INITIALIZED

S/W HOLD - PERFORM LISTED OPERATIONS

1. The SUPSS option consists of

a single-shaker , wide -band sinusoidal

sweep with digital data acquisition . Three

accelerometers can be selected for gener

ating co-quad plots ( fig . 17 ) on the dig

ital plotter during one sweep . The raw

co-quad data are stored on magnetic tape

and listed on the line printer .

Figure 14.- The AMTAS initialization

procedure CRT display .

ENTER DATA INTO ( XX ) FIELDS USING FOLLOWING PROCEDURE :

1- PRESS LOCAL KEY 3- PRESS HOME KEY

2- ENTER DATA - PRESS MDX KEY

5- PRESS SEND KEY

CH 00 LOC ( XXX ) G ( + X.XXE + XX ) CH 01 LOC ( XXX ) G= ( +X.XXE+ XX )

CH 02 LOC ( XXX ) G ( +X.XXE* XX ) CH 03 LOC ( XXX ) Ga ( + X.XXE + XX )

CH 04 LOC ( XXX ) G= ( +X.XXE+ XX ) CH 05 LOC (XXX ) G = ( + X.XXE * XX )

CH 06 LOC ( XXX ) G = ( +X.XXE+XX ) CH 07 LOC ( XXX ) G- ( +X.XXE + XX )

CH OB LOC (XXX ) G= ( + X.XXE +XX ) CH 09 LOC (XXX ) G = ( + X.XXE * XX )

CH 10 LOC ( XXX ) G= ( +X.XXE+ XX ) CH 11 LOC ( XXX ) G ( + X.XXE* XX )

CH 12 LOC (XXX ) G= ( +X.XXE*XX ) CH 13 LOC ( XXX ) G= ( + X.XXE + XX )

CH 14 LOC ( XXX ) G = ( +X.XXE*XX ) CH 15 LOC (XXX ) G= ( + X.XXE +XX )

CH 16 LOC ( XXX ) G # ( .X.XXE* XX ) CH 17 LOC ( XXX ) G# ( + X.XXE + XX )

CH 18 LOC ( XXX ) G = ( +X.XXE + XX ) CH 19 LOC ( XXX ) G= ( + X.XXE + XX )

CH 20 LOC ( XXX ) G- ( +X.XXE +XX ) CH 21 LOC ( XXX ) G= ( + X.XXE*XX )

CH 22 LOC ( XXX ) G + ( +X.XXE+XX ) CH 23 LOC ( XXX ) G= ( +X.XXE+XX )

LIMIT ACCEL F.S. A/D COUNT= ( +X.XXXE + XX / ) VOLTS

TO CONTINUE S/W SEQUENCE :

1- DO NOT MOVE CURSOR

2- ENTER APPROPRIATE CHARACTERS

3- HOLD CTRL KEY DOWN , PRESS ' ETX ' KEY

4- PRESS SEND KEY

ENTRIES DEFINED BELOW ARE ALLOWED :

SS- SWEEP SINGLE DIGITAL DATA ACQ/

AS- SWEEP SINGLE / ANALOG DATA ACQ /

TS- TUNE SINGLE

TM- TUNE MULTIPLE

SM- SWEEP MULTIPLE

MD- MODAL DECAY

DW- MODAL DWELL

RT- RETURN TO AMTAS

Figure 15.- Patch correspondence table

CRT display .

Figure 16.- Operation selection table CRT

display
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2. The ASUPS option consists of

a single -shaker , wide-band sinusoidal

sweep with analog data acquisition for

off - line co -quad reduction (not shown

in fig . 13 ) . Typical data reduced with

the off - line software are given in

figure 18 .

RUN 513 EXC 8 LOC

3.00

2.00

1,00

0.094.00 14.00 -
16 .

3. The SUPTS option consists of

18.00 tuning operations with a single shaker

for approximate frequency settings .
-1.00 +

-2.00

-3.00

ACCEL 75

3.00 +

.

2.00

1

1.00

0.095.00 1400
16,00

18.00

4. The SUPTM option consists of

tuning operations with multiple shakers

cimum of 12 ) . Fine tuning is accom

plished with this software module . The

alphanumeric CRT display of test param

eters , similar to those displayed for other

supervisor options , is given in figure 19 .

Appropriate entries for this option are

shown in figure 20. The line -printer

listing of the sequence log obtained dur

ing a tune multiple (SUPTM) operation

is shown as run 642 in figure 21. This

listing is similar to sequence-log data

obtained during SUPSS , ASUPS , and

SUPTS operations.

-1.00

-2.00

- 3.00

ACCEL 74

3.00

2.00

1.00

0.09 14.00 16.00 18.00

-1.00

-2.00

-3.00

ACCEL 1

5. The SUPSM option consists of a

multiple-shaker , narrow -band sinusoidal

sweep to define the resonance condition .

Three accelerometers can be selected

for generating co-quad plots on the

digital plotter during one sweep . The

raw co-quad data are stored on magnetic

tape and listed on the line printer . Plots

similar to those shown in figure 18 result

from this operation .

Figure 17.- Portion of wide - band sweep

co-quad plot .

6. The SUPMD option consists of modal decay with signals from a maximum

of 24 selected accelerometers recorded on an oscillograph . Sequence-log output

rom this operation is shown in figure 21 (runs 643 and 644 ) .

7. The SUPDW option consists of modal dwell operation for digital data acqui

sition in coincident and quadrature format . The system director checks the phase

ock , if in use , and the force distribution status while selecting input signals and

resolving the data into coincident and quadrature components . The data are stored

on magnetic tape , displayed on the CRT , listed on the line printer , and transferred

o cards as a backup data file . A portion of the sequence log generated during

an SUPDW operation is shown in figure 21 (run 645 ) .
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SUYLA MODAL SURVEY TEST RECORDER 19 SETU ) OO -M312

DATE PROCESSED - 25 MAY 72
SENSOR 4C . NORMALIZED OPEERENCE SENSOR FIM

TOTAL CYCLES PROCESSE O

TOTAL PERIOD PROCESSED . 196.23 SEC
FIRST FREQUENCY .00 Z

REQUENCY INCREMENTS .10 MZGANO VIDIM RANGE OR FREQUENCY INTERVAL TO 4.00 M2 HAS .200 HI TO 1.000 I

SANDVIDTM RANGE OR FREQUENCY INTERVAL TO 20.00 MZ TAS ..20 M2 TO 1.000 HZ

VERTICAL SCALGUSED TRUE VALVE ALESMO10900 (TOP GRDANO 010009 OTTOM GRID0.03

.

0.029 .

0.02

ENTER DESIRED OPTION ON TEK KBD TO CONTINUE S / W SEQUENCE

TM OPERATION RUN ( XXX ) FREQ : + X.XXXX + XX HZ . PROCEDURE SEQ :

SWP --ST : ( + X.XXE+XX )

C /O ACCELS --- (XXX ) CO : + D.DD+DD ( XXX ) CO : +D.DDDD ( XXX ) CO : D. DD.00

BW + X.XXXX QUAD : D.DD + DD QUAD : D.DDDD QUAD : -D . DOOD

REF CH = ( XX ) RATIO : D.DD + DD RATIO : D.DD + DD RATIO : D.DDDD

CH 01 LOC : (XXX ) SET + E.EE + EE ACTUAL F.FFFT

CH 02 LOC : (XXX ) SET = E.EE.EE ACTUAL I F.FF FF

CH 03 LOC : (XXX ) SET - E.EE + EE ACTUAL = +F.FFFF

CH 04 LOC : (XXX ) SET - E.EE + EE ACTUAL - +F FF FF

CH 05 LOC : (XXX ) SET = +E . EEEE ACTUAL - + F.FFFF

CH 06 LOC : (XXX ) SET - E.EE.EE ACTUAL F.FF +FF PEJ

CH 07 LOC : (XXX ) SET - E.EE + EE ACTUAL = +F FF FF P3

CH 08 LOC : (XXX ) SET - E.EE + EE ACTUAL = +F FF FF PHJ

CH 09 LOC : (XXX ) SET - +E.EE + EE ACTUAL - F.FF.FF PAJ

CH 10 LOC : (XXX ) SET - E.EE + EE ACTUAL = F FF FF PH J

CH 11 LOC : (XXX ) SET + E . EE + EE ACTUAL = + F.FFFF

CH 12 LOC : (XXX ) SET - E.EE + EE ACTUAL F.F +PF PH J

HI LIMIT ACCEL-- LOC : GGG LEVEL : + H.HHHH G .XX OF LIMIT VALUE

ADJUST FORCING DIST AND FREQ AS REQD TO OPTIMIZE MODAL RESPONSE

.

.

001

009

C
n

.

.

3

.

.

-0.003

-0.0
.

-0.019

-0.02

O
2 . 12 10 20

0.0 )

Figure 19.- Modal tuning (SUPTM ) format

CRT display .
0.02*

*
C+I
O
C
O

E

-0.009

-OOI

-002

12 16 10 200 10

FREQUENCY IN MZ

TO CONTINUE S / W SEQUENCE :

1- DO NOT MOVE CURSOR

2- ENTER APPROPRIATE CHARACTERS

3- HOLD CTRL KEY DOWN . PRESS ' ETX ' KEY

4- PRESS SEND KEY

ENTRIES DEFINED BELOW ARE ALLOWED :

CO- COMPUTE CO / QUAD

ST- STOP OPERATION

FRBSXXX -DELTA FREO IN +/- .01 INCR , AND COMPUTE CO / QUAD

PR- PROCEED TO NEXT OPERATION

AFCCCBDDDBEEEBFF - NEW ACCELS AND FG

CCC- NEW ACCEL , POS 1 , FOR C/O ANAL

DDD- NEW ACCEL , POS 2 , FOR C/O ANAL

EEE- NEW ACCEL , POS 3 , FOR C/O ANAL

FF- NEW REF FG FOR CO/QUAD ANAL

DENOTES REQUIRED BLANK

HI- RAPID UPDATE

LO- NORMAL UPDATE---ONLY ENTRY ALLOWED WHEN IN ' HI ' UPDATE MODE

Figure 18.- Off - line co-quad reduction :

typical plots of coincident and quadra

ture components of total acceleration .

Top : coincident component (normal

ized to reference force ); bottom :

quadrature component (normalized

to reference force ) .

Figure 20.- The CRT display of modal

tuning options .

.

8. In the REDUC option , following the completion of the SUPDW operation

(assuming that no exit entry was received during the operation ) , the logic flows

automatically into the reduction module to prevent loss of these data caused by an

inadvertent entry . In this module , all remaining data reduction is performed

without any operator intervention or direction required . These reduction opera

tions consist of translation of data to generalized coordinates , computation of

generalized mass , and normalization of generalized quadrature data to unity

generalized mass . The reduced data are automatically stored in the correct

primary disk storage area and backup magnetic tape file area .

.

The " return to controller" function provides the initial display on the CRT and

awaits a selection by the operator (not shown in fig . 13) .
.
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175/ 3/ 10/ 6
AMTAS COLDSTART INITIATED

175/ 3/10/33
AMTAS INITIALIZATION COMPLETE

175/ 3/10/55
MD OPERATION SELECTED

175/ 3/14/44
RUN 642 TM OPERATION COMPLETED

FREQUENCY = 16.20 HZ .

ACCEL

CO

QUAD

RATIO

- 31

-0.197584E-03

-0.113400E- 03

0.1742 36E 01

2

-0.874 546 E - 05

-0.620806E- 05

0.140872E 01

-117

-0.164480E- 04

0.857374E- 04

-0.19184 1E 00

REF FG 6 ANALYSIS B/W 0.95

FORCING DISTRIBUTION

Nد ب
م
ا

說

EX 1

EX 2

EX 3

EX 4

EX 5

EX 6

EX 7

EX 8

EX 9

EX 10

EX 11

EX 12

LOC

LOC

LOC

LOC

LOC

LOC

LOC

LOC

LOC

LOC

LOC

LOC

13

14

18

4

5

6

7

8

9

10

17

12

SET LBS =

SET LBS

SET LBS =

SET LBS =

SET LBS =

SET LBS

SET LBS =

SET LBS

SET LBS =

SET LBS =

SET LBS =

SET LBS =

2.17

2.17

1.08

2.17

0.00

73.84

142.25

0.00

0.00

1.08

1.08

117.27

PHASE

PHASE

PHASE

PHASE

PHASE

PHASE

PHASE

PHASE

PHASE

PHASE

PHASE

PHASE

O
O
O
O
O

O
O
O
O

1

0

0

175/ 3/20/43 RUN 643 MODAL DECAY INITIATED

175/ 3/24/14 RUN 644 MODAL EXCITATION REINSTATED

175/ 3/25/15 RUN 644 MODAL DECAY INITIATED

175/ 3/27/42 RUN 645 MODAL EXCITATION REINSTATED

175/ 3/27/59 RUN 645 DW OPERATION STARTED ---MODE

LOC CO

1 -0.844E- 04

2 -0.967E- 05

3 0.839E - 04

4 0.126E- 05

5 -0.222E-04

6 0.102E- 04

25

QUAD

-0.536 E - 04

-0.213E- 04

-0.214E-04

-0.213E- 04

0.640E - 05

0.448E- 04

FORCE

0.748E 02

0.748E 02

0.748E 02

0.749E 02

0.749E 02

0.749E 02

TOTAC

0.749E- 02

0.175E- 02

0.649E - 02

0.160E- 02

0.173E- 02

0.344E - 02

Figure 21.- Portion of sequence log .

Print Option

.

The print option entry from the controller provides for additional printing

of the generalized coordinate data from the disk unit to the line printer . Any mode

previously stored on disk can be printed . Three pages excerpted from a total

printout are presented in figures 22 (a ) to 22 (c ) . All bookkeeping data required

to define the frequency and forcing distribution are presented in figure 22 (a ) .

The format used to document the response data in accelerometer coordinates is

shown in figure 22 (b ) . The response data in generalized coordinates are given

in figure 22 ( c ) .
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MODE

PAGE

SKYLAB MODAL SURVEY ORBITAL CONFIGURATION

MODE 25 RUN 645 DAY 175 HR 3 MIN 27 SEC 59

PERIOD 0.617284E- 01 SEC . FREQUENCY 16.200 HZ .

REFERENCE FORCE EXCITER 6

EXCITER LOCATION PHASE ( REL ) FORCE ( LBS )

1 13 0 2.171

2 14 0 2.171

3 18 0 1.085

4 4 0 2.171

5 5 0 0.000

6 6

+

73.840

7 7 142.250

8 8 0 0.000

9 9 0 0.000

10 10 0 1.085

11 17 0 1.085

12 12 117.275

GENERALIZED MASS 0.504447E- 05

(a ) Housekeeping data .

Figure 22.- Typical modal data summary .
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LOCATION ID RATIOCO

( G/LB )

QUAD

( G/LB )

PHASE ANGLE

( DEG )

TOTAL ACCEL .

( G )

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

427-426X

428-426 Y

789-4262

430-4268

788-426Y

432-426X

439-602x

440-602Y

443-6022

442-602X

793-602Y

444-601X

445-602x

446-602Y

449-6022

448-602X

794-601Y

450-6018

468-509x

467-509Y

465-5092

474-509X

473-509Y

471-5092

480-509X

479-509Y

477-5092

486-509x

485-509Y

483-5092

492-509X

491-509Y

489-5092

498-509X

497-509Y

495-5092

770-509X

771-509Y

772-5092

773-509X

-0.8447E- 04

-0.9672E- 05

0.8397E- 04

0.1269E- 05

-0.2222E- 04

0.1025E- 04

-0.6942E- 04

0.5228E- 06

-0.5373E- 04

0.6597E- 05

-0.1940E- 04

0.334 3E - 04

-0.1098E- 04

-0.2971E- 05

0.9323E- 05

0.7421E- 05

-0.9456E- 05

-0.4292E- 04

0.8118E- 04

-0.2444 E - 04

-0.3525E- 05

-0.9403E- 04

-0.9890E- 04

-0.2043E- 03

-0.6726E- 04

-0.8163E- 04

-0.1769E- 03

0.1968E- 03

-0.9424E- 05

0.7245E- 04

-0.1681E - 03

-0.8458E- 04

-0.6427E- 04

-0.77677E- 04

-0.1387E- 04

0.1120E- 03

0.2546 E - 04

0.4462 E -04

-0.1113E- 03

-0.7189E- 05

-0.5365 E - 04

-0.2132 E - 04

-0.2143E- 04

-0.2137E- 04

0.6406E- 05

0.4483E- 04

-0.4221E- 04

-0.4483E- 04

-0.4101E- 05

-0.1340E- 04

0.2513E- 04

0.3655E- 04

0.3689E- 05

-0.2431E- 04

0.1953E- 04

-0.2183E- 05

0.3739 E - 04

-0.3409E- 04

0.5229 E - 04

-0.3622 E - 04

0.3702E- 04

0.1353E- 04

0.5342E- 04

0 : 8176E- 04

-0.1025E- 03

-0.4754 E - 04

-0.8392E- 04

0.1122E- 03

0.1077E- 03

0.7113E- 04

-0.1299E- 03

-0.7199E- 04

-0.9301E- 04

-0.1162E - 04

0.1299E- 04

0.8861E- 04

-0.3152 E - 05

0.294 3E - 04

-0.7089E- 04

-0.34 11E - 04

0.1574E 01

0.4535E 00

-0.3916E 01

-0.5939E- 01

-0.3469E 01

0.2286E 00

0.1644 E 01

-0.1166E- 01

0.1310E 02

-0.49218 00

-0.77188 00

0.9147E 00

-0.2978 E 01

0.1222E 00

0.47715 00

-0.3398E 01

-0.2528E 00

0.1258E 01

0.1552 € 01

0.6749E 00

-0.9520E- 01

-0.6948E 01

-0.1851 € 01

-0.2498E 01

0.65615 00

0.1717E 01

0.2108E 01

0.1752E 01

-0.8746E- 01

0.1018E 01

0.1294E 01

0.1174E 01

0.6910E 00

0.6605E 01

-0.1067 € 01

0.1264E 01

-0.8077E 01

0.1516E 01

0.1570E 01

0.2107E 00

32.42

65.60

165.67

93.39

163.92

77.12

31.30

90.66

4.36

116.20

127.66

47.55

161.43

83.03

64.49

163.60

104.19

38.46

32.78

55.98

95.43

171.81

151.62

158.18

56.72

30.21

25.37

29.70

94.99

44.47

37.69

40.40

55.35

8.60

136.87

38.34

172.94

33.40

32.48

78.09

0.7494 E -02

0.1754E- 02

0.6490E- 02

0.1603E- 02

0.1732E- 02

0.3445E - 02

0.6073E - 02

0.3351E- 02

0.4028E- 02

0.1116E- 02

0.2372E- 02

0.3700E- 02

0.8658E- 03

0.1830E- 02

0.1617E- 02

0.5776E- 03

0.2880E- 02

0.4092E- 02

0.7173E- 02

0.3246E- 02

0.2762E- 02

0.7061E- 02

0.8355E- 02

0.1635E- 01

0.9122E- 02

0.7028E- 02

0.1457E- 01

0.1683E- 01

0.8034E- 02

0.7543E- 02

0.1577E- 01

0.8244E- 02

0.8391E- 02

0.5749E- 02

0.1407E- 02

0.1057E- 01

0.1903E- 02

0.3966E- 02

0.9792E- 02

0.2588E- 02

( b ) Accelerometer response data .

Figure 22.- Continued .
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DEG . OF

FREEDOM

NORM . QUADS

( G ( 2 ) SEC ( 2 ) /LB- IN )
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Figure 22.- Concluded .

Plot Option

The plot option provides access to the plot routines . The following two
options are available .

1. Stick plots on the digital plotter or graphic CRT generated by this routine

are composed of node displacements or rotations as functions of elevation or station

number about three mutually perpendicular axes . The shape of the perturbed

structure is derived from the deflection data of the mass points . A typical stick

plot is shown in figure 23. The columns of numbers at the bottom of each stick
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2. The routine for orthographic

and stereographic plots on the digital

plotter generates three orthographic

and two stereographic views of the struc

ture . Plotting parameters are manually

entered on the keyboard to enable viewing

of the structure at any angle and at

any focal point . The utility provided

by parameter selection is shown in fig

ure 24. The stereographic plots , when

viewed with a stereoscope , provide

a three - dimensional view of the structure .

Figure 23.- Typical stick plot .
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The orthogonality routine (ORTHO)

provides for selecting the type of check ,

automatic or cross , to be made between

analytical or experimental modes . In

addition , the particular set of desired

modes for orthogonality is entered through

the CRT keyboard . Orthogonality is

discussed in appendix C.

х BY
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axis Nonrotated view Rotated view
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line having direction cosines of
graphic effect)
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any desired line .
TEST TECHNIQUES

Figure 24.- Effect of varying plot

parameters .

The test techniques section com

prises a discussion of several techniques

used in testing with the AMTAS .

Modal Tuning and Data Acquisition

The supervisor provides the algorithms for excitation control , real -time

monitoring , and data acquisition for all modal operations . Upon selection of the

supervisor through the controller , the initialization procedure is performed , followed

bykeyboard entry of the limit accelerometer parameters and respective response

limits . The first operational entry is used to perform a wide-band sinusoidal sweep
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with a selected exciter to obtain preliminary data of vehicle response to uniaxial,

single -point force input . These data provide modal definition for use during tuning .

Generally , most of these sweeps are performed before advancing to the other

sequences . (In either the SUPSS or the ASUPS mode , two shakers can be driven

simultaneously , although only one is actively servo controlled . The second shaker

improves the quality of the excitation for better definition of bending or torsional

modes when driving tangentially attached shakers . ) In the SUPSS mode , three

accelerometers can be selected for digital recording and concurrent co-quad plotting

Any number of accelerometers can be selected for analog tape recording in the

ASUPS mode for subsequent off - line data reduction . This mode of operation is

advantageous when many accelerometers are used for preliminary data analysis .

The information resulting from wide -band sweeps consists of gross mode shapes

or pairing with predicted analytical modes , approximate frequency of a mode ,

preferred shakers for a mode , and initial phase settings for shakers .

Modal tuning follows the initial wide-band sweeps and subsequent data analy

sis . The next four selection options , SUPTS , SUPTM , SUPSM , and SUPMD , are

associated with the tuning operation . Modal tuning with multiple exciters , SUPTM ,

is the main process of modal excitation and mode identification and separation .

Tuning with a single exciter , SUPTS , is a short form of tune multiple operation .

The modal tuning and acquisition sequence is initiated by selecting a target

mode and determining the appropriate forcing distribution . A nominal force level

is manually initialized on the master (primary ) exciter . This exciter is selected

by analysis of the analytical model data (plots and listings ) and the experimental

co- quad data derived from the single-exciter (ASUPS and SUPSS ) sinusoidal sweeps .

The operator directs the operation by keyboard entry . After manual initiali

zation of the forcing distribution , the low (LO ) command returns the display update

rate to the slow mode . The high (HI ) update mode is automatically activated upon

entry to a software module ; therefore , forcing- distribution initialization is required

Returning to the slow update mode allows most of the computer time to be devoted

to acquiring and reducing data . The data identifying the response accelerometers

and reference load cell are entered into the CRT format before the operation begins.

These transducers can be changed by the appropriate entry at any time during

a given operation .

The modal response of the structure is optimized by varying the frequency

of excitation and the forcing distribution (phase and level of the active exciters ) .

While increasing quadrature values are noted on the co-quad displays , the frequency

is incremented to maximize the quadrature value and to close the Lissajous pattern .

The Lissajous pattern complements the co-quad displays and is useful in approaching

an effective distribution . However , fine tuning is best achieved by observing

small changes in the quadrature values because these effects cannot be detected

in the Lissajous patterns . Lissajous patterns are normally formed by pairing exciter

forces and respective driving-point accelerations . However , accelerations from

other points of the structure may also be used , particularly when fine tuning the

mode . As more exciters are activated , the resonance frequency will tend to shift

downward . As this shift occurs , the frequency is incremented to below resonance ,

then increased in fine steps to peak the quadrature values . (See the following

comments on hysteresis . )
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In some instances, it may be advantageous to suppress participation of a

neighboring mode rather than to attempt excitation of the target mode . A decrease

in the coincident values indicates suppression of the undesired mode . The quadra

ture values must not decrease appreciably during the process .

After the forcing distribution is optimized , the frequency of resonance is

established from a lower frequency to eliminate effects of hysteresis ; hysteresis

often distorts curves of response level as a function of frequency and may result

in erroneous indications of resonance conditions .

Accelerometers at key points of the structure are surveyed to assess the

adequacy of tuning . Co-quad values from several primary locations are tabulated

for reference during subsequent operations .

The four options of the tuning process automatically sequence in a logical

order : tune single proceeds to tune multiple , then to sweep multiple , and then

to modal decay . However , any desired operation can be entered directly through

the operation selection table , as shown in figure 13 .

A sweep multiple operation can be performed at any time in the tuning process

as an aid in defining the resonance condition , particularly if difficulties arise in

the tune multiple operation . Performance of a narrow-band sweep can identify

any neighboring problem mode and provide insight on suppression techniques .

After completion of the final tune multiple sequence , a sweep multiple operation

is normally performed for data purposes . The co-quad plots from these narrow

band sinusoidal sweeps are used in posttest analysis for an index of modal separa

tion and for the calculation of damping values . Damping calculations are discussed

in appendix D. One or more sweeps can be performed depending on the number

of different accelerometers to be plotted .

When the co-quad data of the tune multiple and sweep multiple operations

indicate that a mode has been properly separated and tuned , a modal decay is per

formed . Shaker excitation is removed , and the unfiltered signals from selected

accelerometers are recorded on an oscillograph . The quality of the decay curves

(fig . 25 ) provides another index of modal purity . If the structure decays smoothly

with the absence of beating for the tuned mode , modal purity is good . If the modal

purity is satisfactory , the sequence will be cycled automatically to the modal dwell

operation for data acquisition . If modal purity is poor , the tuning iterations can

be repeated . In tuning problem modes , it is sometimes helpful to acquire dwell

data despite the impurities and to generate plots of the existing mode . These plots

provide the visibility to define problem areas and to assess the adequacy of the

existing exciter locations to properly excite the target mode .

The modal dwell operation begins with operator entry of bookkeeping data ,

mode identifier , and run number for documentation and data retrieval purposes .

Excitation is reinstated , and the force servo maintains the predetermined forcing

distribution . The automatic phase-lock feature can be activated if desired . After

stabilization of the forcing distribution and response , data are acquired on the

operator's CRT . Upon completion of data acquisition , the data are automatically

reduced and stored on disk . (Note the position of the REDUC module in fig . 13.)
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Figure 25.- Skylab orbital configuration modal decay curve .

Co-Quad Plots

The data obtained from a typical sine sweep are in the form of three sets

of force -normalized coincident and quadrature component values displayed on a

digital X-Y plotter . The wide-band , force -normalized co - quad plots provide a

means of identifying the resonant frequencies of the structure .

At a resonance frequency , the quadrature component of the data rises to

a peak value and then declines while the coincident component decreases to a mini

mum , rises sharply crossing the zero axis when the quadrature is at a peak value ,

increases to a maximum , and gradually returns to the zero axis , assuming a posi

tive quadrature peak . Polarities of the coincident value will reverse for a negative

quadrature peak .

Modal Plots

The stick plots are useful as a diagnostic tool , in addition to their normal

function of providing a graphic description of a mode . Appropriate calibration

values may be inserted on the data bus to simulate unit accelerations on all
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transducers and unit forces on all load cells , and the SUPDW module may be used

to acquire these calibration data . After reduction , the plotted data must appear

as rigid -body translations on the stick plots . If not, there are errors in the transla

tion equations . The trimetric (three planar views) set and stereographic pair

provide a graphic capability for assessing the adequacy of a particular forcing

-distribution in exciting a given mode .

An automatic scaling feature provides maximum resolution . (The operator

may override this feature and specify a particular scale , if desired . ) For compari

son purposes , however , scaling for the total set of translation plots is calculated

on the basis of all data to be plotted . Similarly , the scale for rotation is calculated

for all plots.

>

A set of stick plots may be made on the alphanumeric-graphic CRT (quick

look ) or the digital plotter (report -quality hard copy) . These instruments plot

degree of freedom as a function of station number ; the plots are formatted to provide

perturbation definition along each axis .

Decay Curves

Decay curves are used to assess the purity of a mode by noting the amount

of beating present . Curves generated during a modal decay with only the target

mode excited will reflect no beating .

Off- Line Co-Quad Analysis

The off- line co-quad processing (by a central reduction laboratory ) is accom

plished by digitizing and reducing the taped analog data to the desired engineering

unit output. These reduced data permit assessment of the force - servo subsystem

operation and detection of the approximate frequencies at which the response of

the structure is significant.

RECOMMENDATIONS FOR FUTURE APPLICATIONS

During the application of AMTAS to the Skylab modal survey , several improve

ments to the system were defined . Improvements that represent significant increases

to overall capability are discussed in the following paragraphs .

Test Article Suspension System

The ancillary suspension system should become an integral part of the AMTAS

to permit computer control of the suspension system . Single-parameter (position)

or dual -parameter ( load or pressureand position ) feedback can be used for positive
control of the test article suspension .
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Technical Writer's Log Input

An additional CRT/keyboard display unit should be incorporated for use

by the technical writer . Test comments could be composed in the local mode using

the edit features of the unit . After the text is completed , the comments could be

entered by a send command . The entire sequence log , including comments , should

be displayed on the line printer and stored on digital magnetic tape .

Modal Survey Simulator

Training could be facilitated if a simulator software package were developed

and included as an on-line option . Data stored during the Skylab modal survey

could be used for a realistic simulation of a modal survey , including wide -band

and narrow-band sweeps , tuning operations , modal decays , and dwells . This

approach would eliminate the need for a structure for training purposes .

Test Procedure Display

A separate CRT (monitor only ) unit should be incorporated to display the

test procedure with slaved monitor units at each test station . This arrangement

would eliminate the complexity of following the test operation , because the main

line program will automatically display the correct page of the procedure and scroll

it forward as the test progresses .

CONCLUDING REMARKS

The design goals of the automatic modal tuning and analysis system pro

viding positive control of test conditions , rapid data acquisition and reduction ,

immediate documentation of modal response characteristics , and a high degree

of specimen safety - were achieved . This unique system provided data in a mean

ingful form to the data evaluation team , which rapidly evaluated the data and

selected specific modes from the numerous candidate modes observed . The selected

modes were individually excited , and pertinent data were acquired . The automatic

modal tuning and analysis system described herein is capable of meeting the require

ments for a modal survey of any structure comparable in size and complexity to

the Skylab payload . The techniques and methods employed in the system will

enable expansion to meet the requirements of larger structures .

Lyndon B. Johnson Space Center

National Aeronautics and Space Administration

Houston , Texas , January 16 , 1975

961-21-31-05-72
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APPENDIX A

SKYLAB TEST ARTICLE

The automatic modal tuning and analysis system provides the capability for

performing a modal test survey of a large and complex test article having resonance

frequencies from 0.1 to 100 hertz . The Skylab orbital assembly , shown in figure A- 1 ,

is an example of such a test article to which the system has been applied .

The Skylab assembly orbital test

configuration consisted of the Vibration

and Acoustic Test Facility (VATF) base

ring , the orbital workshop (OWS ) forward

skirt , the instrumentation unit (IU ) , the

fixed airlock shroud (FAS ) , the airlock

module (AM ) , the deployed Apollo tele

scope mount (ATM) , and the inverted

command and service module (CSM) .

The ATM includes engaged launch and

orbital locks and four undeployed solar

arrays . The entire cluster was suspended

axially by air springs . With the exception

of the CSM , the launch test configuration

had all the same subassemblies plus the

payload shroud . The test article in each

configuration weighed approximately

54 400 kilograms ( 120 000 pounds) and

was approximately 21 meters ( 70 feet)

high .

The vehicle suspension systems

used for the Skylab launch and orbital

test configurations were designed to pro

vide free - free support and made use of

soft pneumatic spring units . Although

to rigidly support the vehicle in the test

facility would have permitted analysis

of the test vehicle as a cantilevered beam ,

the soft suspension was preferred . Some

of the reasons for this preference are as

follows .

1. Before modal testing , the launch

configuration was subjected to a high

force dynamics test of 444 800 newtons

(100 000 pounds ) force peak . For this

test , isolation of the vehicle and the

Figure A- 1.- Skylab payload in orbital

configuration .
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excitation system from the facility was required for facility protection . Therefore ,

a soft pneumatic spring system was necessary .

2. If a rigid support had been used , boundary conditions would have been

extremely difficult to define , but definition would have been necessary to determine

the effects and contributions of the support to modal responses of the test article .

3. Regardless of the type of support used for the remainder of the vehicle

stack , a vertically soft spring was required for the deployed ATM in the orbital

configuration . A vertical spring allowed for correct relative displacements during

modal excitation . Failure of the ATM air spring with the remainder of the stack

rigidly supported could have damaged the ATM and attaching hardware .

The two Skylab vehicle configurations in the vertical position provided a

simulated free - free or unrestrained environment in which to excite and measure the

natural elastic vibration modes of the structure . Low stiffness was obtained in the

vertical direction through the use of pneumatic springs consisting of multiple lift

elements mounted on a plenum tank having a large adjustable volume . Low stiffness

in the lateral directions was obtained by suspending the vehicle on relatively long

rods to produce pendulum motions that were essentially linear for the amplitude of

the motions experienced during the modal test .

The two suspension systems are shown in figures A- 2 (launch) and A-3

(orbital ) . The suspension system for the launch configuration consisted of three

identical air- spring units mechanically connected through pendulums to a ring

fixture to which the lower surface of the Saturn S-IVB forward skirt was attached .

These three air - spring units functioned and were operated as a single suspension

system . For the orbital configuration , the spacecraft modules were divided into

three subassemblies: ( 1 ) the inverted CSM ; ( 2 ) the deployed ATM; and (3 ) a

subassembly consisting of an OWS forward dome and skirt , the FAS , the AM , the

multiple docking adapter (MDA ) , and the deployment truss . Five air-spring units

were used , as shown in figure A- 3 . In the orbital configuration , the airlock sub

assembly was suspended on the same ring fixture , pendulums , and plenums used

for the launch configuration , but the operating pressure and natural frequency were

adjusted to match the other two systems . The ATM system was made up of one

air - spring unit attached with a single pendulum to a special ATM fitting . The CSM

system consisted of a single air-spring unit but was attached to two fittings on the

aft bulkhead of the service module using two pendulum rods . The suspension

systems including control systems were designed to minimize static-load transfers

across the CSM /MDA interface and the ATM /deployment assembly interface to elimi

nate degrading effects on modal response data .

.

Safety features of the system include upper and lower mechanical stops for

each air - spring unit or vehicular subsystem and lateral clearances from facility

structures . The most important safety feature is inherent in the soft - spring

suspension . If an air spring failed , the maximum load across the vehicle interface

would not exceed the load required to displace the remaining air springs to their

lower stops . These stops were set at 3.8 centimeters (1.5 inches ) below the nominal

operating height of each subassembly , and the maximum interface loads would have

been well below the allowable spacecraft design limits . A separate safety feature
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of the controls is an overtravel monitor that is used to terminate excitation automati

:ally when the vehicle approaches one of the mechanical stops .
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Figure A- 2.- Suspension of payload

assembly launch configuration modal

survey .

Figure A- 3 . - Suspension of payload as

sembly orbital configuration modal

survey .

The exciter supports were soft mounted for one test and hard mounted for

the other because of the differing frequency ranges of the Skylab launch ( 5 to

50 hertz ) and orbital (0.8 to 20 hertz ) test configurations. For the launch configura

tion , all horizontal exciters were pendulum mounted with soft ( 35 N/cm (20 lb / in . ) )

mechanical springs in series with the support rod . The same springs were used

for supporting the vertically oriented exciters . The exciters weighed approximately

150 kilograms (330 pounds); this weight resulted in a vertical natural frequency
of 0.75 hertz .
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For the orbital configuration , most of the exciters were hard mounted . How

ever , in a few locations , pendulum mounting was used because of poor exciter posi

tion relative to adequate support structure . The pendulum-mounted exciters

required additional reaction mass loading to maintain adequate stroke capability at

the lower frequency limit . Additional mass of approximately 900 kilograms

(2000 pounds) was attached to these exciters . The arrangement of exciters for

the orbital configuration modal survey is depicted in figure A-4 .
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APPENDIX B

CO-QUAD ANALYSIS OF MODAL RESPONSE DATA

Co-quad analysis represents a recent and important advance in modal survey

technology . The term co-quad is used to refer to the in-phase (coincident) and out

of-phase (quadrature) components of one signal that are in phase and out of phase ,

respectively , with another signal. In applying the co-quad technique to reducing

modal survey data , the acceleration response signal is resolved into coincident and

quadrature components with respect to the signal representing the force applied to

the structure under test . (See fig . B- 1 . )

It is appropriate to examine the
Out-of-phase axis ( imaginary) A - total acceleration vector

phase relationships that exist during
2 Foreference force vector

C - coincident component of A with steady- state vibration to acquire the

respect to F background necessary to fully appre
Q .quadrature component of A with

ciate the power of co-quad analysis .
respect to F

In -phase axis ( real )
♡ - phase angle between total acceleration W. T. Thomson (ref . 1 ) succinctly inter

C F
and reference force prets these phase relationships for cases

of steady - state excitation at frequencies

below resonance , at resonance , and

Figure B- 1.- Co-quad component above resonance .

definition .

Force and acceleration signals are

used for co-quad analysis because they

are readily available from force trans

ducers and response accelerometers . Signals from velocity or displacement trans

ducers , or from another accelerometer, could be used as a reference for resolving

response accelerations into their coincident and quadrature components . However ,

the proper phase relationships between the reference signal and the response accel

eration must be known to interpret the results properly . The phase relationships

for force F , acceleration A , velocity V , and displacement D for conditions below

resonance , at resonance , and above resonance are given in table B-1 . As shown in

table B-I , with force as the reference signal and acceleration as the response signal,

acceleration is 90 ° out of phase with force at resonance . Below resonance , the phase

angle $ is between 90 ° and 180 ° ; above resonance , the phase angle is between

0 ° and 90° . As a function of frequency , the co-quad response of acceleration with

respect to force is shown in figure B- 2 . At resonance , the quadrature value is at

a maximum and the coincident value is at a minimum . Data resulting from a slow

sweep through a resonant frequency point , at a linear rate , are useful in assessing

the modal qualities in the following ways . First , such data indicate the frequency

of resonance (maximum quadrature point) ; second , such data give a clear picture

of any modal content at adjacent frequencies (minor quadrature peaks or other

perturbations to a smooth rise and fall of the quadrature curve) ; and, third , data

that may be used to calculate the percent of critical damping are contained

in the coincident spectrum .
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TABLE B-I.- PHASE RELATIONSHIPS FOR BASIC STRUCTURAL CONDITIONS

a

Basic structural conditions

Phase

relationship Below resonance

(spring control)
At resonance

Above resonance

(mass control )

Flags A by 90° < < 180 ° 90 ° 0 ° < < 90 °

Flags V by
0 °

<
00

0 ° < $ 1 = 90 °

-90 ° < 220°

-90 ° < 01 < 0°

-180º = 02 < -90 °
Flags D by -90 °

<

Where φ$ 1 = $ - 90 ° ; a-90°܂ ° ¢n܀ 1

Quadrature spectrum

Perturbation indicates another mode

exists at an adjacent frequency

Coincident spectrum

wowo wa

Digital filtering of the data with a

tuned center frequency and a variable

bandwidth enables performance of co

quad analysis not only during data acqui

sition at a resonance frequency but also

during a sweep operation in which the

band -pass filter must track the frequency

of excitation . The variable -bandwidth

filter is most useful during acquisition

of response data from a structure having

a high modal density , during which the

adjacent modes cannot be completely sup

pressed with the available exciters .

wo frequency of resonance

wa frequency above resonance at

which coincident spectrum peaks

wb frequency below resonance at

which coincident spectrum peaks

.

Figure B- 2.- Narrow -band co-quad

spectrum .

Aliasing , or foldover , of data into the frequency range in which data must

be accurate (within the filter bandwidth ) is prevented by using low-pass filters to

eliminate input signal components above a given frequency . This result is achieved

by maintaining the 3 - decibel cutoff frequency at a value less than half the sampling

rate . The case in which the cutoff frequency F. of the low-pass antialiasing filter

is set to greater than half the sampling rate SR is illustrated in figure B- 3 . Any

value is permissible for F. as long as the resulting image frequencies do not fall

below the value obtained by adding one -half the filter bandwidth BW to the fre

quency of excitation F

с

с

e
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The total acceleration vector is resolved into its coincident and quadrature

components in two steps . First , the complex Fourier transform coefficients are

computed for both the reference and response signal. The terms used are as

follows: Ap is the real coefficient for force, Bf is the imaginary coefficient for

force , Aa is the real coefficient for acceleration , and B. is the imaginary coeffi

cient for acceleration . The coincident and quadrature components are obtained by

the following cross -multiplication process .

а

Co = A
Ap.Aa + BioBafа а

(B1 )

Quad = AAaBe- Ap.Ba
а а

Foldover point

Imaging area

BW

1

Fe 0.5 SR Fc
SR

Figure B- 3.- Antialiasing of input data .

1

1
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APPENDIX C

ORTHOGONALITY

The modal deflections of a measured mode are the elements of a column matrix .

This modal column of the n degree -of -freedom system in the rth mode is represented

by [or ] where each element oi , r equals deflection at point i (where i = 1 , n ) .

This modal column is also called the rth eigenvector and can be thought of as a vector

in n - dimensional space where each element of the column is a component of the vector

in the corresponding coordinate direction . For an n degree -of -freedom system ,

there are n such eigenvectors . Each eigenvector and associated eigenvalue

(resonance frequency ) will satisfy the equation of motion for the system in free

vibration .

The generalized mass Gc of the system for the rth measured mode is given by

G = [0.] "(M [0 ]
(C1 ))

where T denotes the transpose of the mass matrix (M ) . The set of eigenvectors

obtained experimentally should be orthogonal with respect to the mass (or stiffness)

weighting matrix . This orthogonality relationship , with mass as the weighting

matrix between the rth and sth modes , is expressed as

[ 0] (M ) [es] =
(C2 )

Mass coupling between the rth and sth modes results in a value other than

zero . Therefore , the mass coupling C between the rth and sth measured modes

is defined as

Cros = [ .]*[m) [bs]
(C3 )

The magnitude of mass coupling Ø between the rth and sth measured
r , s

modes can be assessed by comparison with the rth and sth generalized masses .

CrisL
O

=

(C4)
r , s 1

2

(6.0)
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The generalized mass matrix [G ] is defined as [ G ]= [ 0 ]^ [M ] [ 0 ] where
the lack of a subscript for the modal matrices signifies that the complete set of eigen

vectors is included . The generalized mass matrix will contain diagonal elements

representing the generalized mass for each mode and off -diagonal elements repre

senting the mass coupling terms . The generalized mass matrix can be characterized

by

G

r Cros

[ ,s] (C5 )

Cr,
С

r , s

G

S

Crr , s

r , s

where Gc and Gs are the generalized masses of modes r and s , respectively ,

and C is the coupling between modes r and s . The nondimensional magni

tude of mass coupling 8 can be computed by using the elements of the mass

matrix . It is desirable to normalize the elements of each modal column to unity

generalized mass for the particular measured mode . Normalization is possible

because amplitude is not a property of normal modes . Denoting the normalized

modal column of the rth measured mode as [ op ] , each element is obtained by

dividing by the root of the rth generalized mass . '

Pirr

i , r

1
(C6 )

2

(6)

The generalized masses of each normalized mode will be unity .

The difficulty in attempting to obtain absolutely orthogonal modes (with zero

mass coupling) can be realized by noting the causes of error . The distributed mass

of the structure is represented by discrete mass elements to form a mass model .

The transformation equations include terms to determine the displacements of the

center of gravity and rotations about the principal axes of inertia of each mass ele

ment from components of acceleration measured at various physical locations . The

accuracy of the determined mass coupling , or orthogonality , depends on the accu

racy of the theoretical mass model , the transformation equations , and the experi

mental data . Two modes can be orthogonal , but it is possible that these modes are

not normal to the remaining modes of a set even though they appear to meet orthog

onality conditions when considered as a pair without regard to the other normal

modes . Orthogonality is a necessary but not sufficient condition that the mode

under consideration is a normal mode of the structure .
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In a frequency range having a high modal density , the auto -orthogonality

check is a convenient method of comparing analytically predicted and experimentally

derived modes . This comparison is made by using orthogonality checks between

the mode being investigated and all analytical modes predicted to be within the gen

eral frequency area of the mode of interest .
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APPENDIX D

DAMPING CALCULATIONS

The most convenient method for calculating the damping factor is to determine

e frequency points of maximum and mimimum coincident response. In figure B- 2 ,

e minimum frequency w occurs below resonance and the maximum frequency

occurs above resonance . The damping factor & is a function of the ratio of

ese frequencies.

2

a

1

६ (D1)
2

а

N

21

@
+ 1)

An alternate method is to use the relationship based on the logarithmic decre
ent of the decay curve given as

1

5 = Zin 10g

Y

0

log
Y

६ (D2)

i which the damping factor is a function of the initial amplitude Y, and the final
Y

0

nplitude Y of the peaks of a decay curve , as shown in figure D- 1 , and n is the

umber of cycles included within the initial and final amplitude peaks.

wwwwwwwwwmmm
mumm mm
WAM

wwmmm

wwwwwwwwwwww

www

mm

w

Figure D- 1.- Modal decay curve .
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PRESSURE DISTRIBUTIONS ON A CAMBERED WING -BODY

CONFIGURATION AT SUBSONIC MACH NUMBERS

William P. Henderson

Langley Research Center

SUMMARY

An investigation has been conducted in the Langley high -speed 7 - by 10 - foot tunnel

at Mach numbers of 0.20 and 0.40 and angles of attack up to about 22° to measure the

pressure distributions on two cambered -wing configurations. The wings had the same

planform (aspect ratio of 2.5 and a leading -edge -sweep angle of 440) but differed in

amounts of camber and twist (wing design lift coefficient of 0.35 and 0.70) . The effects

of wing strake on the wing pressure distributions were also studied. The results indicate

that the experimental chordwise pressure distribution agrees reasonably well with the

design distribution over the forward 60 percent of nearly all the airfoil sections for the

lower cambered wing. The measured lifting pressures are slightly less than the design

pressures over the aft part of the airfoil. For the highly cambered wing, there is a sig -

nificant difference between the experimental and the design pressure level . The experi

mental distribution , however, is still very similar to the prescribed distribution . At

angles of attack above 12°, the addition of a wing - fuselage strake results in a significant

increase in lifting pressure coefficient at all wing stations outboard of the strake-wing

intersection .

INTRODUCTION

The National Aeronautics and Space Administration is currently conducting wind

tunnel investigations to provide information useful in developing fighter aircraft concepts

possessing desirable stability, control , and performance characteristics over a wide

range of flight conditions . Two approaches for achieving high lift -drag ratios at maneu

vering lift coefficients are discussed in reference 1. The first approach involved design

of the wing camber and twist to support a load distribution for which the extent of regions

of adverse pressure gradients is minimized ; hence, the tendency for flow separation at

the wing design lift coefficient is suppressed . The second approach utilizes the vortex

lift produced by leading -edge separation from a sharp highly swept wing strake to enhance

the wing lift .



The experimental results of reference 1 indicate that the wings performed well at

the design conditions and confirmed that proper design of wing camber and twist can pro

vide levels of drag commensurate with an elliptical span load distribution at reasonably

high design lift coefficients . However , it is not known whether the desired load distribu

tion on the wings was actually obtained . The benefits derived from the strakes were

shown to be dependent upon wing design lift coefficient since its success depends on the

mutual interaction of the strake vortex and the main wing, a phenomenon which is difficult

to predict analytically .

For the foregoing reasons , it appeared desirable to measure the pressure distribu

tion on these cambered wings both with and without a strake in order to validate the

design procedures used to determine the camber surface of the wings , and to study the

effect of the strake vortex on the pressure distributions .

Therefore , an investigation was conducted in the Langley high -speed 7- by 10 -foot

tunnel to determine the pressure distributions on wings having design lift coefficients of

0.35 and 0.70 . The measurements were made at Mach numbers of 0.20 and 0.40 at angles

of attack up to 22º.

SYMBOLS

Second symbol denotes computer printout symbol . The coefficients and symbols

are defined as follows :

b semispan, cm

Сі section lift coefficient

Cl, d
wing design lift coefficient

PZ - PO
Cp ,CP pressure coefficient ,

900

ACp, 4CP differential pressure coefficient , Cp , u - Cp ,l

c , C local wing chord , cm

M Mach number

2



Рі
local static pressure , Pa

po free -stream static pressure , Pa

9 ...
free -stream dynamic pressure , Pa

X,X distance behind leading edge of wing, cm

y distance along span from center line , cm

α angle of attack , deg

Subscripts :

u , U upper surface

1 , L lower surface

MODEL DESCRIPTION

A three - view drawing of the basic model is presented in figure 1 (a ) and a drawing

showing the model with the wing strake is presented in figure 1 (b) . A photograph of the

model sting mounted in the Langley high - speed 7 - by 10 - foot tunnel is presented in fig

ure 2. The model, as illustrated in figure 1 (a) , consists of a simple wing - fuselage con

figuration with the wing having an aspect ratio of 2.5, a taper ratio of 0.20 , a wing

leading -edge sweep angle of 44° , and an NACA 64A series airfoil section (measured

streamwise ) with a thickness ratio of 6 percent at the fuselage, juncture, and 4 percent at

the wing tip . Two variations in wing camber and twist corresponding to design lift coef

ficients of 0.35 and 0.70 were studied . At these lift coefficients the wings were designed

to support an elliptical span load and a rectangular chord load distribution . Ordinates

for the cambered airfoils are presented in reference 1. The wing strake was constructed

of a 0.159 -cm -thick flat plate with sharp leading edges. A total of 140 pressure orifices

(70 on the upper surface and 70 on the lower ) were placed on the wing in rows at six span

wise stations as shown in figure 1 .

TEST AND CORRECTIONS

The investigation was conducted in the Langley high - speed 7- by 10 -foot tunnel at

Mach numbers of 0.20 and 0.40 and at angles of attack of up to 22°. The test Reynolds

3



number, based on the wing mean geometric chord, was 1.03 x 106 at a Mach number of

0.20 and 1.96 x 106 at a Mach number of 0.40 . Transition strips 0.32 cm wide of No. 100

carborundum grains were placed 1.14 cm streamwise from the leading edge of the wings

and 2.54 cm behind the nose of the fuselage . Corrections to the model angle of attack

have been made for deflections of the balance and sting support system under aerody

namic load. Blockage corrections were found to be negligible and therefore were not

applied to the data.

PRESENTATION OF RESULTS

All the pressure data obtained in this investigation are presented in tabulated form

in tables I to VII. Because of the large volume of data obtained, only the data for a Mach

number of 0.40 are presented in plotted form. On the left -hand side of each data figure,

the pressure coefficients measured for the upper and lower surfaces at each span station

are presented ; whereas on the right - hand side the differences in pressure between the

upper and lower surface are presented . As an aid in locating a particular part of the

data, the following index of figures is presented .

Figures

3.

4.

ת

ס

6

Pressure distributions at M = 0.40 with strakes off Cl , d = 0.35

Pressure distributions at M = 0.40 with strakes on Cl, d = 0.35 .

Pressure distributions at M = 0.40 with strakes off Cl, d = 0.70

Pressure distributions at M = 0.40 with strakes on Cl, d = 0.70 . .

Effect of strakes on the incremental pressure coefficients of M = 0.40

CL , d 0.35 .

Effect of strakes on the incremental pressure coefficients at M = 0.40

Cl , d = 0.70 . .

Comparison of experimental and design pressure distribution on the model with

strake off .

7

8

9

Comparison of experimental and estimated spanwise lift distribution at two

angles of attack for the strake on and off Cl, d = 0.70
10

RESULTS AND DISCUSSION

Since the volume of data obtained during this study is very large , the discussion is

limited to the more significant observations . However , a tabulation of all the pressure

data obtained during this investigation is presented in tables I to VIII.
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Comparison of Experimental and Design Pressure Distributions

The wings for this study, as indicated in reference 1 , were designed to support an

elliptical span load and a rectangular chord load distribution at the design conditions

(M = 0,40 at CL ,d = 0.35 and 0.70) . The chord load distribution was specified in the

design program by a Fourier series having four terms. The small number of terms

accounts for the oscillation in the design pressure distribution (solid curve) presented in

figure 9. Considerably more terms would be required to match a rectangular distribu

tion exactly. Designing the camber surface to support this type of pressure distribution

did not, however, result in any significant irregularities in the camber distribution . The

design chordwise pressure distribution is compared with experimental data for the wing

with a Cl, d of 0.35 in figure 9 (a) and a CL,d of 0.70 in figure 9 (b) . The experimental

pressure distribution agrees reasonably well with the prescribed chordwise pressure

distribution over the forward 60 percent of nearly all of spanwise stations for the wing

with the lower camber (CL ,d = 0.35) . The measured lifting pressures are slightly lower

than the design pressures on the aft part of the airfoil at nearly all the stations where

pressure data were obtained. This is not surprising since the theory used to design the

wing camber surface (see ref . 2 ) does not account for the effects of wing or boundary

layer thickness. For the wing with higher camber (CL,d = 0.70 ), there is a significant

difference between the experimental and the design pressure distributions. The experi

mental chordwise pressure distribution, however , is very similar to the prescribed dis

tribution . Even though the experimental chordwise pressure distributions are somewhat

different from the prescribed pressure distributions , the drag levels for this wing, based

on data presented in reference 1 , are still commensurate with the values for full leading -

edge suction and an elliptical span load distribution . These data presented in figure 10 ,

which are discussed in more detail in the next section, again illustrate that the experi -

mental span load agrees extremely well with the theoretical lift distribution correspond -

ing to an elliptical span load.

Effect of Wing Strake

The difference in pressure coefficient ACp between the wing upper and lower sur

faces is presented for the configuration with the strake on and off in figures 7 and 8 .

Figure 7 is for the configuration with the cambered wing for a Cl, d = 0.35 and figure 8

is for Cl , d = 0.70 . At the lower angles of attack , below 4 °, there is no effect of the

strake on the pressure distributions over the wing surface . In the intermediate angle

of -attack range (4° to 12º) , the only significant effect of the strake on the wing pressure

is isolated to the station immediately behind the strake (station 1 ) . This effect (see

fig . 8 (h) , for example) can undoubtedly be attributed to downwash off the strake . At the

higher angles of attack, above 12 °, significant increases in lifting pressure coefficient

are noted at all wing stations outboard of the strake -wing intersection . Small effects are
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noted even at the most outboard wing station , which is located at 97 percent of the wing

semispan . A somewhat more definitive analysis of these results can be made with the aid

of figure 10. This figure presents the variation ofsection lift (determined by integrating

wing pressures at the various stations over the wing with Cl , d = 0.70) across the wing

span for the strake on and off , compared with a theoretical estimate made for the wing

alone at several angles of attack . The estimate was determined by use of the methods

presented in reference 3. As noted in figure 10 at the lower angles of attack, there is

very little difference in the variation of section lift over the wing with the strake on or

off . The experimental variation of section lift is in close agreement with the estimated

potential flow solution . At the higher angle of attack (a = 21.5°) , the section lift charac

teristics developed on the wing with the strake on is considerably higher than those for

the wing with the strake off. It was initially believed that the vortex created by the wing -

fuselage strake was interacting with the wing flow field to keep the wing flow from sepa

rating up to higher angles of attack . However , the pressure distributions (for example ,

see fig . 7 (m ) or 8 (m ) ) at an angle of attack of 21.5° show large lift increases over the

forward part of the airfoil section . These pressure distributions (on stations 2 and 3 )

appear to be typical of the type expected with a leading -edge vortex -type flow . The

existence of a wing - leading -edge vortex was substantiated by a flow - visualization study

conducted on a similar model . Figure 10 indicates , however, that although the wing lift

was increased by the strake , the total lift developed is only slightly higher than the value

expected if potential flow has been maintained at the inboard stations and significantly

less at the outboard stations . Since fully developed leading -edge vortex flow usually pro

vides lift greater than fully attached flow , it appears that the wing vortex system is weak

and probably does not extend to the tip . It is obvious, however, that the interaction of the

strake vortex flow field with the wing flow field allowing the creation of a vortex on the

wing has a significantly beneficial effect on the lift developed by the wing at the higher

angles of attack .

CONCLUSIONS

A wind -tunnel study has been conducted to measure the pressure distribution on two

cambered-wing configurations with and without a wing -fuselage strake . As a result of

this study the following conclusions can be made :

1. The experimental chordwise pressure distribution agrees reasonably well with

the design distribution over the forward 60 percent of nearly all the airfoil sections for

the lower cambered wing. The measured lifting pressures are slightly less than the

design pressures over the aft part of the airfoil section .
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2. For the highly cambered wing, there is a significant difference between the

experimental and the design pressure level. The experimental distribution , however, is

still very similar to the prescribed distribution .

3. At angles of attack above 12°, the addition of a wing -fuselage strake results in a

significant increase in the lifting pressure coefficient at all wing stations outboard of the

strake -wing intersection .

Langley Research Center,

National Aeronautics and Space Administration ,

Hampton , Va. , April 30 , 1975 .

REFERENCES

1. Henderson, William P.; and Huffman, Jarrett K.: Effect of Wing Design on the Longi -

tudinal Aerodynamic Characteristics of a Wing - Body Model at Subsonic Speeds.

NASA TN D -7099 , 1972 .

2. Lamar, John E .: A Modified Multhopp Approach for Predicting Lifting Pressures and

Camber Shape for Composite Planforms in Subsonic Flow. NASA TN D -4427 , 1968 .

3. Margason, Richard J .; and Lamar, John E.: Vortex -Lattice FORTRAN Program for

Estimating Subsonic Aerodynamic Characteristics of Complex Planforms . NASA

TN D-6142, 1971 .

7



TABLE I.- PRESSURE COEFFICIENTS AT A MACH NUMBER OF 0.20

FOR MODEL WITH STRAKE OFF . Cl ,d = 0.35. , d '
=

(a) & - -3.790

STATION 1 STATION 2 STATION 3

CPL X/ C CPUX/ C

.005 ܐܝܐ956

X /C

.005 0ܝܘܐܘ .5720

ܝܘܬܘ - , 2656 ܝ0ܬܘ ܝܪ9ܪܬ

CPU

5877

. 5850

.4541

. 3499

.2444

.025

025.ܐܕ0503957.

.050

.025

.050 2245.-ܫܐܘܘ

܂ܙܐܘܘ1693.-

CPL

-.6227

-.6148

-.6147

-.6346

-.6494

.0323

.1630

ܫܐܘܘ

CPL

-.8059

-.8200

-.7954

-.8250

-.8672

-.5535

.0301

.0245

. 0334

.1100

.200

ܘܐܐ3ܐ ,ܐܐ8ܘ

CPU

.5668

. 5634

.4646

.3635

.2480

. 1075

-.0055

..0556

-.0485

-.0684

-.0744

-.0292

.200

.300

.400

.500

.200

.300

.400

.500

.600

. 3924

.2418

.0960

-.0419

-.0791

-.0437

-.0103

-.0287

.400

.600

.800

.900

.925

ܫܐܕܐ8

.2386

ܝ6ܘܘ ܝܐܐܟܟ

. 0302

-.0144

-.0197

-.0427

-.0319

.0011

.0270

-.0093

-.0720

-.0690

-.0367

-.0301

. 0769

.0827

- .0281

.1832

ܝܐܘܘ

ܫܐܐܐܐ

.700

.800

.900

.950

ܝܘܐܘ8

.800

.900

.925

.950

-.0222

-.0208

2347

2589

܂.ܕܐܘ2858 ܘܘܐܐܟ

STATION STATION 5 STATION 6

CPL CPUX/ C

.010

.025

.050

ܙܪ36

CPL

,5ܐܐܐ0869.

-ܪܬܐܐ

X / C

.025

.050

CPU

.3815

.2713

CPL

-.0665

ܝܘܐܐ15403.-

.0430 ܫܐܘܘ ܝܐܐܐܐ ܝܐܐܐܐ

CPU

.5732

.4851

.3671

.2678

. 1097

-.0555

- . 1002

-.0892

-.0539

-.0172

ܝܐܘܘ

20ܘ

-.5100

-.5023

-.5067

-.4971

X / C

.025

.050

.075

. 150

.300

.450

.600

.750

. 3300

.2746

.1466

-.0502

ܘܘܐܘܐ

c389ܫ

.0424

-.0400

-.0852

-.1059

.400

.600

ܝܐܘ63

ܨܐܟܘܬ

. 200

. 300

.400

.500

.600

.0359

-.0722

-.0756

- . 1192

..0847

-.0607

-.0466

-.0202

.ܘܕܐܐ

.8ܘܘ -.1312.0746

.0831

,ܐܐܢܪܐ

900.ܝܐܘܘ,ܐܐ6ܐ

.925

ܝ1800ܘܘܐܙ,006ܐ

ܘܘܐܐܘܝ850

ܝܐܐܐܐ

ܝܐܘܘܘ -.0717 .800 -.0983 .0165

( b ) - -1.950

STATION 1 STATION 2 STATION 3

X / C CPU /Xܐ70 C

.305

CPU

.5392co5܂ ܝܘܐܘ

CPL

-.9561

-53cd

-.9914

CPL

-.6093

-.5919

.519ܐ ܝ4955

ܝܢܐܐܘ

܂.ܬ699

.010

.025

.050

ܫܢܐܠܘ

ܝ025

ܝ3ܘܘܘ

025..ܘܐܪܪ

.050

.2823

.1458.050 ,83ܬܬ ܝܐܘܘ -.6234

ܝܐܘܘ200.

ܝܬ03

܂ܘܐܘܐ ܝܐܘܘ.ܐܬܘܐ

ܝܬ00

.1405

.0309

-.0525

-.0284

- .0256 ܝ400
..0637

CPL

-.9997

-.9764

- , 6318

-.1619

-.1393

-.0730

-.0307

-.0208

-.0143

-.0114

.0832

.0913

- , 0238

.ܘܐܐܐ

CPU

.5746

. 4719

.3444

.2159

. 1383

.0385

-.0336

-.0087

-.0646

-.0787

-.0695

-.0298

.0025

-.0149

.0198

.600

) 800

.300

.400

.500

.600

. 100

,ܐܐ65

300

.400

.500

.500

.100

-.0034

.0290

-.0924

-.1092

-.0543

-.0270

-.0309

ܙܐܐ56

ܝܐܐܐܪ

ܙܬ205

ܝܐܕܘܐ

- . 1040 ܝ900

ܨܐܐܐܬ ܝ0ܘܪܬ .925

ܝ800ܝܦܘܘ

ܝܪ0ܘ

- . 1030

-.0542

-.0188

-.0359

-.0303

ܕܐܘܐܐ

ܝ2065

ܝܬܐ49

ܙܬ551

1900

.925

550

.950 ܝܬܘܟ

ܝܪܐܘ

STATION 4 STATION ܕ STATION ܚ

CPU CPU CPL170

.325

CPU

ܝܪܢܐܘ3266.

X / C

.010

.025

.050

. 100

X / C

.025

.050

ܝܐܘܪܕ

.3549 ܂ܘܪܘ

UPL

-.5203

-.5226

-.5268

-.5311

-.5346

CPL

0933

.0162

.0024

.0363

. 0447

ܝܐܪܿܘܐ

ܝܬܟܐܪ

ܝܐ8ܐܶܘ

ܝܘܘܘܘ

ܘܬܘ9ܐ ܐܘܘ

ܙܬܘܘ

ܝܐܐܘܘ

ܝܐܐܐܕ

ܘܐܐܐ

-.1504

-.1325

-.1015

-.0767

. 1653.

.015

.150

.300

.450

ܝܬ00 -.1140 -.0124

ܝܳܢܐ3ܘ .ܐܟܐܬ .030ܐ 400.-05ܪܐ

.600

.800

ܙܘ088

ܨܐܐܬܟ

.138ܬ

,ܐܐܘܕ

,ܘܘܪ

-.0419.0538

.0552

.0618

ܙܪܘܘ

ܝܐ50

ܝ400

-.1017

-.1457

- , 1033

.0231

.0262

.300

.400

.500

.600

.700

.800

.ܘ݁ܕܶܕܘ

,ܐܐܕܘ

.ܬܬܐܪ

ܨܐܐܘܐ

,ܘܐܪܘ

.30ܘ,ܘܟܐܐ ܝܠܘܐܐ

325.ܝܐ858 -.0837 ndoܝܘ .850 ,ܘ69ܐ -.0851 -.0253
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TABLE I.- Continued

(c ) - ܗܕ0,020-

STATION ܐ STATION 2 STATION 3

x /X/ C

.005

CPL

-.5618

-.2750

.

CPU

.4842

. 3064

. 1916

ܕܘܐܘ

ܢܘܙܘ

CPU

.5074

. 3621

.2265

.025

,ܐܐܕ050.

ܙܐ085 ܐ229

.025

.050

.100

.200

.300

ܫܐܘܘ

.0470

-.0209

-.1025

- 1063

-.k ? 39

-.0754

-.0432

-.0070

.0126

.0150

.0178

-.0126

CPL

-.6533

.6399

-.6305

-.1359

-.05 35

-.0053

.0350

.0350

.0409

. 1057

.0375

-.0576

-.1346

-.1623

-.1287

CPU

.4334

.2574

.1496

.0329

-.0724

-.1563

-.1389

-.0699

-.0432

-.0350

. 200

.400

.600

.800

.900

.925

ܙܪܘܘ

ܐܐܘܐ

.500

.600

.700

.800

.900

.ܐܪܐܐ

ܙܐ0ܐܐܐ229

ܝܐܐܐܐ

-.0712

-.0252

.0056

-.0197

.0272

-.0146

.2079

-.0694

-.0260

-.0361

-.0333

.1628

.1965

. 2308

. 2502

ܝܕܪܘ

.970

STATION ܀ STATION 5 STATION 6

CPU CPLCPU

. 4152

.2698

CPL

-.5795

X/C

.025

.050

CPU

ܝ2ܐ231358.

.59ܐܘ ܝܐܐ93

X/C

.010

.025

.050

.100

200

ܝܐ269

.1400

.0827

-.0283

ܫܐܘܘ

. 1550

.178

-.4584

-.4598

-.4294

.0483

-.0323.

-.3921

-.2296

-.0290

-.0216

. 1367

,ܐܐܐܐ •ܐܐܐܐ

0345

-.0673

-. 1826

-.1741

-.1200

-.0775

-.0910

ܪܘܘ -6ܐ63 , 1898

-.2090

-.1474

.600

.800

.900

.925

.200

. 300

.400

.500

.600

.700

.800

ܕܐ60ܐ

-.008

-.0159

c731

.0821

-.15 31

-.1596

-.1521

-.1447

-.1091

1503.܂ܐܐܘܟ

.1161 -.0806

(d) w = 1.940ms

STATION 1 STATION 2 STATION 3

CPL X / CX / C

.005

CPU

. 3208 ܂.ܘܐܘ

ܝܘܐܘ ܕܐܐܘܘ

.0ܐܐܐ

CPO

.2917

.0939

.0105

-.0303

-.0778

-.0974

-.1520

CPL

-.0559

.0002

.0519

.0575

..0585

.0669

.0787

-.1995

-.00 39

-.0447

.0244

.025

.050 -.0401

ܝܐܘܘ

ܝܐܘܘ

.ܐܐܐܐܝܘ254

6yܨܐ܀

.?ܐܬܪ

CPU

.2038

.0190

-.06 50

-.0078

-.1645

-.2237

-.1916

-.1039

-.0438

-.0522

.025

.050

.100

.200

, 400

.600

.800

.900

.925

.0172

.0919

.ܐܐܐܘܫ06ܐ08348.

.13ܬܐ

-.2317

•ܝܐܘܘܐ

.300

.400

.500

.600

.700

.800

.500

.950

.08ܘܘ 0707.܂ܐܶܐܳܘܐ

.0109

.1407

.1390

-.0205

-.1276

0835

-.0472

.0014

-.0169

.0086

-.139

-.1484

-.0802

-.0344

-.0400

-.0310

ܝܐܐ56

ܘܐ00

ܝܬܬܐ5 .2290

ܝܕܐܘ2606.

STATION 4 STATION ܕ STATION O

CPU CPL CPLCPU

܂ܐܪܐܘ0174. ܨܐܐܬܟ ܝܐ8ܐܘ

X / C

.010

.025

.050

.ܘܕܐܐ

X /C

.025

.050

.100

.200

. 300

CPU

-.0709

- , ܝܐܘܘ136

. 1815

.1744

.2443

.2386

.2405

.200 ܂ܬܘܬܬ

.0164

-.0719

-.0963

-.1847

-.2469

-.2016

-.133 ;

-.0137

-.0875

ܝܟܘܘ -.2292 .ܟܘܘ

.600

.800

.ܬܐ9ܐ

܂ܬܘܐܘ

,ܐܐܢܘܬ

,ܘܘܘܐ

ܝܐ6ܐܬ

ܝܐ66ܬ

܂.ܐܘܐ

܂.ܐܐ86

.500

.600

.700

.800

܂.900

.925

X/ C

.005

.010

.025

.050

CPL

-.5303

-.5132

-.2824

-.1030

.0039

.0528

ܙܐܠܘܘ

܂ܐܐ6ܘ

. 1569

ܝܐܐ09

.2409

.200

.300

.400

.500

.600

.700

.800

. 900

.925

.950

CPL

-.3245

ܨܐܐܐܐ

X/ C

.025

.050

.075

.150

. 300

.450

.600

.750

.800

.850

-.3048

- . 2051

-.1554

.0365

.0896

ܝܐܘܐܐ

ܝܐܐ34

ܝܐ248

x / 0

.005

.010

.325

.050

CPL

-.0708

-.0724

-.0514

.0148

.ܐ00

ܝܬ00

06ܐܐ

.300

.400

.500

.0895

. 1326

.1609

.1851

. ܘܘܘܘ2310

.700

ܝ800

.900

.925

.950

-.0901

X / C

.025

.050

.075

.150

.300

CPL

-.4091

-.2016

-.0333

.0350

-.0301

-.0509

-.1192

.ܘܐܐ

.0ܐ܀8

.ܐܐܘ6.ܒܬ96

-.0102

.0025

.0073

.1458

ܝܟܕܘ .0751

.600

-.1989

-.2035

-.18 : ܘܐܘ306 ܂ܐ90

d3ܘܬ. ܂.ܐܐ09

1687.ܝܐܪܐܐ 800.ܐܐܟܪ

ܝܐ850989. -.1370 .1450
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TABLE I.- Continued

(e ) w = 3,890

STATION 1 STATI UN ܬ STATICN ;

X / C CPU 470 CPU CPL

,0ܐܕܐ ܝܘܐܘ .18ܘܘ

CPL

.2343

.2338

ܫܘ02 ܝܘܐܘ ܝܐܐܪܐ

CPL

.3059

.2277

.1913

. 1705

-.1967 .025 -.2623 . 2073

CPU

-.0043

-.1007

-.2075

-.1743

-.1749

- . 1786

-.2087

-.1989

.025

.050

܂.ܬ0ܘܐ

ܝܐ6(5

ܝܐܪܬܐ

ܕܐܳܢܬܪܘ

ܝܬ396

ܝܐܐܐܪ

ܝܬ9ܟ

ܝܘ50

ܝܐܘܘ

ܝܬ00

ܝ400

ܝܐܐܬ -.2552 . ܙܐܠܘܘ1380

ܝܬ00 .1386 .ܐ61ܪ ܝܬ3ܘ8

ܬܬ89

ܨܬܐܢܛ

ܝܬܐܟ0

,ܬܝ96

gsܐܐ,

ܨܐܐܘܕ

.ܬܐܬܘ

,193ܐ

. 300 .600

.1247

.1110

.0910

.0936

.0157

ܝܟ90

. 1531

.1842

ܝܐ359

ܫܐܬܪܐ

ܙܐܘܐ5

.8ܘܘ

-.2040

-.1000

-.0548

-.0638

.500

.600

.700

,ܐܐܐ9

.ܐ666

.900

.25

ܝܐܐܪܘ

.ܐܪܘܕ 1382

ܝܐܪܕܐ1780.-

ܫܐܪܐܙ ܂.ܘܘܘ.ngܘܕ

܂.500

-.0947

-.0471

-.007 )

-.0033

-.0008

.550

ܕܐܘ3ܐ

ܝܬ306

ܝܬܪܪܬ

ܝܐ6ܐܘ

ܝܬܢܘܘ

-.0445

-.0450

.ܐ03080.- .02ܐܬ

STATION 4 STATION ܕ STATION ܘ

X / C CPU CPL CPU CPL CPL

.ܐܘ -23ܐ•ܬܪܐ9 ܝܬܐܟ3

k /

.025

.050

.36ܐܘ

.3ܐܬ3

ܝܐܐ86

CPU

-.2664

-.2210.1112

.1814-.2709 -.2905 ܙܐ00

ܝܬ00

-.ܐ858 ܝܬܬ08

.ܬܐܐ .ܬ85ܬ

.025

.050

. 100

.200

.400

.600

.800

i5ܙܬܐ ܐܐ

ܐܐܪܐ

ܙܬܪ8܀

ܝܐܪ0ܐ

ܘܬܪܬܐ

•ܐܘܐܐ

ܝܐܐܐܪ

-.3533

-.3065

ܝܐܪܐ3

ܫܐܪܐܪ

ܕܐܪܬܬ

ܫܐ8ܐ6

ܝܐܘ7ܐ

ܐ956

ܝܐܐܘܘ

-.2830

-.2995

-.2487

-.1575

-.0859

-.0912

.0867

.0795

.0691

.0960

.0819

0909

. 1054

.300

.400

500

.600

.700

-.2403

-.2530

-.2561

-.2004

-.2660

,ܐ850

.9ܘܘ

ܝ900ܝܐܘܘܪ .1786 ܫܐܐܘܐ

925.ܝܐ320 -.1208 ܐܘܘܕ ܝܘܘܘ ܝܬ393

(f ) __ -

SIATION 1 STATION ܐ STATION 3

CPU

.ܐܪܐܝ

CPLCPU

- . 4300

- , 5052

-.4601

-.3195

-.2901

-.2654

X/ C

.010

.025

.050

CPLCPL

.5302

. 4404

. 3448

.2853 ܐ0ܘ

ܝܐܐܐܐ

CPU

-.6091

-.6463

-5855

-.4552

-.3700

-.3472

-.3304

-.3259

-.2438

-.2438

200

-.6403

-.5068

-.4320

-.3758

-.3387

-.2549

-.1306

-.0508

-.0691

ܐܪܪܘ

.1917

.1800

. 1535

.1468

܀ܐܶܘܟܟ

.ܐܪܟܐ

-.2443

-.1973

-.1623

-.0905

-.0569

-.0045

-.0096

.0274

ܫܐܐܐܘ

ܝ2453

-.0953

-.0463

-.0515

-.0325

.2677

.2704

STATION ܟ STATION 5 STATION 6

CPU CPL

ܙܐܐܐܐ .2578

. 2654-.5804

- . 5283 ܐܢܐܘܐ

CPU

-.8652

-.7311

-.5904

-.4670

-.4079

-.3708

-.2898

-.1895

ܪܪܐܪ .2778

4505ܕܐܐܪܕ

-.3752

-.3288

-.2373

-.2023

-.1586

CPU

-.6339

- . 4634

- . 36 96

-.3230

-.3594

-.36 37

-.3784

-.3813

-.3418

-.3600

.2706

.2359

.2292

:ܐܐܘܐ ܝܐܐܐܐ

-.1150

X / C

ܫ065

ܝܢܐܘ

025

.050

. 100

ܝܬ00

ܝܢ00

.400

-500

.600

|ܐ00

G00ܝ

.900

.125

.950

X / C

ܝܘܐܟ

.050

ܝܢܐܪ

.150

. 300

ܝܪ90

.600

ܝܐܪܘ

ܝܢ00

.850

5.940

X / C X / C

o5ܘ. 4843.ܝ005

. 4048

.3241

.4910

. 3788.010

.025

.050

.100

.010

.025

.050

ܝܛܐܪܐ

•ܬܐܐܐ

ܙܐ0ܘ

.2393

ܝ2001400.

ܝܐ668

ܝܬܘܘ

ܝܐܘܐܟ

ܙܐܘܪܐ

ܝܐ206

ܝܐ223

ܝܐܘܘ

ܝܐܘܘ

ܙܐܠܘܘ

܂.ܪ00

ܪ0ܘ

.300

.400

500

.600

ܝ800

܂.ܬܘܪܪ

0d8ܝܬ

.238ܐ

2ܘ0ܐ

.900

.0250 ܂.ܘ00ܝܪܬܪ

܂ܝܐ00 ܐܘܘܕ

.600

.700

.800

.900

.800

.900

.550

.1513

-.0082

ܝܐܐ9ܐ ܂.525

ܝܪܐܘ .950

x / c . vcܬ

ܝܘܐܘ

X/ C

.025

.050

CPL

.2092

. 2095

ܝܘܐܪ ܐ226

CPL

.5183

.3904

. 3390

.3186

.2787

.2340

.2274

.2255

.025

.050

. 100

.200

.400

.600

.800

.900

.150

.300

.450

.600

.750

.025

.050

.100

.200

. 300

.400

. 500

.600

.700

.800

.1925

.1053

.0881

.0906

. 1005

ܐܬ69 ܝ800

ܝܕ25 .2487 .850

ܫܐܐܐܘ

2083.ܕܬ29ܐ

10



TABLE I.- Continued

g-7܂940 ))

STATION 1 STATION 2 STATION 3

CPU CPLCPU

-.9047

-.8971

-.7257

CPL

ܐܕܪܪܘܐ

ܐܨܐܐ00

co5ܐ- .56ܐܬ

CPU

-1.5352

-1.0603

CPL

.5910

5053.

-1.0626 .ܐܪܪܐ ܝ46ܐܐ

.463ܐ

X / C

.010

.025

.050

.100

. 200

.400

.600

.4746

.3993

. 3224

.59ܐܬ

X / C

.005

.010

.025

.050

.100

.200

.300

.400

.500

.600

.700

.800

-5968

-.5017

X/ C

.005

.010

.025

.050

. 100

. 200

300

.400

.500

.600

.700

ܝܪܐ35

-.4125

-.3365

- 3157

-.2886

-.2395

-.1978

- . 1003

-.0637

-.0036

-.0088

.0314

-.5411

- . 4561

-.4336

-.3889

-.3103

-.2643

-.2048

ܝܐܪܪܪ

ܝܬ368

ܙܐܐܐܐ ܝ800

. 3644

. 3039

.2563

.2405

.2398

.2530

.2655

-.2900

-.1433

-.0146

-r0661

.1784

.2230

.900

.925

.8ܘܘ ܂ܬܘܬ .2317

ܝܪܘܘ2517. .900

.950 ܂.ܪܬܕ

-.0409

-.0483

-.0223

ܝܐ829

ܝܕܐܘܘܐܪܐܕ .950

STATION STATION 5 STATION 6

XIC CPU CP

ܝܘܐܘ

CPU

ܐܙܐܟ1.670585- ܝܐ856

xC

.025

.050

CPL

.2996

. 3374. 3035

XIC

.025

.050

.075

.150

.300

ܐܝܟܐܐܐ

ܐ.ܐ653 ܝܐ98ܘ ܘܐܘܘ

-1.0160

-.80563

-6596

-.5368

-.4354

-.3253

-.1985

ܙܠܐ89

ܘܬܐܐܪ

CPU

-.9163

-.9331

-.8467

-.5419

-.4650

-.4595

.

.025

.050

. 100

. 200

.400

.600

.800

.900

.525

.

. 3049

13056

. 3025

.1032

-.5341

-.5150

-.4333

-.5840

ܝܟܕܘ ܝܘܐܘܐ

.600

.750

.܀88ܘ

.200

.300

.400

.500

.600

.700

.800

.0777

••ܬܐܪܘ0935.

܂.9̈ܪܐ

ܙܬܘ34

24ܪܐ

ܐܐ8ܐ

- % 85d

g00ܫ .ܐܘ233655.-

,ܐܐܐܟ

-.;ܐ15 498ܘ ܙܐܘܪܐ

ܝ850ܐ9ܟ .ܐܘܐ8

( h ) __ = 10,020

STATION 1 STATION 2 STATION 3

X / C CPU CPL X / C

ܢܘܘܪ

X / C

.005

CPU

-2.190y

CPU

ܐܕܪ580ܝܟܘܪܬ3.0798-

ܐܬ968

ܐܕܙܕܐܐ

ܝܘܐܘ

ܝܘܐܘ .025 010.ܐܝܐܐܐܕ

.025

.050

.100

ܐܝ63ܘܐ

ܐܙܬ904

.5735

.. ;520 .050.025

.050 3tܝ4ܐ ܫܐܘܘ

ܝܐܘܘܝܐܘܘ

CPL

5844

.5821

.5249

.4502

. 3601

. 2808

256

.2542

ܐܘܘ

-.6675

-.5353

-.4105

-.3743

-.3376

-.2562

-.2094

-.1208

-.0869

.200

.300. 300

.400

.500

.600

.4005

.3116

.2833

. 2523

-1.0609

-.7344

-.5963

-.4642

-.3085

-.1500

-.0731

-.0544

ܙܪܘܘ

.400

.600

.800

.900

.95

-.9426

-.7446

-.5606

-.5104

-.4399

-.3500

-.2866

-.2157

-.1378

-.0479

-.0398

-.0260

ܝܐ089 ܝܐܟܐܛ

2515.܀ܐܶܘܐܶܘ

ܝܐܘܘ

.800

.500

.600

.700

.800

.00

.925

1950

ܝܬ6ܐ8

ܟܘܘ ܙܘܐܐܐ

.950

.2561

.2871

.2974

.0007

ܪܐܘ0184.

STATION 4 STATION 5 STATION 6

XIC CPLXIC

.010

.025

.050

CPU

-1.1991 ܝܐܐܟܐ

X/ C

.025

.050

CPL

ܐܙܐܐ8ܟ

-1.1936 . ܝܐܘܘ

ܝܐܘܘ ܐܨܐܪܝܕ

.200

.400

.600

.800

.900

.925

.025

.050

.075

.150

.300

.450

.600

.750

.800

-850

-.9981

-.6443

-.4479

-.3400

-.2926

-.2375

.2899

. 3024

. 2961

. 2937

.2975

.2909

. 2900

. 2632

.2374

.200

.300

. 400

.500

.600

.700

.800

CPU

-.9159

-.9017

-.8795

-.8425

-.7641

-.6819

-.6754

-.6481

-.7140

-.7183

.5899

.5332

.4375

.369ܐ

.2835

.2447

ܕܐܐܘܘ

ܝܐ686

ܘܐܘܐܕ

.0342

ܝܐ8ܟ

ܫܐܐ95

dܝܘܐܐ

ܝܬܟܐ

CPL

.6031

.5732

.4452

. 3856

ܙܢ8ܐܪ

ܘܐܠܐܘܘ

ܝܐܪܐܟ

ܘܬܐܠܐܘ

.2425

ܫܐܐ50

CPL

.0007

.6095

ܪܪܐܐ

.

.4338

. 3627

. 3009

.2632

.2166

.1970

.0465

ܐܐܐܐ

ܙܐ018

-.0125

.2461

CPU

-1.8562 .2804

ܐܝ28138569.

-1.8963 ܫܐ168

•ܐܙܝ69ܐ

-. 4846

- . 4683

- . 3526

-.2099

CPL

.5859

.5959

.5805

. 4885

.6657

.3591

.2747

.2455

. 2585

.2866

.2704

.1485

.0668

.0668

.0826

. 0898

.0940

ܝܐܐܛ8

-. 1196
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TABLE I.- Continued

( i ) a = 12.200=

SIATICN STATION 2 STATION 3

CPL 176 CP CPLCPU

-2 : 6363

-1.6062

CPU

ܝܕܐܪܐ2.2755- ܝܐ343

XIC

.005

.010

.025

.050

CPU

-1.7490 ܝܩ05ܪܪ3ܐ

ܝܐܢܐܘ ܬܝ2ܐ08 .5183 ܐܝܐܐ48

ܐ.3390

.6290

.6099

5296

2.3314-ܝܪ856

- 2.3678

-1.7657

.5557 8855-ܐܙ8ܘܬܘ

ܙܐܘܘ7075.-

ܬ00

ܐܝܐܘܐܘ

.6294

.2741

.4840

.4111

. 3141

.2670

.025

.050

.100

.200

. 300

.400

܂.ܟܪܐܐ

.38ܐ

܂.ܟܘܪܐ

.;ܐܬܐ

.433ܐ

384 3

. 3364

ܫܶܐܙ5ܐ

-1.3255

-.3776

-.3113

-.1749

-.0950

.3438

.2670

.2333

.0410

-ܫܬܟܟܐ . 3040

-.2975

-.4649

-.5194

-.4700

-.3590

-.3109

-.2235

ܝܐ00 .2466 450

ܝܬ466 ܝܐܘܐܐ

. 300

.400

.500

.600

.700

.8 00

.900

.550

܂ܐܘܐܐ 600.ܙܐܐܐܪ

• 100-.1326 ܬܬ39ܐ

ܝܬ0ܐܟ

05ܬܐ

.0ܘܐܐ

ܝ0ܐܐܐ

d00ܫ ,ܐܐܐܐ

,03ܢܘ

.2552

ܘܐܪܐܘ

.2501

.700

.925

.950

-.0386 . 2659-.0050

.9ܐܘ0154. ܨܘܐܟ ܐܐܐܘ

STATION STATION 5 STATION 6

LPL CPL

ܝܪܪܐܢܐ

X / C

.010

.02

.050

. 100

ܝܬܐ39

ܝܐܘܘ8 ܝܐ85ܐ

170

.325

.050

.075

. 150

. 300

CPU

-1.4450

-1.4077

-1.3631

-1.3833

-1.3767

-.9110

-.4703

CPL

.4079

. 4019

CPU

-.7693

-.7404

-.7578

-.7629

-.7347

CPU

-.9808

-.9593

-.4542

-.4313

-.0337

-.1406

-.6216

-.5108

369ܐ

.ܫܢܐܘܐ 3001

. ܝܬ289000

400 ܝܪܪܘ

.€0ܘ

1ܐܘ65 ܝܐܐܪܕ

ܙܐܐܐܘ

ܬ657

.600

.750

.800

,ܐܐܘܐ

ܝܘܐܘܪ

6ܐܐ6

.1379

.0633

.0652

.0631

.0655

.0507

.890

.900

.525

ܝܬ6ܬܬ

-.1691 .4ܐ2ܘ -.6275

.ܐܶܘܐܬ5993.- d50ܝ -.4325 .2462

1

(j ) - ܣ=14,330

STATICN 1 > TATION 2 STATION 3

X / C

.005

X / C

.005

.010

.025

.050

CPU

-1.8875

-1.9056

CPU

-1.3705

-1.3278

CPL

ܢܘܬܘ

CPL

.3139

.5658

.6476

.0063

.5244

025.ܐܝ9244

.050

ܐ36ܐܘ

ܐ.3511

ܝܐܘܘl,ܬܐ88 ܝܐܘܘ

ܝܐܘܘ ܝܪܐܪܪ

. 300

.200

.300

.400

.500

.600

.700

.800

.3746

. 3189

-18888

-1.9753

-1.5610

-.6979

-.4460

--3535

-.3213

-.2776

-.1928

ܝ4ܘ0

ooܝܪ

-.9868

-.5918

-.3698

-.2314

-.2401

܂.2ܘ25

.2963

ܝ$ܘܘ

.000

.700

.800

.900

.925

.950

.2653

ܨܐܐܐܛ2520.

.950

.510

-.1378 ܝܬ889

.ܐܐ8ܟ .2951 1

STATION 5 STATION 6

CPU

-.6140

-.6166

-.6071

-.6680

-.6123

-.6248

-.5886

-.56 94

-.5369

-.5310

X /C

.010

ܝܘ25

ܝܘ50

. 100

.200

.400

.600

.800

.900

.925

X /C

.025

.050.6194

.6001 ܐܘܘ

ܝܐܘܘ

܂.5$3 ܝܪܐܟ

ܝ3ܐ78

ܝܬܐܪܟ

ܝܬ369

.300

.400

.500

.600

.700

.800

.2306

ܘܬ7ܐܘ

X / CCPL

.3515

.6172

CPU

-3.4404

-2.6490

-1.7500

ܝܘܬܘ .5753

.6035.025

܂ܙܘܐܐܪ050. ܝ6ܐܐ6

ܐܨܐܐ6ܐ 6016.ܙܐܘܘ

.5312

.4282

.3699

. 3083

.5409

.4552

.3540

.2898

-.8611

-.6022

-.4974

-.4251

-.3610

-.3033

-.1608

200

.400

.600

.800

.900

.925

ܫܐ378

ܐܐܐܪܝܬܪܪܐ

.2640

,ܐܐܐܟ

.0536

.2665

.2351

-.0257

.2679

-.0529

-.0486

.0097

STATION

70

.010

.025

.050

CPU

-1.0551

-1.1221

-1.0923

CPL

. 2070

CPL

.5520

.6330

.6422

.5816

.5858

X / C

.025

.050

.075

.150

CPU

-.7530

-.7537

-.7315

X/ C

.025

ܐ05033.

CPL

.2433

. 4007

.4019

.3992

.2244 ܝܐܘܘ

ܝܐܘܘ ܐܘܐ96 ܐܪܪܬ

ooܪ

ܕܬ28ܐ

.26ܐ8
.200

.400

.600

ܫܐܪ63
-.9256

-.8 347

-.6669

-.5330

-.4198

ܝܟܐܐܐ

.2867

.8ܘܘ ܂.ܟܘܘ

. 200

. 300

.400

.500

.600

.700

.800

..6788

-.6291

-.5959

-.5112

-.5129

-.4901

.450

.600

.750

.800

.850

ܝܬܐܐܐ

.2409

.2337

.2303

.2206

.0876

.0940

.0712

.0828

.0445
.925

.1853

ܝܟܙܟܐ2031.
ܝܐܐ88
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TABLE I.- Continued

(k) a = 16.390

SIATION STATI UN 2 STATION 3

X/ C

.C05

.010

.025

.050

.100

.200

. 300

.400

.500

.600

.700

.600

.500

.950

.5 70

CPU

- 4.2487

- 4.2457

-3.5021

-1.0088

-.0715

-.6233

-.5376

-.4650

- . 3801

- . 3453

-.2134

-.1123

-.0810

-.0618

-.0380

CPL

.1609

.5864

.6892

.6524

.5640

.4522

.4080

.3265

.2921

.0287

. 2510

.2301

-.0521

.2562

XVC

.005

.010

.025

.050

.100

.200

.300

.400

.500

.000

.700

.800

.900

CPU

-1.4405

-1.4483

-1.4113

-1.4180

-1.3445

-1.2981

-1.1610

-.9563

-.7496

-.5800

-.4938

-.3927

-.2405

-.2417

- . 1951

CPL

. 3262

.5582

.6463

.6260

.5312

.4408

. 3828

.3333

.2812

.2979

X / C

.010

. 025

.050

.100

.200

.400

.600

.800

.900

.925

CPU

-1.0907

-1.08 71

-1.0762

-1.0296

-.9686

-.8822

-.7087

-.5506

-.4423

-.4263

CPL

.5742

.6461

.6356

.5608

.4672

. 3632

.2848

.2171

.1639

.1910

.2399

.2214

.2485

.2573

. .925

.950

STATION 4 STATION 5 STATION 6

X /C

.010

.025

.050

.100

.200

.400

.600

.800

.900

.925

CPU

-.8612

-.8844

-.8620

-.8503

-.8372

-.7542

-.6615

-.6023

-.5190

-.5348

CPL

.5688

.6418

.6374

.6251

.6040

.4414

.2780

.1782

. 1584

. 1382

X / C

.025

. 050

.075

.150

. 300

.450

.600

.750

.800

.850

CPU

-.6990

-.7083

-.6982

-.6924

-.6876

-.6680

-.6072

..5971

-.5704

-.5748

CPL

.1535

. 1579

.3133

. 3387

.3253

. 328 €

.3238

. 3093

.2723

.2684

X / C

.025

.050

.100

. 200

.300

.400

.500

.600

.700

.800

CPU

-.6122

-.6256

-.5891

-.6289

-.6355

-.5844

-.5530

- 5600

-.5233

-.5453

CPL

.5122

.4345

.4451

.4414

. 1385

.0949

.0716

.0634

.0575

.0340

( 1 ) Q = 18.440

STATION 1 STATION 2 STATION 3

X /C

.005

.010

.025

.050

.100

.200

.300

.400

.500

.600

.700

.800

.900

.550

.970

X/ C

.010

.025

.050

. 100

.200

.400

CPU

-3.4285

-3.2297

-3.2123

-2.6253

-1.1805

-.6288

-.5561

-.4978

- . 4521

-.3951

-.2485

-.2523

-.1141

-.1524

-.0756

CPL

.1540

.6030

.7286

.6968

.6098

. 5018

.4281

. 3611

3024

0344

.2635

.2302

-.0481

.2299

XIC

.005

.010

.025

.050

.100

.200

. 300

.400

.500

.600

.700

.800

.900

.925

.950

CPU

-1.2054

-1.2554

-1.2190

-1.1866

-1.1467

-1.0822

-1.0597

-.9592

• .8149

-.7433

-.6336

-.5553

-.4207

.3968

-.3605

CPL

. 3240

.5628

.6525

.6469

.5812

.4672

.40.50

. 3542

.2887

.3108

CPU

-.9713

-.9563

-.9310

-.9490

-.8790

-.8347

-.1331

-.5910

-.5142

-.4780

CPL

. 5683

.6647

.6537

.5975

. 5001

.3740

.2931

.1921

.1421

.1426

.600

.800

.900

.925

.2203

. 2073

.1985

.1903

STATION 4 STATION 5 STATION 6

CPUX / C

.010

.025

.050

.100

.200

.400

.600

.800

.900

.925

-.8447

-.8543

-.8236

-.1983

-.7838

-.7442

-.6927

-.6283

-.5537

-.5407

CPL

.5441

.6356

.6356

.6399

.6084

. 4527

.2832

. 1768

.1439

.11751

X/C

.025

.050

..075

.150

. 300

.450

.600

.750

.800

.850

CPU

-.6507

-.6675

-.6442

-.6571

-.6769

-.6275

-.6241

-.6052

..6206

-.6027

CPL

. 1624

. 1782

. 3501

. 3545

. 3627

.3517

.3377

. 3329

.2547

. 1788

X /C

.025

.050

.100

.200

.300

.400

.500

.600

.700

.800

CPU

-.5620

-.5752

-.5674

-.6158

-.6219

-.59 30

-.5752

-.5616

-.5463

-.5661

CPL

.5157

.4532

.4097

. 4083

.1514

.0922

.0914

.0686

0498

.0252
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TABLE I.- Concluded

(m) m - 20.470

STATION 1 STATION 2 STATION 3

CPL CPU XIC CPUCPU

-2.1779

X / C

.005

CPL

ܝܐܐ531406. 0

CPL

3000

.5533

.6646

ܐܝܐܐܟܐ-ܘܪܘܐ

ܐܨܐܟ35

ܐܝܐܐܐܐ

ܬܙܬܐ16 ܝܘܬܘ Oܝܘܐܐܪ

-2.1388

-2.0530

.025

.250

ܐ.992

ܐܕܐ65ܐ

ܝܐܘܘ

ܐܘܘ

-1.0578

-1.0440

-1.0041

ܙܘ683

598܀

.6211

.7566

.7272

.6533

.5301

. 4692

. 3981

.3358

.0387

-.9308

-.9127

-.0964

-.8378

-.7827

-.7355

-.6352

.300

.6595

.6261

.5160

.3965

.3061

.ly53

. 100

.51 04

.4397

. 3813

.3213

•ܝܪܘܐܘ

ܙܪܘܘ

ܶܪ00 59ܐ6

-.8075

-.6402

-.5294

-.4571

- . 3428

-.3432

-.2524

ܙ3ܐܘܘ -5a23 600.ܐܐ36

ܫܐ80ܪ700.

-6945

-.8407

-.7949

-.6833

-.6389

-.5286

-.4065

-.4821

235d.ܝܦܘܘ

-.0353

.2325

.2014.900

ܝܐܐܠ8ܘ ܐܐܐܕ ܝܪܐܪ ܝܐܘ39

-ܫܐܟܐܘ , 1 : 39 .950

STATION 4 STATION 5 STATICN 6

CPL

5238

CPU

-.8c39

-.d6

-.7709

X / C

.025

.050

CPL CPL

. 5050

܂.66ܐ46736.

-662

CPU

-.6432

-.6302

-.6527

-.6639

-.6296

-.6248

ܝ4395

,ܐܐ38 64ܘܪ

CPU

-5520

-5668

-.5597

-.5465

-.5798

-.5767

-.5703

-.5696

-.5421

.6416

.5104

. 3024

-.7478

-.7412

-.6852

-.6527

- . 6019

-.5992

.4464

.1541

.0952

.0802

.0805

0419

.0146

܀ܐ86ܐ

ܝܐܐܐܪ

. 1023

X / C

.005 ܝܘܐܘ

c25.ܝܘܐܘ܂

.025 .050

܂.ܘܪܘ

.100

ܝܐ0ܘ

ܝܬ00

.20ܘ

.30ܘ

܂.ܟܘܘ

.400

.600

.800

.900

.925

.500

.600

.700

.800

ܙ9ܘܘ

ܝ50$

ܝܪܐܘ

X/ C

.010 ..0731

X / C

.025

ܝܘܐܕ050. ܙܐܐ63

.050 ܝܐ00

ܙܐܘܘܝ200

ܝܘ75

ܝܐܕܘ

200.ܝ300

.400

.600

.800

. 3781

.385 /

3868

. 3853

. 36 63

. 3647

.450

.600

.750

,6ܐܬ

605ܘ

. 300

.400

.500

.600

ܝ700500. ܫ800

.525

-.5949

-.5940

ܫܐܠܪܐܘ

850.ܫܐ356 ܝ800 -ܪܕܐܐ

14
ܙ
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TABLE II. - PRESSURE COEFFICIENTS AT A MACH NUMBER OF 0.40

FOR MODEL STRAKE OFF . CL , d = 0.35

(a) & - -3.900

STATIUN 1 STATI UN 2 STATION 3

CPU CPU CPL X / C170

.005

.010

.5ܪܐܐ ܝܘܐܘ

CPL

-1.6053

-1.5996

-1.5267

X /C

.005

.010

.025

.050

ܝܕܐܘ6

ܝܕܐ65

ܪܐܪܬ

-.8758

-.8691

- , 8866

CPU

.5206

.4447

.34 ܝܘܐܪ20

.025

.00

.3ܐܐܐ .B8ܐܘ ܙܐܠܘܘ 050.ܫܐܐܘܬ

.100 ܝܐܘܘ 200 .0413

CPL

-.7469

-.7335

-.7430

-.1350

-.7422

-.2147

.0915

. 1306

.1762

.5289

.4165

.2847

.1996

.0139

-.0290

-.0164

-.0934

-.2424

-.1918

. 3237

.1933

.0442

-.0658

ܫܐܘܘ ܝ400 ,ܐܐܐܐ

.130ܐ

.ܐܐܐܪ

-.1500

-.9853

-.6250

-.0306

-.0002

-.0104

.0400

.600

.800

. 200

. 300

. 400

.500

.600

.700

,ܐܐ34

-.0930

,ܐܬܐܬ

.ܐܬܐܪ

,ܐܤ59

ܙܪܘܘ

ܝܟܐܟ

. 300

.400

.500

.600

.700

.800

.900

.950

-.08 70

,ܐܐܕܐܝܘܐܐܐ1003.-

,ܐܐܘܐ

܂.ܐܐܟܘ

.0230

ܕܘܪܐܐ d00ܝ

-.1501

-.1028

- , 0908

.1084

1590-.0779

-.0720

-.0522

-.0802

-.0457

ܝܐܪܘ8

-500

.925

.950

ܝܐܘܘ

܂.ܕܐܘ

ܝܐ966

0993.-ܫܐܶܐܪ:

STATION ܟ STATION 5 STATICN 6

X / C CPUCPL

ܝܘܐܘ6383.-

X / C

.025

.050

CPU

ܝܟܐܐ35278.

CPL

-.2950

-.2013

-.2854

025.,6ܐܘܘ

.050

.100

3160.ܝܐ903

.2587 ܝܐ00

CPU

.5203

.4397

. 3351

.266

.0448

-.1287

- . 1748

X / C

.025

.050

.075

.150

. 300

.450

.600

.750

ܝܐܐܪܘ

CPL

-.0083

-.1983

-.3573

-.3408

-.3354

-.3340

- . 3294

-.3234

,ܐܐܟܐ

ܙܐܠܘܘ

ܟܘܘ

-.1991

-.6222

-.6073

-.6107

-.5909

-.0938

.0903

1715

.2316

-.0783

-.1407

. 200

.300

.400

.500

.600

.1579

.0285

-.0845

-.1309

-.1589

-.1703

ܨܐ8ܐ3

.600

.800

-.1674

ܐܟ86

20ܐܐ

ܨܐܐܪܕ

.59ܐ

,1ܐܐܐ

-.1070 ܝܕܘܘܙܘܘܘ

ܪܐܕ

3ܐܐ8 ܙܐ0ܘܐܐܘܘ

,ܐܐܘܐ8ܘܘ

-.1024

-.0903.850 -.1467 - . 3073 -.1416

( b ) __ - -1,960

STATION 1 STATIUN 2 STATION 3

CPL X /C

.005

CPL

ܐܝܐܐܐܕ9248.-

CPU

. 5334

. 4600

.3394

CPU

.5404

. 4 325

. 3093

. 1844

.0953

CPU

.4853

.3513-1.0786

CPL

-.6993

-.7030

-.7010

ܝܘܐܘ .Sܐܘܐ

X / C

.010

.025

.050

.100

56ܘܐ

X /C

.005

.010

.025

.050

.100

.200

.300

-.9240 025.ܝܐܟܘ

.050 ܝܐ38 58ܘܬ 2273.-ܐܐ99

- . 1803 ܂ܝܐ00 ܝܐܘܘ

.11 37

-.0330

-.1663

-.2641.0999

,ܘܐܐܐ0214.- ,ܐܐ2ܐ ܢ0ܘ88

-.0895 ,ܐܐܐܕ ,ܐܘܟܬ .0610

.200

.300

.400

.500

- . 3068

-.0724

-.0558

-.0472

-.0315

.0311

.400

.600

.800

.900

ܪܘܘ ..1852 ܝܐܬ64܂ܐ3ܐ

ܕܐܐ8ܐ

-.1245

-.0900

-.1022

. 1529

. 2059-.1396 ܫܝܘܘ

.ܐܪܐܕ

.1ܐ69

ܝܐ696

,1ܐ9ܐ

1525

-.0792

- , 0804

-.0508

-.0618

0425

.0661

-.0787

.1605

.500

.600

.700

.800

.900

.950

ܕܐܐܐܘ O

. 1020-.0804

-.0528

-.0768

-.0486

.700

.800

.900

.925

.950

-.0835

-.0968

-.0942

،ܐܪܪܐ

ܫܐܐܐܐ

ܝܪܐܘܫܐ8ܐ

STATION ܟ STATION 5 STATION 6

CPU

.4862

3583

XIC

•010

.025

.050

.100

.200

.400

.600

.800

.900

.925

CPL

-.5982

-.5826

-.5895

-.5899

- 5906

-.0614

. 0680

.0752

.0961

CPL X/ C CPU

.2966

CPL

-.0722. 025

ܝܐܐܟ8 050..186ܐ

. ܝܐܪܐܐ100

ܫܐܐܟܕ

-.1940

CPU

.3375

.2214

.1580

.0400

-.1491

-.1915

ܐܘܘ

. 0921

-.0090

X/ C

.025

.050

.075

.150

.300

.450

.600

.750

.800

.850

-.0341

.1730

-.2805

- . 39 39

-.3904

- . 3872

-.3879

-.1699

-.1324

. 0676

.0865

-.ܐ852 ,ܐܘܐܘ

,ܐܐܘܪ

ܨܬܐܪܙ -.1600

-.2043

ܕܐ6ܬܕ

,ܐܐܕܐ

ܨܐܐܕܐ

.300

.400

.500

.600

.700

.800

,ܐܐ80

ܨܐܐܟܘ

ܝܐ܀ܐ8

ܝܐܐܐܐ

.ܐܬܘܐ

܂ܬܘܬ8

-.1578

-.1814

-.1759

-.1660

-.1331

-.0971

ܫܐ8ܬ09423.-
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TABLE II.- Continued

( c) __ - 0.030

STATION ܬ STATION ܬ STATION 3

X / C CPLCPU

ܢܘܘܪ4507.

CPL

-.6513

- .3059

- , 1918

CPU

.4725

.3101

- . 8075

.010

.025

.050

ܙܬܐ09

ܫܐܬܪܬ

CPU

3629

.2090

.1009

ܐ6ܐ

ܫܐܘ0ܕܝܐܘܘܕ

.0571 .0774 - , ,ܐܐ152659

ܫܐܘܘ,085ܬ .0ܐܐܐ ,ܘܐܐܘ,ܐܐܐܟ

,ܐܐܘܟ

ܫܘܙܐ

ܨܬܪ36

.ܐܐܘܰܗ

ܬܝܐܐ96

.200

.300

-.0876

-1550

-.1736

-.0518

-.0241

ܝܟ0ܘ0385.-

-.0400

-.0225

-.0134

.0000

.0672

ܙܐܐܐܐ

,ܐܐܬܟ

.ܘܐܟܪ

.ܘܕܐܐ

-.1955

-.2451

- , 1963

- , 2103

-.1419

-.0983

-.1064

ܝܐ92ܕ

.500

.600

.700

.800

.900

.950

.970

-.1362

-.0943

-.0590

-.0752

-.0435

.0657

.0785

-.0713

ܝܐܐܐܕ

-.1356

-.0920

-.1036

-.0942

܂.ܐܐܐܐ

ܙܐ656

ܝܐ88ܘ

ܐܐܐܐ

STATION ܟ STATI UN 5 STATION 6

X / C

.010

CPU

.3808

. 2084

CPL

-.1313

-.4537

CPU

. 2051

cPc

-.0937

-.4065

-.5804

ܝ025 d79ܝܘ ܝ0ܬܐ3

.050 ܢܘܘܪ3 ,29ܐܘ

ܝܐܘܘ -.0010

-.1396

-.0667 ,5ܙܘܪ

CPU

.2030

.0725

.00 86

-.0678

-.1852

-.2048

-.2126

-.2071

200.,ܐܬ8ܐ

.400

.600

..1671

-.166

-.1633

.0496

. 0095

.26ܐܟ

,ܐܟܬܬ

-.2497

-.2600

-.3831

-.1334

-.0195

-.0003

.0747

ܝ08ܘ -.1720 dܐܪܘ,

.900 ܨܐܐ35 ܝ0820

܂ܫܐ268

-.1638

-.1316

,ܐ8ܕ2

܂.;25 - . 1361 ܙܐܘܐ6 -.1599

I

(d) w = 2,120

SIATICN 1 STATION 2 STATION 3

CPU CPL CPUX / C

.005

CPL

-.2570 ܝܐܪ8ܐ

CPU

.2630

.0573

-.0534

ܝܘܐܘ ,185ܐ

.2413

.0454

-.0454

-.0808

-.1319

.025

.050

-.0458

-.0920

ܨܐܐܐܛ1563.-

-.0698

-.0044

ܝܐܘܘ0021. ܝܬ3ܐܐ

,ܐܐܐܘܨܘܬܐ8

ܙܬܐ09

-.2934

-.25570381

.03 36 ܝܐܘܐܪ

.200

. 300

.400

.500

.600

.700

.800

500

.. ; 50

-.2339

-.2103

-.2007

-.1434

ܝܘ3ܐܐ

-.1543

-.2275

-.2169

-.3130

-.2560

-.2515

-.2173

-.1500

- . 1008

-.1073

-.0454

-.1142

- ,186.0791

.ܐ08ܐ .1334

0635.-ܘܐܐܐܕ

-.0766

ܝܕܐܘ0383.-

. 2005

.2209

STATION 4 STATION 5 STATION 6

X/C

ܝܘܐܘ

CPU

. 1269

-.0487

-.1094

.025

.050

CPU

-.0304

-.1138

CPL

,ܐܐ8ܐ

ܫܐܘܘ ,ܐܐܐܠܐ

.200

.400

.600

.800

500

.925

-.2481

- . 3108

- 2851

-.1945

- . 1311

-.1453

-.1485

-.2435

-.2618

-.2542

-.2524

-.2330

X / C

.005

CPL

-.6430

ܫܢܐܘ

ܝܘ25

-ܪܐ8ܐ

-.3598

.050 ,ܐܐܢܐܟ

X/ C

.010

.025

.050

. 100

.200

.400

.600

.800

-900

- , ܝܐܘܘ0648

ܝܬ00 ܫ08ܐ

.0707

.1255

.300

.400

200

.600

ܘܐܘ75

ܝܕ25ܙܐ0ܪܪ

ܝܐܘܘ

ܝܶܘ0ܘ

. 100

925

550

vcܐ X / C

.025

.050

CPL

- , 2683

-.4496

ܝܐ442600.-

ܫܐܘܘ ,ܐ626

.025

.050

.015

.150

. 300

.450

.600

. 750

.800

.850

.300

.400

.500

.600

-.0690

-.0049

.0436

ܝ0ܐܐܐ

ܝܐ05ܬ

ܫܐܐܐ

܂ܐ0ܘ

ܙܘܘܘ

* / CX / C

,ܐܐܘܐ005. ܕܘܐܘ

CPL

-.1670

-.0843

-.0325

ܝܘܐܘ .025

025.ܫܘܪܘ

.050 ,ܘܘ3ܘ

-.0526

.0003

.0225

.0050

.0248

.0279

.0046

ܝܐ0ܘ

ܝܬ00

.0396

.0561

.100

. 200

.400

.600

.800

500

.925

ܫܘܐܐܛ

.300

.400

.500

.600

.700

.083ܐ

ܘܐܪܙܐ

ܫܐܘܐܐ

0397.-ܐܐܘܘ

ܫ08ܐܐ

doo.0927

-.0628

ܫܐ796

100

.925

.950

x /

.025

.050

.075

. 150

X/ C

.025

.050

CPL

-.1349

-.1215

-.0723

-.0013

-.0020

.0499

CPU

-.0372

-.1329

-.1403

.1968

-.0361

-.0189

-.1451

-.1405

CPL

-.3217

-.1517

-.0544

-.0201

ܙܐܠܘܘ

,ܐ966

ܙ300

,ܘ656

ܝܘܐ25

ܢܘܐܐ8

ܝܐܐܟ0706.

ܬܐ58

ܝܐܐܪܕ

.450

.600

.750

.doc

.850

-.3233

- . 3042

-.3027

-.2181

-.1883

-.1486

. 200

. 300

.400

.500

.600

.700

.800

܀ܘ848

ܝܐܐ53

ܕܐܐ8ܐ

.0601

.0726

.0909

.0964.2021 ܐܐܪܐ
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TABLE II.- Continued

(e ) __ = 4,090

STATION 1 STATI UN 2 STATION 3

X / C CPLCPU

-.0633

CPL

.2346

CPU

-.0924

X/ C

.005

.010

.025

ܝܐܘܘ6

CPL

.2450

. 2034

ܝܘܘܕ

ܝܬ229ܝܐܢܐܘ ܐ819 ,ܬ6ܐܐ

CPU

-.2404

-.3458

--3239

-.3232

.1409

.1656 ܫܐܐܘܐ

ܢܘܪܘ

ܝܐܘܘ

ܬܐܬ36

.025

.050

-.2678

-.2389

-.2479

-.2390

ܘܐܪܘ3

ܫܐ362

ܝܬ00 -369ܐ

. 1036

. 1064

.0974

.0946

.1002

.0979

.200

.300

-.3650

.0303

..0808

.0737

.0517

.0458

ܝܬܐܟ2 . ܵ,ܐ953

ܪܘܘ

ܫܐܐܘܐܠ

ܝܐܟܪ3

- . 3560

-.2934

-.2460

- , 3265

..3564

-.3660

-.296 /

-.2754

-.2367

- , 1559

-.1030

ܝܘܐܪܘ

.200

.300

.400

.500

.600

.700

-.1775

. 67co

-.2761

-.2507

-.2329

-.1658

.1844.500

.600

.700

ܝܐܐ60

,ܐܐܐܟ

ܝܘ3ܐܪ.ܐܬ3ܐ

ܝܐܘ9ܐ

ܬܐܐܟ

ܝ8ܘܘ ,ܐܐܐܟ

,ܘܘܘܬ

. 1084

- .0688

ܐ9ܐܘ

900.ܝܐܘ06

.550 ܝܐܘܐܟ ܕܐܐܟܟ . 2070-.0720

ܝܪܐܘ0323.- -.1006 ܙܐܐܠܘܕ

STATION STATIUN 9 STATION 6

X / C CPL

ܝܘܐܘ

CPU

-.4242

-.3744

-.3502

CPL

. 1450

.1938.025

.050 ܝܐ268

CPU

-.3944

-.3794

-.3759

-.3379

-.3705

-.3860

-.3211

ܙܐܠܘܘ 3ܪܪܘ

,ܟܠܙܐ

.0320

.0337.200

500

.600

.800

.900

CPU

- , 3298

-.3195

-.2817

-.2698

- . 3296

-.3323

-.3353

-.3353

- , 3396

-.3205

CPL

.0c46

.0456

.0367

.0260

.0561

.0332

.0496

.0655

.0809

.0855

..3818

-.3550

-.2622

ܝܘܪܕܘ

ܝܐܘܟܘ

.ܐܐܐ9 .1055

-.1406 ܬܬܙܪ ܬܐ3ܪܘ

ܝ525 ,ܐܟܘܘ -.1841 .1336

( f ) w = 6,210(f)

STATION 1 STATION 2 STATION 3

CPL

.4846

X / C

.005

.010

.025

.050

ܝܟܐܐܘ

CPL

.4405

.3461

.2967

.2238

CPU

-.4922

-.5716

-.5630

-.3947

-.3746

-.3281

-.3352

-.3157

-.2785

-.2506

ܙܐܘܘ

CPU

-.9088

-.7971

-.6523

-.4758

-.4714

-.4367

-.3396

-.1956

. 3285

.2616

1905

.1595

.1453

ܝܐ869

.200

. 300

388

. 1520

ܝܟܘܘ ܙܐܐ98 ܫܐ6ܐ

.1882. 1054

.14 50

-.ܐܐ68 ܨܐܐܪܕ

ܝܐ2ܬܘ

.500

.600

.700

.800

.900

.. ; 50

.970

.ܐ689

.ܐܐ56 .1684

. 1987-.0707

-.0673

-.0327

2ܐ34

.2249

STATION 4 STATION 6

XIC CPL

ܝܘܐܘ

CPL

.1799

. 1907.025

.050

ܝܐܐܐܐ

ܐܐ32

2ܐ62

ܝܐ643

ܝܐ80ܐ

ܙܐܘܘ

CPU

-1.0323

-.8765

-.7386

-.5334

-.5032

-.4638

3702

..2328

-.1475

-.1584

..1678

.1680

CPU

-.6876

-.5897

-.4667

-.4001

-.4453

-.4579

-.4646

-.4673

-.4849

-.4520

.200

.400

.600

.800

.900

.925

܂.ܐܪ89

.

..0908

.0598

.0188

.0299

.0410

.0574

.0667

. 1623

.1502

.1459

X / C

.010

.025

.050

ܙܐܠܘܘ

ܝܬ00

ܝܪܘܘ

.600

.800

.900

ܝ25$

ܝ800

.900

ܝ925

ܝܪܪܘ

X / C

ܝܐ328 ܝ025

. 1360

.1357

.050

.075

܂.ܐܐ3ܐܝܐ50

ܐܐܐܬ

ܐܐܟܘ

ܝܐܐܐܬ

ܝܐ399

ܝܐܟܟܐ

ܐ9ܐ3

. 300

. 450

.000

.750

.800

X/ C

.025

.050

. 100

.200

.300

.400

.500

.600

.700

.800d50ܝ

X / CX / C

.005 ܝܘܐܘ

ܝܘܐܘ

CPL

.4861

. 3846

.3058

. 2300

.1740

. 1510

.025

.050

.100

.025

.050

ܝܐܘܘ ܝܬ00

CPU

-.7400

-.7637

-.6964

-.5792

-.4616

- . 4400

-.4404

-.4204

-.3411

-.3097

-.2600

-.1758

.400

.600

. 200

. 300

.400

.500

ܫܐܐܕ

0967.ܝ800

. 0823

-.0297

.900

ܝܘܘܘ925.

ܝܐܐ99

ܝܐܐ3ܐ

.700

.800

.900-.0684

. 1933

,ܐܐܐܪ

ܙܐܐܟ,ܐܐܐܟ

.950 -.0956

STATION 5

CPL

.4655

. 3692

CPU

-.8373

X /C

.025

,ܐܐܪܐ050.

59ܘܐ ܐ900ܝܐܐܠܘ

ܐܐܐܟ

X / C

.025

.050

.075

. 150

300

.450

.600

.750

.200

.300.2023

. 1658 ܝ400

-.5176

-.5208

-.4466

-.4079

-.3073

-.2701

ܝܐ689

ܝܐܘܐܐ

ܝܐܐܐܐ

ܬ095

.500

.600

.700

-800

dooܝ

.850 ,ܐ265

17



TABLE II.- Continued

(g) a = 8.310

SIATION 1 STATION 2 STATION 3

A / C

.00)

.010

.025

.050

.100

.200

.300

.400

.500

.600

.700

.800

.900

.950

.470

CPU

-1.0200

-.9898

-.8677

-.5544

-.5015

-.4173

-.3955

-.3598

-.3063

-.2739

- . 1817

-.1393

-.0114

-.0640

-.0283

CPL

5095

.5011

. 4218

.3308

.2635

.2147

. 1790

.1352

.1198

-.0084

.1560

.14 30

-.0674

.2050

X / C

.005

.010

.025

.050

. 100

.200

.300

. 400

.500

.600

.700

.800

.900

.425

.950

CPU

-1.6449

-1.3846

-1.1133

-.1963

-.6511

-.5475

-.5269

-.4815

-.3770

-.3305

..2007

- . 1860

-.1104

- . 1080

-.0874

CPL

.5401

.5270

.4409

. 3655

.2160

.2305

.1951

. 1677

.1449

.1701

X/ C

.010

.025

.050

.100

. 200

.400

.600

.000

.900

.925

CPU

-1.5431

-1.1519

-.9005

-.7153

-.6023

-.4954

-.3661

-.2041

-.1299

-.1248

CPL

.5333

.4686

3965

3086

.2410

.1751

.1709

. 1706

.1911

.2276

.1818

. 1982

.2182

.2340

STATION 4 STATION 5 STATION 6

CPL

. 3891

. 3291

X / C

.010

.025

.050

. 100

.200

.400

.600

.800

.900

.925

CPU

-2.4321

-1.2467

-.9987

-.7626

-.6518

-.5469

-.4127

-.2573

-.1682

-.1666

CPL

.5375

. 4730

.4111

.3410

.2785

.2204

.1897

.1122

.1830

.2181

X /C

.025

.050

.075

.150

. 300

.450

.600

.750

.800

.850

CPU

-1.7982

-1.7221

-1.4478

-.6157

-.5951

-.5068

-.4500

-.3651

• .3236

-.2738

CPL

.2295

.2373

. 3312

.3273

. 3101

.2641

.1609

. 1590

.1442

.1350

X/ C

.025

.050

. 100

.200

. 300

. 400

.500

.600

.700

.800

CPU

-1.0526

-1.0246

-.9611

-.7420

-.5712

-.5578

-.5863

-.5803

-.6410

-.6268

.2162

.0720

.0402

.0145

.0119

.0220

.0355

. 0394

(h) a = 10.510

STATION 1 STATION 2 STATION 3

X/ C

.005

.010

.025

.050

.100

.200

.300

.400

.500

.600

.700

.800

.900

.950

.970

CPU

-1.9164

-1.4752

-1.1140

-.7856

-.6589

-.5044

-.4717

-.4161

-.3442

- . 3026

-.1993

-.1507

-.0874

-.0

-.0406

CPL

. 5906

.5870

.5253

.4273

.3574

. 2027

.2468

. 1913

.1637

.0005

. 1851

.1686

-.0469

.2207

X/ C

.005

.010

.025

.050

.100

. 200

. 300

. 400

.500

.600

.700

.800

.900

.925

.950

CPU

-3.3356

-1.9389

-1.4982

-1.1215

-.8773

-.6764

-.6067

-.5498

.4386

- 3800

- . 3018

-.2004

-.1185

-.1085

-.0809

CPL

.4417

.5503

. 5409

.4759

. 3793

.2947

. 2691

.2172

. 1932

. 2064

X/C

.010

.025

.050

.100

.200

.400

.600

.800

.900

.925

CPU

-2.6434

-2.4752

-1.9358

-.0447

-.6707

-.5496

-.3961

-.2198

-.1382

-.1254

CPL

.5333

.5433

.4901

.4060

. 3171

.2422

.2014

.1938

.2011

.2312

. 2010

.2090

.2256

.2475

STATION 4 STATION STATION

.

X/ C

.010

.025

.050

. 100

.200

.400

.600

.800

.900

.925

CPU

-1.8212

-1.8293

-1.8453

-1.8360

-1.0511

-.5254

-. 4254

-. 2698

-.1754

-.1849

CPL

.5430

.5531

.4918

.4100

.3961

.2905

.2180

.1841

.1958

.2362

X /C

.025

.050

.075

.150

.300

.450

.600

.750

.800

.850

CPU

-1.2462

-1.2519

-1.2109

-1.1852

-1.0649

-.8315

-.6133

-.4448

.. 4002

. 3620

CPL

.2345

.2441

. 3787

. 3753

. 3644

. 3294

.1673

.1667

.1440

.1319

X/ C

.025

.050

.100

.200

.300

.400

.500

.600

.700

.800

CPU

-.9698

-.9587

-.9434

-.9058

-.8655

-.80 70

-.7798

-.7560

-.8082

-.78 38

CPL

. 3594

. 3580

. 3528

. 1304

.0384

-.0041

.0039

.0115

.0230

.0226
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TABLE II.- Continued

(i )(i ) « - 12.700-

STATION ܐܠ STATIUN ܬ STATION 3

CPU CPL CPU CPLX / C

.005

CPU

-ܐܢܙ0889ܪܐܘ2.2771- ܐܝ9ܘ8ܐ ܐܝܐ296ܝܕܬܐܘ

܂ܙܘܐܘ6129.-ܐ.6829

ܝ0ܬܪ

ܬܝܐ699

1.4965-ܬܝܶܐܢܐܪ .584ܪ

.5740

.5402

.4448.050 -2.2552

CPL

. 303

-5356

.5726

.5336

.4333

3454

& 951

.e3ܐܝܘܐ- ܝܘܬܐܬ

6ܬܘܬ

.5095

.4148

.3419

ܝܐ90ܬܙܐܐܐܐ

ܙܐܘܘ

.35ܘܐ

-1-6953

-1.6850

-1.00 34

-.5891

-.3795

-.2666

.2698-.4299

-.5646

-.5697

.300 ܝܐ9ܐܐ ܝܐܐܐܬ

ܙܪܘܘܝܐ818

ܪܘܘ

-.5 390

-.4637

-.3847

-.3276

.ܟܪܐܐ

ܝܐܪܐܐ

܂.3521

dܬܐܐ

. ܙܐ0ܪܐ1940

,ܐܐܟܘ

.2342

.1925

-.0051

.2041

. 1776

-.0703

600.ܝܐܐ6ܘ

.700

.800

ܐܐ65

,ܐܐ3ܐ

ܝܐܘܐܟ

-.3996

-.3338

-.2308

-.1501

-.1437

.1979

doܝܪ ܝ;5ܘ

ܪܐܘ

ܝܬ0ܐܐ

0962.-ܙܬܐܟܐܝܐܐܘܘ

-.0623 ,ܐܐ9ܐ .2284

STATION 4 STATION ܕ STATION 6

X/ C CPL CPL CPU CPLCPO

ܙܘܐܘ3689.- ܪܐܐܐܠܙܐܐܘܐܠ

ܝܪܐܐܘ

ܝ4ܐܐܕ

ܐܝ3498 .3788

ܐ6ܐܐ

.ܐܘܐܪ

-1.3424

.025

.050

.100

.200

CPU

- . $ 35 ;

-.9592

-.9306

-.9098

-.8322

-.7404

-.6528

.5218

.4464

.4407

.3251

ܝܪܐܐܐ

ܐܬ83ܙܝܟܐܐܐ

ܐܙܐܐ86

ܐܕܘܐܐܬ

d6ܐܐ,

-.1555

-.1953

-.7166

ܝܐܘܘ7152.-

.3653

.2921

.1564

.

.4131

.2534

.0936

.0499

.0036

.0016

.0054

.0085

600.ܝܐܐܐܕ

.800

.900

,ܘ867

%8ܐܘ .- . 4751

- . 3563

-.3416

.1636

. 1586

. 1916

ܝܐܪܐܕ

5481.-.ܘܪܘܐ

-.6092

-.6383

ܝܪܐܪ6216.- ,;ܬܪܘ ..0851 ,ܘܐܠܬܘ

j ) __ - 14.940

STATION 1 STATION 2 STATION 3

CPL cpv

-1.638 5

-1.6102

-1.5815

-1.5321

CPL

.5395

.5940

-5552

.4845

ܐܝܟ819

ܐܙܪ8ܘܐ

CPLCPU

-3.6650

-3.4455

-2.6575

-1.0211

-.8813

-.6454

-.5667

-.5061

-.4296

-.3763

-.2728

-.2375

-.1449

-.1394

-.0895

CPU

-1.2664

-1.2332

-1.2047

-1.1524

-1.0787

-.9669

-.7500

-.5699

-.4757

-.4536

.39ܐܕ

ܐ820

2237

ܫܐܘܐܘ

ܫܬܟܐܬ

.1494

-1.2302

-.9049

-.7071

-.5706

-.4469

-.3743

..2508

..2811

-.2703

STATION STATION 5 STAT ION 6

.

CPU

-.9879

-.9832

9624

-.9518

9080

.7926

CPU

-.1622

-.1449

-.7350

-.7390

-.7272

-.6949

-.6407

-.5949

-.5949

-.5755

CPU

-.6390

-.6656

-.6683

-.7086

-.6945

-.6529

-.62 10

-.6211

-.6035

-.58 70

CPL

.3690

. 3660

.2679

.1931

.0619

.0056

.0059

.0079

.0098

-.0349

,ܐܬܘܕ

-.6015

-.5198

-.5183

X / CX / C

..05 ܝܘܐܘ

ܝܘܐܘ025.

sܝܘܬ .ܘܪܘ

.050 . 100

ܙܐ20000.

ܬ00

ܙܐܠܘܘ

ܝ400

ܝܘܘ

.400 .600

ܝܪ0ܘ500.

600.ܙܬܪ

.700

ܝ8ܘܘ

.900

ܝܪܬ

ܝܪܕܘ

X / CA / C

.325 ܝܘ25

.050 .050

ܝܘܐܪ ܙܐܘܘ

.ܝܬܘܘ 150

. 300

.450

.600

.750

.800

.850

. 300

.400

.500

.600

ܝܐܘܘ

.8ܘܘ

X / C X / C

܂.co5ܝܟܘܪܐ010. ܝܘܐܘ

6222.ܝܘ25

.6459

.5722

.025 .050

ܝܘ50ܫܐܘܘ

ܝܐܘܘ ܝ4880

X / C

005

.010

.025

.050

. 100

.200

.300

.400

.500

.600

.700

.3776

.5640

.6053

.5712

. 4838

. 3900

.3332

.2791

.2307

.2321

.200

.400

.600

.3974

.3404

.2724

.200

.300

.400

.500

.600

.700

doc.܂

ܝܐܐ89 .900

.925.0014

ܐܐܟܪ

18ܘܘܝܐ8ܐ8 ܝ800 ܝܐܘ83

1033.900.-ܝܐ6ܐ8

550 ܝܐܐ39

.900

.925

.950

.1974

ܝܪܐܘ ܝܐܐܐܐ

X/ C X /C

ܝܘܐܘ

X / C

.025

.050.025

.050

CPL

.2964

. 3928

. 4466

.3763

CPL

.5308

.5808

5467

.4782

. 4687

.3763

.2101

.025

.050

.075

.150

ܫܐܘܘ

ܫܐܘܘ

. 300 200.ܝܐ685

.400

.600

.800

.900

.925

.3337

. 1420

. 200

.300

.400

.500

.600

.700

.800

.450

.600

.750

.800

ܙܐܐ63 ܫܐ328

.0927

.0974

.0619

.0592.850
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TABLE II.- Continued

(k) a = 17.050

STATION 1 STATION 2 STATION 3

X / C

.005

.010

.025

.050

.100

.200

.300

.400

.500

.600

.700

.800

.900

.950

.910

CPU

-3.4021

-3.5227

-3.3065

-2.0778

-.8812

-.6610

-.6325

-.5595

-.4898

-.4457

-.3389

- . 3042

-.2229

-.1881

-.1414

CPL

.3453

.6340

.6876

.6205

.5443

.4435

.3716

.2970

.2518

-.0070

.2224

.1132

-.0919

.2012

X / C

.005

.010

.325

.050

. 100

• 200

.300

.400

.500

.600

.700

.800

.900

.925

.850

CPU

-1.3212

-1.3399

-1.2930

-1.2851

-1.2614

-1.2176

-1.1098

-.9929

-.8694

-.7576

-.6582

-.5614

-.4712

-.4333

- . 4260

CPL

. 3681

.5499

.6178

.5439

.5052

. 4056

. 3505

.2858

.2433

.2440

X / C

.010

.025

.050

.100

.200

.400

.600

.800

.900

.925

CPU

-1.0306

-.9982

-1.0318

-.9870

-.9510

-.8871

-.7403

-.6448

-.5660

-.5551

CPL

.5372

.6105

.5877

.5146

.4214

. 3064

.2232

.1371

1002

.0907

.1752

.1412

. 1597

.1481

STATION 4 STATI UN 5 STATION 6

X / C

.010

.025

.050

. 100

.200

.400

.600

.800

.900

.925

CPU

-.8721

-.8663

-.8770

-.8800

-.8542

-.7920

-.7261

-.6532

-.5954

-.5915

CPL

.5273

. 5854

.5839

.4982

. 4957

. 3912

.2204

.1010

.0618

.0669

X / C

.025

.050

.07 )

.150

.300

.450

.600

.750

.800

.850

CPU

-.7217

-.7144

-.1080

-.7102

-.7010

-.6852

-.6601

-.6400

-.6368

-.6322

CPL

.2731

. 4153

.4710

.4538

.4491

.4081

.1424

.1139

.0411

. C5 C5

X / C

.025

.050

.100

.200

.300

.400

.500

.600

.100

.800

CPU

-.6298

-.6215

-.6306

-.6412

-.66 28

-.6348

-.5962

-.5993

-.5814

-.5681

CPL

. 3590

. 3826

.3218

.1327

.0810

.0104

.0116

-.0011

-.011

-.0425

( 1) Q = 19,160

STATION 1 STATION 2 STATION 3

X/ C

.005

.010

.025

.050

.100

.200

.300

.400

.500

.600

.700

.800

.900

.950

.870

CPU

-2.4057

- 2. 4539

-2.2439

-2.3406

-2.0889

-1.0917

-.6735

-.5826

-.5502

-.5292

-.3987

-.3848

-. 3073

-.2705

-.2215

CPL

. 3658

.6524

.7151

.6670

.5826

. 4734

.4014

.3248

.2754

.0129

.2303

.1739

-.1061

. 1761

X /C

.005

.010

.025

.050

. 100

.200

.300

.400

.500

.600

.700

.800

. 900

.925

.950

CPU

-1.1760

-1.1072

-1.1463

-1.1243

-1.0998

-1.0316

-1.0205

-.9440

-.8697

-.8089

-.7354

-.6540

-.5700

-.5462

-.5252

CPL

. 3458

.5439

.6180

.6073

.5346

.4354

.3175

.3157

.2562

.2361

X /C

.010

.025

.050

.100

. 200

. 400

.600

.800

.900

.925

CPU

-.9405

-.9271

-.9065

-.9274

-.9057

-.0506

-.7624

-.6745

-.6256

-.6210

CPL

. 5245

.6124

.6033

.5371

.4508

. 3215

.2311

.1212

.0861

.0443

.1588

.1004

.0972

.0790

.

STATION 4
STATION 5

STATION 6

X/C

.010

.025

.050

. 100

.200

.400

.600

.800

.900

.925

CPU

-.8590

-.8655

-.8353

-.8233

-.8114

-.7766

-.7320

-.6768

-.6298

-.6251

CPL

.4850

.5833

.5858

.5155

.5121

.4297

.2191

.0850

.0383

.0371

X /C

.025

.050

.075

. 150

. 300

.450

.600

.750

.800

.850

• CPU

-.6838

-.6910

-.6825

-.6668

-.6717

-.6607

-.6736

-.6493

-.6364

-.6392

CPL

.2248

. 3967

.4797

.4615

. 4609

. 3405

. 1483

.1219

.0473

.0420

X /C

.025

.050

.100

. 200

.300

. 400

.500

.600

. 700

.800

CPU

-.5980

-.6059

-.6254

-.6351

-.6387

-.6504

-.6031

-.6167

-.6100

-.6030

CPL

.3484

.3902

. 3260

.2141

.0658

.0050

.0020

-.0238

-.0227

-.0565
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TABLE II.- Concluded

(m) Q = 21.200

SIATION 1 STATIUN 2 STATION 3

X / C

.005

.010

.025

.050

. 100

.200

.300

.400

.500

.600

.700

.800

. Soo

.950

. S70

X / C

.00)

.010

.025

.050

.100

. 200

.300

CPU

-1.8744

-1.9400

-1.8048

-1.8071

-1.7219

-1.3956

-1.0003

-.8050

-.6742

-.6246

-.4663

-.4865

- . 3600

-.3574

-.2817

CPL

. 3693

.6607

.7219

.6980

.6192

.5109

. 4389

. 3625

.2922

-.0000

.2405

.1792

-.1145

.1491

CPU

-1.0507

-1.0c87

-1.0665

-1.0260

-1.0286

-.9928

-.9460

-.9340

-.8918

-.8369

-.7735

-.6997

-.6246

-.5954

-.6072

CPL

. 3151

.5259

.6221

.6320

. 5618

.4744

. 4054

. 3495

. 2760

. 2689

X /C

.010

.025

.050

. 100

.200

.400

.600

.800

.900

.925

CPU

-.4173

-.9066

-.9112

-.6988

-.8843

-.8313

-.1187

-.7091

-.6573

-.6672

CPL

.4940

.6123

.6129

. 5615

.4607

. 3454

.2401

.1153

.0369

.0419

.00

.500

.600

.700

.800

.100

.925

.950

. 1500

.0761

.0564

. 0473

STATION 4 STATION 5 STATION 6

X / C

.010

.025

.050

. 100

.200

.400

.600

.800

.900

.925

CPU

-.8093

-.8362

-.8285

-.7979

-.7871

-.7739

-.7343

-.6901

-.6652

-.6666

CPL

.4713

.5958

.5905

.5890

.5750

.4875

.2353

.0862

.0387

.0260

X/ C

.025

.050

.375

. 150

.300

.450

.600

.750

.800

.850

CPU

-.6938

-.6873

-.6951

-.6855

-.6861

-.6698

-.6739

-.6735

-.6052

-.6693

CPL

. 3098

. 3445

.5022

.4925

4942

.4451

. 1540

.1099

.0356

.0374

X / C

.025

.050

.100

. 200

. 300

.400

. 500

.600

.700

.800

CPU

-.6104

-.6028

-.6054

-.6020

-.6217

-.6345

-.6220

-.6217

-.6225

-.6065

CPL

. 3618

. 4066

. 3767

.1381

.0806

.0245

.0032

-.0090

-.0317

-.0461
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TABLE III.- PRESSURE COEFFICIENTS AT A MACH NUMBER OF 0.20

FOR MODEL WITH STRAKE ON . CL,d = 0.35,d =

( a ) __ - -3.790

STATION 1 STATION 2 STATION 3

CPU CPL CPL X/C CPU CPLX/ C

.005

CPU

܂ܘܪܘܐ5747. ܐܕܘܐܐܐ ܝܘܐܠܘ .ܐܐܟܘ

X / C

.005

.010

.025

܂.ܬ144 ܝܬܐܐܬ

ܝܬܕ03

d75܂.ܐ

܂.59ܐ6

ܝܒܐܘ܂.5039 ܝ5908

ܝܪܘ8ܘ

-1.0404

-1.0644 . 4025

.2155

.025

.050

.100

܂.650

ܝܐܘܘ

ܝܬ00

3846

.0124

-.0340

-.0725

-.0945

-.0840

-.0440

-.033y

-.7846

-.7900

-.8406

-.7129

.025

.050

.100

. 200

.400

.600

ܐܨܐܐ69

1605.,98ܐܐ ܝܐܐܐܟܫܐܐ3ܐ

ܝܘܪܘܐܫܐܐܟܪ .0230 ܝܬ00ܫܐ357

ܙܪܘܘ .coܐܐ .1364

.1840.400 ܙܘܘܘ

.300

400

.500

.600

.700

-.0325

-.0712

-.0369

-.0100

-.02 70

.0030

-.0409

-.0444

-.0777

.ܝܕܘܘ

-.0020

.0023

.000 7

900.ܝܬܬ15

925.600 2616

.0235

-.0141

-.0130

-.0332

-.0290

.0084

.0333

.0087

.0366

ܝ0ܐܬ6

,0ܬܐܐ

ܙܘܘܐܐ

ܝܘܪܕܐ

ܝܐܘܘ

ܫܘܘܘ

.ܘܘܬܬ

ܘܬܐܬ
ܫܰܘ00

-.0340 .0004.400

.950

ܘܐܐ50

ܙܐܐܐܐ

ܝܐܪܐܐ

ܕܬܪܪܬ

.900

25

.950

ܙ208 .ܘܐܘܘ

ܝܪܐܘ -.0220

STATION STATION 5 STATICN 6

XIC CPU CPU CPLX / C

ܝܕܐܐܐ025. ܝܟܛ44 ܢܘܬܘ0502.-

ܢܘ25

CPU

.4026

2962.5104 ܝܘܕܘ

CPL

-.6004

-.6143

-.6157

-.6234

-.6383

CPL

-.0958

-.1463

-.1205

.3440

X/C

.025

.050

• 100

.200

. 300

.138ܪ

ܝܐd36ܨܐܐ86 ܝܪܐܐܟܝܬ034

ܝܐ93

ܝܐܐܐ3

.050

. 100

. 200

.400

.600

.015

.150

300

.1591 ,ܐܐ08

,0ܪܐܐ

.0201

.0183

.0027

-.2031

.06 40

-.0390

-.0810

-.1014

ܝܪܕܘ 04.-ܙܪܘܘ 34

-.0977

-.1025

-.0620

-.0060

236ܬ

ܝܐܐܐܢ

ܝܘܘܘܙܬܐܘܐܠ

-.0944

..1491

-.1310

-.1078

-.0842

.600

.750

.800

850

-.0748

-.0674

-.0419

-.0323

-.0136

-.0028

.500

.600

.700

.?ܐܐܪ,ܐܐܪܐ

900.,ܐܬ33 .2360

. 3071

-.1223

ܝܕ097125.- -.0924 ܝ800

(b ) & - -1.910

STATION 1 STATION 2 STATION 3

CPU CPL X/CX / C

.005

X / C

.005

CPL

- , ܫܐܐ9ܘ8845 ܝܐܪܐܰܘܝܘܐܘ

ܝܘܐܘܝܐ999

CPU

.5616

4099

.3047

0588.ܫ0ܐ

0244.025

9ܐܐܐ

.ܟܐ55

CPL

-.6080

-.6363

-.6313

-.6580

.025

.025

.050

. 100

.1988

ܢܘܪܘ1546.

ܝܐܘܘ

0ܐܬ8 .050

ܝܐܘ8ܐ oܫܐܘ

CPU

5935

.5163

. 4083

.2910

.1469

.0348

..0505

-.0860

-.0720

-.0900

ܝܐܐܐܘ

܂.ܘܐ85

-1.0425

-.0061

. 0492

-.0101

ܙܐ0ܘ ,ܐܐܐܟ

.200 .0670.200

.300

.400

.500

.600

.700

.800

ܢܘܐܪܘ

ܢܘܐܘܘ

-.0418

-.0325

-.0174

-.0060

-.0094

-.0079

.0914

.0985

-.0450

. 2033

.400

.600

.800

.900

.925

.0434

-.0104

-.0413

-.0475

-.0514

-.0250

-.0032

.0311

.0206

.0396

ܝܐ239

ܙܐܐܪܐ

ܝܐܐܪܐ

-.0928

-.0918

-.0369

-.0133

-.0214.0451 .2530

. 300

.400

.500

.600

.100

800

.900

.925

.550

,ܘܐܐܐ

6c7ܝܐ

܂.900 .2026

.. ; 50

.970

-.0262

.0005

-.0169

-.0187

ܙܐܐܐܪ

.2450 1

STATION 4 STATION 5 STATICN 6

X / C CPU

• 5488

.4051

. 3080

.1744

.0322

-.0938

CPL CÓL

-.0795

-.1655

-.1475

-.1063

-.0739

-.0666

-.0457

-.0607

-.0553

-.0378

ܝܘܐܘ

CPU

.3583

.2476

CPL

-.1012

-.2379

-.3287

X / C

.025

.050

CPU

.3338

.2205

ܝܐ979 ܝܐܘܘ

ܝܐܘܘ

ܫܐ3ܘܐ

5004

-.5021

-.5014

-.5452

-.5375

-.0170

. 1589

.1800

,ܐܐܐܘ

.025

.050

.100

.200

. 400

.600

.800

.900

925

X/ C

.025

.050

.075

.150

. 300

.450

.600

.750

.800

.850

.0810

-.1049 -.2189

,1ܛ3ܐ 23ܐܐ

.0133

-.0719

-.0991

-.1275
ܐܐ89

ܝܐܬܘܐ

-.1696 .0442

. 300

.400

.500

.600

.700

.800

:ܐܐܘܐ ܫܐܐ83 ,ܐܐܐܘ

0701.-ܫܐܐܐ3

-.0818 .2176

-.0989

-.0660

. 1805

.1871

-.1180

-.0805
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TABLE III. - Continued

(c ) & - -0,020

STATION 1 > TATION 2 STATION 3

CPU CPU CPLCPU

.5334

X / C

.005

.010

.025

.050

ܕܬ328 ܝܬܬܐ3

CPL

.1327

.C92

0441

.0180

ܘ3ܐܘܐ

ܝ2658

ܝܐܟܐܬ

CPL

-.0663

-.6087

-.6323

-.1331

ܕܟܕܐܬ

ܝܐܐܐ

1733.ܙܐܐܐ9

.1066

.0547

-.0158

ܫܐܘܘ,00ܢܟ

ܬܘܘ

.0604

-.0432-.0004

.0153

,ܘܘܐ

,ܘܐ34

300.••ܐܐ53ܝܘܐܘܘ

.400

.500

--Oܘܘܘ ܝܘܪܬ

.0645

-.0523

-.1403

..1358

-.0583

-.0201

-.0383

ܝ00ܕܬ1497.-

ܝ0ܬ8ܐ

. 0212

.0316--e125 ,ܐܐܐ6

ܝܘܘܘ .ܘ808 csܝܐܐ

.700 -.0520

ܢܘ0ܘ ,ܘܐ8ܐ

-.0130

.0894

. 1043

-.0256

. 1789

ܫܐܐܐܘ

-.1235

-.1050

- .0499

-.0061

-.0241

-.0084

.900

.950

.0098

.0137

.0321

.2017

. 23 30

ܝܪܐܘ ܝܐܪܕ5

STATION STATION 5 STATION 6

CPL CPU CPL CPUX / C

.010

.025

.050

.ܪܟܐܬ

.55ܘ

ܝܐܐܬܐ

ܝܐܐ3ܐ

ܫܐ293

ܘܐܘܘܬ

CPU

.4485

.2652

. 1676

.0512

-.0624

-.4395

-.1009

.0001

.0667

ܝܐܘܘ0281.-

.0353

-.0521

,ܐ88ܘ.13ܐܐ

ܝܐ690,ܐܐܐܪ ܝܘ399

.200

.400

.600

.800

.1403 -.205

ܝܐ668

ܝܐܘܟܘ

-.1667

-.1579

-.1649

-.1588

- . 1500

-.1359

-.0842

-.0947

••ܐܘܘܟ

ܝܪܘܘ

.325

-.1280

-.1007.2252 .ܐܐܟܘ

(d ) w = 1.910

STATION 1 STATION 2 STATION 3

CPU CPL CPU

.3638

X/ C

.005

.010

.025

.050

ܝܐܐܐܬ

ܐܐ98

ܝܐ6ܐ

ܫܐܐܐܐ ܝܐܟ98

.1590

.0781

ܙܐܘܘ.ܘܐܐܘ

ܙ݁ܬܘܘ

.0338

-.0113

-.0770

-.1396

.0876

.0532

.0438

.0589

. 0608

.0514

.0491

CPU

.2320

.0325

-.0071

-.0751

-.1495

-.1956

-.1066

-.0810

-.0313

-.0340

- , 0996

.300 ,ܐܐ89,ܐ890

.ܐܐܪܐ

,ܐܐܐܘ

,ܐܐܘܕ

ܝ400 - , 2006

-.1568

- , 1493

.500

.600

.700

,ܘܘܐܐ

ܘܐܐܐܟ

ܝܐܐ99

,ܐܐ63

ܫ8ܘܘ

-.0548

-.0244

.0139

-.0019

.0422

.900

.950

.970

+.0266

-.0698

-.0134

-.0206

-.0103

ܫܐܪܐܘ

STATION STATION 5 STATION 6

CPUCP

-.0964

-.0642

-.0100

-.0072

-.0137

-.0014

. 1633

X /C

.010

.025

.050

.100

.200

.400

.600

.800

.900

.925

CPU

.2348

.0266

-.0089

-.0905

-.1562

-.2108

- . 1875

-.1480

-.0925

-.1000

CPU

-.0016

-.0626

-.0743

-.1509

-.2575

-.2480

-.2416

ܝܐܐ6ܐ

ܙܐ8ܐܟ

ܙܐܐܐܐ

,ܐ375

. 1889 - . 1063

ܐ70

ܙܘܐܘ ,69ܐ8

.025

.050

-.5074

-.3146

ܝܐ0ܘ0445.-

ܝܐܘܘ ܂.ܘܐܙܕ

.0040

ܘܐܐ9

X / C

.005

.010

.025

.050

. 100

.200

1300

. 400

.500

.600

.700

.800

.900

.925

.950

.400

.600

.800

.900

.925

.1738

.2062

.2376

,1ܐ45

X /C

.025

.050

A / 0

.025

.050

.075

.150

.300

.450

.600

.750

-.2643

-.44 34

- . 3571

- . 3655

-.2469

ܝܐܘܘ

ܝܐ00

CPL

-.1067

-.3206

-.2882

-.1940

.0275

.0716

ܙܘ85ܐ

. 300

.400

.500

.600

.700

.800

ܙܐ0ܬ8

.1313.0883

.0906

.0837

ܫ800ܝܐ6ܘܐ

ܝ850 .1748

X /C

.005

X / C

.010

.025

.050

ܝܘܐܘ

CPL

-.1051

-.0245

.0256

.0558

.025

.050 ܝܐܘ

ܫܐܘ

CR

-.2379

-.0955

-.0338

.0306

.0371

.0533

.0784

.0784

.0123

.1334

.08ܐܐ

.1051

.1552

.200

.400

.600

.800

.900

.200

. 300

.400

.500

.600

ܫܐܐ86

ܐܐܐܘ

.925 .2578

• 700

d00ܝ ܝܐ8ܘܐ

900.ܝ2ܐ26

.925

.950

.2409

. 2684

CPL

.1684

X / C

.025

.050

.075

X/ C

025

ܝܐܘܘܐ050.

.0232

-.0208

-.05 71

-.1367

.0297 ܝܐ00

CPL

-.3573

-.0168

.0135

0624

. 1062

ܐܪܘ ,1ܐ53

89.0586ܐ

.0997 -.2039

. 300

.450

.600

.750

.200

. 300

.400

.500

.600

.700

.800

ܙܐܐ20

ܫܐ85ܬ

ܝܐܘܐܐ

ܝܐܘܐ8

ܝܐܐܪܘ

2052.-ܙܐܐܐܕ

ܝ1889800.- .1833

. 1847.850

.1487

ܨܐܟ157188.
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TABLE II. - Continued,
-

(e) w = 3.890

STATION ܬ STATION 2 STATICN 3

X / C CPL

ܢܘܘܪ

CPL

. 2050

.1501

CPU

.0070

-.1962

CPL

. 2572

CPU

-.1651

-.2344

ܫܐ375

010..ܙܬܘ6ܕ

.025.

.050

ܫܐܐܟ3 ,ܐܪܘܪ

.0976

.0945

܀ܐܪܟܕ

ܝܐ920

ܝܐ709

.1693

. 1664

.1320

-.1929

-.2027

ܐܬ6ܘ

,ܐܐܳܢܐܶܘ

ܝܐܘܘ.269ܐ .1640

ܫܘ938 ܫܐܬܐܠܐ ܝܬܐܕܘ܂ܫܐܪܪܐ

1051.••ܐܪܘܐ .1117

CPU

.1519

. 1082

.1374

.0755

.0096

-.0933

-.1456

-.1691

-.1504

-.1339

-.0777

-.0520

.0056

-.0181

.0214

ܝܘܘܐܢܪ

.1859

ܫܐܐܘܐ2055.

.200

.300

.400

.500

.600

.700

-.2592

; .1425

-.0431

-.0410

-.0474

-.2519

-.1950 0676.ܝܐ395

.0070

. 1046

.1686. ••ܐܐܕܐ

.ܐܟܐܠܐܠ

.2671

dܝܐܟܘ ܐ338

d onܝ . -.0699

-.0045

ܝ2ܐܘܐ

0240.500.-ܝܐܐܐܐ

.950 ܝܐܐܘܟ ܝܘܐܘܘ

ܙܪܐܕ .0063

. 2620

.2773

STATION ܟ STATION 5 STATION 6

x / CPLCPU

-.2390

-.28 26

CPL

ܙܘܐܘ ܝܐ862

CPU

-.3601

-.300

-.2915

CPU

-.2666

-.2524

CPL

.1886

.09042629

,2d4ܪ .ܝܬdܛ5 ܝܐܐ63 ܫ098

-.2422 ••ܐܘܐܪ

.025

.050

. 100

200

.400

.600

- , 2662.1792

.1691

. 1640

.0933

. ܝܬܐ8ܐ1096

ܬܘܘܟ

-.3555

-.3134

.ܐܐ50

ܝܐܐ9ܐ ܙܐܐܬܐ

ܝ2ܘܐܐ ••ܐܘܐܐ -.263y

ܫ800 -.2088

-.2200

-.1667

-.0975

-.1002

. 2083

.2238

.1244

.1346

.1398

.1578

ܝܐܐ89

ܨܐܐܐܐ

d69ܝܐ

ܝܬ544

.900

.525 ܝܬܐܐܐܠ -.1284

(f) _ = 5.910

STATIUN ܬ STATIUN 2 STATION 3

CPLX / C

.005

.010

.025

.050

ܙܐܐ$;

ܙܐ826

LPL

.5026

. 3769

.3357

CPU

- ,538

-.5950

-.5380

-.4056

-.3341

..1477

CPU

-.7507

-.5934

-.4947

-.4156

-.3593

-.3082

-.2310

CPU

-.0367

.0148

-.0013

-.0196

-.0568

-.1499

-.1790

-.1987

-.1613

-.1494

ܫܐܐܐܘ

ܘܐܐܐܟ

ܐܐܐܘ

ܫܐܐܐܘ

ܫܐ00ܐ3ܕܐ

ܝܐܘܘ ܝܐ96ܘ .1990

.. 3005.300

.400

.500

,ܘܘܘܐܙ

ܐܢܐܘܐ

ܝܬܘܐܐ

ܝܐ908

,ܐ895

ܝܬܘܐ -.0308

.€0ܘ0242.- .2804 ܐ

de700.ܝܘܐ

.800

.900

-.0563

-.0013

-.0367

.0137

-.1856

-.1429

-.0610

-.0147

-0081

.0014

1
.950

ܝܪܐܘ

ܙ

ܐ

STATION 4 STATION 5 STATION 6

CPLX / C

.010

.025

.050

ܫܐܘܘ

CPU

-.8634

-.7150

-.5739

-.4424

-.3960

-.3572

- . 2634

- . 1647

-.1008

. 1028

CPU

-.7553

-.5892

-.5019

-.4435

-.4548

- . 3712

-.3295

-.2394

-.2014

-.1605

. 200

.400

.600

.800

.900

.925

CPU

-.7034

-.4639

-.3639

-.3365

-.3711

-.3769

-.3745

-.3759

-.3848

-.3695

X/ CX /C

.005 ܙܘܐܘ

ܝܘܐܘ .025

c50025.܂ܫ

.050

ܫܐܘܘ

ܫܬܘܘ

.100

.200

.400

.600

ܝܘܘܘ

.500

.925

. 300

. 400

.500

.600

.700

.000

.900

.925

.950

2665

X/C

.025

ܙܬܐ0054.

. 1905 ܝܐܘܘ

ܝܐܘܘ

X/ C

.025

.050

.075

. 150

1300

.450

.600

. 750

ܢܘ8ܐܐ

• 1119 . 300

ܫܐܐܟܬ ܝ400

.1858

.1858

500

.600

.700

.800

ܝ800 ܝܐܘܪܕ

.850 . 1971

CPL

. 4880

X / C

1005

.010

x /6

.010

ܝܘܐܕ

ܝܘ5

ܙܟܐܕܐ

ܙ3ܬܪܬ

ܘܐܐܘܟ

.050

.050 ܫܐܘܘ

ܝܐܘܘ . 2009

.1773

.1253

. 200

. 300

.400

.500

ܝܐ6ܪܐ

ܝܐܪܐܐ

.200

.400

.600

.800

. 900

.925

ܫܐܐ22

ܕܐܘܟܬ .1417

. 2041.0039 ܙܘܘܘ

ܝܐܪܕ .700

1459.ܝܐܐܛܟ

-.0314

2689

• 800

.900

.925

.2256

ܝ269ܐ

ܝܪܕܘܙܐܐܪܐ

CPL

.2980

X/ C

.025

ܝܐ050962.

ܝܐܘ95

ܙܐܐ56

ܫܐܐܐܐ

CP

.5153

.4946

. 3388

• 2894

.2527

.2136

.3008 ܝܐ0ܘ

ܙܐܐ59

X/C

.025

.050

.075

.150

. 300

450

.600

.750

.800

.850

.2256

ܝܐܐܘܐ

ܐܐܐܐ

.200

.300

.400

.500

.600

.700

.800

. 2018

. 1095

.0971

.0996

. 1099

.2004

2216.ܝܬ03ܘ

.2382

.2810

1972.܂ܫܐ208

.2004 .1284

|
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TABLE MI.- Continued

(g) v - 7.940&

STATION 1 STATION 2 SIATION 3

CPU CPL CPL CPU

.ܐܐܘܘ ܝܐ993 ܝ4808ܐܝܟܐܐ

1500.ܝ4659

ܕܐܐܟܐ

-.1873

- . 2028

-.1528

- . 1867

-.2491

CPU

-1.0944

-.9622

-.8039

-.5207

-.4299

- .3601

CPL

.5391

.9613

. 3977

. 3128

.2576

.1028

. 1093

ܫܐܐ54

. 3680

.3013

.2261

.1179

.1558

.1430

ܝܐ98ܐ

X / C

.005

.010

.025

.050

. 100

.200

.300

.400

.500

.600

.700

.800

.900

.950

.970

-.9663

-.6625

-.5563

-.4386

-.3538

-.2366

-.0917

-.0237

-.0057

.ܐܟܐ8 1079..3ܪ98

.0837

.0174

- . 2.305 -.3156

-.2383

.1936

.1936

.2016

2444

••ܐܐ ܘܐܐ8ܐ

2ܐ26 .1785-.1853

-.1048

ܝܘܐܬܐ

ܫܐܐ23

,ܘܐ88ܐܘܐܐ

-.1604

-.0865

-.0177

.1991

.2166-.0855-.0204

-.0415

-.0071

ܝܐ69ܐ ,0ܐܬ8 ܫܐ3ܐ8

-.0270 .2558

STATION 4 STATION 5 STATION 6

CPJ CPLc/ܙ ܝܘܐܘ CPL

. 5541

.5585

CPL

.2754

CPU

ܐܨܐܐܕܟ1.0383- ܝܐܪܐܐ

-1.5334 025.ܝܐ6ܘܶܘ

.050

ܐܫܘܐܬܬ

,8ܐܘܕ

.2495

ܝܟ3ܐܐ2397. ܐܐܪܐܐ .28 35

ܝܐܘܘܘܬܐܐܐ

ܝܐܘܘ

ܝܬ03ܐ

ܝܬܐ0ܐ

.3392

.2718

.2279

. 2075

.1990

.2033

.2412

.400

.600

.800

.900

- , 5885

-5659

-.4890

-.4376

-.3403

•• 3058

-.2573

.2677

. 2011

.1895

-.6309

-.5101

-5186

-.5322

-.5349

-.5857

-.5718

.0742

.0483

.0435

.0589

.0722

.9ܐ09575.

܂ܙܐܐܬܐ

܂.ܐܐ08

(h) v - 10.030=

STATION 2 STATICN 3

CPL CPU

ܝܬܐܐܪ ܐܬܘܐܕ

X / C

.005

.010

.025

.050

CPL

.4502

.5267

. 5008

.4291

CPL

.5578

. 5649

.503

.4236

. ܐܘܘ3430

CPU

- 2.8370

-1.74 28

-.9229

-.6697

-.5199

-.3828

-.2521

-.1155

-.0552

.355ܬ

200.ܝܬܐܟܐ

.300

.2869

.2610

.2253

.2543

ܟܘܘ ܝܐܐܐܪ

-1.5755

-.996

-.7505

-.5854

-.4307

-.3907

-.3671

- . 3005

-.2345

-.1833

-.0409

-.0167

-.0317

-.0234

ܫܐܘܐܘ .2529

.2142.2435 .ܘܕܐܘ

.500

.600

.700

.800

.900

.2628

. 2015

ܝܟܪܘ ܀ܐ8ܘܐ

.970 .2934

STATION 5 STATICN 6

CPU CPL

܂.ܐܕܐܘ

CPL

.6445

.4326

.4119

4084

X / C

.010

.025

.050

.100

.200

.400

.600

.800

.900

.925

ܝܬܘܐܐܠ

CPU

-.9090

-.8807

-.8668

-.7918

-.7319

-.6857

-.6906

-.6439

-.7203

-.7359

.3011

. 3995

. 4022

.3378

.2931

.2220

.2247

.2031

.1941

.0718

.0741

.0794

.0988

.0998

X/ CX / C

.005 ܝܘܐܠܘ

ܝܘܐܘ 025

.050.025

.050

ܝܐܘܘ

ܝܐܘܘ

ܐܘܘ

400

.600

.200

.300

.400

.500

s00ܫ

.900

ܘܘܘܘ925.

.700

) 800

.900

925

.950

k /

.025

.050

.100

X / C

.025

.050

.075

.150

. 300

.450

.600

ܝܬ0ܘ

CPU

-2.0129

-.9943

-.8383

-.6028

-. 4979

-. 3865

-.2658

-.2398

-.1532

-.1470

.300

.400

.500

ܝܐ90 ܝܘ0ܘ

.800

.850

.700

.800

STATION ܐ

XIC

.005

ܘܐܘ

CPU

-.3768

- . 3644

-.3608

- . 1233

- . 3514

-.3711

-.3415

-.3144

.2456

.2002

.2006

.2083

.2102

.025

.050

ܝܐܘܘ

X / C

.010

.025

.050

.100

200

.400

.600

.800

.900

.25

ܘܬܐܘܘ

.200

1300

500

.ܐܐܐܕ

.1840

.1600 ܝ300

2202.-ܝܘܐ96

- . 1259

-.0904

-.0327

-.0518

-.0014

.1973

.1729

-.0421

.600

.700

.800

.900

.925

.950

ܝܐܐܠܐܐ

STATION

CPU

-1.7898

-1.8201

-1.8026

CPL

.5798

.5880

.5679

.4326

ܐ.ܐܐ35

ܐܙܐܐܐܐ

ܐܕܘܐܘ8

-.4063 ܝ4203

XIC

.025

.050

.075

.150

.300

.450

.600

.750

.800

.850

X/ C

.025

.050

.100

.200

.300

.400

.500

.600

.700

.800

-1.2355

-1.1487

-.9897

-.6831

-.4596

-.3172

ܪܐܐܐ .3210

. 2623

ܝܐ396

-.3013

-. 1789

-.0972

-.0991

.2476

.2702

,ܐܐ8ܕ

-.2313
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TABLE MI.- Continued

(i ) __ = 12,170

STATION 1 STATION ܬ STATION

CPL CPL CPLXIC

.005 ܙܪܐ9ܐ

CPU

-5593

-.5238

-5968

-.4815

ܫܐܘ35 ܝܪܐ8ܐ

CPU

-1.8606

-1.8825

-1.9501

ܝܘܐܘ

c5.܂

CPU

-2 : 3202

-2.4572

-2.6979

-1.0248

-.5032

-.4343

.6038

5603

.050

.5210

. 4776 ܐܝܐ854 ܝܟܐܕܪ

.ܟܪܐܬ ܝܐܘܘܝ4064

܂.ܬ0ܘ

-.3065 . 3823

. ,ܪܟܪܕ3016

.300

-.5252

-.4546

-.3831

-.3158

.ܟܐ3ܐ

.3414

.3068

. ܟ254600 - , 3952

-.3015

-.2554

-1204

-.0497

-.0517

ܝܬܘܪܐ

ܝܐ3;5

ܝܐ933

ܝܐܐ38

-500

.600

.100

ܫܐܐܟ8

.ܬ6ܐܬܝܐ66 ܝܐ656

-.1528 -.2008

ܝܘ00 ,ܐܬܐܪ .ܐܐܟܘ .2477

. 900

.550

-.003

-.0518

-.0430

-.0335

-.0130

ܝܬ530

ܝܐܐ85

ܝܕܐܘܫܐܪܟܕ ܝ0ܘܐܐ

STATION 4 STATION 5 STATION 6

X / C

.010

CPU

-1.5525

-1.5389

CPU

-1.0104

-1.0147

CPL

.3853

ܘܘܬ138585

ܝܘܟܘ

CPU

-.7901

-.7815

-.7809

-.1212

-.6135

CPL

.5049

.4707

.4707

.1820

ܐܨ5696,;ܐ8ܘ

ܐ.6ܘ89

ܝܟܬܘܘ

ܝ4006

ܫܐܐ26

-.9342

-.8657

-.794 3

-1.6656

-.3658

-.2593

.3083

3360

.100

200

.400

.600

.8 00

.500

,6ܐܐܐ

,ܐܐܢܘ5019.-

•6ܐܘ6

ܝܬܬܘܐ

ܐܬܐܕ

ܝܐܘܐܐ

,ܐܐܘܪ

.13ܘܘ

.ܐܥܘܐ

,ܕܕܐܟ

.0720

.0743

.0855

.0882

..0586

-.5403

܂.ܪܬܪ

-.5824

-.5204 . 1632 .ܐܟܐ

(j ) _ = 14,370

STATION 1 STATION 2 STATION 3

CPU CPLXIC

.005 ܐܪܪ58

CPU

-19926

܂..ܘܐܘ2.0019- -2.5253

025.ܐ.5964

.050

ܐܝ9ܐ9ܐ

244ܟܬ

ܝܐܘܘ

CPL

. 4838

.6192

.6107

.5435

.4493

.3460

.2894

.2600

.200

.300

CPU

-.7005

-.6644

-.6799

-.6658

-.6871

-.6834

-.5680

-.4743

- . 3964

- . 3062

-.1741

- 1540

-.0721

-.0576

-.0184

-1.0218

-.3275

-.2013

ܟܘܘ ܫܐܘܕܐ

-.116

-3.4041

-.3393

-.4584

-.4331

- . 4032

.3455

-.3341

-.2671

-.1568

-.0669

-.0412

- 0258

.500

.600

.700

.800

ܬ6ܐܘ

ܕܐܐܐܐܙܐܐܟ

܂.900

.950

܂.ܕܐܘ

STATION ܟ STATION 5 STATION 6

CPU

-1.4570

X /C

.010

.025

.050

ܐܨܟܘܐܐ

ܐܪ8ܐܙ

ܫܐܘܘ

CPU

-.8614

-.8537

-.8579

-.8232

-.7567

-.7284

-.7178

-.6570

-1.5133

-1.7164

-.9704

-.4865

- 3103

.200

.400

.600

.800

CPU

-.6775

- , 6796

-.6767

-.6507

-.6422

-.6111

-.58 20

-.5552

-.5327

CPL

.5208

.5157

.5117

.5056

.1491

. 1062

. 1039

.0922

.0906

. 0680

܂.ܟܘܘ ,ܐܐܐܟ

X /

.005.30 76

X / C

.010

.025. 2136 ܕܘܐܘ

.025 ܫ050

ܝܘܪܘ100.

܂.ܐ00

ܝܬ00

ܙܐ0ܘ

ܐܪܕܕ

ܝܬ369

ܝܬܪܬܐ

ܝܬ0ܬܐ

ܝܬ6ܐ3

ܝܐܬ53

ܝܬ004

1300

.400

.600

.800

.900

ܝܪ90

.0170 ܘܪܐܟ

ܝܬܬ26

500

.600

.700

.800

.900

.1957

-.0313

.2302 ܝܪ25

.950

X/ CCPL

.3319

568

.5637

.ܘܬܪ

ܫ050

X / C

.025

.050

. 075 ܝܐܘܘ

535ܐ .200

.300. 5072

.3262

ܫܐܪܘ

ܙܐܠܘܘ

ܝܳܪ50

ܘܘܘ

ܝ400

ܝܐ802

.2463 .750

ܝܐ662

.500

600

. 700

.800

ܘ800

.2817 .350

X / C

.005

CPL

.3889

.3193

.2789

܂.ܘܐܘ

ܘܐܪ

ܐܐ6ܐ050.

ܝܐ655

.1507

. 4478

.5578

.5391

.4732

. 3867

.3430

.2979

.3026

X / C

.010

.025

.050

.100

. 200

.400

.600

.800

.900

.925

ܝܐܘܘ

ܝܬ00

ܙܐܘܐܬܙܐܠܘܘ

.2673

ܝܐ3ܐܐ

.400

.500

.600

.700

،ܐܵܪܐ8

2.0388ܘܐ8

.2414

.2030

-.0322

.2374

goo.܂ .2657

. 2596.900

.925

.950

ܝܐ8ܐ3

.2908

CPL

.5063

.6296

.6339

.6209

X / C

.025

.050

ܘܐܪ

ܝܪܪܪܬ

CPL

.4721

.4999

.5254

.5182

.4094

. 3524

.2425

.2194

.1498

. 1472

.150

.300

.450

.600

.750

.800

.850

XIC

.025

.050

-100

. 200

.300

.400

.500

.600

.700

.800

.3407

29ܐܙ

.2521

.2565

.2168

.6ܪܐܐ

.925 -.2373 -.6068 5ܐܐܐ
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TABLE III.- Continued

(k) a = 16.420

STATION 1 STATION 2 STATION 3

A / C

.005

.010

.025

.050

.100

.200

.300

.400

.500

.600

.700

.000

.900

.950

.410

CPU

-.0492

-.8111

-.8252

-.7949

-.8418

-.8292

-.6942

-.5744

- . 4582

-.3858

. 2004

-.1710

-.0839

-.0593

-.0144

CPL

. 3053

.33 70

.3135

.3145

.3342

. 3497

. 3417

.3060

.2741

.0357

. 2628

.2210

-.0415

.2482

CPU

-2.6029

-2.6585

-2.7853

-4.2220

-.6181

-.4670

-.4783

-.4783

-.4321

-.3994

-.2904

-.1935

-.1226

-.0904

-.0630

CPL

.0268

. 3833

.5557

.5682

.5133

.4294

.3177

. 3304

.28 24

. 2944

X / C

.010

.025

.050

.100

.200

.400

.600

.800

.900

.925

CPU

-2.0375

-2.0365

-2.0916

-2.5592

-1.5839

-.4190

-.3249

-.2172

-.1429

-.1506

CPL

.4219

.6013

.6147

.5475

.4756

.3639

.2957

.2518

.2429

.2679

0 2066

.2464

2564

.2014

STATIUN STATION 5 STATION 6

.

.

X / C

.010

.025

.050

. 100

.200

.400

.600

.800

.900

.925

CPU

-1.4018

-1.4036

-1.4380

-1.5105

-1.6721

-1.1169

-.6374

-.4229

-.2063

-.3072

CPL

.4568

.6113

.6300

.6225

.6116

. 3012

.3103

.2371

.2250

.2410

CPU

-.8683

-.8702

-.8745

-.0165

-.8005

-.7870

-.7757

-.7071

-.6664

-.6651

CPL

.4216

.4724

.5348

.5380

. 3806

.3146

.2254

. 2014

. 1384

.1349

X / C

.025

.050

. 100

.200

. 300

.400

.500

.600

.700

.800

CPU

-.0391

-.6519

-.6148

-.6169

-.5919

-.5736

-.5559

-.54 40

-.5186

-.5045

CPL

.5107

4951

.5003

.2281

1493

.0942

.0884

.0795

.0128

.0594

(1) Q = 18.500(1) α =

STATION 1 STATION 2 STATION 3

X / C

.005

.010

.025

.050

. 100

.200

.300

.400

.500

.600

.700

.800

.900

. $ 50

.970

CPU

-1.0041

-.9540

-.9710

-.9456

-.9744

-.9472

-.7959

-.6601

-.5408

.4237

-.2265

-.1915

-.0867

-.0454

.0002

.

CPL

.3836

. 3521

. 3399

. 3497

. 3502

.3780

. 3723

. 3234

.2849

0298

.2705

.2279

- : 0380

. 2500

CPU

-2.8121

-2.8150

-2.9421

-4.1444

-1.5380

- . 5541

-.5656

-.6146

-.5637

• .4650

-.3885

-.3009

-.2576

-.2614

-.2486

CPL

-.1634

.2014

.5339

. 5882

.5500

.4610

.4146

. 3619

.3167

. 3222

X/C

.010

.025

.050

.100

.200

.400

.600

.800

.900

.925

CPU

-2.0309

-1.9923

-2.0806

-2.0033

-1.9594

-.6123

- 3977

-.2859

-.2145

-.1989

CPL

. 3764

.6068

.6265

.5942

.5085

.3962

.3139

.2492

.2182

.2480

.2670

.2344

.2345

.2391

STATION STATION 5 STATION 6

.

XIC

.010

.025

.050

.100

.200

.400

.600

.800

.900

.925

CPU

-1.5049

-1.5009

-1.5150

-1.5716

-1.6424

-1.1999

-.7456

-.4936

-.3361

-.3742

CPL

.4064

.6243

.6418

.6337

.6296

.3854

.3267

.2305

.2131

.2333

CPU

-.9159

- . 9207

-.9105

-.8795

-.8075

-.8322

-.8158

-.7546

-.7396

-.6544

CPL

.4187

. 4601

. 5800

.5729

. 3965

.3256

.2494

.2258

. 1592

. 1616

X/ C

.025

.050

.100

.200

.300

.400

.500

.600

.700

.800

CPU

-.6105

-.6070

-.5961

-.5758

-.5820

-.5690

-.5613

-.5406

-.5181

-.4853

CPL

. 5201

.5130

.5021

.2484

. 1658

.1223

.1067

.0968

. 1087

.0743

X / C

.305

.010

.025

.050

. 100

.200

.300

.400

.500

.600

• 700

.800

.900

.925

.950

X/ C

.025

.050

.075

.150

.300

.450

.600

.750

.800

.850

X/C

.005

.010

.025

.050

.100

.200

.300

.400

. 500

.600

• 700

.800

. 900

925

.950

X/C

.025

.050

.075

. 150

.300

.450

.600

.750

.800

.850
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TABLE II. - Concluded.

(m ) a = 20.600

STATION STATION 2 STATION 3

X / C

.005

.010

.025

.050

. 100

.200

.300

.400

.500

.600

.700

.800

.500

.550

.S70

CPU

-1.1620

-1.1296

-1.1530

-1.1367

-1.1599

-1.1449

-.9440

-.7650

-.6065

- . 4743

-.2535

- . 1771

-.0289

.0015

.0360

CPL

.4108

. 3910

. 3794

. 3844

. 4059

.4224

.4172

.3674

. 3182

.0330

.2919

.2487

-.0643

. 2684

X/ C

.005

.010

.025

.050

.100

.200

. 300

.400

.500

.600

.700

.000

.900

.925

.950

CPU

- 2.8614

-2.9041

-3.0901

-4.1486

-2.3452

-.1144

-.7292

-.8028

-.7065

-.6796

-.6691

-.6750

-.6560

-.6206

-.5487

CPL

-.3765

.1881

.5040

.5978

. 5761

.5012

. 4413

. 3967

. 3339

. 3290

X /C

.010

.025

.050

.100

. 200

.400

.600

.800

. 900

.925

CPU

-1.9338

-1.9479

-1.9681

-1.8229

-2.1744

-.8526

-.5814

-.4553

-.30 99

-.3727

CPL

.2868

.5829

.6467

.6258

.5352

.4214

.3335

.2381

. 1706

.1787

.2495

.1762

.1635

. 1385

1

STATION 4 STATION 5 STATION 6

X / C

.010

.025

.050

.100

.200

.400

.600

.800

.900

.925

CPU

-1.4674

-1.4826

-1.5416

-1.5427

-1.5443

-1.1923

-.8029

-.5689

-.4287

-.4378

CPL

. 3208

.6084

.6434

.6403

.6402

.4121

.3318

.2222

.2009

.1883

X/ C

.025

.050

.075

.150

.300

.450

.600

.750

.800

.850

CPU

-.8957

-.9049

-.9242

-.9114

-.8628

-.8133

-.7745

-.7250

-.6848

-.6375

CPL

.4251

.4877

.5777

. 5682

.4124

.3347

. 2618

.2166

.1648

.1686

X/C

.025

.050

.100

.200

.300

.400

.500

.600

.700

.800

CPU

-.5696

-.5859

-.5789

-.5839

-.5717

-.5554

-.5296

-.5113

-.4780

-.4529

CPL

.5084

.4984

.4909

.4909

.1948

.1350

.1177

.1162

. 1089

.0877

1

1
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TABLE IV.- PRESSURE COEFFICIENTS AT A MACH NUMBER OF 0.40

FOR MODEL WITH STRAKE ON . CL, d = 0.35

( a ) __ - -3.940

STATION 1 STATION 2 STATION 3

X / C CPLXC

.005

CPU

.2805

CPU

. 5049

.5231

CPU

5283

CPL

-.850.005 0d3jܐܫ

X /C

.010

.025

.050

ܝܐܬܐܐ - 1.086 8 ܝܟܟܐ ܝܒܐܘܝܘܐܐܘ

.ܝܘܐܪ 1654 ܀܀ܐܪ ܐܨܐܐܐܐ .3513

ܝܘܐܘ

ܝܘ25

ܝܘ50

ܙܐܠܘܘ

.3266 -1.2344 ܝܐܐܐܐܫܐܐܘܕ

ܝܘܟܐܪ

.050

.100 ܝܬ0ܐܐ ܙܕܐܟܪܟ

ܝܐܘܘ

ܕܘܘ

ܙ400

CPL

-.0059

-.0453

-0808

-.1402

-.1666

-.1457

-.0983

-.0940

-.0173

-.0750

.0298

. 0425

-.8641

-.9489

-.9885

.0648

.0135

.200

. 300

ܝܐܘܘ .0457

..0547

.0328

-.0434

-.0841

-.0989

.0485

-.1018

-.1485

-.1040

.600. 300

܂.ܟܘܘ400.

-.0260

-.0574

-.0016

-.0492

.0158

.ܐܪܐܟ.8ܘܘ

ܝܐܘܘ

ܐܐܘܪ

ܙܪܘܘ

ܝܐܐܐܕ .600

.900

.925

,ܘܘ

1438.-.ܐܘܐܙ ܂.ܐ099

.500

.600

.700

.800

ܝܐ00

ܝܐܘܘ

ܝܪ0ܘ

-.1094

-.0733

-.0454

-.0682

-.0367

ܝܐܪܪܪ

.ܐܘܬܟ

.ܘܐܘܕ

.ܐ0ܐ8

.800

.700

. "25

.950

,ܘܘ18

550 .1617

. 1626

• 1842

. ܪܐܘ2021 -.1020

STATION STATION 5 STATICN ܘ

XIC X/ C CPU CPL CPUCPL

-.6947

CPL

܂ܘܘܐܕ1885.- ܝ025 ,ܐ303 358ܘ

CPU

.5154

.4492

3450

X / C

.025

.050

.100

.025

ܝܟܐܐܐ

ܗ3ܘܘܘ

ܝܐܟܐ6

.2491 .ܐ938

.050

.050

.075

.150

. ܫܐ563 -.1933

.ܘܪܪܟ

ܐܘܬܐ

.10ܟܪ

,ܐܐܐܘ

ܫܐܘܘ ܙܐܐ3 • 1096 ܝ20ܘ .0308 ,ܐ8ܐܕ

,ܘ8ܪܐ 200.,ܘܘܪܐ

.400

.600

-.1795

-.2503

- , 3539

- . 3455

-.3423

-.3873

-.3669

-.3000

ܘܢܘܘ

ܝ450 -.1614

.0561

-.1137

-.1646

-.1544

-.1143

.ܐ668

. 300

.400

.500

.600

-.1315

ܕܐܐܐܠܐ1671.- -.1239

-.4757

. 0684

.1593

.2019

.2504

.600

ܝܘܘܘ750. -.1901 ,ܐܐ73 ,ܐܐܐܐ

••ܐ683 900.ܝܐܘܘ

.925

ܙܘܘܘ

ܝ850

,ܐܐܐܟ

••ܐܐܐܘ

-.0996

ܨܐܟܘܘ0947.-

-.1778

-.1507-.1515 .800

(b) u - -1.870

STATICN 1 STATION 2 STATION 3

X / C CPU CPL

o5ܘ. ܝܘܐܘ

CPU

.5325

.4470

ܘܐܪܐܕ

ܝܐ889

ܘܐܐܟܘ

.486ܐ

X/C

010

.025

.050

.100

CPU

.4167

.33d5

CPL

-.685

-.6864

-.6933
.025

ܢܘܪܘ

X/C

.005

.010

.025

.050

. 100

. 200

. 300

ܝܐܐܟܐ

ܝܐܐܘܟ

ܘܬܘܬܬ

ܐܐܐ8

ܝܐܘܐܟ
.092

. 0490

-.0263

d5ܐܐ,

.100

-.8 89

-.9002

-.8917

-.3606

- . cess

-.0493

ܝܬ00

ܝܬ00

CPL

.0950

.0265

-.0255

-.0609

-.0947

-.0875

-.0603

-.0629

-.0527

-.0595

.0453

.0584

-.0754

.1613

-.0368

.. 1303

-.0461

-.1667

-.1864

.400

.600
ܘܘܘܬ

-.3252

.0045

.0580

1308.-ܝ400

- . 1330

,ܐܘܪܐ .ܘ63ܐ dooܝ

.300

.400

.500

.600

.700

.800

,ܐܐܪܐ ܝܐܘܪܘ

-.1579 .900

.ܐܟܐܛ

.500

.600

.700

-.0251

.0342

-.0910

-.1045

.1640

,ܐܐܘ2015.

,ܐܐܐܐ

ܫܪܐܕ

ܫ$ܘܘ

-.1186

-.0817

-.0524

-.0707

-.0358

ܝܘܘܘ

ܫܙܘܘ

1183.-ܙܐܘ65

-.0855 . 1572

.950 .925

ܝܕܐܘ950.

ܝܐܘܟܐ

••ܐܘܘܐ

ܫܐܘܘܐ
.

.2016

STATION ܟ STATION 5 SIATION 6

CPLinc

.010

.025

.050

CPU

.4840

.3444

.2293

. 1062

-.0338

X /C

.025

.050

.075

.150

. 300

.450

.600

.750

CPL

-.5913

-.5838

-.5907

X/ C

.025

.050

. 100

.200

. 300

.400

.500

.600

.700

.800

CPU

.3320 ,ܐܐ96

ܝܐܐܐܐ -.2315

CPU

.2850

.1752

.0892

-.0196

ܐܐܪܕ

ܙܐܘܘ .5932

-.5894

-.0502

.0869

.0892

.1463

.2045

CPL

-.1595

-.2634

-.4053

-.3667

-.3111

- . 3404

-.0776

.0429

-.1812

. 200

.400

.600

.ܐܪܐܙ

. 1564

.0365

..1567

-.1989

-.2301

-.1814

-.1502

ܝܐܐ8ܘ - . 1620

-.1764

.ܐܪܪܪ

.ܐܐܐܐ

,ܐܐܘܦ

ܝܐܐܐܬ

-. 2063

ܝ8ܘܘ1619.- ,ܐ855

900.ܨܐܐܪ6

.925

ܝ8ܘܘ ܝܐܐܘܘ -.1115

-.1328 .850 •ܐܐܐ8 .1241

-.0940

ܨܐܐ8ܐ1063.-
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TABLE IV.- Continued

( c) w = 0.030

STATION 1 STATION 2 STATION 3

CPU CPL CPUCPL

. 1066

.0501

ܙܬܘܘܘ

CPU

.4701

.3173

,ܘܐܐ

X/ C

.005

.010

.025

.050

CPL

-6668.3877

d50ܙܐ 326.-ܪܕܐܐ

ܙܘܐܟ5663.- ܝܐܐܪܘ .0995 -.3303

.1645

. 1043

.0361

-.0057

,ܐܟ8; 0154.-ܝܐܐܟ

-.0439

-.0389

0ܐ8ܟ

ܙܐܠܘܘ,ܐܐܕܪ -.049 )

- .0001-.2203.200

.300

-0d3ܐ ܐܟ8ܬ

ܕܘܐܐܟ

. 0826

-.0072

-.1153

-.2074

-.2443

-.2006

-.1041

- ,: 538

-.0150

-.0050

.0028

.0592

,ܐܐܐܘ

.ܐܟ86

ܫܘܘܐܐ

ܝ400ܝܐܐ95 -.1724

-.1649 -.1026 .1621

ܝܐ1974688. ,ܐܘܪ8

.500

.600

.700

.800

.900

-.0325

-.0187

-.0496

.0604

.0145

-.06 32

. 1586

-.1314

-.6989

-.0586

-.0671

-.0314

ܝܐܘܪܕ

,190ܐ

.ܐܪܐܐ ܙܐܐܐܐ

0902.-ܙܐܘ32

-.1035

-.0973

ܝܪܪܘ

9ܐܘ

. 1901

ܐܐܐܐ 1

STATION STATION 5 STATION ܘ

X/ C CPU CPU CPU CPL

ܝܘܐܘ )39ܬܘ ܝܐܐܪܘ •ܐܪܪܪ .ܬܐܪܟ

025.ܝܪܬ22

.050

.100

CPL

-.7552

-.4706

-.2113

-.1460

-.0639

-.0022

.1939

..0789

-.0060

.0872

.0431

-.0631

CPL

-.153

-.4464

-.5572

-.4868

-.2337

-.0584

. 1009

ܙܐܘܘ

ܝܪܘܘ

ܙܐ299 ,ܐ239

2421-ܬܪܬܐ

-.2385

-.1805

..058

.00 30

-.0707

-.1798

-.1990

-.2083

-.2036

-.1948

-.1583

.600

.800

.900

.925

c836.܂ -.2603

-.1976

.ܐ2ܘܐ

.0833

.1405

.1570

ܝܐ694

ܙܐܐܪܐ

ܝܐܐܪܘ

1364.-ܫܐ364 -.1352

( d ) g - 2,040=-

STATION 1 STATION 2 STATION 3

CPUXVC

.005

CPL

.1417

.0872

.0473

.0242

ܝܘܐܘ

CPL

-.2570

-.2094

-.0658

. 1570

-.0419

-.0931.025

.050

CPU

. 2523

.0630

-.0476

-.1033

- . 1627

.ܘܐܐܕ .ܐ6ܐܪ

ܝܐܘܘ

CPU

. 2059

• 1607

.0876

.0094

-.0552

-.1421

-.2034

-.2181

- . 2057

-.1981

-.1453

ܝܘܬܘܢ

ܝܘܐܕܘ ,2ܐ8ܟ

-.2730.0246

.0074

-.0039

.0137

.0348

.0337

.0339

.0798

ܝܐ96ܐ

-.2317

-.2908

-.2572

-.1581

-.1069

..1099

.200

.300

.400

.500

.600

.700

.800

.900

.950

ܢܘܐܐܐ |
-.2423

-.2374

-.2120

ܝܐܐܘܕ

-.0421

.0791

.0844

-.0652

.1626

ܐܟܘ

-.0666

-.0754

-.0413

-.0890

-.0997

-.0903

ܫܐܬ8ܐ

ܫܐ669

ܝܐ9ܐ

ܝܕܐܘܐܐ33

STATION 4 STATION 5 STATION 6

CPU

ܫܐ3ܐ9

CPL

-.0599

-.0889

-.0466

ܝܐ234

X/ C

.010

.025

.050

.100

.200

.400

.600

.800

.900

.925

-.0570

-.1043

-.1591

-.2419

-.3123

-.2784

- 1964

-.1333

-.1423

CPL

- , 194

-.1054

-.0487

-.0193

-.0183

.0090

.1073

.1056

.1463

.1607

-.0115

.0380

CPU

-.0079

-.0981

..1262

-.1504

-.2405

-.2578

-.2660

-.2525

-.2398

-.2003

. sܫܐܐܘ ܫܐ3ܐܐ

ܘܐܐܐܟ

X /C

005

.010

X /C

.010

.025

ܝܘܐܪ .050

.100.050

. 100 ܙ20ܘ

ܝܬ00ܟܘܘ

.600

ܕ800

.500

.925

.300

.400

.500

.600

.700

.800

.900

.925

.950

X /C

.025

.050

. 100

X / C

.025

.050

.075

.150

.300

.450

.000

.750

ܐ00

-.4263

-.2565

-.0133

.0026

.0400

. 0706

. 1060

• 300

.400

.500

.600

ܝ700800.

ܝܘܪܘ ܝܘܘܘ ܂ܫܐ219

X / C

.005

ܝܘܐܠܘ

.025

.050

CPL

-.1864

-.0913

-.0476

-.0050

..0289

.0399

.0879

ܝܬ00

X/ C

.010

.025

.050

. 100

.200

.400

.600

.800

.900

.925

.200

. 300

.400

.500

.600

.700

ܝܐܬ55

ܙܐܘܐܘ

.2011

ܝ800

.900

.925

.950

x /6CPU

-.0759 ܂ܘ25

ܐܐܐ3 .050

ܝܐܘܘ

X/C

.025

.050

.075

. 150

.300

.450

.600

.750

.800

.850

-.1331

-.2011

-.3209

..3112

-. 3052

CPL

-.3234

-.0936

-.0507

-.0033

.0390

.0401

.0520

.0654

.0666

.0941

. 200

.300

.400

.500

.600

.700

.800

•ܐܐܐܐ

-.1911

-.1554 1299

30



TABLE IV.- Continued

(e)ܣܕ4,100

STATICN 1 STATION 2 STATION 3

CPU CPL CPL CPU CPL
X / C

.005

CPU

ܘܐܐܘܘ0940.- ܝܐܘܪܟ

ܝܐܐܐܘ

x /0

.005

.010

.025

-.2916

ܝܘܐܘ3602.-

ܝܘܐܕ

. 1062

.0658

ܐܐܪܕ

ܫܐܘ3ܘ

ܝܐܕܪܐ

•ܝܐܐܟܘ

,3ܬ6ܬ

ܐܐܐ5

ܝܐ98ܐ

ܫܐ339

܂ܫܐ2ܪ3

.0777 .3.ܐܘ

.055 ܝܘܘܘ . 1303O
-.2905

-2805. 100

ܝܘ50

ܙܐܠܘܘ

ܝܬ00

ܝܘܘܘܐ

ܝܘܕܢܐ

ܫ06ܐܐ

ܫܘܪܘܐ

.1198

.0940

-.3123

-.3406

-.3572

- ,2869

ܬܘܘ

-.0692

-.1100

-.2396

- . 2534

-.2344

ܝܪܐܕܬ

ܘܐܘܘܐ

d48ܝܘ

ܙܘܘܐܐ

ܝܘܐܐܐ

.300
300.ܫܐܐܪܟ

.400

-.3484

- . 3465

-.2809

܂.ܟܘܘ

9ܘܘ

ܨܐܐܐܕ

ܨܐܐܬܐ

.1440

.1791

.0439

• 0414

-.0360

. 1027

ܪܘܘ

ܫܝܘܘ

.0653

.1094.600 ܐܪܪ
-.1130 ܝܐܐܬܐ

ܝܐܘܘ

.8ܘܘ

9ܘܘ

ܐܘܐ3

ܝܬܬܪܐ

ܫܐܘܬܘܨܨܬܪܪ

-.1576

-.1170

-.0123

-.0923

-.0537

. 100

.300

.400

ܐܟ85

0730.-ܘܐܐ8ܟ -.0882

550 ܙܐܐܘܘ ܙܪܐܕ ,08;ܐ 2039

ܝܪܐܘ2214. .850 -.0134

STATION
STATION 5 STATION 6

X / C CPU CPL CPUX / C

.025

CPL

. ܝܐ63ܐ2083 ܘܘܐܘ.ܟܐܐܘ

ܝܘܪ

CPU

-.4009

4150.-ܫܬܟܘܐ3119.-

-.370.050

ܫܘܪܘ

ܝܘܐܕ

ܝܐܪܘ

ܐ8ܘܐ

- . 3901

-.3904

-.3774

-.3429

-.3684

- 3819

-.3170

.1106

. ܫܐܘܘ1033 .ܘܘܘ

.200 . 300

ܙܪܘܘ

-.4111

-.3710

- . 3446

-.2590

CPL

.0663

.0437

.0313

. 0304

.0508

.0402

.0451

.0566

.0757

.0824

ܫܐܐܐ

ܫܐܐܟܘ

ܝܐܐܐܐ

ܙܐܪܕܘ

.600

-.2740

--3829

-.336

-.3382

-.3351

-.3530

-.3176

ܝܟܕܘ

ܝܘܘܘ

ܫܐܕܘ

ܝܘܘܘ

ܝ85ܘ

ܝܘܘܘܝܐܐܪܐ

ܝܕܘܘ

܂.ܪܬܪ

-1523 ••ܬܐܐܐ

••ܐ8ܘܐ

.1405

.ܐܪܪܐ1335.

(f) _ = 6,220

STATION 1 STATION 2 STATICN 3

XIC CPLCPL

. 4666 ܪܪܬܘ

X/ C

.005

.010

.025

ܝܘܘܟ

ܝܘܐܘ

CPU

-.9153

-.1906

-.6098

ܝ3ܘ88 .3326

CPU

-.0420

-.7532

-.6596

-.5488

-.4373

.025

.050

ܝ2ܐ2ܐ

ܙܘܪܘܙܐܐ53 ܙܟܘܪܬ

-.4513

. 3066

.2469

. 2036

.1494

.1469

ܝܐܘܘ1785.

ܐܘܘ -ܪܐܐܘ ܝܪܐܐܪ ܫܐ3ܐܐ

. 300 ܘܪܐܐ8 -.3165 .1508

CPU

-.0689

-.0725

-.0997

-.0855

-.1376

-.2371

-.2734

-.2846

-.2018

-.2411

-.1781

-.1349

-.0810

-.1040

-.0655

ܫܐܐܐܘ

.100

.200

.300

.400

.500

.600

.700

.800

.900

.550

ܙܪܘܘ

ܝܪ0ܘ

-.3925

-.3069

-.2776

.1016

ܨܐܐ66

ܐܐܘܘ

ܙܐܘܘܘ

ܫܐܘܐܘ

ܝܐ903

1404.ܝ2ܐ9ܕ

•ܐܐܐܘ

ܝܐ656

.600

.700

.800

. 900

.925

.950

.1955

-.1521

-.0942

-.0874

܂.ܕܐܘ0665.-

2ܐ59

ܫܐ3ܕܐ

STATION ܀ STATION 5 STATION 6

CPL

.2261

X / C

.010

.025

.050

CPL

2798

X / C

.025

.050

.075

.150

ܙܐܐܕܐܝܐܐܟܘ

ܫܐܐܐܐ

ܙܐܘܘ

.200

CPU

-1.0484

-.8537

-.7083

-.5248

- . 5000

-.4469

-.3520

-.2188

-.1398

-.1456

ܙܢܘܘ

CPU

-.8491

-.6967

-.6047

4.5267

-.5233

-.4426

-.4043

- . 3036

-.2615

-.2163

. 1645

. 1654

.1612

CPU

-.7419

-.5920

-.4513

-.4206

-.4465

-.4702

-.4735

-.4685

-.4906

-.4518

ܙܟܘܘ .450

.600

.750

.800

.850

.600

.800

ܙܐܪܐܠܐ

ܕܐܟܐܕ

ܫܐܙܐܬ

. 1303

.0582

.0520

.0283

.0338

.0385

.0599

.0698

ܙܕܘܘ

܂.925 . 1389

X /C

ܫܘܐܘ

.025

.050

ܫܐܘܘ

200

. 400

.600

.800

.900

.925

.1402

. 1385

A/C

.025

.050

.100

.200

.300

.400

.500

.600

.700

ܝܐܐܕܬ

ܝܐܐܪܘ

ܫܐܐܘ8

ܫܐ3ܝ8

ܝܐܪܐܠܕ

ܝܐ603

ܙܐ074 ܝܘܘܘ

X / CCPL

.1968 ܙܘܐܘ

ܫܐܐܠ

ܫܐܐܐ8

ܫܐܘܐܪ

.0940

. 1056

.025

.050

.100

. 200

.400

.600

.800

. 900

.925

ܝܐܐܘܘ

. 0800

.0725

-.0254

ܫܐܬ8ܐ

ܫܐܐܟܘ

ܝܘܐܐܐ

ܙܐܪܘܟ

CPL

.4852

. 3439

X/ C

.025

.050

ܝܐ834 ܝܐܘܘ

.2458

ܝܐ855

.1675

.1587

. 1565

.200

.300

.400

.500

.600

ܫܐܐܪܐ700.

܂.229 18ܘܘ
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TABLE IV.. Continued

( g ) __ = 8,390

STATION 1 STATION 2 STATION 3

CPL CPLCPU

-1.5069

CPU

-1.4589. 5042

X / C

.005

.010

.025

.050

ܐ268

ܙܐ88 d54ܝܪ ܐܬ259ܐܫܐܐ8ܐ

1496.ܐܕܘܐܐܐ .4137

ܫܐ3416362.

CPU

-.2857

-.2902

-.3053

-.2689

-.2944

-.3583

- . 3463

-.3348

- 3100

-.2873

ܝܐܘܘ ܝܐܘܘܘ

-.6642

-.5697

-.4743

-.4562

.1406

. 1500

.1497

.1252

.2045

-.8542

-.6858

-.5722

-.46 50

-.3401

- . 1803

-.1045

-.0971

ܝܐܘ82

.200

.300

.400

.500

.600

.700

.800

.ܟܐܘܬ

ܙܐܬ3

. 1603

. 1362

. 1695-.0194

,2ܐ06 ܙܐܪ39

ܝܐܐ66

e $ .ܘ9

-.i426

-.3082

-.2525

-.1681

-.0967

܂ܝܐܬܐ6ܐ

. 1940

-.1630

-.1006

-.1226

-.0022

ܝܪܩܘ

ܝ50$

ܝܪܐܘ

.1971 .ܐܘ08ܫܐܐܐܠܕ

,ܐܘܪܐ .2432

STATION ܟ STATION 5 STATION 6

X / C CPL CPU CPL

ܝܘܐܘ

CPU

-2.5509

CPU

ܪܐܪܪ1.0478- ܐܝܐܘܐܟܝ42ܐܟ

025.ܐܨܐ559ܐܝܐܘܐ

.050

. 4220 ܐܘܐ34

ܝܟܐܐܟ

. 4681

. 3980

.3288

. 3183

ܙܐܠܘܘ

-1.5208

-.1686

ܪܳܕܘ܀

-1.0045

-.761

-.6320

-.5179

-.3846

-.2294

.200

.400

.600

.800

ܝܐܐܐܐ

ܝܐܘܐܕ

.3219

. 3051

.2452

.1515

.1554

-.9597

-.7862

-.5954

-.5467

-.5770

-.5664

-.6366

-.6129

-.4971

-.4566

-.3544

-.3068

-.2586

.1650

.ܐܟܐܠܘ ܝܕܘܘܪܐ865

ܝܪܐܕ

ܐܐܐܐ

-.1459 .2258 . 1345

( h ) __ = 10.610

STATION ܐ STATION 2 STATION 3

A/ C

.005

CPU

-2.9439

-1.5400

CPL

.2507

. 2048

. 1807

.1134

CPL

.4075

.4976

CPU

-2.48 70

-2.3376

-1.9538

ܝܘܐܘ

ܐܫܐܐܐܘ ܝ4ܐ3܂

ܐܐܐܐ

.025

.050

. 100

200

.300

ܫܐ199

CPU

-.4249

-.4406

-.4714

-.4431

-.4433

-.5200

-.4599

-.4206

-.3789

-.3235

- . 2258

-.1871

. 1978

ܝܐ86ܐ

.4153

.3269

.2679

.2340

.1919

1068

. 1984

-.9028

-.7108

-.5622

-.5402

-.4866

-.3862

-.3244

-.2631

-.1684

-.1012

-.1071

-.6144

-.4691

-.3472

-.2009

-.1335

ܝܟܘܘ .1619

.1425 ..500

.600

.700

.800

.900

.9

,ܘܐܟܘ,ܐܐ33

܂ܐ598

ܙܐܐܛܟ

.ܐܐ8.

. 1450

-.0737

. 1974

.2016

.2203

. 2399

ܝܪܐܘ2575. -.0771 ܝܐܘܐܘ

STATION 4 STATION 5 STATION 6

CPU CPU

-12282

X/ C

.010

.025

.050

CPL

.5329

. 54 71

.4914

.4186

.3835

.3393

ܐܨܐܐܪܕ

ܐܝܐܐܐܕ

ܐܚܐ459

CPU

-.9433

-.9440

-.8956

-.8781

CPL

. 3631

. 4057

. 4080

. 4084

• 4064

. 3099

. 1696

. 1598

ܝܐܘܘ

.200

.400

.600

.800

.900

.925

8ܐܐܐ

2ܐ6ܐ

ܙܐ834

-1.0708

-.9068

-.6459

-.4674

-.7666

-.7684

-.7296

-.7474

-.7556

. 2003

.2349

ܝ܀ܐܐܐ ܘܐܪܐܕ

X/C

ܝܘܐܘ

X / C

.005

.010

.025

.050

CPL

.5198

. 4533

3895

.2984

ܬܘܘ346

. 200

.025

.050

.100

.200

.400

.600

.800

.900

.925

ܙܐܠܘܘ

ܝܦܘܘ

ܝܐ8ܐ

ܝܐ699

ܝܐ03

.1913

ܐܐ85

.500

.600

.700

.800

. 900

.925

.450

X/ C

.025

.050

CPL

.4011

.3090

X/C

.025

.050

.075

.150

. 300

.450

ܝܬ00 ܙܐ206

ܫܘܐܐܐ

.0312

.0095

ܫܝܘܘ

.200

.300

.400

.500

.600

. 700

800

ܢܘܐܘ8

.750

ܝ800

.0161

.0311

.04 38.850

X/ CX /C

.005 ܝܘܐܘ

ܘܬܘ

CPL

.5141

.5292

. 4670

.3978

.025

.050.025

.050 ܝܐܘܘ

ܙܐܘܘ .ܘ3ܐܐ 200

.400

.600

.800

.900

.925

. 200

. 300

.400

.500

.600

.700

2219

.2069

.2003

.2065

ܫܐ3ܽܘܐ

ܙ8ܘܘ

.900

.925

.950

ܐܝ8ܙ42

ܐܕܐ185

X/C

.025

.050

-1.7938

-1.8138

ܕܐܘܘ

CPL

.3997

. 3659

.2424

.0970

.0483

.0165

X/ C

.025

.050

.075

.150

.300

.450

.600

.750

.800

.850

ܐܙ0818

-.4880

-.3799

-.2381

-.1445

-.1622

.200

.300

. 400

.500

.600

.700

.800

ܝܘܐܪܐ

.0222

.0324

.0267-.38 30 . 1363
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TABLE IV.- Continued

( i ) v - 12.860

STATION 1 STATION 2 STATION 3

X/ C CPL CPUX / C

.005

CFL

ܬ2016862. ܬܝܬ778

CPU

-.6133

-.6317

-.6351

2462 ܝܘܐܘ 2.3303-ܝ46ܐ3

-2.5504

ܟ

CPL

.4937

.5581

.5313

.4440

ܝ2ܐ99

ܝܬܐ55

ܝܬܬܟ8

.025

,6ܐܐܟ050. ܬܙ8554

ܝܟܐܐܐ

.010

.025

.050

. 100

.200

.300

.400

.500

.600

.5097

46 $ 1

. 4000

.3200

CPU

-1.4348

-l . - 310

-1.9424

-2 : 1555

-1.0448

-.3809

-.3594

-.2379

.2375

ܐ00 ܝܐܘܘ

ܝܦܘܘ

-.5420

-.0340

-.6801

-589

-.5190

-.4405

-.3009

ܐܠܪܐܐܠ

ܫܐܪܘܛ

ܘܬܪܐ

ܝܐ9ܐܟ

ܫܐ333

ܝ206

dooܝܐ

-,50ܐܟ .ܟܐܕܐ

.500

ܙܬܐܦܐ

ܙܐܪܘܟ

ܐ0ܬܘ

ܝܐܐ€8

ܙ500
-,ܐܝܘ20703. .ܐܘܐܘ

.600

-.400 )

- . 3630

-.3144

.0000

. 1903

ܝܬܐܢܘܬ

ܙܐ00 .ܬܪܘܐ •ܐ00

ܝܬ61ܐ .2019.800

.900 -.0783

-66

-.1386

-1250

-.0809

800

.900

-25

.950

d3ܐܐ,- .ܐܪܐܬ

ܙܟܪܘ,ܐܐܢܟܘ ܙܬܘܪܕ

ܙܐ06ܟ

ܙܐܐܬܐ

970.ܬܪܘ6 -.1087 .

STATION STATION ܕ STATION ܘ

X/ C CPLCPU

-1.5567

CPU

-.9577 •36ܐܟ

X / C

.010

.025

.050

CPU

-.7482

-.7391

-.7237

CPL

.4903

.5536

.520

.4640

3945

• 3236

CPL

. 3698

. 3754

13338

-ܐ.95561ܟܪܟ ܐܙܕܐܐ8 . 050

.075

.150

.4250

.4455

.4429

398

. 2964

ܝܐܘܘ

ܝܐܘܘ

.ܐܐ30

-.9295

-.8904

-.1941

-.750l

-.7059

ܫܐܐ3ܐ

oodsܫܢܘܘܝ

ܝ450

. -.6925

-.6360

-1.5742

-1.669

-d533

-.4594

- . 3459

-.2569

ܙܬܟܪ

.400

.600

.800

.900

ܝܬ6ܐ8 600..ܘܐ88

.750

.0213

.0261

1753.ܘܟܐܐ0164.

.1931

.1545

.0442

.0983

ܝ800

ܝ850

-.620

-.5917

ܝܘܐܐܟ

-.5943

-.5137

ܝ5538525.- ܨܐܐ65 ܬܬ3ܟ .0035

.

(j ) __ = 15,180

SIATION 1 STATION 2 STATION 3

CPL ܬ0 CPL CPU CPLCPU

-2.3687.005 ܝܐ86ܐ

ܐܝܟܐܘܐ

ܐܝ983

ܐ.8936

2.4372-ܐܝ9ܙ4ܘ

. 4624

.5734

.5535

.4858

.3999

-992ܐ

. 4443

.5278

. 5239

.4461

. 3613

-1.5514

-.5045

-.5269

ܝܐ932

CPU

-.7510

-.7857

-.8023

-.1809

-.7682

-.8205

-.7037

-.5964

-.5182

-.4315

-.2873

-.2459

-.1536

-.1392

-.0969

-2.4279

-1.6470

-.4861

- , 3558

-.2911

-.2182

.2364

,ܕܬܘܐܠ1914.

.3ܬܐܐ

ܝܬ69ܐ

ܝܐܐ3ܐ

ܫܐ3ܐ8

ܝܐ908

,ܐܐܐ5ܝܐܐܪܘ

-.4784

-.4663

-.3895

-.2694

-.1683

- . 1521

-.1236

ܝܬ069

.1994

ܝܬܐܟܘ

.2282

STATION ܟ STATION 5 STATION 6

CPLCPU

-1.4115

-1.4257

CPL

ܐܝܟܟܐܐ

ܐܟܪܐܐ

-1.5764

-1.1334

-.7220

-.4997

-.3553

- . 3765

CPU

-.8609

-.8724

-.8565

-.8412

-.7875

-.7646

-.7493

-.7048

-.6808

-.6595

CPU

-.6949

-.7098

-.7012

-.6841

-.6151

-.6462

-.6257

-.6054

-.5665

-.56 23

X / C

ܝܘܐܘ

.025

.050

ܝܐ00

ܝܬ00

. 400

.600

ܝ800

.900

ܝ25$

X / C

.025

.0.0

.100

ܝܬ00

.300

.400

.500

.600

ܝܐ00

.800

X / CX / C

.005 ܝ306ܬ

ܘܬ736

ܝܘܐܘ

ܘܘܐܘ ܝܘܐܘ

ܝ0ܬܕ

.025

.050.2519.025

.050 ܙܬܟܪܐ .050

ܝܐܘܘ100. .2666

ܝܐܘܘ

ܝܬ00

ܝܬ00ܝܪܦܘ

ܙܢܘܘ

.200

.300

.400

.500

.600

ܙܬܘܟܐ

ܫܐܐܐܘ

ܝ2ܢ5ܬ

ܝܐܐܐܐ

.400

. 500

.600

.700

ܝ008 ܝܕܘܘ

ܝ6ܘܘ .925.0001

. 2054.700

ܫܘ00 ܫܐܐܐܐ 80ܘ

.900

.950

.970

-.0198

. 2096

.900

.925

.950

xic

.010

.025

.050

.3578

CPL

.4687

.5781

.5593

.4927

X / C

.025

.050

. 3625

ܝܪܐܪܟ .3913

.2947.4522 ܝܐܘܘ

ܝܐܘܘ ܙܟܟܟܪ ܫܐ3ܐ8

200.ܟ8ܐܐ

.400

.600

.800

.900

.925

X /C

.025

.050

.075

.150

. 300

.450

.600

. 150

.800

.850

. 4139

.2839

. 1681

. 1539

. 3711

.2355

. 1654

.1563

.200

. 300

.400

.500

.600

.700

.800

.0175

.0342

.0205

.0137

ܢܘܘܬ6 ܂ܘܐܐܬ

ܘܐܐ86 .0826 -.0110

33



TABLE IV.- Continued

(k) s 17.370

STATIUN STATIUN 2 STATION

CPU CPL XICX / C

.005

CPU

-2.06 77

CPL

ܐܙܪܘܙܪ4057. .08ܐܬ ܂.ܘܐܘ

X/C

.005

.010

.025

.050

CPU

-.9162

-.9246

-.9364

-.9362

-.9819

CPL

3405

.3190

3010

܂ܘܬܘ .30 50

5370

-2.5083

-2.6151

-3.2374

205ܐܐ

ܐܨ0355

ܝܕܐܪܐ

.584ܘ .025

.050 .5280

ܝܐܘܘܝܐܘܘ

ܫܐܘܘ

ܝܪܪܐܟ

ܝܪ688

98ܪܐܝܟܘܪܐ

ܬܙܝ968

-ܪܕ8ܘ

-2.04 52

-2.1329

-.1610

-.4835

-.3396

-.2748

.300 -.8315

-.7289

-.6181

.200

.300

.400

.500

.600

.700

ܙܪܘܘ

-5558

-6328

-.6076

.3574

.3094

2665

ܝ4ܪ36

ܠܐܪܘ

ܝܐܪܘܘ

ܝܐ986

500.ܝܐܐ35

.600

.700

.5ܐܐ -ܪܬܘܐ ܝܐܘܐܠܘ ܝܬܐܕܐ 12055

.8ܘܘ -.2865 ܝܘܘܘ

ܕܕܘܘ

-.4416

-.3504 ܂ܐܐ53

900.ܝܐܐܘܟܝܐܘܐ6

.550

.910

-1394

-.0921

.925

.950

•ܐܐܐܟ

.2ܪܬܘ

ܝܐܐܐܘ

.1917

. 2043

STATION STATI UN 5 STATION 6

X/ C CPU X/ C CPLCPL

. ܢܘܐܘ3529 ܐܕ88ܐܐ ܝܘܐܪ

ܝܪܐܐܕ

ܫܐܐܐܘ

1.3855-ܪܐܐܐ

-1.4046

CPU

-.7357

-.7297

-.7251

.025

.050

. 100

.200

.

CPU

-.9288

-.9163

-.9103

-.8907

-.8480

-.8215

.367 )

.050

.075

. 150

. 300

ܨܐܐܟܘ ܐ.6655ܫܐܐ08

ܐ.5566

ܐܨܐܐܐܪ

. 4604

.4538

.4073

. 2035

. 1860

ܝܪܘܘ ܫܪܕܘ .

600.•ܝ8ܐܐ6

.800

.900

.1051

.0503

.0330

.0281

-.8319

-.5899

-.4153

-.4483

.600

.750 -.7782

-.7352

-.6889

-.6562

-.6250

-.5964

-.5669

..5373

ܫܐܘܪܕ

ܝܘܘܪܘ ܙܘܘܘܝܘܐܐܐ

܂ܝܕܐܕܝܘܪܘ •ܐܐܐܠܘ .0902 .0068

( 1) Q = ܗ19.580

STATION 1 SIATION 2 STATICN 3

X/ C CPU CPUX /C

ܐܘܙܪܕ005.

CPU

-2.5267

-2.5310

ܢܘܘܪ

ܝܘܐܘ

CPL

-.0995

. 3001

ܐܝ9865

ܝܘܐܘ .

CPL

.3580

.5623

.5915

.5606

-1.0710

-1.08 73

-1.0970

025.ܐܨܐܐܐܐ

.050

5.025ܐ83

.050 .

ܫܐܘܘ ܐܕܐ263

ܐܨܐܪ03

ܫܐܘܘܝܪܐܐܘ

ܙܐܘܘ

--9858

-1.9320

-1.8237

-2.0923

-.9938

-.6251

-.5397

.3510

ܝܐܐܐܐ

.5656

.5228

.4466

.3923

. 3401

.2409

. 2847

.200

.300

.400

.500

.600

.700

.800

-ܪܐܐܐ

. 300

. 400

.500

.600

.700

.800

-3.0186

-3.0565

-.7524

-.7001

-.8563

-.7898

..6959

-.6326

-.6016

-.5725

-.5683

-.5587

-.9617

-.8330

-.6942

-.5638

-. 3828

- . 2996

-.1322

-.0882

-.0462

.1819

.1419

.1476-.3909

ܫܐܘܐܐ

ܕܘܘ ܝܕܘܘ

.950

.970

.

. 1509

. 1395

.1355

.925

.950

STATION 4 STATION 5 STATICN 6

CPU

ܐܙܐܐܐܐ

X/ C

.010

.025

.050

CPU

-.7028

.. 7022

ܙܐܠܘܘ

CPL

.3654

.4287

.3617

. 1830

CPU

-.8636

-.8737

-.8948

-.8942

• .8414

-.8078

-.7848

-.7255

X/ C

.025

.050

.075

. 150

.300

.450

.600

.750

.800

.850

CPL

.3734

.4599

. 5260

.4950

. 4090

.3197

. 1985

. 1936

1048

,ܐܐ25

ܨܐܐܐܐ

.68ܐܐ 200

.400

.600

.800

.900

.925

ܝܐܐܐܐ

.

-.6591

-.6200

-.6087

-.5785

-.5388

.0604

.0420

.0410

.0323

.025

.050

ܬ952 ܫܐܘܘ

. 3099

.3366

.3216

.2829

00

.400

ܝ600

ܝdܘܘ

ܐܪܘܐ .900

.925.0035

ܬܐܘܐ

.1946

-.0781

ܝܐܐܐܕ

CPL

.4085

X/C

.025

ܫܪܘܐܐ050.

5783.ܝܐܘܘ

.5397

ܝ46ܐܘ

.3847

. 2670

. 1689

.1623

.1766

.200

.300

.400

.500

.600

.700

.800

X /CCPL

.3763

.34 79

ܘܐܘ

.025

ܙܪܐܐܪ ،،ܪܘ

ܝܐܘܘ

.200

.400

.600

.3331

.3507

.3724

. 3580

.3233

.2807

.0208

.2529

ܝ800

.900

1525

ܐܘܐ3

-.0767

ܫܐܐ79

X/C

ܫܘ25

-1.3450

C

. 3566

. 5756

. 5947

.5889

.5121

.4449

.2658

ܐܐ658

ܐܙܪ25

ܐܙܛ634

ܐܕܙܘܘܐ

.050

. 100

.200

. 300

. 400

.500

.600

. 700

.800

-.8591

-.6564

-.4167

- 5175

ܫܐܛܐ8

. 1407

. 1486

••ܐܐܐܐ

-.6872 ܙܐܘܬܕ ܢܘܐܐܘ
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TABLE IV.- Concluded .

(m) Q = 21.800

STATION 1 STATION 2 STATICN 3

.

.

X/C

.005

.010

.025

.050

.100

.200

.300

.400

.500

.600

.700

.800

.900

.950

.970

CPU

-1.1978

-1.2239

-1.2571

-1.2576

-1.2932

-1.3064

-1.0904

-.9187

-.7713

-.6443

-.3883

-.2570

-.0608

-.0611

-.0048

CPL

.3994

.3808

.3624

. 3622

.3961

.4192

. 4073

.3642

. 3251

.0294

.2951

.2430

-.0977

.2704

X/C

.005

.010

.025

.050

.100

. 200

. 300

. 400

.500

.600

.700

.800

. 900

.925

.950

CPU

-2.7178

-2.7494

-2.9059

-3.1640

-3.5280

-1.0875

-.8853

-.9753

-.9861

-.9567

-.9671

-.9646

-1.0022

. 9182

-.8548

CPL

-.2373

.2389

. 5037

.5748

.5568

4852

.4315

. 3726

3203

.2994

X/C

.010

.025

.050

.100

.200

.400

.600

.800

.900

.925

CPU

-2.0448

-2.0466

-2.0644

-1.9768

-2.48 78

-1.2354

-.8340

-.6554

-.6094

-.6147

CPL

. 2612

.5398

.6007

.5854

.5057

• 3839

. 2823

. 1593

.0806

.0955

.2107

.1181

.0858

.0592

STATION 4 STATION 5 STATION 6

XIC

.010

.025

.050

.100

.200

.400

.600

.800

.900

.925

CPU

-1.2923

-1.3367

-1.3493

-1.44 34

-1.6457

-1.3679

-.9664

-.7050

-.5509

. 5792

CPL

.2771

. 5466

.5977

.5931

. 5940

. 4081

. 2807

.1433

.0962

.0966

X/ C

.025

.050

.075

.150

. 300

.450

.600

.750

.800

.850

CPU

-.9329

-.9376

.9486

.9818

-.8861

-.8449

-.7897

-.7373

-.7215

-.6584

CPL

.4486

. 4672

. 5528

.5140

. 4671

.3718

.2215

.1888

.1121

.1146

X/C

.025

.050

.100

. 200

.300

.400

.500

.600

.700

.800

CPU

-.7521

-.7202

-.7244

-.7208

-.7047

-.6879

-.6621

-.6252

-.5861

-.56 36

CPL

. 3751

.4487

.3743

.2267

.1401

.0698

.0569

. 0428

.0413

.0256
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TABLE V.- PRESSURE COEFFICIENTS AT A MACH NUMBER OF 0.20

FOR THE MODEL WITH STRAKE OFF. CL , d = 0.70
=

(a) a = -3.780

STATION 1 STATION 2 STATION

X / C

.005

.010

.025

.050

. 100

.200

. 300

.400

.500

.600

.700

.800

.900

.950

.970

CPU

. 4742

.5728

.4920

.3544

.2163

.06 37

-.0 :41

-.1180

-.1447

-.1635

-.2006

-.1696

-.1411

-1869

-.1180

CPL

-1.6684

-1.7805

-2.0209

-1.4967

-.1194

-.0950

-.042

-.0441

-.0110

.0607

.1227

-.0654

2049

.2548

X/C

.005

.010

.325

.050

.100

. 200

. 300

.400

.500

.000

.700

.800

. 400

.925

.450

CPU

.4490

.5442

. 4790

. 3100

.2202

.0312

..1222

-.1775

-.1889

-.2410

CPL

-.6499

-.7841

.8066

-.0179

-.9614

.5235

-.2844

.1229

. 1087

.2166

X / C

.010

.125

.050

.100

.200

. 400

.600

.800

.900

.925

CPU

.9412

.4343

.4040

.2426

.0253

-.1934

-.2682

-.2016

-.1902

-.2331

CPL

-.5635

-.5790

-.5911

-.6145

-.1940

-.4748

.1910

.3310

3087

.4276

-.1776

-.1902

-.2268

-.2209

.2643

.3128

. 30 20

. 3860

STATIUN 4 STATION 5 STATION 6

CPLCPL

.1745

-.0308

X/ C

.010

.025

.050

.100

.200

.400

.600

.800

.900

.923

CPU

.5361

.4035

.3970

.2484

.0234

-.2003

-. 3 306

-.2513

-.2496

-.2922

CPL

-.3923

-.3716

-.3807

-.4332

-.4560

-.5415

-.2870

-.2185

.1655

. 1720

X/ C

325

.050

.075

.150

300

.450

.600

.750

.800

.850

CPU

.4342

.3631

. 2731

. 1552

- . 1844

-.2562

-.3660

- . 4003

- . 3512

-.3242

X/ C

.025

.050

.100

. 200

.300

.400

.500

.600

.700

.

-.1758

-.1000

.1985

2048

-.1996

-.2008

-.2089

-.2053

CPU

.4346

.3464

.2107

.0304

. 1050

-.1528

-.2328

-.2898

-.3422

-.3440

-.0380

-.0390

-.0428

-.0491

-.0614

-.1009.800

( b ) Q = -1.910

STATION 1 STATION 2 STATION 3

X / C

.005

X/ C

.005

.010

.025

.050

.100

.200

.300

.400

.500

.600

.700

.800

.900

.950

.975

CPU

.5432

.5187

.4152

.2455

.1278

-.0239

-.1558

-.1777

-.1810

-.1946

-.2277

-.1958

-.1493

-.2003

-.1192

CPL

-1.2943

-1.2457

-1.5897

-.6357

-.0045

-.0436

.0026

-.0005

.0291

.0935

. 1526

-.0491

. 2060

. 2580

.010

.025

.050

.100

.200

. 300

.400

.500

.600

.700

.800

. 900

.925

.950

СРЈ

.5211

.5187

.4166

. 3101

.1339

-.0465

-.2137

-.2314

-.2220

-.2799

CPL

..5649

-.6583

-.0012

-.7169

-.8324

-.3157

.0268

.1728

.1805

.2251

X / C

.010

.025

.050

.100

.200

.400

.600

.800

.900

.925

CPU

.5199

.4172

.3023

.1571

-.0618

-.2508

-.3189

-.2285

-.2083

-.2560

CPL

-.4638

-.4836

-.4877

-.5359

-.6280

-.1415

.2863

. 3220

.3779

.4253

-.2057

-.1996

-.2492

-.2297

.2731

. 3293

. 3759

. 3817

STATION STATION 5 STATION 6

CPL CPLCPL

. 3272

-.0407

X / C

.010

.025

.050

. 100

.200

.400

.600

.800

.900

.925

CPU

.5089

.4140

.3171

.1643

-.0738

-.2643

. 3403

-.2600

-.2339

-.2782

- . 3382

-.3400

-.3589

-.3740

-.3854

-.3721

-.1466

.2966

.3284

.3264

X/C

.025

.050

.075

.150

. 300

.450

.600

.750

.800

.850

CPU

. 4139

. 3021

.2143

.0437

-.2318

-.2922

-.3954

-.3896

-.3226

-.2813

-.14 74

-.1562

-.1827

-.1655

-.1530

-.1406

-.1375

-.0937

X/C

.025

.050

.100

. 200

.300

.400

.500

.600

.700

.800

CPU

.4162

.3150

.1608

.0042

-.1435

-.1871

-.2434

-.29 20

-.3399

-.3402

-.0348

-.0397

-.0410

-.0521

-.0874

-.1211
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TABLE V.- Continued

(c ) w =c s= 0.00

STATION 1 STATION 2 STATION 3

CPL CPU CPL X/ C

,98ܐ8 ܐܐܐ ܝܘܐܘ

X/C

.005

.010

.025

.050

-.9571

ܐܝܐܐܪܪ

.4480

.3040

CPU

.5334

. 4483

.2750

.1353

.0210

-.0986

-.2005

ܫܐܘܐܪ

-.4306

-.4970

-.5195

-.5592

-.5688

-.434

.2017

.025

.050

.100

.200

.400

.600

CPU

.4549

.31 56

.1946

.0643

.1552

-.3333

-.3455

-.24 46

.0319

-.0525

.0052

0339

0493

.0531

ܫܐܘܘ0345.

20ܘ

CPL

-.3746

-.3866

-.3969

-.4341

-.3461

. 0405

.2501

.2927

. 3489

. 3865

.13ܐܐ

-.2846

-.2844 ܫܐܕܐܐ duoܙ

.300

.400

500

.600

.700

,ܶܐܬ53

,ܐܐܪܪ ܝܬܐ26 .1645 .900 ,ܐܐ56

-.3324 ܝܐܐ8ܘ .925 ܫܐܐܐܘ2528.-

ܫܐܘܐܐܠ

-.2342

-. 2465

-.2055

-.1527

ܙܘܘܘ -.0524

.900

.950

ܝܬܐ3܂

ܕܬܘܪܕ

..2244

-.2193

-.2489

. 2686

.3111

.3543

. 3919

ܙܐ8ܐܐ

ܝܟܐܘ -1046 ܐܐܐܪ

STATION 4 STATION 5 STATICN 6

CPL CPLCPU

.4759

.3099

CPU

. 3327

CPL

.2424

X / C

.010

.025

.050

X /C

.ܐܪ02588.

30ܬܬ ܝܐܐ09

ܝܐܟܟܐ

-.0498

ܝܐܐܐܕ

ܝܘܪܘ

ܫܐܘܘ

ܝܐܘܘܝܬ00 .0475

.200

- . 3012

-.2923

-.3263

-.0743

.1466

ܙܐ6ܐ3

.0073

-.3073

-.3533

-.0319

-.0360

-.0346

CPU

.3701

.2504

. 1084

-.0566

- . 2030

-.2483

-.2806

-.3282

-.36 37

-.3712

ܙܪܘܘ

-.1047

-1389

-.1469

-.1432

-.0772

.0615

.0917

.1450

.600 ܝܟܐܐܘ

- . 3341

-3893

-.2729

-.2594

-.2938

.300

.400

.500

.600

.700

.800

ܝܘܘܘ ܝܐܐܘܕ0834.-

ܝܐܐܐ3

ܬܘܐܟ

.500

.925

-.3919

-.3104

-.2555

,ܐܐ63

,ܐܐ63

(d) m 1.920

STATION ܐ STATION 2 STATION 3

CPL X /C

-.6006

X/ C

.005

.010

.025

.050

CPU

.6766

.3318

ܢܘܐܘ

CPL

-.3159

- . 3653

-.3831

ܘ8ܘܘ

CPU

. 4553

.3143

.1428

.0070

-.0619

.025

. 050-.3410 ܙܐܐܪܐ

ܙܘܐܐܐܟܐܐܪ

ܝܘܐܪܘ

ܝܐܘܘ

ܫܐܘܘܝܐܘܘ

ܙܐܘܘ

ܝܐܘܘ

-.2912

CPU

.31 30

.2015

.0653

- .0510

-.2519

-.3743

-.3757

-.2430

-.2200

-.2544

CPL

-.2808

-.2179

-.2899

-.3132

.0342

.1997

.2526

.2845

.3218

.3671

ܝܐ6ܐ

.0622

..0129

-.2085

..3592

..3442

-.3085

-.3516

.0548

.0928

.0942

0ܐܐ6

ܫܐ33ܘ

.1420

. 1740

. 400

.500

.600

.700

ܫ089ܐ

.400

.600

.800

.900

.925

-.2623

-.2734

-.2430

-.2536

- . 2550

-.2042

-.1412

- 1590

-.0887

1449.܂܂ܐܐ19

1838

-.0233

.2397

ܝ800 ܐܐ8ܘ

.900 • .2076

-.2317

.2746

. 3210

. 3677

.3842

ܝ50$ ܝܬܪ2

.970 ܝܬܐܐܕ

STATION 4 STATION 5 STATION 6

X/ C CPLCPL

.3287

CPU

ܘܘܐܘ2852.

ܫܬܟܪܪ -.0472

CPL

-.2130

-.2194

-.2243

-.2214

..2514

.2650

.0147

.025

.050

.100

.200

.400

.600

.800

.ܐܪܐܪ

CPU

.2093

.0846

.0202

-.1006

-.4031

- . 4218

• 4807

-.4341

-.3484

-.2944

-.1058

- . 1090

-.1323

.0583

XVC

.005

ܝܘܐܘ

.025

.050

ܘܬܘܘ

ܙܐ00

ܫܢ00

.400

500

.600

.700

1800

.900

.925

.950

X/C

.025

.050

.075

. 150

.300

ܪܘ

.600

. 750

.800

.850

X/C

.005

ܝܘܬܘ

.025

.050

ܫܐܘܘ

ܝܐܘܘ

. 300

.400

.500

.600

.700

.800

.900

ܝܪܐܪ

.950

CPU

.3763

ܝܐ990

X/C

.025

.050

.075

. 150

300

.450

.600

.750

.800

.850

.0754

-.0538

-.2685

-. 4018

-.4359

-.2994

-.2753

-.3109

X/ C

.025

.050

.100

. 200

.300

. 400

.500

.600

.700

.800

-.0486

-.0775

ܐܐܪ6

ܐܐ3ܐ ܐܐܘܐ

-.2804

-.3318

-.35 36

-.4355

-.4862

-.4533

.9ܘܘ

.2861

. 3292

.3405

.3449

.3474

.3350

-.0888

.0295

.1272925
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TABLE V.- Continued

(e) w = 3,900

STATION ܬ STATION 2* STATION 3

LPU CPL CPU X/C CPU CPLX /C

.005

CPL

238ܐ2556.- ܨܐܨܟܪ ܂.ܘܐܘ ܙܐܐܘܐܠܝܐܐܟ9

ܝܘܐܘ܂ܫܐ299 -.1969

ܝܐܘܘܪ

0311.0730.-,ܐܐܐܐ

-.0532.025

.050

,ܐ84ܪ

.ܘܬܪܐ,ܐܐ8ܪ

.025

.050

. 100

ܨܐܕܟ -.0913

.0443 .ܐܪܐܐܙܐܐܠܐܐ

ܙܐܘܘܕܐ886

ܝܐ0ܘ

.0009

08 ok

.1105

ܢܘܪܐܘ

-.2082

ܙܐܠܘܘ3631.- .1959

-.0280

-.1079

-.1971

-.3250

- , 6603

-.4267

-.0051

.1544

ܙܟܪܘܘ ܂.ܬܘܪܐ

300.ܙܐܪܐܕ

-.2962

-.3333

-.3315

-.2901

-.4350

. 400

.600

.800

.900

܂ܫܐ29ܐ

ܫܐܐܐܐ

ܝܐܐܐܕ

ܙܪܘܘ ܐ088

36d500.ܝܬ

ܙܐܘܐܠܐ

-dcܙܐ

ܫܐ393

,36ܟܐ

.2309

.3253

. ܝܘܘܘ363 ܙܐ889
-.3932 ܫܪܐܕ -.2710

-2832

.1430

. 2026

-.0253

.2407

. 2861

.700

.800

.900

.950

.570

.ܐܐܐܕܘܐܐܐܘ

ܝܐܘܘܐ .3133

.248ܐ

,ܐܐܕܐ

•ܐܪ06

,ܐܐܐܠܐ

1113.-ܫܐܠܪܪܐ

-.0059 . 3748

STATION 4 STATIUN 5 STATION 6

X / C CPU CPL CPU CPL X / C CPU CPL

ܝܘܐܘ ܫܐܐ9ܐ ܨܐܐܬܐ ܫܐܐܐܐ 0065.ܝܐ364

- , 0830.025 -.0184 . -.1659 .0060

ܫܢܐܕ

ܝܘ50

ܫܐܘܘ

ܝܬ00

ܝܛܐ8ܐ

-.1007 ,ܐܐܟܘ ܝܐ380,ܐܐܘܘ

ܐܬ63ܨܬܟܕܟ .0749

ܫܘܪܘ

ܐܘܘ

ܙܐ00

ܝܟܘܘ

,ܐܪܘܐ

ܝܘܬ86

ܝܬܐܘܪ

-.2641 -.0651

-.5230 .18̈ܪܐ ܝܘܶܪܶܘܟ

•ܪܘܘܐ .2357

ܝܐ862

ܙܬܐܬܐ

ܙܬܐ59

d46ܝܬ

. 300

. 400

- . 4045

-.4869

- . 4972

-.3278

- , 2878

-.4247

-.4481

.1559

.600 ܝܐܐܐܙܪܘܘ

ܕܘ0ܘܝܐ980 .600

-.5463

-.4770

-.4042

- ,326

.522ܐ

.900 .2883

܂.925

.3282

. 3567

ܝܐܐܘܪ

ܫܐܘܐܐ

ܝܬ848

ܕܐܘܘ

d00ܙܪܐ3ܐܝ

-.5026

ܙܐܐ546885.-

(f) __ = 5.900

STATION ܬ STATIUN 2 STATION 3

CPUX/ C

.005

CPL

. 1526

CPU

.0459

- 1490

-.2804

-.2884

CP

.0710

.1009

. 1394

X /C

.010

.025

.050

ܝܐܐܐܙ

ܝܐ1ܐܘ

CPL

.1070

ܝܘܐܘ1695. ܙܐܪܐܪ

.025

.050

.1650

. 1515

.1545

CPU

.0088

-.1595

-.2724

..3000

-.3256

-.4266

-.5243

-.4927

ܫܐܐܐܘ ܝܐܘܘ

ܙܐܠܘܘܙܐ8ܐܪܝܐܘܘ

ܙܐܘܘ

13ܘܘ

܂ܙܟܘܘ

-.3086

-.3559

-.4826

-.5237

-.4676

O

ܙܐܐܘܐܠ

ܐܐܘܪ

ܫܐܪܪ3

ܝܐܪܐܐ

ܝܐ9ܐܐ

ܝܐܬܘܟ

. 1900

.0438

. 2065

. 1978

.400

.600

ܕܐ8ܘܙ

ܙܐܐܐܛ

ܝܐܪܐܘ

܂ܙܐܟܐ9

ܢܶܘܘܘ ,ܐܶܘܐܘ

- . 3430

- . 4050

- . 3683

-.3131

-.2985

-.2834

.܀ܘ96 500.ܙܐܐܘܐ

.600

.700

.900

. 1925

-.2383

-.2004

.3462

.3873.2709-.4166 ܬܪܐܪ

ܐܬܕܐ

,ܐܐ8ܕ ܕ0192800.-

ܝܕܘܘ

-.2497

ܬܪ3ܐ2093.-

.950

-.1525

-398

-.0655

. 3040

.2930

3329

. 3676

.3795

•ܝܐ393

ܝܕܐܘ -.1973

STATION STATION 5 STATION 6

X/ C CPU CPL CPL CPL

ܙܘܐܘ ܙܐܐܐܐ . 3547

.1819 ..025

.050

.0566

ܙܐܐܐܐ

ܙܐܐ66

ܝܐܘܐܟ

ܙܐܘܘ

.200

.400

.600

.800

.900

.925

XIC

.005

ܝܪܐܘ

ܫܢܐܕ

.050

ܫܐܘܘ

ܝܐܘܘ

ܝܢܘܘ

. 400

.500

.600

.700

.800

.900

ܝܪܬܕ

.950

X/ C

.02

ܫܘܪܘ

ܟܘܐܪ

.150

.300

.450

.600

.750

ܝ800

899

X/ C

.005

ܝܘܐܘ

.025

.050

ܫܬܘܘ

ܝܐܘܘ

. 300

.400

ܙܪܘܘ

.600

.700

.800

.900

. 925

.950

ܐ683

ܪܐܐܘ

-.3269

- . 3886

-.5076

-.5595

-.5412

-. 3380

-.2984

..3155

X/C

.025

.050

.075

.150

. 300

.450

.600

.750

.800

.850

CPU

-.2593

-.3426

..3592

-.3844

-.6253

• .5827

-.6006

.5250

.4367

-.3734

.1314

.1576.2467

.2600

.2856

. 3006

.3337

.3558

X/C

.025

.050

.100

. 200

.300

. 400

.500

.600

.700

.800

ܝܐܟܘܐ

CPU

-.1480

-.1934

-.2446

-.3642

-.4810

-.5094

-.5346

-.61 84

-.7050

-.6963

.1897

.2200

.2457

.2716

.2962

2926

.2785

.1543

ܫܐܪܐܙ

ܝܐ65
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TABLE V.- Continued

( ) =(g) a = 7.940

STATION 1 STATION 2 STATION 3

.

X / C

.005

.010

.025

.050

.100

.200

. 300

.400

.500

.600

.700

.800

.900

.950

.970

CPU

. 3407

-.4694

..4937

-.5038

-.4087

-. 4102

-.4597

-.41 : 6

-.3611

-.3354

-.2444

-.2266

-.1416

-.1412

-.0763

CPL

.4139

.3327

.2844

.2486

. 2389

.2221

.2194

.1908

. 1084

. 2093

.2362

-.0265

.2557

. 3107

X /C

.005

.010

.025

.050

.100

.200

. 300

. 400

.500

.600

.100

.800

. 900

. 925

.450

CPU

-.5367

• .6052

-.5997

-.5390

-.4949

..5493

-.6164

-.5516

-.4558

-.4607

CPL

3332

. 3050

. 2964

2091

.2704

.0496

.2499

.2323

.2426

.2763

X / C

.010

.02 )

.050

. 100

.200

. 400

.600

.800

.900

.925

CPU

-.6504

-.6568

-.6223

-.5333

-.6072

-.6046

-.5075

-.3085

-.2393

-.2573

CPL

.4044

.3244

. 3466

2910

.2848

.2836

.2945

. 3029

.3447

. 3823

-.2643

-.2094

-.2135

-.1402

. 3003

. 3307

. 3692

. 3832

STATION 4 STATIUN 5 STATION 6

CPLCPL

.3747

.2176

X/ C

.010

.025

.050

.100

.200

.400

.600

.800

.900

.925

CPU

-.6130

-.6989

-.6666

-.6058

-.6670

-.6429

-.5067

..3711

-.3045

-.3324

CPL

.4182

.3353

.3353

.2949

.3007

.2924

.3099

. 3009

. 3446

. 3720

X / C

.025

.050

.075

. 150

. 300

. *50

.600

.750

.800

.850

CPJ

-.6863

-.6438

-.6004

-.5083

-.7825

-.7064

-.6914

-.6048

-.5078

-.4493

X/ C

.025

.050

.100

.200

. 300

.400

.500

.600

.100

.800

.2337

• 2517

.2671

.2501

. 2604

. 2892

. 2773

.2633

CPU

-.5152

-.4475

-.4543

-.5111

-.6292

-.6746

-.7179

-.8069

-.9390

-.9198

.1315

.1365

.1100

.0882

.1116

. 1036

)(h) Q = 10.010a

STATION 1 STATION 2 STATION 3

X/C

.005

.010

.025

.050

. 100

.200

.300

.400

.500

.600

.700

.800

.900

.950

.970

CPU

-.7925

-.8622

-. 8058

-.7148

-.5361

-.4917

-.5195

-.4694

- , 3834

-.3503

-.3186

-.2262

-.1421

-.1402

-.0819

CPL

.5551

.4863

.3901

.3401

. 3086

.2841

.2686

.2332

.2123

.2411

. 2660

-.0210

.2704

.3265

X/C

.005

.010

.025

.050

.100

.200

. 300

.400

.500

.600

. 700

.800

.900

.925

.950

CPU

-1.2050

-1.1323

-.9673

-.8369

-.6572

-.6773

-.7122

-.6170

-.5150

-.4899

CPL

.4528

.4800

.4238

. 3711

. 3393

.0001

.2879

. 2073

.2757

. 3063

X/ C

.010

.025

.050

.100

.200

.400

.600

.800

.900

.925

CPU

-1.2372

-1.0497

-.6853

-.7204

-.7546

-.6668

-.5467

-.3146

-.2444

-.2526

CPL

.5275

.4677

.4210

.3710

.3421

.3110

.3091

. 3102

. 3385

. 3978

O

-.2849

-.2049

..2115

-.1770

.3176

.3376

.3825

.3908

SIATION 4 STATION 5 STATION 6

CPLCPL

. 3685

.29310

.

0

х/с

.010

.025

.050

. 100

.200

.400

.600

.800

.900

.925

CPU

-1.2040

-1.0680

-.9357

-.7944

-.8237

-.7326

- , 6 307

-. 3897

- 3128

-.3117

CPL

. 5609

. 4718

.4206

3534

3490

.3180

.3162

.3196

. 3457

.3650

X/C

.025

.050

.075

150

. 300

.450

.600

.750

.800

.850

CPU

-.9647

-.9026

-.8638

• .7825

- . 9019

-.7793

-.7587

-.6472

.. 5500

-.4801

X/ C

.025

.050

. 100

. 200

.300

. 400

.500

.600

.700

.800

.2353

.2376

.2682

.2734

.2775

. 2914

.2871

.2014

CPU

-1.3298

-.6773

-.6302

..6458

-.78 36

-.8418

-.8962

-.9888

-1.08 90

-1.1146

.1332

. 1208

.0731

.0486

.0630

. 0630
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TABLE V.- Continued

( i) & = 12,140

STATION ܐ STATION 2 STATION 3

CPU CPL CPU CPL CPUX/ C

.005

X/ C

.005. ܐܨܐܐ8ܟ 2:ܐܐ28

ܝܘܐܘ

ܝܪ936

܂ܙܐܐܟ ܝܘܐܘ -1.0566 -1.4150

-ܐܕܟ384 ܐܙܐܘ86

ܐܨܐܬܘܬ

,ܘܘܐܐ

ܝܪܐ46

ܫܪܪܘܐ

ܝܪ8ܐ8

ܙܪܪܪܟ

.4986 ܐܚܐ8ܘܪ 025.ܐܝ2030

.050

. 100

ܪܐ6ܕ9616.-

ܝ3863 ) 3944 bdܝ8ܐ

ܝܬ00

CPL

.5728

.5422

.4970

. 4401

. 3847

. 3433

. 3440

.3303

.3462

. 3865

-1.0984

-.8664

-.8025

-.7961

-.6706

. 3315

.3073

ܘܐܘܘܘ -.7497

-.5823

-.6703

-.5865

-.5718

-.4976

- . 4076

- . 3690

- . 3258

ܐܘܐܐ ܝܪܪܟܘ

. 3219

. 3017

.3000.2457

.300

.400

.500

.600

.700

.800

5ܪܐܘ - , 2479

-.24 75-.5149 ܝܐ6ܐܬܘܐܐܐ5

ܝܐ81ܘ

ܬܪܐܪܝܘܬܐܘ -.2165

ܝ900 1605.-•ܝܐ000

-.1533

-.0901

2856

13305.. ; 50

.3184

. 3399

. 3839

3919

-.1880

܂.ܕܐܘ1521.-

STATION 4 STATION 5 STATION ܘ

X/ C CPU CPL CPU CPLCPL

. 36 ܢܘܐܠܘ56 ܐܕܘܐܘܘ ܝܪܐܐܪ

ܪܕܐܟ

CPU

-1.8753

-1-8804.025

.050

-1.5492

-1.26 42

.3649

ܐܝܟܐܐܐ

ܐܕܪܐܢܪ

5130.ܐ.219 ܝܐܪ8ܘ

ܫܐܘܘ.34ܐܬ ܐܝܘܐܘܐܠ . ܙܪܘܘܘ1305

200.ܙܪܐܕܘ

.400

.600

ܐܝܐܐܐܟ

ܐܙܐܘܘ

••ܪܐܐܘ

8ܐܐܐ

•ܝܐ988

ܝ0889

-.8413

-.9156

-.9864

3374

2546.3529

-.9696

-.8139

-.6666

-.4032

.0366

ܝܕܟܟܪ ܝܐܕܘܘ ܐܝܘܕܕܐ

.3346 . 2864 -1.1516 ܝ0077800.

ܝ$0ܘ

ܫܪܐܕ

ܐ980 .345ܬ

-.6836

-.6014

-.5114

܀ܶܐܙܟܐ ܐܝܐ8ܐܟ ܝܘܐ9ܐ

-.3037 . 3649 .2450 -1.3587 .0227

(i ) v - 14.320

STATION 1 STATION 2 STATION 3

CPLCPL CPU

ܝ3.0950739-

ܐܙ98ܐܘ

23ܐܐ

ܐܝ0739

CPU

-3.7514

- 2.4500

-1.6929

-1.3715

-1.0648

-.9131

-.0657

-.139

-.5847

-.5414

CPL

.5377

5898

5609

.4967

.4338

.3731

. 3657

. 3393

. 3454

.3919

.5380

.5563

.5078

. 4632

. 1364

.3752

.3491

. 3298

. 3487

-.9401

-.7886

-.5940

-.3044

-.2014

-.2010

-.2941 3344.

ܝܐ967 ܕ823

-.1667

-.1406

. 3840

. 3857

STATION 5 STATION 6

CPU CPLCPL

. 36 70.

.3707

. 0830

.0473

-.0159

CPu

-1.3343

-1 : 3646

-13886

-1.2968

-1.0719

-1 : 0916

-1.1304

-1.2541

-1.4572

-1.5169

. 3201

. 3836

.3805

.2869

.2855

2803

.2598

-.0228

-.0091

-.0008

X / C

ܝܘܐܘ

.025

.050

ܫܐܘܘ

.025

.050

.100

200

200

.400

.600.300

ܕܪ0ܘ

ܙܪܘܘ

ܝܘܘܘ

.800

. 900

.925

. 100

ܝܐܢܘܘ

.900

.925

.950

xlc

.025

.050

.075

. 150

x70

.025

.050

ܙܐܠܘܘ

ܝܐܘܘ

ܫܢܘܘ . 300

.400

.500

.600

.450

.600

.750

ܝܝ00 . 100

.850 .800

X / C

.5321

.6291

X / C

.005

X/ C

.005

.010

.025

.050

ܘܐܘ

ܝܘܐܘ .025

ܝܕܐܟ6 .025

.050
-5045

ܫܘܕܘ

ܙܐܠܘܘ

ܝܐܘܘܙܐܘܘ ܪܪܟܐ ܝܐܘܘ

CPU

-2.5841

-1.4873

-1.3865

-1.0838

-.8154

-.6708

-.6469

-.5483

-.4443

-.3976

- . 3558

-.2648

- , 1630

-.1869

.200.4029

.3647

. 3232

.200

.300

.400

.500

.600

.700

.800

500

$ 50

.970

ܝ300

.400

.600

.800

.900

.925

ܝܐ889

ܫܐ963

. 400

. 500

.600

.700

.800

.900

.925

.950

.3138

-.0029

.3027

. 34 77

••ܐܘ62

STATION ܟ

X/C 68ܬ

ܝܘܐܘ ܐܚ6ܐ83

.025

.050

X/C

.025

.050

.075

.4405

.5849

.55 26

.5343

.4579

-1 : 5894

-1.58 46

-1.5299
܂ܐܘܘ ܙܐܪܘ

CPU

-2.3585

-2.3247

-2.4161

-2.1947

-.8597

-.7827

-.6710

-.4057

-.3322

-.3483

•ܐܝܐܘܐܘ 200

.400

.600

.800

.900

.525

X/ C

.025

.050

.100

. 200

. 300

.400

.500

.600

.700

.800

ܫܠܐܐܐ ܠ

1300

.450

.600

.750

.800

. 3653

.3437

. 3556

.3699

-1.0022

-.8321

-.7014

-.6499

-.5819

.

ܝ850
ܫܐܐܐܘ
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TABLE V.- Continued

(k) a = 16.360( ) α =

STATION 1 STATION 2 STATION 3

X / C

.005

.010

.025

.050

. 100

.200

.300

.400

.500

.600

.700

.800

.900

.950

.970

CPU

-5.9054

-2.0815

-1.7354

-1.3143

-1.0123

-.7849

-.7162

-.6013

-.4969

- . ( 282

- . 3690

-.26 32

-.1642

-.1804

-.1068

CPL

.3902

.6100

.6107

.5575

.5064

.4393

.4012

. 3530

. 3146

. 3201

.3313

.0071

.3110

. 3613

X /C

.00

.010

.025

.050

.100

. 200

. 300

.400

.500

.600

.700

.800

.900

.925

.950

CPU

-2.7507

-2.7915

-2.7078

-2.7404

-1.9148

-.1875

-.8610

-.7437

-.0072

-.5611

CPL

.1023

.4770

.5804

. 5667

.5133

.1464

.4152

. 3600

.3535

.3590

X / C

.010

.025

.050

.100

.200

.400

.600

.800

.900

.925

CPU

-2.1756

-2.1846

-2.2024

-2.2258

-1.7833

-.7536

-.5949

-.3733

-.2932

-.3571

CPL

.5151

.6189

.6038

.5511

.4862

.4105

. 3874

. 3467

.3568

.3877

-.2871

-.1944

- . 1787

-.1302

.3450

.34 50

. 3833

.3874

STATION 4 STAT I UN 5 STATION 6

CPLCPL

.3571

. 3805

X/ C

.010

.025

.050

.100

.200

.400

.600

.800

.800

.925

CPU

-1.8216

-1.7124

-1.7758

-1.6504

-1.6543

-1.2788

- . 9069

-.6055

-.4631

-.4832

CPL

.4160

.6130

.5924

.5614

.4958

.4066

. 3698

. 3472

.3374

. 36 76

X / C

.025

.050

.075

.150

.300

.450

.600

.750

.800

.050

CPU

-1.3173

-1.3106

-1.3134

-1.2715

-1.1963

-1.0873

-.9339

-.7912

-.7542

-.7029

.3140

. 4049

. 3950

. 3059

.2961

.2703

.2494

. 1937

X / C

.025

.050

.100

.200

.300

.400

.500

.600

. 700

.800

CPU

-1.1010

-1.1205

-1.1852

-1.2029

-1.1652

-1.1103

-1.1415

-1.1493

-1.1323

-1.0196

.0774

.0765

.0022

.0135

.0278

.0242

(1) a = 18.420

SIATION 1 STATION 2 STATION 3

X/ C

.005

.010

.025

.050

. 100

.200

. 300

.400

.500

.600

.700

.800

.900

.950

.970

CPU

-4.5790

-3.4964

- 2.0343

-1.4940

-1.08 40

-.8496

-.7675

-.6522

-.5672

-.4926

-.4342

-.3354

-.2120

-.2195

-.1344

CPL

.2125

.5720

.6635

.6032

.5538

.4854

. 4310

. 3878

.3362

.3384

.3389

.0026

.3192

.3584

X /C

.005

.010

.025

.050

. 100

.200

. 300

.400

.500

.600

.700

.800

.900

.925

.950

CPU

-2.0184

-2.1308

-1.9948

-2.0573

-1.9167

-1.8121

-1.2823

-1.0521

-.7552

-.6896

CPL

.1954

.5334

.6210

.5956

.5465

. 1530

.4269

.3895

.3774

.3881

X / C

.010

.025

.050

.100

.200

.400

.600

.800

.900

.925

CPU

-1.56 34

-1.5915

-1.5462

-1.5462

-1.4240

-1.1869

-.8976

-.6287

-.5155

-.4661

CPL

.5516

.6235

.6164

.5734

.5088

. 4264

.3883

.3246

.3210

. 3628

-.4277

-.3521

- . 3878

-.3464

.3389

. 3429

. 3687

.3744

STATION 4 STATION 5 STATION 6

CPLCPL

.2994

. 4071

X/ C

.010

.025

.050

.100

. 200

.400

.600

.800

.900

.925

CPU

-1.28 34

-1.3080

-1.2511

-1.2287

-1.2239

-1.0709

-.9220

-.7431

-.6288

- . 6084

CPL

. 4632

.6158

.6031

.6032

.5126

.4188

. 3721

.3162

.2794

.3049

X /C

.025

.050

.075

.150

.300

.450

.600

.750

.800

.850

CPU

-1.02 76

-1.0716

-1.0390

-1.0431

-1.0623

-1.0097

-.9049

-.7624

-.7542

-.7114

.5225

. 4542

. 4026

. 3000

. 2884

.2546

.21 86

.1770

X /C

.025

.050

.100

.200

.300

. 400

.500

.600

.700

.800

CPU

-.9667

-.9766

-1.0304

-1.0331

-.9855

-.9505

-.9353

-.8840

-.8282

-.8433

.1554

.1106

.0647

.0623

.0554

.0371
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TABLE V.- Concluded

(m) m - 20.480

STATION 1 STATION 2 STATION 3

CPL CPU CPL CPUCPU

-4.2017

-4,2249

X/C

005

ܐ70

ܙܐܐ55ܘܐܘ ܐ.5266

X / C

.005

.010

.025

..050

܂ܐܐ6ܐ

.5727

ܐܝܬܐܪܪ

܂ܙܘܐܘܐܝܐܘܐܐ .3549 .025

ܐܢܝܘ050196.

-1.4962

-1.5274

-1.5393

ܝ693ܐ

ܝ6678

025.ܘܘܐܐܟ

.050

-1.1958

LPL

.5737

.6461

.6321

5806

.5105

. 4249

.6032-2.2431

-1.0305

ܐܐ3ܟܐ

ܝܐܘܘܐܨܐܪܪܘ 5969-ܙܪܪܐܕ

.5315

ܝܐܘܘ

ܝܐܘܘ

ܝܐܘܘ

ܙ00

ܪܘܘ

-ܐܫ3888 ܐܙܪܐܐܘ

ܝܘܿܘܬܪ1470.

:ܐܐܘܐ

-1.0503

-.9339-1.2619 ܝܪ6ܬ6008.

ܝܪܘܪܘ

.200

.300

.400

500

.600

.700

.800

,ܐܐܐܪ

ܫܟܐܢܬܐ

.3ܘܘܐ

ܝ3ܘܐܟ

ܐܝܐܐܐܟ

ܐܬܘܐܐܐ

,ܘܐܐܘ

-6832

-.587 .

-.5513

-.5213

ܝ8ܘܘ

ܝܟܘܘ

13ܘܘܟ

ܝܠܘܐܐ

ܝܐܐܐܐ

ܐܘܟܘ

-.6493

-.0394) 3818

.3582

3515

. 3462

.0009

.925

.300

.400

500

.600

.700

800

.900

.925

.950

.4ܐ22 -.6240 .3247

- . 3015 ܂.900ܝ2939

..;5ܘ

ܬ60$

܂.3529

ܝܪܐܐܘ

ܝܬ760.;ܘܐܘ .3260

. 3330.9 70 -.1399 -.4814

STATION STATIUN 5 STATICN 6

CPU CPL XIC ܐ00 CPU CPLX / C

.010

CPL

. ܝܘܐܟ3049 ܐܝܐ284ܝܘܐܐܠ6

ܐܨܐܕܐܘ

ܐܙܐܐ55

ܝܘܬܪ

ܝܟܘܬܟ

ܝ60ܘܘ

ܝܘܐܕ6

.025

.050

CPU

-.8743

-.8820

-.8627

-.8770

.050 -.8536 .4044

.050 ܝܘܐܕ .5399 ܝ8ܐܪ8

ܫܐܘܘ ܝܟܪܘܐ

ܝܐܘܘ

0092.܂ܙܐ06

.5250

.150

.300

.450

-1.0845

-1.0372

-.9748

-.9014

9ܐ6ܐ

86ܶܘܐܳܢ

ܫܐܘܘܙ

ܫܐܐܬ8

-.9024

-.9136

-.7403

. 3914

.3132

.2856

ܝܟܐܐܘ

. 300

.400 .0792

-200

.400

.600

) 800

.900

.925

ܝܘܘܘ .500.3751

.3021

.2360

.188ܐ

,ܐܘܪܐ

ܝܐܬܐܐ

-.7900

-.7586

-.7443

.750 ܝܐܟܘܐ O.600

ܝ700800.

d59ܝ

.0667

.0578

.0220

-.6942

-.6914

.2013

.1474

-.7475

ܝܐ7102683.- ,ܐܐܐܐ ܝ800
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TABLE VI. - PRESSURE COEFFICIENTS AT A MACH NUMBER OF 0.40

FOR THE MODEL WITH STRAKE OFF . CL , d = 0.70, q =

(a) w = ܗܕ.3.920-

SIATION 1 STATIUN ܐ STATION 3

CPLCPU

.5007

CPLXIC

.005

X / CX / C

ܐܙܘܕ8ܐ005. ..56ܐܬ

CPU

. 4516

.5301

. 4709

•ܘܐܘ

CPU

.5267

.4121

CPL

-.5644

-.5d85ܝܘܐܘ ܝܪܐܪܬ -1.1573 ܢܘܬ0 -.1960 .025

.025 :,ܘܘܝܪ .025 ,ܘܐܘܐ 4944.,6ܐܬܪ

.3782

C50ܝ ܝܐܘܘ ܝ3862

l.6803-ܝܬ368

-.1513

ܝܘܪܘ

ܝܐܘܘ

ܝܐܘܘ

-.6632

ܐܐ39

ܝܘ50

܂ܙܐܘܘ

ܝܬ00

.38ܘܐ

ܙܐܐܐܐ .8ܐܘܐ

0490.ܙܐܐܘܕ

-.0914

-.6140

- . $300

-.0920

-.4695

.0772

. 200

.400

.0050

-.2256

-.3145

.0150

-.1594

-.2020

.300

-.5691

1300ܝ0440600.

ܝܟܘܘ400. .ܐܪܘܐ

500..ܐܪܘܕ

-.0605

-.0346

-.0184

.0575

.800

.500

130ܐܬ

ܪܘ0ܐܐܪܪ

ܝܘܘܘܫܝܘܘ

.238ܐ

ܝܬ3ܐܐ

,ܐܐܕܘ

܀ܐܶܠܶܡܘ

ܝܐ880

.3643

.4195-.2946 ܂.ܟ25

.700

-.1973

-.2428

-.2014

.700

ܝ800

ܝܪܘܘ

ܝܐܐܐܪ

-0ܘ25

ܫܐܪܘܘ

ܙܪܘܐ

dooܝ

,ܐܐ55

-ܝܐܪ

,ܐܬ03

•ܝܐܐܪܐ

,ܐܐܪܐ

.245 )

. 30041500

.925

.950

.. ; 50

.9ܐܕ -.1442

ܝ3ܘܐܘ

2574.-ܝ3ܘܐܘ

STATION 4 STATION 5 STATION 6

x/6 CPL CPU CPLCPU

.5242

CPL

-.4256

CPU

.4550

XIC

.010

.025

.050

ܘܘܐܪ ܂.ܬܘܘܕ

X/ C

.025

.050

. 4420

ܝ46ܐܐ ܝ363ܘ -.0843

. 3841

,ܟܟܬܟ

.ܟܪܘܐ -.2248.3020

. ܝܐܘܘ1552

ܙܐܘ0

ܝܐܢܢܪܬܝܐܘܘ

.050

.075

.150

. 300

.450

.600

ܝܐܪܐܐ

ܝܐܐ$$

ܢܘܟܐܘ

,ܐܐ23

-.4486

-.4468

-.5409

.200

-.0764

-.0860.00< 5

.2ܐܘܕ

܂ܐܐܘܙ

ܝܐܟ06

.ܐܘ8ܪ

ܝܐܐܐܐ

,500ܘ

ܝܟܘܘ ܝܬܟܐ

. 300

.400 .ܘܘܐܟ

-.3502 ,ܦܐܕܪ 600.ܝ500

1800

.900

:ܐܐܘܐ -.0971

-.2451

-.2703 .600

-.1921

-.2374

-.2965

-.34 74

-.3553

ܫܐܪܘ

_.-܂.ܦܘܘ 754

-.4315

-.3755

,ܐܘܐܘ

d5ܝܐܐܪܕܝܐܐ

ܝܪܐܪܫܬܠܐܐ ܝ3ܐܐܘ

ܝܐܘܟܘ

ܐܢܐܟܟ

ܙܐܘܘ

850.ܝ800 .5ܘܟ -.1597

(b ) - .1.950

STATION 1 STATI UN 2 STATION

CPL ܙ/6 CPLCPU

5499

CPU

.5043

CPU

.51 33.005 .ܘܪܕ

X / C

.010

.025

.050

•ܘܐܘ ܙܪܐܬܪ ܝܪܬܐ3

ܐܙܪܐܐܪ

ܙܪܟܐܐܐܙܕܐܐܐ

ܝܟܘܕܕ'ܐܙܘܤ95

ܫܐܘܐܐ

doܝܐܐ

XIC

.005

.010

.025

.050

.100

.200

.300

.400

.500

.600

3948

CPL

-.5181

-.5300

-.5414

-.5820

-.6952

d93ܝܐ

- . € 653

-.6013

-.7359

-.8592

-.4396

-.0580

ܝܐܘܘ

ܐ0ܘ

.400

.600

,ܐܐܘܘ

ܐܐܘܐ

.3005

.1507

-.00 86

-.2868

-.3438

-.2468

.

-.7662

-.0960

-.0584

-.0099

-.0003

.0136

.0801

.1461

-.0542

.023

.050

. 100

. 200

1300

.400

.500

.600

.700

.800

.900

.1284

-.0637

-375

-.2637

.2548

-.3202

-.0253

-.1601

-.1973

-.2041

*.2321

-- 2628

ܙܐܐ29 ܝ800

,ܐܐܐܟ

. 3034

) 3514. 1502

.2025

.500

1925 -.2823 ܙܪܐܘܘ

ܝܐܘܘ

ܙܬܐܐܐ ,ܐܐܪܐ

-.1754 ܝܐܬܐܐ - , 266

.800

.900

550

.970

.2413

3089

. 3586.2013 ,ܐܐܟܐ•ܙܐܐܪܐ

ܙܐܐܪܘ

ܝܐ5

ܫ950 -.2567 ܝܐܘܘܪ

STATION STATION 5 STATION 6

X/ C CPU CPL

ܙܘܐܘ ܪܐܪܪ

CPL

.2789

X/C

.025

.050 -.0750

ܕܐܘܐܘ

.025

.050

.100

.200

.400

.600

.800

.900

.925

ܝܐܘܘ

. 3944

. 3012

.1751

-.0833

-.2991

- . 3821

-.2713

-.2576

-. 3058

CPL

-.3741

-.3928

-.3902

-.3961

-.4532

-.4732

-.1873

.2134

. 3803

.4410

CPU

. 4104

. 3051

.2254

. 0899

..2476

-.3257

X/C

.025

.050

.075

.150

.300

.450

.600

.750

.800

-.1977

• . 2083

. 2099

CPU

.4145

. 3013

.1623

-.0041

-.1689

-.2300

-.2552

-.3162

-.3619

-.37 53

-.0653

-.0722

-.0747

ܐܐܪܐ

.200

. 300

. 400

.500

.600

. 700

.800

•ܕܪܐܪܐ

ܝܪܐܐܐ - . 2066

. 1909

-.1138

-. 3458

-.3117

-.0982

-.1373

- ܝ1586850
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TABLE VI.- Continued

(c ) Q = 0.050

STATION 1 STATION 2 STATION 3

X / C

.005

.010

.025

.050

.100

.200

.300

.400

.500

.600

.700

.800

.900

.550

.470

CPU

.5453

.4550

.2733

.1649

.0213

- . 1048

-.2341

-.2568

-.2421

-.2634

-.2178

-.2301

-.1o11

-.2152

- 1250

CPL

-.9963

-1.0243

-1.2580

.0380

-.0612

-.011

.0270

.0296

.0420

. 1065

. 1584

- .0450

.2204

. 2772

X / C

.005

.210

.025

.050

.100

.200

.300

. +00

.500

.000

.700

.800

.900

.25

.950

CPU

.5134

.4480

.2923

.1765

.0323

-.1613

-.3130

-.3282

-.3101

- . 3620

CPL

-.4743

-.5271

-.5443

-.5891

-.5868

.. 1669

.0582

.1412

. 1320

.1957

X / C

.010

.025

.050

.100

.200

.400

.600

.800

.900

.925

.

CPU

.4640

.3152

.2002

.0392

-.1801

-.3572

- : 3903

-.2702

-.2518

-.2470

CPL

-.4220

-.4407

-.4245

-.4545

-.3944

.0497

.2241

.2145

. 3248

.3720

.

-.2475

-.2459

-.2804

-.2582

.2457

.2976

.3534

. 3773

STATION STATION 5 STATION 6

CPL CPLCPL

. 3590

-.0962

X/ C

.010

.025

.050

. 100

.200

.400

.600

.600

.400

.925

CPU

.4724

. 3228

.2146

.0651

-.1913

-.3752

-.4328

- . 3003

-.2791

-.3296

-.3224

-.3299

-.3299

-.3330

-.3208

-.1594

.1550

.2571

.3254

.3654

X /C

.025

.050

.075

. 150

.300

.450

.600

.750

.800

.850

CPU

.3408

.2270

.1337

.0147

-.3243

-.3853

-.4553

-.4206

-.3441

-.2839

-.1890

-.1932

-.1924

-.1858

-.1404

-.0200

.0373

.0920

CPU

.3701

.2432

.0907

-.0600

-.2301

-.2735

-.3062

-.3700

-.4249

-.4.67

-.0773

-.0741

-.0731

-.1240

- . 1657

-.1782

(d) a = 2.070

STATION 1 STATIUN 2 STATION 3

O

X / C

.005

.010

.025

.050

. 100

.200

. 300

.400

.500

.600

.700

.800

.400

.950

.870

CPU

.4813

.3087

.1232

.0234

-.0812

- . 1871

-.2870

-.3101

- 2842

-.2976

- . 3073

-.2444

-.1887

-.2062

-.1163

CPL

-.7283

-.7005

-.2758

-.0257

-.0115

.0432

.0760

.0745

.0789

.1331

.1846

-.0308

.2331

.2935

X / C

.005

.010

.025

.050

.100

.200

.300

.400

.500

.600

.700

.800

.900

.925

.950

CPU

. 4644

. 3094

.1452

0283

-.0960

-.2504

-.4035

-.4039

-.3605

-.4073

CPL

- . 34 53

-.3879

-.4181

-.4346

-.2804

-.0284

.1198

.1316

.1386

.1976

CPU

. 3405

.16 59

.0001

-.08 48

-.2779

-.4274

-.4312

-.2903

-.2509

-.3006

CPL

-.3270

-.3204

-.3331

-.3633

.0231

.1650

.2179

.2612

. 3040

. 3460

-.2711

-.2459

-.2777

- 2513

.2470

.2991

. 3485

. 3654

STATION 4 STATION STATION 6

CPLCPL

.3077

-.0976

X/ C

.010

.025

.050

.100

.200

.400

.600

.800

.900

.925

CPU

. 3440

.1673

.0519

-.0490

-.3047

-.4616

-.4777

- 3257

-.2974

-.3432

CPL

-.2641

-.2652

-.2617

-.2617

-.2669

.2278

.2343

.2272

.3133

.3193

X/C

.025

.050

.075

.150

.300

.450

.600

.750

.800

.850

CPU

.1899

.0886

-.0034

-.1084

-.4376

-.4640

-.5292

-.4766

-.3899

-.3274

-.1313

-.1526

-.1758

-.0223

.1697

. 3198

.3044

.2871

CPU

.26 70

.1321

-.0126

-.1488

-.3228

-.3693

-.4006

-.4782

-.5416

-.4957

-.1084

-.1296

-.1519

X / C

.025

.050

.100

.200

.300

. 400

.500

.600

• 100

.800

X / C

.010

.025

.050

.100

.200

.400

.600

.800

.900

. 925

xić

.025

.050

. 100

.200

. 300

.400

• 500

.600

.700

.800

-.1065

-.0021

.1384
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TABLE VI.- Continued

(e)ܣܕ4.130

STATION 1 STATION 2 STATION 3

CPU CPL X /C CPU CPUCPL

ܘܐܘܐܘ3718.- ܝܐܘܘܐ . ܫܘ05ܝ30;

ܝܘܐܘ

ܝܘ25

.0906

-.0735

-.;33

..0034

.0760

.0771

.0922

-.0513

-.1527

..2468

:39ܐܬ

,0ܪܢܐ

ܝܘܕܐܐ

ܙܐܪ3ܐ

.ܘܐܬܐ

,33ܐ

,ܐܐܟܐ

CPL

-.3424

- .3037

.0360

.0927

. 1540

,ܐ306 .050

-.203 -.4037.0902

,ܐܘܟܬ0053. •ܝܠܐܘܬ ,50ܐܐ ܫܐܐܘܪ

ܐܘܘ

ܝܐ00

ܝܝܘܘ

ܙܪܘܘ

ܝܐܐܪܘ

ܙܐܐܪܐ

ܙܐܐܬܐ

ܝܐܟ6 .2343-.5025

-.4717

-.4107

-.3746

-.3793

-.3279

-.3291

-.3208

ܫܬ682

-.48 36

-.3107

-.2666

.1544

. 1628. 1095 .3101.500

.600

.700

ܝܟܪܪܬ 2ܐ8ܙ ܫܐ363ܨܬ988

ܙܐܟܐ

ܝܐܕܐ5

-.0236 ܝܬܪܪܘܝܦܘܘ

.ܐܘ6ܘ

.ܐ88ܐ

ܬܠܐܬ900.

ܙܬܪܘܘ

ܬܘܘܐ

ܙܬܪܘܘ

ܬܐܘܐܠ

ܝܬܟܘܕ

.2540

. 3002

. ܪܬܪ3400

- , 968 .. ; 50 ܝ355ܬ

STATION STATIUN 5 STATION 6

CPU CPLCPU

.1577

CPL

-.2307

X / C

.025

..050

CPU

-025

CPL

. 3494 ܙܐ0ܪ3

,ܘܐܐܪ .ܐܬܢ ܂ܐܘܐܟ

-.1326

,ܐܐܟܪ

ܝ2ܐ96

ܙܘܐܐܐ

ܝܘܐܪ 1889.-,ܘܘܐܪ

ܝܐܘܘ2574.- .150 .0903-.0733

.0585-.4395 ܗ300 -ܪܕܕܐ 1458.ܝܐܪܘ

59ܐ1956 .450 -.5550

-.0269

-.1392

-.2683

-.4323

-.4047

-.4911

-.5174

-.64 39

-.6c9

.1371

oooܫ 5210.-,;3ܐܐ

-.3480

- . 3087

-.3494

ܝܐ88ܘ

ܝܬܘܠܐ

ܝܬܐ53

ܝܐ6ܬ8

ܝܐ8ܐܟ

ܝܐ6ܘܕ

ܝܐܪܘ

ܝܐ583

750.ܝܐ389

) 800

-.5291

--382 .1333

.3504 ܝܘ50 ,ܐܐܪܐ ܂.ܐܐܪܐ

(f ) _ = 6,240

STATION 1 STATION 2 STATION 3

CPL CPLCPU

.0212

X /C

.005

CPL

.0405

CPU

-.2666

-.3451

ܝܬ0ܬܐ

ܝܐ998

ܘܐܪܘܐ

܂ܐܐܟܟ

,ܐܐܪܕܫܐ350

-29ܐܬ

ܙܘܐܘ

.025

.050

ܫܐܐܬ

ܕܐ6ܬܪ

ܕܐ693

-.36ܘܬ .ܟܐܐܐ 1902

.1946. 1525- . 3088

-.3334

-.3692

ܫܐ399 . 100

CPU

-.0325

-.2104

-.3405

-.3653

-.3970

-.4830

-5855

-.5440

-.4642

-.4822

.1944 -.2409

.1641

ܝ2ܐ98

ܝܬ219.00ܐ 6ܘܝ

ܟܟܘܐ

ܝܘܐܐܐ

ܙܐܪܐܟ

ܝܐ909

ܘܐܐܬܪ .2601

d54184.-ܐܐ

- . 3644

- . 3540

-.3316

-.2590

.1507

.1420

.1740

. 300

.400

.500

.600

.700

-.5275

-.3283

-.2729

-.2979

.1945

• 24 25

.3203

. 3621

ܬܐܐܘ

g00ܝ 2900.-ܐܐ3ܘ

-.2504

-.0249

.2528

. 3001

ܐܐܘܐ

ܨܐܐܟܪ

-500

.925

.950

.21ܐܬ

.3113

.3559

. 3667-.0977 -.2345

STATION ܀ STATIUN 5 STATION 6

CPLCPL

. 3633

X /C

.025

.050

.075

.150

.0827

CPL

.0900

.1716

.2031

.1829

.2256

.2375

.2675

CPU

-.2402

-. 3690

-.4376

-.4008

-.5819

-.6346

-.5816

-.3708

-.3188

-.3525

.1095

CPU

-.3787

-.3909

..4264

-.4099

-.7028

-.6487

-.6591

-5882

-.4845

-.4213

.1393

. 1630

.1952

.2117

ܙܢܘܘ ܝܐܐܐܟ

.1073

ܝ2282

a3ܝܐܐ

.450

.600

.750

1800

.850

.ܫܐܘܐܐ 2608

.2589

.2472

.3233

. 3631

.0990

X / CX / C

.00

.010

.025

ܝܘܐܘ

ܝܘ25

.050

ܝܘ50 ܫܐܘܘ

100.ܝܬ00

ܝܐܘܘ .400

.600. 300

ܝܟܘܘ doܝܘ

500.܂.ܟܘܘ

.600 .925

ܝܐܘܘ

ܢܘܘܘ

.900

1550

9ܐܘ

X / C

.010

.025

.050

X / C

.025

.050

ܝܐܘܘ

ܝܐܘܘ

ܝܪܘܘ

.€0ܘ

ܝܘܘܘ

ܝܬ00

ܝܐܘܘ

ܙܪܘܘ

ܝ400

ܙ500

ܝ€ܘܘ

900ܝܐ0ܘ

.925 .800

X / CX / C

.005 ܝܘܐܘ

ܘܘܐܘ .025

.025

.050

ܫ050

ܝܐܘܘ

ܙܐܠܘܘ . 200

.400

.600

.200

. 300

܂.ܟܘܘ ܝ800

.500

.600

.700

.500

ܫܪܵܬ݇ܪ

ܘܘܘ

ܝܕܘܘ

.95o

ܝܕܙܘ

X/ C

ܢܘܬܘ

.025

.050

.100

.200

CPU

-.188

-.2484

- .3142

-.3708

X/ C

.025

.050

. 100

. 200

. 300

.400

.500

.600

700

.800

54ܐܐ

ܝܟܘܘ -.5786

-.5975

-.7001

.600

.800

son

.525

ܝܐ886

-.7898 ܙܘܘܐܐ
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TABLE VI.- Continued

(g ) __ = 8.370

STATION 1 STATION ܐ STATION 3

CPL76ܐ

ܝܘܘܟ

ܝܘܐܘ

ܘܘܬ5

CPU

-.5751

-.6029

-.7026

CPL

.4031

.3369

. 3230

CPL

.4003

. 3494

13089

.2914

.264 3

0713

CPU

- . 3060

-.5304

- , 5563

-5146

-.4008

- . 4634

-5125

- . 4651

.050
ܝ6ܶܘ ܝ2183

ܝܐܐ8ܘ
ܫܐܘܘ

ܬܘܘ

CPU

-.8231

-.7547

-.6766

-.6039

-.6780

-.6681

-.5769

-.3503

-.2800

-.2989

.

-.5776

-.6170

-.6926

..6042

- , 5059

-.5170

.300

.400

.2581

.2837

. 2914

.3264

ܝܐܪܐܐ

ܐܬ89

ܝܐܐܛ5

ܝܐ679

ܪܘܘ .39ܐܘ

ܫܐܘܕܐ
.600

.700

- . .8ܘܘ3040 ܪܘܘ

-.3735

--3693

.. 2595

-.1786

-.1643

-.0938

ܙܐܘ8ܐ

.ܐܪܐܘܙܦܐܘܟ

-.2540550

.970

. 3624

,ܐܐ0ܐ3735

STATION
STATION 5 STATION 6

A / C
CPU CPL

CPU

-.1977

-.1898

CPL

.3708
ܘܘܐܘ

,ܐܘܐܘ

ܝܐ238
.025

.050 .ܐܪܪܐ .2500

.2486
ܫܐܘ0 - ,; 990

.. 1098

CPU

-.6474

-.5667

-.5116

-.5112

-.7039

-.7537

-.7840

-.9025

..ܐܪܐܘ 200

.400

.600

ܕܐܘܐܘ

-.6997

-.6701

-.0440

-.8467

-.7450

-.7499

-.652;

- , 5563

-.4823

ܝܐܪܕܪ

ܐܟ20

ܫܐܟ8ܬ

-.7366

-.6336

-.3972

.0717

ܝ800

܂ܝܕܘܘ

. 26 67

. ,33ܐܕ2605

.0564

.0587

.0568

ܐܘܐ34

ܐܘܟܪܐܠ

.

.925 -.3493
258ܬ

(h)_ܗ10.540

STATION STATION 2 STATION 3

CPU CPL CPUX/C

.005 . 4673

ܝܘܐܘ

CPL

.5227

.4479

ܐܐܪܪܐ

ܐܫܐܐܐܘ

ܐܝܐܐܪܘ

ܐܝܟܪܘܐ

o8ܐܙܐܘ

ܪܐܐܐ

CPU

-.9181

-. 9702

-.8497

-.7416

-.5891

- . 5003

-.5807

-.5107

.025

.050

.5059

.4337

.3775

.3404

.3541

. ܂.ܐܘܘ3265

ܬܘܘ

.

-.9292

-.8208

-.81 26

-.7552

-.6106

-.36 32

. .69ܕܐ ܐ990

-.9139

-.7504

-.7381

-.7830

-.6855

-i680

-.5504

.2879 . 3046

ܙܐ032 299ܐ

.42ܐܙ .ܝܐܐܐܐ 2558

. 2866

3306

. 3692-.28 38

.300

.400

.500

.600

.700

.800

.900

.950

.970

-.3932

-.3590

-.2629

-.1754

-.3112

3ܐܐ

.2973

. 3245

.3644

. 3743

,ܐܐ239559-

,ܐܬܘܕ ܬܕܐܘ

STATION ܀ STATION 5 STATION 6

CPU

- , 2391

CPLCPU

-1.2648

CPL

.3602

ܐܕ2935 ܐܫܘܐܘܪ

X / C

.010

.025

.050

.100

.200

.400

.600

.800

-1.0616

-.8872

-.9181

-.8167

-.6838

-.4254

-3365

-.3429

. 3020

.3214

. 3183

.2469

.2556

- . 9731

-.8472

- . 9710

-.8440

-.8290

-.7042

-.6043

-.5234

ܝܐܐܐܬ

ܙܕܘܘ .2549

.2356.925

X / C X/ C

ܟ46ܬ ܢܘܘܕܝܘܐܘ

3773.ܝܘܐܘ

. 3046

2563

.025

.050
.025

ܝܐܘܘ

ܙܶܐܟܘܐܝܐܘܘ

ܫܘܪܘ

ܐܘܘ

ܝܐܘܘ

ܝܐܘܘ

ܝ406

.2318
.400

.600
ܫܐܐܘܟ

.1991 ܝ800

500

.600

.900

.925

ܫܐܐܘܐܠ

ܝܐܐܘܬ

ܝܐ666

,0ܬܐܐ

ܕܐܘܘ

ܝܘܘܘ

. 2643

.3159

.900

.25

55ܘ

X / C

ܝܘܐܪ

.050

CPL

. 4326

3602

. 3229

.2413

.2868

ܢܘܐܪ

ܝܐ90

X/C

.025

.050

. 100

. 200

• 300

.400

.500

.600

.700

.800

.300

.450

.600

.750

800

.850

ܝܬܘܪ

ܐܘܐܘ

ܝܬ900

ܝܐܐܐܘ

. 3696

x/0

.005

CPL

. 5648

. 5093

.4278

. 3610

ܝܘܐܘ

.025

.050

.100

.200

X/ C

.010

.025

.050

.100

. 200

.400

.600

.800

.900

ܫܢܐܘܐ

.2947

ܝܐܘܐܟܫܢܘܘ

269ܐ

ܝܐܐܐܘ

.2455 ܝܪܐܪ

ܝܐ69ܐ

-.0057

.400

.500

.600

. 700

.800

.900

925

.950

ܙܐܐ56

. 3276

.2880

CPL

.5330

.4614

.4496

. 3732

.3300

X/C

.025

.050

.075

. 150

.300

.450

.600

ܝܐܘ93

X/ C

.025

. 050

.100

. 200

. 300

.400

.500

.600

.700

.800

CPU

-1.4327

-.9255

-.1372

-.7342

-.8816

-.9456

-.9719

ܝܐ986

.0884

.0425

.3028

. 2971

.3254

. 3619

.750

.800

.850

ܐܙܘܐܐ8

ܐ2ܐܐܕ

ܐܨܐܪܐܘ

.0237

.0263

.0183
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TABLE VI.- Continued

(i ) Q = 12.730

STATIUN 1 STATION 2 STATION 3

XIC CPU CPU CPL CPU CPLCPL

.6003

A / C

.005 ܐܪ863 ܐܝܪܘܘܐܝܪ936

ܐܝܟܐ58

ܐܙܐܐܪ

ܝܘܘܬܪ ܝܢܐܘ

ܝܘܬܕ

-ܐ.ܐ602 ,ܘܘ66

ܐܕܪܕܘܬ

ܐܨܐܘܕܐ

ܝܪܪܪܟ

-1.6270

-1.3627.5cco

3353

.4049

ܪܟܙܘ4284. 050ܐܫܘܘܘܟ

. 100

200

ܝܪ330

52ܐܐ

ܝܐܬܕ

ܝ46ܐܐ

ܝܟܪܘܐ

ܫܐ306

.3ܢ56

ܝ3ܐܘܐ

ܐܪܐܪ

- , 9685 ܙܢ859

-.5968

-.1490

-.6430

-.6390

- , 5563

-.4630

.ܘܐܢܐܶܘ

. 3820

. 3554

3306

. 2830

.253

-.8646

-.8754

. 3301

. ܙܢ330100

ܝ406

-.6424

- . .ܐܟܐܠܙ3723 ܝ360

.3330- ..055

-.5744

ܝܐܐܘܟ

.ܟܐܟܕܝܐܟ݁ܕܟ ܘܬܐܘܘ

ܝܐ9ܐܶܘ

.2153 ܫܢܐܪܐ

.500

.600

.700

d00

-.3758

,ܐ8ܐ -.0041 -.3175 ܫܐܐܟܬ

-1933 ܝܬܪܪܕ ܝܪ0ܘ . ܬ3261244

ܐܐܘܘ,ܐܐܟܘ . 3443 .325

.450

ܝ3ܝ8ܘ

-ܙܢܐܐܘ . 1349 -.1705 .

STATION STATIUN ܕ STATION ܘ

x /C CPU CPL CPLCPU

-2.9382

CPL

.4964 ܐܫܘܐܘܐ ܘܐܪܐܘ

.CPU

-1.4543

ܙܢܟܟܕ

ܝܢܐܕ

ܫܘܪܘ

ܘܐܪ

ܐܙܬܪܘܪ

ܐܝܐܐܐܙ

ܐܙܐܐܐܐ

ܙܕܐܘܐ

ܕܘܘܕ

-1.8215

-1.1647

ܐ.܀595

ܐܫܪܐ95

4312.ܐܫܘܪܘܘ 150.ܐܘ6ܐܐܐ

. 300

ܝܟܪܘܐ

ܙܪܘܟܶܘ

369ܐ

ܝܐܘܐܐ

-1.0461 -.9924

-1.0935

.1015

.0615

ܪܘ0034.

-1.0444

- , 8885

-.8416

.ܘܐܘܕ

,ܐܐܪܕ

-ܪܕܘ

ܙܕܶܘܐܟ

330ܬ

ܫܢܐ50

dܫܕܐܪ

ܐܠܬܘܐܠ

ܝܦܟܐܐ

.600

.750

.2013

,ܐܢܬܕ2658

ܐܫܐ369

ܐܕܬ6ܐܪ

ܐܝܟܐܕܘ

ܐܝ3099

-.3323

-.3258

ܙܘܘܘܙܐܪܐܘ

ܙܘܪܘ

-.6616

-5796

sܘܐܘ,- ,ܘܘܘܐ

2503.,ܘܐܬ6

(i ) « - 15.010

STATION 2STATION 1 STATION 3

CPU PCPL

5444

X/ C

.00 ܢܙܐܝܐܐ ܙܐܠܐܐܐ

ܝܪܪܪܬ

CPU

-2.6022

ܝ2.64306332- ܢܘܐܘ

ܬܙ4938

-3. 3368

-2.5846

-1.6030

.5851

.5232

.025

.050

CPL

.5378

.5774

.5339

.4828

.4226

. 3539

ܝܐܘܘ ܫܪܪܐܠܟܐܨܐܬܐܟ

ܫܐ965

-2.2184

-.8707

-.8240

-.6482

.5633

.5295

803

. 1661

.3837

.3456

.3190

.200

.ܫܢܘܘ 3642

.3295

-.9783

-.9278

-.7840

-.6429

-.5931

400.ܝܢܐܘܟ

.500

ܫܢ36܂

ܕܪܐܘܪ

dsܝܐ9ܐܘܝܐܐ

. .600

-.2863

-.2786 .3703. 3019

.3206

ܝܘܘܙܘ3203.-

ܫܐܢܐܐܝ

• 700

) 800

.900

.925

,ܐܘܕܕ

••ܐ843

.3184

.3337

.3751

.3738

.3617

.950 -.1467

STATION 5 STATION 6

CPLCPU

-1.5289

CPL

.40.36

ܐܕ5326 . 3382

-1.5429

CPL

.4578

.5725

.5714

.4928

.4287

.3561

.3365

.3081

.3269

.3686

X/C

.025

.050

.075

. 150

.300

.450

.600

.750

.800

.850

ܐܝܪܐ6ܐ

ܐܨܐܪܐܐ

ܐܘܐܘܐܕ

,ܕܐܛܙ

.3405

.3914

.3395

.2578

.0785

.0261

-.0313

. ܕܐܘܐܐ

-.8189

,ܐܐܐܐ

.2540

.2321

-.0293

• .0318

-.0338-.7048

X / C

005.ܝܘܐܘ

.010

.025

.050

.025

.050

ܝܐܘܘ

ܝܐܘܘ

ܝܐܘܘ

.200 .400

ܝܶܢ0ܘ600.

ܝ400

ܪܘܘ

ܝܘ00

.500

.600 ܝܪܐܕ

ܝܐܘܘ

ܝ8ܘܘ

܂.ܟܘܘ

.550

ܝ$ܐܘ

X/ C X /C

܂.ܘܐܘ ܝܘܐܪ

025.܂.ܘܪܘ

.050 .100

ܝܐܘܘ ܝܐܘܘ

.200

ܝܟܘܘ

ܘܘܘ

ܫ8ܘܘ

ܝܪܘܘ

ܝܪܐܪ

.300

. 400

.500

.600

.700

ܘܘܘܘ

CPU

-2.9454

X / C

܂ܙܘܐܘ

ܐܕܘܘܘܪ

X / C

.005

.010

.025

.050

. 100

.200

.300

.025

.050-1.5227

-1.2015

-.9174

ܝܐܘܘ

ܬܘܘ

.ܐܪܐܕ

-.7241

.400

.600

.800

.900

ܙܪܘܘ .ܘܐܐܘ

-.5183.500

.600

.700

,ܟܘܐܐ ܝܪܐܪ

- . 4139

ܝ800 ,3ܐܐܐ

-.2022. 900

.950 12ܐ96

ܟܐܘ,ܐܪܪܐ

STATION ܀

X / C

ܫܘܐܘ

.025

.050

CPU

-1.3396

-1.3005

-1.3608

X/ C

.025

.050

. 100

. 200

. 300

ܫܐܘܘ

CPU

-2.0665

-2.1143

-2.0275

-1.9876

-1.8538

-.9838

-.7015

-.4633

- 4015

4346

.200

ܐܨܐ6ܐ

ܐܙܐܐ93

ܝܟܘܘ ܝܪܘܘ -1.1554

ܐܙܐ853

ܐܙܐ693

.600

.800

.900

.925

.500

.600

.700

.800

-1.3631

ܫܐܐܐܠܕ1.3412-
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TABLE VI.- Continued

( k ) a = 17.120)

STATION 1 STATION 2 STATION 3

X / C

.005

.010

.025

.050

.100

.200

.300

.400

.500

.600

.700

.600

.900

.950

.970

CPU

-3.9018

-2.9208

-1.8841

-1.4466

-1.0563

-.8328

-.7831

-.6112

-.5846

-.5200

-.4551

-.3416

-.2264

-.2377

-.1532

CPL

.4440

.6365

.6387

.5981

.5214

.4616

4217

.3730

. 3417

.3431

. 3457

.0056

. 3220

. 3710

X/ C

.005

.010

.025

.050

. 100

. 200

. 300

.400

.500

.600

.700

.800

.900

.925

.950

CPU

-2.1953

-2.2274

-2.1926

-2.1488

-2.1431

-1.5940

-.9161

-.7814

-.6513

-.6337

CPL

.2198

.5258

.5976

.5669

.5211

.1911

. 4136

3665

3594

X/C

.010

.025

.050

.100

. 200

.400

.600

.800

.900

.925

CPU

-1.7330

-1.7110

-1.6969

-1.0351

-1.5228

-1.2009

-.0740

-.5965

-.4043

-.4647

CPL

.5453

.6145

.5869

.5319

.4697

.3940

. 3048

.3296

.3205

. 3833

.

O

. 3057

3423

.3زوح

-.4022

-.3334

..3702

-.3415

.3883

.301d

STATION 4 STATION 5 STATICN 6

CPLCPL

. 3570

. 3070

X/ C

015

.025

.050

. 100

.200

.400

.600

.800

.900

.825

CPU

-1.4653

-1.4414

-1.3773

-1.4145

-1.3549

-1.1768

-.9317

-.7245

-.6163

-.5910

CPL

.4495

.5952

.5915

.5933

.4666

. 3881

.3529

.3017

. 3050

. 3245

X/ C

.025

.050

.075

.150

. 300

.450

.600

.750

.800

.850

CPU

-1.1205

-1.0023

-1.1147

-1.1474

-1.1005

-1.0343

-.9192

-.8013

-.7580

-.7320

X/C

.025

.050

. 100

. 200

. 300

.400

.500

.600

.700

.800

.4032

.4326

. 3684

.2915

.2005

.2402

.2353

. 1671

CPU

-1.0293

-1.0471

-1.0589

-1.0770

-1.0113

-.9667

-.9694

-.9289

-.9221

-.8752

.1113

.0725

.0190

.0210

.0082

-.0114.

(1) Q = 19.220

STATION 1 STATION 2 STATION 3

CPL

.

X/ C

.005

.010

.025

.050

.100

.200

.300

.400

.500

.600

.700

.800

.900

.950

.970

CPU

-3.7156

-3.7521

-3. 3600

-1.9625

-.9772

- .0516

-.7994

-.0917

-.6049

-.5829

-.5501

-.4581

- . 3270

-.3248

-.2372

CPL

. 3656

.6344

.6805

.6355

. 5010

.4956

.4405

. 3851

. 3309

. 3380

. 3388

-.0040

.2987

. 3402

.

X / C

.005

.010

.025

.050

. 100

. 200

• 300

.400

.500

.600

. 700

.800

.900

.925

.950

CPU

-1.6228

-1.6498

-1.6051

-1.6070

-1.4856

-1.4044

-1.2586

-1.1396

-1.0217

-.8945

X / C

.010

.025

.050

. 100

. 200

.400

.600

.800

.900

.925

. 1548

.4843

.5985

.5916

.5470

.2024

.4260

. 3719

.3725

. 3606

CPU

-1.2471

-1.2714

-1.2610

-1.2367

-1.1844

-1.0485

-.9408

-.7577

-.6707

-.6348

CPL

.5372

.6174

.6069

.5448

.4797

.4071

.3586

.2980

.2794

. 3072

-.6534

-.5328

-.5379

-.5037

. 3205

. 308

. 34 12

.3527

STATION 4 STATION 5 STATION 6

CPLCPL

. 3365

.3825

X/C

.010

.025

.050

. 100

. 200

.400

.600

.800

.900

.925

CPU

-1.1389

-1.1339

-1.1356

-1.0780

-1.0829

-.9874

-.8842

-.7780

-. 7052

-.6974

CPL

.4454

.6082

.5960

.5936

.4751

.3856

.3417

. 2668

.2482

.2791

X/C

.025

.050

.075

. 150

. 300

.450

.600

.750

.800

.850

CPU

-.9057

-.9187

-.8999

-.9235

-.9672

-.9121

-.8615

-.7779

-.7567

-.7434

X/ C '

.025

.050

. 100

. 200

.300

. 400

.500

.600

.700

.800

.3798

. 4314

.3636

• 2854

. 2648

2343

.1877

.1324

CPU

-.8457

-.8502

-.9096

-.9111

-.9139

-.8480

-.7969

-.7112

-.7479

-.7513

.1314

.0962

.0578

.0462

.0311

.0091
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TABLE VI.- Concluded

(m ) Q = 21.280

STATION 1 STATION 2 STATION 3

CPL

. 3312

.5760

.6282

.5957

X/ C

.005

.010

.025

.050

.100

.200

.300

.400

.500

.600

.700

.800

.900

.950

.970

.לל36

CPU

-2.7469

-2.7555

-2.5912

-2.6190

- 2.0381

-1.0078

-.8039

-.1440

-.6641

-.6323

-.6122

-.5356

-.4465

-.4159

-.3390

CPL

.3794

.6646

.7107

.6604

.5917

.5185

.4598

.3951

. 3426

.33 74

. 3307

-.0308

.2782

.3057

X /C

.905

.310

.025

.050

.100

. 200

. 300

.400

.500

.600

.700

.800

.900

.925

.950

CPU

-1.3519

-1.3250

-1.2000

-1.2014

-1.2223

-1.1733

-1.1293

-1.0108

-1.0200

-.9277

X / C

.010

.025

.050

. 100

.200

.400

.600

.000

.900

.925

CPU

-1.1075

-1.1232

-1.0969

-1.0863

-1.0670

-.9799

-.8989

-.7965

-.7100

-.7029

CPL

.5539

.6095

.2963

.5404

.4892

. 3888

. 3492

. 2625

.2226

.2481

. 2080

.4336

.3857

3595

. 3500

.

-.7627

- , 6738

-.6515

-.6391

.2785

.2397

.2778

.2124

STATION 4 STATION 5 STATION 6

CPL CPL

.2739

.3708

XIC

.010

.025

.050

..100

.200

.400

.600

.800

.900

.925

CPU

-1.0301

-.9965

-.9916

-. 9878

-9475

-.9142

-.8800

-.7986

-.7568

-.7583

CPL

.4702

.6002

.5814

.5878

.4684

.3891

.3194

.2325

. 2051

.2402

X/C

.025

.050

.075

.150

.300

.450

.600

.750

.800

.850

CPU

-.8354

-.8578

-.8224

-.8506

-.8294

-.8137

-.7921

-.7608

-.7759

-.7454

X/ C

.025

.050

. 100

.200

.300

.400

.500

.600

.700

. 3319

.4303

. 3557

. 2692

.2584

.2180

.1934

.1286

CPU

-.7454

-.7637

-.7871

-.8168

-.8102

.7811

-.7368

-.7141

-.6992

-.7245

.1455

. 1018

.0560

.0482

.0258

.0036.800
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TABLE VII.- PRESSURE COEFFICIENTS AT A MACH NUMBER OF 0.20

FOR THE MODEL WITH STRAKE ON . CL, d = 0.70q

(a) w = -3.800

SIATION 1 STATION 2 STATION 3

CPL CPU X / C17ܘ

ܝܘܘܪ

ܝܘܐܘ

CPU

308

. 3048

X /C

.005

CPL

ܝܐܘܬܪ8591.- .4045 ܝܘܬܘ

CPU

.5431

.5127

CPL

-.6905

-.7085-.1146 ܝܘܐܠܘ ܝܕܟܪܘ ܐܕܘܐܐ0

.025 ܝܐ669 ..5092 -1.0713 .ܐܐܰܘܐ

ܢܘܪܘ

.ܐܪ8ܪ

.13ܐܐ

.ܐܪܘܘ

ܝܟ35

.ܝܐ663 1820

.025

.050

. 100.100

ܝܪܬ35

ܫܐܪܪܐ

ܐܘܐܐ88

ܐ.89ܘܘ

.025

.050

• 100

.200

.400

.600

ܫܐ360

-.7638

-1.5216

ܝܐܘܘ1769. .0384 ܝܬܘܘ .0521

-.1340

.0400

-.1797

-.2536

-.0534

-.0024

.0307

.300 .300

-.0647

.04 26

.0465

-ܝܘ/89 ܐܐ03 ܙܐܪܐ

ܙܪܘܘ ܙܘܘܘ ܐܶܘܐܪ ܪ0ܘ2581.

ܝܕܢܘ

,ܐܪܘܘ

܂ܐܘܐܐ .900 500.ܐܐܪܐ

.600

.700

-.1258

-.1689

ܫ0ܪܐܟ

ܙܐ059

ܫ06ܐ

ܫܐܐܪܕ

-.1846

-.2319-.2300 ܝܕܐܪ . 3266

.188ܘ .1694

-.0376

.600

.700

ܘܘܘܘ800

ܟܘܘ

ܝ550

-.1534

-.1254

. 1033

ܕܕܘܘ

-.1825

ܘܬܐܐܪ1947.-

ܙܐܪܐܟ

ܬܬ39ܘ

,ܐܐܟܬ .925

.750

ܝܐ36ܐ

ܕܐܐ60

. 3074

.3509.970 -.0887

STATION 4 STATION 5 STATION 6

X / C CPU CPL X/C CPU CPU CPL

ܝܘܐܘ

CPL

ܝܪ499ܫ.265025.

ܙܕܘܐܘ

ܟܘܬܘ

.ܟܐܐܪ

6ܐ33

ܙܐܠܘܘ

X/C

.025

.050

ܝܟܐܐܐ

ܫܐܐܘܐ

ܐܪܪܕ

-.0303

.3307 ,ܐܐܘܘ ܙܐܠܘܘ

.025

.050

. 100

. 200

.4409

.2918

.050

.075

. 150

• 300

.450

ܫܐ735 -.2100 ܙܐ00 .0775

-.4709

-.4783

-.4853

-.6882

-.0985

-.0193

ܢܘܟܐ13683.-038--

,ܐܐ8ܪ

ܝܐܐܐܐ08ܐܐ

ܝ4ܘܘ.ܐ6ܐܠܕ ܝܐ3ܐ -.1559 ,ܘܐܐܪ

.600 -ܝܘܘܘ . 3217

-.2378

,2ܐ59

. 300

.400

.500

.600

.700

ܝܘܘܘ .750

- . 3464

-.3670

-.3115

- . 3929

-.3212

-.2052

-.2350

ܝܐܘܟܐ

ܙܠܐܟܐ

ܝܢܐܢܐ

.900

.925

-.0374

-.0660d6ܝܶܐܦ- ,ܐܐܠܐܪ

-.2836

-.3353

-.3544

ܫܘܘܘ

ܝ850 ܐܐܟܐ ܝ800 ܝܐ392

(b) _ - .1.910g 5

STATION 1 STATION 2 STATION 3

CPL X / CX / C

.005

CPU

.2736

.2642

X / C

.005

CPU

.5101 ܝܘܐܘ

CPL

-.0654

-.0839

-.4282

ܝܐܐܟ

d38ܐ

CPU

.54 32

.4410

.3401

ܝܘܐܘ ܘܘܐܘ ܪܐܪܕ .025

.050

CPL

-.5907

-6050

-.6004

-.6406

ܫܐܬ68 .025 -.8697

.ܐܐ98 .ܫܐܐ96 1587

.0739

-.0170

ܢܘܪܘ

ܝܬܘܘ

ܐܫ0ܐܐܢܪ

.4343

.3192

.1615

-.0293

ܝܐܘܘ

ܙܐܘܘ 1351.-ܐܝܘ088

-.0763

-1.5961

-.0507 .400

ܙܐܟܐܐ600. ܝܘܐܐܘ . ܫܘܘܘܐ

.025

.050

.100

.200

. 300

.400

.500

.600

.100

.800

-500

.950

-.0561

-.2522

-.2986

-.2091

-.1994

-.2468

-.1777

.ܐܪܐܪ

.22ܐܐ

•ܝܐܐܐܐ

. 0684 0031.-ܝ800

.0093

.0756

.2413

.2684

.2972

3540

.3753

܀ܐ8ܘܘ 1267. .900 .

-.1999 -.2756 .1881 525

:ܐܐܘܐ ܝܐܘ95

.200

.300

.400

.500

.600

.700

.800

.900

.925

.950

2446.-.0725

.1809 ܙܐܐܐܕ

-.1791

-.1446

-.1743

-.0931

-.1919

- . 1862

-.2347

- . 2201

ܝܐ66ܐ

ܝܪܐܘ

.3277

.3377

STATION STATION 5 STATION 6

X/C CPL CPLCPU

. 5296

.4392

. 3320

CPU

.3829

.2840

.2056

.0529

CPU

.4070

.2827

CPL

-.3978

-.3982

-.4024

-.4076

-.4094

- . 3856

.3007

.3664

.4018

.4528

X/C

.025

.050

.075

.150

.300

.450

.600

.750

X/ C

.025

.050

. 100

. 200

.300

.400

.500

.600

.700

.800

ܫܘܐܘ ܝܟܐܐ8

-.0351

ܝܐ329

-doܫܐ

-.1888

-.1973

.025

.050

. 100

.200

.400

.600

.800

800

.850

-••ܐܘܛܘ 0562

-.2543

3828

..2897

- . 2665

- 3251

,ܐܐ65

-.0279

-.0314

-.0292-.3350

.4163

-.0195

-.1690

-.2367

-.2752

-.3308

-.4024

-.4317

-.3204

-.3273

-.1768

-.1475

-.0749

ܙܪܐܕ .ܐ038

ܕܘܘ

525

- 3419

-.2943

-.1843

.2488
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TABLE VII.- Continued

(c) a = 0.00

STATION 1 STATION 2 STATION 3

X /C

.010

.025

.050

• 100
.

X / C

.005

.010

.025

.050

. 100

.200

.300

.400

.500

.600

.700

.800

.900

.950

.970

CPU

. 2530

. < 404

.1830

. 1061

.0368

-.0883

-.1942

-.4194

-.2052

- . 218

-.2328

-.1807

-.1318

-.1572

-.0790

CPL

.0347

.0109

-.0248

-.0207

-.0231

.0026

.0364

.0431

.0558

.1125

.1495

-.0350

.2010

• 2506

CPU

.5344

.4873

. 3263

.2185

.0492

-.1270

-.2703

-.2852

-.2007

-.3064

CPL

-.5440

-.6734

-.6998

-.7240

-.69CO

0382

.1534

• 1544

. 1509

.2156

. 200

.400

.600

.800

.900

.925

CPU

.4836

.3289

.2291

.0799

-.1478

-.3081

-.3453

-.2360

-.2095

-.2421

CPL

-.4489

-.4543

-.4626

.5012

.. 3900

.2350

.2604

. 3060

. 3381

.3939

-.2006

-.1978

-.2420

-.2212

.2550

.3142

. 3528

. 3672

STATION 4 STATION 5 STATION 6

CPL CPL

. 3230

-.0516

X/C

.010

.025

.050

.100

.200

.400

.600

.800

.900

.925

CPU

. 4834

. 3422

.2512

. 0895

-.1139

-.2852

-.3958

-.2693

-.2623

-.3041

CPL

-.3290

-.3272

-.3313

-.3256

-.3382

-.0516

. 1386

.2501

.3244

.3175

CPU

. 3423

.2144

.1 309

.0051

-.3042

-.3510

-.4212

-.3943

.. 3079

-.2603

X/C

.025

.050

. 100

.200

. 300

.400

.500

.600

.700

.800

-.1667

-.1667

-.1962

-.1519

-.0713

.0743

.1227

.1649

CPU

.3893

.2341

.1107

-.06 38

-.2011

-.2580

-.2863

.3357

-.3742

-.3701

-.0314

-.0249

-.0119

-.0593

-.0902

-.0731

(d) Q = 1.920( =

STATION 1 STATIUN 2 STATION 3

CPL

.0659

. 0406

XIC

.005

.010

.025

.050

.100

.200

.300

.400

.500

.600

.700

.800

.900

.950

.970

CPU

. 2500

.2330

.1615

.0757

-0212

-.1480

-. 2534

-.2646

-.2413

-.2533

-.2624

-.2112

-.1460

-.1571

-.0843

.0056

.0296

.0354

. 0620

.0751

.0793

.0897

.1419

.1128

-.0210

.2211

.2637

CPU

. 4795

.3264

. 1753

.0701

-.0604

-.2272

-.3516

-.3422

-.3144

-.3488

CPL

-.3904

-.4782

-.4929

-.4805

-.1214

.0049

. 1310

. 1253

. 1608

.2205

X/ C

.010

.025

.050

.100

. 200

.400

.600

.800

. 900

. 925

CPU

.36 76

. 1903

.08 44

-.0490

-.2466

-.3770

-.3853

-.2444

-.2180

-.2578

CPL

-.3348

-.3297

-.3428

-.3479

. 1264

.1975

.2518

.2809

.3215

. 3696

O-.2329

-.1965

-.2291

-.2038

.2599

. 3091

.3509

. 3624

STATION STATION 5 STATION 6

CPLСРL

. 2547

-.0590

X/ C

.010

.025

.050

.100

.200

.400

.600

.800

.900

.925

CPU

. 4011

.1856

.0929

-.0565

-.2579

- 3558

-. 4454

- 3009

-.2735

-.3145

CPL

- . 2548

-.2525

-.2552

-.2596

-.2397

.2577

.2521

.2481

.2476

.2417

X/C

.005

.010

.025

.050

100

. 200

.300

.400

.500

.600

.700

.800

.900

.925

.450

X/ C

.025

.050

.075

. 150

. 300

.450

.600

.750

.800

.850

X / C

.005

.010

.025

.050

.100

.200

.300

. 400

.500

.600

. 700

.800

.900

.925

.950

XIC

.025

.050

.075

.150

.300

.450

.600

.750

.800

.850

CPU

.2151

.0802

.0124

-.1086

-.4107

- . 4306

-.4939

- . 4565

-.3528

3042

-.1224

-.1494

..1536

. 0621

. 2671

.3439

. 3410

.3201

X/C

.025

.050

. 100

.200

.300

. 400

.500

.600

.700

.800

CPU

.27 33

.1433

.0075

-.1433

..2835

3417

-.3862

-.4468

-.4831

-.4637

-.0488

-.0900

-.1219

-.0506

.0024

.1533
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TABLE VII.- Continued

(e) w = 3,900__

STATION ܬ STATION 2 STATION 3

CPU CPLX/ C

.005

.010

CPL

. 1059

. 1009

CPU

. 3341.

CPL

-.2366

-.28 24

ܫܐ658 ܕܬ935

ܝܐܟ9ܟ

CPU

.2327

.2240

.1698

.0964

-.0221

-.0212

ܝܘܬܪ ܝܘܕܪܐ ܝܐ863 ,0ܪܐܐ

,ܐܘܘܪ

-.1869

-.0502

.1415

. 1925

-.0106

-.0942

- , 1843

. 0751.050

.100

.200

.0313

ܫܐܘ66

.29ܘܙ ܐ027500.

,ܐܐܐܘ

ܝܘ848

ܙܐ0ܘܬ

ܘܐܬܐ

ܫܐܬܪܬ

ܙܐܐܢܐ

- , 3488

-.4353

3ܘܘ4168.- - . 4232 ܕܐ66

ܐܘܘܘ

ܝܐܐ59

܂ܐܘܘܪ

-ܝܐ99ܐ . 3003 400..;ܘܪܐ

.500

.600

252ܐ

ܝܐܘܪܕܬܐܐ . 1827. . 3330-.3406

-.3631.1644 ܝܐܢܟܐܐ -.2369 ܝ368ܘ

ܝܐ0ܘ

-.2728

-.2605

-.2067

- 1385

.800 ܝܐ8ܘܙ

ܝܐ950

,ܘܐܘܪ

ܙܬܐܪܟ

ܝܐ868

,ܐܐܘ3

ܝܪܦܘܝܐܐܐܘ

.950 .ܐܐ8ܐ

d99ܘ,

-.1845

-.1509

. 3235

. 3034

ܫܕܐܘ3035.

STATION 4 STATION 5 STATION 6

CPU CPL CPL CPL

ܝܐܘܐܐ

X/ C

.010

.025

.050

.100

.200

.400

,ܐ6ܐܪ

ܝܐܘܘ

ܝܐܟܪܠ

CPU

.0321

- , 0865

-.1432

-.2895

CPU

.1559

.0099

-.1000

-.0182

-.0867

ܙܬܘܐܪ ,238ܐ •ܝܐܪܪܐ 1071.-܂ܘܘܪܘ

.0438 -.3806-.3783

-.4636

-.4827

ܝܟܐܟܐ

. 1013

ܫܐܐ9ܙ1051.

ܘܘܘܘܫܐ9ܘܘ -.44 32

-.5062

-.5034

-.5345

-.4144

-.3814

-.3274

,315ܬ . 2075 800..5ܐ98

.900

ܕܐ61ܐ

-ܫܐ733 . 2693

-.3078

ܕܐܐܘܘ1757.-

܂.28.525ܐܐ -ܪܕܕܐ . 1566

( f) __ - 5.930

STATION ܐ STATION 2 STATION 3

CPL CPL

܂ܐ38ܐ

ܫܐܐܐܐ

CPU

-.1652

-.2599

X / C

.005

.010

.025

.050

.100

.200

ܝܐ394

ܝܐ736

ܝܐܐ8ܘ

ܝܐܐܪܕ

-ܪܙܟܘ

CPU

.0621

.0493

.0428

.0322

-.0683

-.1884

-2889

-.3064

-.2774

-2189

-.2820

CPU

.0373

-.1664

-.2498

-.2775

-.2871

-.3950

-.4830

-.4363

-.3661

2549

.2514

ܙܐܠܘܘ ܝܐ921

-.3340

-.4539

-.4938

-.4355

-.2548

-.2045

-.2195

.400 .3087

.3459.500

.600 ,3ܐܐܘ ܝ3ܘܐܐ

ܝܐܘܘ

.800

.900

.950

ܝܬܐܘܬ

.158ܘ

,ܐܐܘܟ

-.2014

-.1580

-.1652

ܝܪܐܘ138.- - ,182

STATION 4 STATION 5 STATION 6

X / C CPL

܂ܙܘܐܘ

.025

.050

.100

.200

.400

.600

.800

CPU

-.1523

-.3499

-. 3472

- . 3867

- . 5091

.5412

-.5139

-.3368

CPU

-.2868

-.3545

-.3586

-.3829

-.6143

-.5753

- , 5550

-.5098

-.4333

-.3710

CPU

-.1346

-26

- . 2665

-.3553

-.4915

-.4997

-.5387

-.6143

-.6886

-.6969

ܕܘܘ ܐܐܐܘ

.525 -. 3046

X /C

ܝܢ05

ܙܘܐܘ

X / C

.010

.025

.050.325

.050 ܝܐܘܘ

ܝܬ00ܝܬ0ܘ

ܝܬ00 .400

.600) 300

. 400 ܝ800

ܝܶܪ0ܘ .900

600.ܶܪܐ5

.700

ܝܘܘܘ

1900

.925

.950

ܝܬܐܐܘ

x /0

.025

.050

X / C

.025

.050

.075

.150

. 300

c9ܐܐ, ܝܐܘܘ

0708.-ܝܐܘܘ

ܝܐ63ܐ

ܪܪܘܙܐܐܪܐ

ܝܘܘܘ .2678

.300

.400

.500

.600

.700

.800

.750

ܙܘܘܘ

ܝܐ913

ܐܪܪܐ

ܘܬ732
.850

X/ C X /CCPL

.0268 ܫܘ0ܪܝ0ܬܘ

ܝܘܐܘ ܝܐ334

.025 . 1591

.1756

.0868

.1199

.1219

ܫܝܪܘ

.100 ܙܐܐܪܪ

.025

.050

. 100

00

.400

.600

.800

ܘܐܟܐܪ ܝܐܘܘ .0426

.1989. 1594

.1554

.300

. 400 ܝܬܘܟ6

ܐܟܘܐܝ<218 ܝ00 ܝ00$

• 1867 . 25 30 .925.600

ܝ2ܐ70059.

-.0150 ܝ800

ܝܐ696

ܝܐ935

.300

.925

.950

.2852

.3296

.3734

.3845

CPL

. 3752

X/ C

.025

.050 .0485

ܝܐܘܘ

CPL

.1261

.1959

.2442

.2338

.2563

.2630

X /C

.025

.050

.075

. 150

.300

.450

.600

.750

.800

.850

.1944

.1956

.2246

2505

.1297

. 1662

0 ܢܐܪܐ8

ܝܐ941

.200

.300

400

.500

.600

.700

.800

ܐ735

.1431. 3044

.3452

.3846

. 3031

.2880 ܫܐܛܐ8

ܙܐܐܕܐ .1402
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TABLE VII.- Continued

(g) a = 7.980

STATION 1 STATIUN 2 STATICN 3

CPUX / C

.005

.010

.025

.050

.100

.200

.300

.400

.500

.600

.700

.800

.500

.950

.810

CPU

-.1187

-.1285

-.1381

-.1402

-.1944

-.2734

- . 3477

- . 3691

-.3202

-.3160

-.3189

-.2517

- . 1859

-.2333

-.1401

CPL

.1695

.1474

.1238

.1349

. 1634

.1833

.1994

.1802

. 1788

.1980

.2375

-.0208

.2596

.3094

X/ C

.005

.010

.025

.050

.100

.200

.300

.400

.500

.600

.700

.800

. 900

.925

.950

- . 3905

-.5155

-.5170

-.4179

-.4437

-.4908

-.5413

-.4847

-.4005

-.3950

X / C

.010

.025

.050

.100

. 200

.400

.600

.800

. Soo

.925

CPU

-.61 35

-.6054

-.5750

-.5084

- . 5626

-.5548

-.4557

-.2571

-.1859

-.1918

CPL

• 3668

. 3461

. 3281

.2903

. 3002

.2781

. 3041

. 3138

. 3502

.3795

-.2179

-.1635

-.1790

-.1576

STATION STATION 5 STATION 6

CPL

.2258

X/ C

.010

.025

.050

.100

.200

.400

.600

.800

.900

.925

CPU

-.6456

-.6980

-.6135

-.5941

-.645

-.6218

-.5671

-.3335

-.2743

-.2955

CPL

.4276

.3981

. 3321

.3296

.3108

.2401

.3100

. 31 36

. 3509

. 3674

X / C

.025

.050

.075

.150

. 300

.450

.600

.750

.000

.850

CPU

-.7062

-.6418

-.6226

-.5955

-.7506

-.6667

-.6659

-.5758

..4876

-.4122

X/ C

.025

.050

.100

. 200

. 300

. 400

.500

.600

.700

.800

CPU

-.5239

-.4725

-.4501

-.5067

-.6122

-.6599

-.7104

-.8053

-.9239

-.9308

.1417

.1431

. 1076

.1032

.1144

.1034

(h) Q = 10.060

STATION 1 STATION 2 STATION 3

X / C

.005

.010

.025

.050

.100

.200

. 300

.400

.500

.600

. 700

.800

.900

.950

.970

CPU

-.2685

-.2768

-.3123

- 3025

-.3440

-.3841

-.4141

-.4174

- . 3592

-.3380

-.3372

-.2679

- 1887

-.2556

- . 1596

CPL

.1924

.1868

.1495

.1774

.1883

. 2323

.2342

.2211

.2002

. 2328

.2659

-.0158

.2770

.3223

X / C

.005

.010

.025

.050

. 100

.200

. 300

.400

.500

.600

.700

.800

.900

.925

.950

CPU

-.9389

-.9317

-.8102

-.6826

-.5100

-.5497

-.5718

-.4967

-.4192

-.4007

A / C

.010

.025

.050

.100

. 200

.400

.600

.800

.900

.925

CPU

-1.1915

-.9826

-.8586

-.6797

-.6603

-.6022

-.4681

-.2458

.1641

-.1624

CPL

.5191

.4002

.4175

. 3658

. 3400

.3164

. 3211

. 3289

. 3604

.3945

-.2210

-.1667

-.1960

-.1809

STATION STATION 5 STATION 6

CPL

. 3078

X/ C

.010

.025

.050

. 100

.200

. 400

.600

.800

.900

.925

CPU

-1. 2082

-1.03 36

-.9039

-.7348

-.7592

-.6790

-.5770

-.3343

- 2539

-.2551

CPL

• 5599

.5629

.4339

.4280

.3552

.3181

.3305

.3217

.3575

. 3949

X/C

.025

.050

.075

.150

. 300

.450

.600

.750

.800

.850

CPU

-.9637

-.8947

-.8472

-.7523

-.8726

-.7450

-.7180

-.5977

-.5088

-.4417

X/C

.025

.050

.100

. 200

.300

.400

.500

.600

.700

.800

CPL

. 3102

.3256

.2802

.2104

.2582

.00 46

. 2324

. 2327

.2212

.2895

.2957

.3365

. 3690

.3833

СРL

. 3881

. 1520

.2137

.2400

.2524

.2522

.2767

. 2864

.2754

CPL

.4068

.4391

. 3811

.3515

. 3134

.0900

.2003

.2707

.2772

.3201

.3217

. 3494

3923

.3954

CPL

. 4035

.2121

. 2929

30 26

. 28 70

.2845

.3053

.2845

. 2079

CPU

-1.3582

-.6460

-.63 36

-.6322

-.1618

-.8104

-.8649

-.9508

-1.0455

-1.0690

. 1301

. 1235

.0676

.0625

.0680

.0694
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TABLE VII.- Continued

( f ) __ = 12,180i

STATION 1 STATION 2 STATION 3

CPL CPUX/ C

.005

X/ C

.005

.010

.025

CPL

. 3860

CPU

-1.5869

-1.4001

ܝܐܠܐܬܟ

ܙܬܐܐܐ

•ܐܐܐܘܐ

ܐܝܐ6ܐ

CPL

.5591

ܝܘܐܠܘ5213.

.1852 ܐܨ0555 02.ܝܟ862

.050

1508ܐ

ܝܟܪܶܪܘ

c9ܫܟܐ

.3ܝ52

ܙܘܪܘ8028.-

ܙܐܠܘܘ

ܝܬ00

ܙܐܐܟ

ܐܐ38 ܝܐܘܘ .ܘܕܐܐ

-1.0496

-.8503

-.7554

-.6230

-.4837

.2610 . 1071-5968

-.0025

.4260

3869

. 3423

.3440

. 3355

. 300

. 200

. 300

.400

ܫܐܬ63ܕ ܙܪܐܐܘ

ܘܟܘܘ .2400 536ܘ .2963

ܫܐ339 500.ܙܐܠܘܘ

.600

ܘܬܙܐܐ

•320ܐ

,ܐܐܐܟ

08ܟ

,ܐܐܐܘ

-.4553

-.4263

ܝܢܪܬ6

38.2532ܐ .600

ܝܐܘܘ ܐܪ0ܐ ܝܐܘܘ

.800 -.0034 ܬܐܘܘ .3306

ܝܐܘ50 ;cܙ3ܟoܝܪ ..;5ܘ

ܫܟܐܘ

.800

-900

.925

.750

-.1666

-.1970.3107 . 3871

. ܝܐ88ܐ3970

STATION STATION 5 STATION 6

CPL X / C CPU CPLX/ C

.010

.025

܂..25

CPL

. ܝܟܪܘܐ3847 ܐܙܘܐܟ

ܐܢܐܐܘܕ

CPU

-1.3450

.4707 ܐ.3456 .3535

ܢܘܪܘ -1.6928

.050

.075

. 150

.300

.100

ܕܟ652

ܝܟ63ܐ

ܙܪܬܟ

ܝܟܬܘܘ

ܐܨܐܪܪܬ

ܝܐܘܐܟ

ܝܪܐܐ6

ܫܐܐܐ8

ܝ303ܐ

ܐ0ܘ

ܝܟܘܘ

. 1305

. 1000

ܝܪܟܘ0367.

600.ܫܳܘ00

.000

-1.2015

-.8501

-.8605

-.9526

-.9854

-1.0960

-1.2304

-1.3193

-.8683

-.7849

-.7545

-.6279

-.5414

-.4663

. 3400

. 3260

.3400

3792

.750

.3023

.3075

.2804

.0131

ܝ$00ܝܘ308 ܂.525 ܙܘܘܘ

ܝ850
s6ܙܬܟ .0394

(j ) w 14,370) ܗ

STATIUN 2 STATION 3

X / C CPL CPU CPLX/C

ܝ2ܘ3ܘ005. ܢܘܘܪܙܪ368

ܘܘܐܘ

ܢܘ25

CPU

-2.7852

-2.6868

-1 : 1005

. 2585 ܝܘܐܘ

ܐܙܐܐܘ

ܐܙܪܐܪܐ

ܝܐܐܐ8ܐܝܐܐܐ .025

.050 050.,82ܐܟ

.100

.200

.2530

.2655

-.9868

ܝܐܘܘ7693.-

ܙܐܘܘ

CP

. 2917

4998

. 5034

4546

.4240

. 1354

. 3515

. 3266

.3270

.3334

-.7873

ܝܐܘܐܟ ܙܪܬ00,ܘܐܐܘ

ܙܐܐܪܐ

.5524

.5424

.4803

.4316

.3768

.3714

.3602

. 3678

.4146

ܫܐܘܘ

ܫܟܘܘ

-.6612. 300

.400

.500

286

. 2627

ܪܘܘܐ

-.4403

-.3217

-.2524- . 4764

ܝܐ4446850.- ܘܘܘ28ܘܙ

ܝܐܘܘ

.500

.600

.700

.800

900

.950

.2959

.0081. .ܐܟܐܐ

ܝܐ920

.800

.900 -.1678

. 3454

. 36 59

. 3984.3374 ܙܪܐܕܝܐ855

ܫܟܐܘܝܪܕܘ -.1530 ܝܟܐܘܐ

STATION 5 STATION 6

CPU CPU CPLX/ C

.010

.025

.050

. 3784

ܘܬܘܘ

ܐ00

CPL

.4557

5865

. 5602

.5560

.5574

.3817

.3701

.3565

.3617

.

.1015

.0606

.0024.400

.600

.800

.900

.925

.0074

.0193

ܙ01663989.

X / C

.010

.025

CPU

-.4293

-.4294

-.4584

-.4896

-.5374

-.5425

C5oܝ ܫܐܘܘ

.200

ܝܟܘܘ

,2ܐ96

.ܟܐܐܐ

ܐܐܐ

.600

.800

.900

525-3760

,38ܐܐ

,ܐܪܘܐ

- . 2031

.ܐܪܐܠܐ

-.1406

CPU

-2.7789

X /

.025

ܐܙܟ3eܐ050.

d32ܐܝܐ ܐܘܘ

-.9486

- , 8812

-.7189

- .; 809

-.3320

-.2392

-.2014

200

. 300

.400

.500

.600

.700

.800

STATION ܐ

X/ CCPU

-.5475 ܝܘܐܘ

500ܘ

6ܐ2ܐ

.025

.050

6191.-ܝܐܘܘ

-.7014

.ܘܐܘܐ

. 200

. 400

.600-.6295

-.5679

-.4927

.800

.900

.4ܐ92596.

-.4092

-.3236

ܙܐܐܐܟ

-.2052

-.1306

STATION

CPU

-2.1881

CPL

. 3950 240ܐ

X/C

.025

..050

.075

ܐܫܪ665

8ܐܪܪܐ3 % ܐܨܐ2 -1.2567

-1.2409-1.5113

ܙܐܪܘ ܐܝ6649

ܐܙܪܐܪܪ

ܐܕܬ915

ܐܘܐܐܐ

-2.2101

-2.1177

-.7651

-.6898

-.5814

-.3295

-.2396

X/C

.025

.050

.100

. 200

.300

.400

.500

.600

.700

. 300

.450

.600

.750

.4452

.4523

.3956

3034

2993

.2951

. -1.0338

ܐܙܐܘܪܕ

-1.0512

-.9120

-.7533

-.6535

-.5495

-1.2483

-1.3978.800 ܝ2ܐ29

ܐܐܐܘ .850 .2482 ܫ800 ܐܝܟ܀36
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TABLE VII.- Continued

(k) a = 16.440

STATION 1 STATION 2 STATION 3

X/ C

.C05

.010

.025

.650

. 100

.200

.300

.400

.500

.600

.700

.800

.900

.950

.S70

CPU

-.6789

-.7444

-.7181

-.0044

-.8551

-.8275

-.7592

-.6659

-.5 36

-.4656

-.4486

- . 3631

-.2575

-.266d

-.1672

CPL

.2191

.2692

.2530

.2706

.2800

.3197

. 3333

. 3153

.2962

. 3003

.3134

-.0035

.2869

. 3415

X /C

.00 )

.010

.025

.050

.100

.200

.300

.400

.500

.600

.700

.800

.900

.125

.450

CPU

-2.7756

-2.8843

-3.1934

-.6475

-.7324

-.6740

-.7021

-.6330

-.5243

-.4470

CPL

. 1420

.4590

.5243

.5061

.4076

.1306

. 3821

. 3527

. 3540

.3709

X /C

.010

.025

.050

.100

.200

. 400

.600

.800

.900

.925

CPU

-2.4466

-2.4494

-2.5124

-2.9107

-.5184

-.6295

-.5075

-.2027

-.2230

-.2274

CPL

.4772

.5793

.5823

.5234

.4573

.4078

. 3817

.3661

. 3656

. 4178

-.4000

-.1831

-1712

-.1294

. 3564

. 3638

.4039

. 3931

STATION STATION 5 STATION 6

CPLCPL

.4318

.3814

.

X / C

.010

.025

.050

.100

.200

.400

.600

.800

.900

.925

CPU

-2.0208

-2.0290

-2.0652

-2.1392

-2.1149

-.6243

-.5535

-.3810

-.3272

-.3638

CPL

. 3967

.5857

.5000

.5808

.5721

. 4939

. 3753

. 3444

. 3589

.3998

X /C

.025

.050

.075

. 150

.300

.450

.600

.750

.800

.050

CPU

-1.4497

-1.4374

-1.4321

-1.3642

-1.2649

-1.1889

-1.1200

-.9831

-.9196

-.8203

X/ C

.025

.050

. 100

.200

.300

.400

.500

.600

.700

.800

.3164

4078

. 3995

.3191

. 3080

. 2850

. 2660

.1989

CPU

-1.1511

-1.1032

-1.1541

-1.1386

-1.0850

-1.0534

-1.06 73

-1.0404

-1.0015

-.4510

.1036

1067

.0504

. 0460

.0557

0429

( α =(1) Q = 18.520

STATION 1 STATION 2 STATION 3

X / C

.005

.010

.025

.050

. 100

.200

.300

.400

.500

.600

.700

.800

.900

.950

.970

CPU

-.8422

- . 8625

-.9227

-.9513

-1.0270

-1.0004

-.8808

-.7599

-.6396

-.5508

-.5140

- . 4026

-.2900

-.2839

-.2022

CPL

.3123

. 2981

.2012

. 3037

.3323

.3706

. 5642

.3518

. 3216

.3253

.3352

-.0099

3003

. 34891

X /C

.005

.010

.025

.050

. 100

.200

. 300

.400

.500

.600

. 700

.800

.900

.925

.950

СРЈ

-2.8810

-2.9228

-3.7477

-2.7613

-.6611

-.6984

-.7090

-.6840

-.5926

• .5431

CPL

.02 70

. 4036

.5342

.5289

. 5026

.1648

.4232

. 38 82

.3755

.3855

X/C

.010

.025

.050

.100

.200

.400

.600

.800

.900

.925

CPU

-2.4550

-2.4977

-2.6141

-3.4540

-.6840

-.6238

-.5629

-.3537

-.2674

-.2729

CPL

.4396

.5804

.6000

.5001

.4958

.4239

. 3971

.3597

.3663

. 4095

O

.

-.3164

-.2187

- . 1806

-.1367

.3591

.3605

. 3950

.3833

STATION STATION 5 STATION 6

CPLCPL

. 3692

.4266

XIC

.010

.025

.050

.100

.200

.400

.600

.800

.900

.925

CPU

-2.0018

-2.0046

-2.0465

-2.0858

-2.2162

-1.2113

-.7148

-. 4829

- . 6168

• .4829

CPL

.3271

.5773

.6059

.6059

.6020

.4134

. 3865

. 3696

.3443

.3706

X/ C

.025

.050

.075

.150

. 300

.450

.600

.750

.800

CPU

-1.2922

-1.2748

-1.2785

-1.2577

-1 . 1603

-1.1450

-1.1259

-1.0358

-.9923

-.9217

.5479

.4739

. 4105

.3278

.3122

.2753

. 2380

.1839

X/ C

.025

.050

. 100

.200

.300

.400

. 500

.600

.700

.800

CPU

-1.0612

-1.0866

-1.0695

-1.0573

-1.0073

-.9856

-.9621

-.9506

- . 9200

-.8785

. 1744

.1234

.0728

..0700

..0017

.0424.850
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TABLE VII. - Concluded

(m) m - 20.600

STATION 1 STATION 2 STATION 3

X/C

.005

x /

.005

CPU

-3.0991

ܢܘܐܘ

CPU

-.9586

-1.0022

-1.0697

-1.0931

ܝܘܐܘ 3ܕܐܟ8ܘ

CPL

. 3566

. 3479

.3220

. 3446

3755

CPL

-.0762

. 3631

.5365

.5607

.5342

.025

.050

.100

. 200

. 300

ܐܕܐܐܐܐ

ܐܕܐܐܐܐ ܝܟܐܐܐ

CPL

. 3953

.5788

.6186

.6035

.5 304

.4474

.4142

. 3674

3547

.3960

-3.7045

-4.3858

-.6991

-.7286

-.7509

-.7420

-.6539

-.5917

ܫܐܐܐܘ

.45 35

.025

.050

.100

.200

.300

.400

.500

.600

.700

) 800

.900

.950

.970

ܙܪܘܘ ܪܐܐܟ

500 3955

. 4054.

-.9750

-.8458

-.6969

-.5912

-.5292

-.4337

-.3141

-.2880

-.1941

.4155

3900

. 3425

. 3602

. 3729

.0049

.3250

.3162

-.3706 . 3737

,26ܐܶܘ 36ܐܘ

-.2478

ܬܐܐܐ

. 3943

.3918

STATION STATION 5

CPU CPLCPU

-1.8444

-1.8665

CPL

. ܐܝ37452444

XIC

.010

.025

.050

1.2339-460ܐ

ܐܕ893ܟ1.2030-

ܝܐܘܘ

CPL

.2936

.5999

.6223

.6248

.6267,

.4852

.4226

. 3700

-1.9703

-2. 1054

ܐܙܐܘܬܘ

200.ܐܚܐܐܕܐ

.5268

. 5081

.4367

.3323

. 3243

.2893

. 1905

.1356

ܙܪܘܘ0770. ܐܪܟ8ܐ -1.1314

.600

.800

ܬܝܘ9ܐ

ܐܝܘܐܪܪ

-.9221

-.5864

-.5179

-.5248

ܝ38ܘܐ ܫܕܘܘܐܟܕܪ

ܝܪܐܪ

-1.0047

-.9333

. 0694

.0676

.0465. 3526 .1940

X/ C

ܝܘܐܘ

.025

.050

CPU

-2.6108

-2.6628

-2.7444

ܙܐܘܘ3.5323-

ܐܕܐܐ05

-.6871

58ܟܐ

.200

.400

.600

.800

.900

525

-.38 38

-.2969

ܝ3229600.-

.700

ܝ800

.900

.925

.950

STATION

X / C

ܙܘܐܟ

.050

ܝܐ00

CPU

-.9827

-1.0078

-1.0071

-.9763

-.9457

-.9134

X/ C

.025

.050

.075

. 150

. 300

.450

.600

.750

.800

-850

.200

.300

.400

.500

.600

.700

̈ܘ864

-.8581

ܘܐ65

ܝ800 -.8035
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TABLE VIII.- PRESSURE COEFFICIENTS AT A MACH NUMBER OF 0.40

FOR THE MODEL WITH STRAKE ON . CL ,d = 0.70

(a) a = -3.940Q

STATION 1 STATIUN 2 STATION 3

X / C

.005

.010

.025

.C50

. 100

.200

.300

.400

.500

.600

.700

.800

.900

.950

.970

CPU

. 3166

. 3009

7:21

.1895

.1286

.0210

-.1051

-.1515

-.1595

-.1964

-.2342

-.2035

-.1673

-.2154

-.1340

CPL

-.1078

-.1459

-.1997

-.1576

-.2006

-.1116

-.0305

.0012

.0303

0957

1528

-.0540

.2229

.2084

X / C

.009

.010

.025

.050

.100

. 200

. 300

. 400

.500

.600

.700

.800

.900

.925

.950

CPU

.4039

.5191

.4950

.3984

.2221

.0263

-.1514

..2006

-.2103

-.2896

CPL

-.8913

-1.0391

-1.0794

-1.2005

-1.7874

-.1600

-.0191

.0118

.0341

.0476

X / C

.010

.025

.050

.100

.200

.400

.600

.600

.900

.925

CPU

.5262

.4910

.4071

.2510

.0113

-.2256

- . 3089

-.2448

-.2491

-.3083

CPL

-.7500

-.7457

-.7112

-.8216

-1.5934

.0711

.2237

. 2053

.2625

.2931

.

-.2202

-.2323

-.2653

-.2707

.1134

.2680

. 3312

.3533

STATION 4 STATIUN 5 STATICN 6

UPLCPL

.2333

-.0948

X/ C

.010

.025

.050

.100

. 200

.400

.600

.800

.900

.925

CPU

.5251

.4632

. 4079

. 2629

.0100

-.2352

-.3353

-.2019

-.2596

-.3213

CPL

-.5266

-.5305

-.5277

-.5307

-.5265

-.9393

-.1694

.2880

.3474

. 4011

X/C

.025

.050

.075

.150

. 300

.450

.600

.750

.800

.850

CPU

.4750

. 3884

.3153

. 1779

-.1525

-.2584

- 3800

-.4154

-.3563

-.3229

X / C

.025

.050

. 100

.200

.300

.400

. 500

.600

.700

.800

-.1057

-.2122

-.2515

-.2242

-.3421

-.4402

-.439 )

-.3594

CPU

.4644

.3704

.2397

.0685

-.1025

-.1738

-.2258

-.2946

-.3553

-.3751

-.0601

-.0712

-.0017

-.0970

-.1146

-.1531

(b) a = -1.950=

STATION 1 STATION 2 STATION 3

X / C

.000

.010

.025

.050

.100

.200

.300

.400

.500

.600

.700

.800

.900

.950

.S70

CPU

-2756

.2654

. 2042

.1503

.0754

-.0389

-.1617

-.1963

-.1975

-.2308

-.2522

-.2142

-.1620

-.2090

-.1288

CPL

-.0479

-.0695

- 1090

-.1089

-.1324

-.0000

.0025

.0112

.0290

.0915

. 1529

-.0461

.2170

.2737

X / C

.005

.010

.025

.050

. 100

.200

. 300

.400

.500

.600

. 100

.800

.900

.925

.950

CPU

.4948

.5425

.4190

. 3100

.1425

-.0544

-.2288

-.2621

-.2540

-.3192

СРL

-.7356

-.8503

-.84SO

-.5715

-1.5214

- .0513

.1001

.0859

.0807

. 1620

X / C

.010

.025

.050

.100

.200

.400

.600

.800

.900

.925

CPU

.5252

.4307

. 3236

.1694

-.0631

-.2854

-.3485

-.2558

-.2407

-.2945

CPL

-.6209

-.6221

-.6247

-.6925

-1.2404

.2194

.2440

.2735

. 3311

.3797

-.2311

-.2365

-.2826

-.2604

.1916

.2499

.3046

. 3284

STATION STATION 5 STATION 6

CPLCPL

.3015

-.0802

X/ C

.010

.025

.050

.100

.200

.400

.600

.800

.900

.925

CPU

.5186

.4141

.3284

.1882

-.0750

- . 3039

-.3830

-.2775

-.2023

-.3208

CPL

-.4336

-.4353

-.4352

-.4362

- . 4986

-.5190

.1120

.3406

.3868

.4385

X /C

.025

.050

.C75

.150

. 300

.450

.600

.150

.800

.850

CPU

.4243

.3168

.2337

. 1020

-.2329

-.3205

-.4207

-.4149

-.3390

-.2860

XIC

.025

.050

. 100

.200

. 300

.400

.500

.600

.700

.800

-.2048

-.2310

-.2408

-.3687

-.3713

-.2864

-.2449

-.1466

CPU

.4311

.3246

.1177

.0073

-.1565

..2181

-.2013

-.3309

-.4040

.4394

-.0718

-.0823

-.0840

-.1267

-.2018

-.2991
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TABLE VIII. - Continued

(c) α = 0.050

STATION 1 STATION 2 STATION 3

X/ C

.005

.010

.025

.050

. 100

. 200

.300

.400

.500

.600

.700

.800

.900

.550

.970

CPU

.2403

.2343

.1695

.1096

.0065

-.1158

-.2278

-.2531

-.2439

-.2620

-.2780

-.2300

-.1751

-.1980

-1188

CPL

.0195

.0012

-.0411

-.0245

-.0351

.0016

.0267

.0336

.0438

. 1055

. 1500

-.0336

.2138

.2537

X/ C

.005

.010

.025

.050

. 100

. 200

. 300

.400

.500

.600

.700

.800

.400

CPU

.5185

.4550

.3143

.1811

.0343

-.1446

-.3211

-.3272

3046

-.3645

CPL

-.5795

-.6939

-.7170

-.1067

-.7899

.0062

.1233

.1170

.1140

. 1808

X / C

.010

.025

.050

. 100

.200

. 400

.600

.800

.900

.425

CPU

.4702

.3089

.2122

.0415

-.1721

-.3539

-.3893

-.2694

-.2484

-.2982

.

CPL

-.4902

-.4945

-.5010

-.5514

-.5457

.2262

.2344

.2679

.3231

.3746

.

-.2468

-.2306

..2804

-.2555

.2414

. 2916

.3369

.2514

.925

.450

STATION 4 STATION 5 STATION 6

CPLCPL

.2917

-.0791

.

X / C

.010

.025

.050

. 100

.200

.400

.600

.800

.900

.925

CPU

.4716

. 2568

.2114

. 0696

-.1844

-.3731

-.4324

- . 3006

-.2802

- 3310

CPL

-.3517

-.3505

-.3501

-.3556

-.4361

-.1501

.2333

.3000

. 3541

. 4069

X/ C

.025

.050

.075

. 150

. 300

.450

.600

.750

.800

.850

CPU

. 3355

.2100

.1237

.0074

-.3400

-.3897

- . 4075

-.4256

-.3429

-.2851

-.1662

-.1977

-.2212

-.2420

-.2024

-.0197

.0331

.1442

X / C

.025

.050

. 100

. 200

.300

.400

.500

.600

.700

.800

CPU

.3689

.2416

.0926

-.0603

-.2217

-.2750

-.2969

-.3618

-.4138

-.4049

-.0773

..0791

-.0935

-.1532

-.1973

-.2045

(d) Q = 2.090

STATION STATION 2 STATION 3

X/ C

.005

.010

.025

.050

.100

.200

.300

.400

.500

.600

.700

.800

.900

.950

.970

CPU

.2582

.2.381

. 1548

.0737

-.0408

-.1776

-.2823

-.3010

-.2864

-.2941

-.2971

-.2371

-.1745

-.1987

-.1167

CPL

.0651

.0504

.0121

.0222

.0243

.0537

.0747

.0702

.0788

.1287

.1744

-.0295

.2214

. 2650

X / C

.305

.010

.025

.050

.100

. 200

• 300

.400

500

.600

CPU

.4551

. 3282

. 1362

.0361

-.0973

-.2596

-.3975

-.3937

-.3504

-.4017

CPL

-.4101

-.4849

-.5191

-.5034

-.1081

-.0099

.1162

.1280

.1354

. 1943

X/ C

.010

.025

.050

.100

.200

.400

.600

.800

.900

.925

CPU

. 3478

.1129

.0408

-.0957

-.28 33

-.4308

-.4339

- , 2894

-.2568

-.2993

CPL

-.3648

-.3058

-.3712

-.3993

.0973

.1664

.2234

.2614

.3054

. 3510

.

-.2606

-.2320

-.2623

-.2342

.2402

.4872

3294

.3453

STATION 4 STATION 5 STATION 6

CPLCPL

.3120

-.0693

X/ C

.010

.025

.050

.100

.200

.400

.600

.800

.900

.925

CPU

.3576

.1575

.0589

-.0546

-.3042

-. 4515

- . 47 86

- . 3292

-.2955

-.3460

CPL

-.2770

-.2844

-.2843

- . 2872

- . 2808

.2213

.2400

. 2519

.2758

. 3053

CPU

.1841

.0687

-.0056

-.1047

-.4477

-.4717

-.5269

-.4771

-.3878

-.3314

X/C

.025

.050

.100

.200

.300

.400

.500

.600

.700

.800

-.1150

-.1667

-.1780

.0054

.1072

. 3306

.3119

.2934

CPU

.2663

.1212

-.0045

-.1545

-.3182

-.3720

. 4098

-.4828

-.5363

-.4942

- . 1087

-.1369

-.1552

700

.800

.900

.925

.950

X/ C

.025

.050

.075

.150

.300

.450

.600

.750

.800

.850

-.0739

-.0201

.1328
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TABLE VIII.- Continued

(e) - 4,160

STATION 1 STATIUN 2 STATION 3

CPU CPU CPUCPL

.1020

CPL

ܝܐ9%ܘ3266.- ܘܐܬ38

X / C

.005

.010

.025

.050

ܐܐܟ8

ܙܐܐܪܐ ܝܘܘ65ܬܪܘܟ

ܝ0868

ܝܘܘܘܐ

.1091

-.0404

-.1349

.1544

-.05 70

-.1373

ܙܘ8ܐ3 ,ܐܐ9ܐ

.0515

.0954

ܝܐܘܘܝܬܐ3ܐ1567.

ܝܐܘܘ

.0145

. 1007

-.4061

-.5033 3535.-ܝܐ68ܟ

- 5804 ܝܟܐܦܟ .2395

- , 9 % 88

-.2050

- 3238

-.3441

-.3 : 3

-.3203

.300

.400

.500

.600

.700

.ܟܐ8ܘܝܬܐܐܢ

.39ܘܘ

.ܟܐܐܐ

-.2969

-.25 35

-.2835

.3109

.3460

ܝܐܐܘܘ

ܙܐܐܬܐ

ܝܐܐܐܐ

ܝܐܪܘܕ

ܙܐܪܘܐ

,0ܐ8ܘ

ܝܐ394

ܝܐ865

ܕ3ܐܪܘ

.8ܘܘ2600.- ܙܪܘܘ

55ܘ

ܝܪܐܘ

-.2606

-.1900

-.2329

-.1379

,ܐܐܘܘ

•ܬܐ59

-.1849

STATION TATIONܝ 5 STATION 6

CPU CPL CPU CPL170

.010

.025

ܙܐܘܐ5 ܝܐܘܘܪ

CPU

-.0043

-.1135

ܫܐܐܐܠܕ

-2450 -.0416-.0502

- 1400

,ܐܘܘܘ

,ܐܐܟܘ ܝܘܕܘ.ܐܟܟܐ

ܝܐܘܘ

.ܐܪܐܐ

ܝ0389

ܝܐܬ83

2ܐܘܐ -.2521 -.26 37

-.4249

.0075

.0691
.200 4360.--ܪܘܐܐ

- , ܙܪܘܘ5388 .1949 ܝܐܐܪܘ

.ܪܬܪܐ

-ܪܕܐܐ

.ܟܘܐܐ

-.5541

- , 5866

..5243

.600

.800

.900

.1517

ܝܐܪܐܐ

ܬܪܪܘ

ܐ8ܐܟ

ܘܐܪܘܟ

- . 3434

-.2989

- . 3397

••6ܐܐ6

-.5096

-.0394

-.6073

ܫܐ33ܙ

ܝ$25ܝܐܘܐܟ -.3702

(f) _ - 6.310

STATION 1 STATION 2 STATION 3

CPL CPLX / C

.005

CPU

-.0601 ܝܐܐܐܟ

CPU

.0107

.0058

-.0012

ܝܐܢܐܕ

ܝܘܐܘ܂ܫܐ229 ܨܐܐ03 . 1500

.025 0792.ܝܐ952

. ܢܘܪܘ1058 ,ܘܐܘܐ .1919

-.1053 ܝܐܐܠܟ

:39ܐ

ܝܐܐܐܐ

1507.ܐ202

CPU

-.2669

- . 3618

-.3895

-.3976

-.5345

-.5737

-.50 36

-.3079

-.2436

-.2587

ܝܐܘܐܟ

-.3101

-.3550

-.3612

-.4661

-.5526

-.5115

-.4303

-.4430

.1514

. 100

.200

.300

.400

.500

.600

.700

.800

.900

.950

.970

.2530

.2750

ܝܐܟܘܪ3137.

܂.ܐ8ܘܐ

ܙܐܐܐܕ

-.3529

-.3712

-.3514

-.3537

-.3520

-.2880

-.2082

-.2665

-.1687

.3ܪܟܐ

0151.-ܫܐܘܬܘ

.2513 -.2078

-.2092

-.1067

ܬ993

STATION STATION 5 STATION 6

CPL CPL

ܝܐܐܪܘ

XIC

.010

.025

.050

. 100

.200

.0286

CPU

-.2133

- . 3868

-.4168

- . 3880

-.5974

-.6273

-.5698

-.3583

- . 3020

-.3329

ܙܐ0ܐܬ

ܫܐܐܘܐ

ܙܪܘܘ

CPU

-.2074

..2878

-.3259

-.3719

-.5437

-.5663

-.6127

-.6816

-.7997

-.7925

.0914

.600

.800

ܙܕܘܘ

.0889

.0952

.0889925

X /C X / CCPL

܂.ܒܘܕ3640.- ܝܘܐܘ

ܪܐܬܪ

ܝܘܟܐ

.025

.050

.0323

.0073

ܝܐ00

ܝܬ00

.210

.025

.050

.100

.200

.300

.400

200

.600

.700

.400

.600

ܝܘܐܘܐ

ܝܐܟܘܘ

ܙܐܪܪܟ

ܫܐܘܐܐ

܂.ܐܐ8ܪ

ܘ800

ܝ00$

ܘܪܐܟ

ܝܘܐܠܘ

.900

.325

.. ; 50

ܝܐ568

ܝܐ95ܐ

34ܐܕ

136ܐܪ

CPL

. 3465

X/C

.025

.050

XIC

.025

.050

.075

. 150

-.1040

-.0095

ܝܐ0ܘ

܂ܐ0ܘ

ܫ300

ܝ450

ܝܐܐܟܪ

ܘܐܐܐ3

.2390.600

.50

.300

.400

.500

.600

.700

ܝܐܐܘܐ

ܘܘܘܘܝܐܐܬܐ

ܝ850 .2454 ܙܘܘܘ

X/ CX /C

.005

CPL

.0013 ܘܘܐܘ

ܝܘܐܘܙcܐ5 cesܙ

.1429 .050

ܝܐ6ܘܘܙܐ0ܘ

ܝܐ8ܟܘ

.0431

.1958

. 200

.400

.600

.800

.900

.925

ܝܐ933

.025

.050

. 100

.200

.300

.400

.500

.600

.700

.800

500

.925

.95o

.1820

ܫܐ363

. 2608

.3022

. 3463

. 3564

X /C

.025

CPU

-.3702

-.3933

CP

. 3468

X/ C

.025

.050.1463 ܝܘܪܘ

ܙܐܐ65ܝܐܘܘ

ܫܐܐ04

ܝܐܐ88

.4ܐ96

••ܪܐܐܐ

.ܐ0ܐܐ

..075

. 150

. 300

.450

.600

.750

.800

.850

.2308

.2584

. 2649

. 1564

.1556

. 1624

.1732

.1766

. 2362

.2384

.2405

-.6506

-.6600

-.5785

-.4806

-.4163

.200

.300

.400

.500

.600

.700

.800

ܝܐ908

.3469
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TABLE VIII.- Continued

(g) w = 8,460:

STATION ܬ STATIUN 2 STATION 3

CPU

-.1795

-.1763

X / C

.005

.010

.025

CPU

-.4951

-.6380

CPL

. 3287

.3275

.2938

CPU

-.7547

-.7572

-.6903

CPL

. 3825

.3206

,.3ܐܬ.61ܘ31508.

ܨܐܐܐܬ ܝܐ63ܐ .ܘ550ܐ8ܐ ܝܐܘܘ

ܫܐܬ00

ܬܐܛ5

-ܝܐܐܪܕ . 2680

܂3܀ܐܢ

.ܟܐܐܪ

-.5619

-.5108

-.5559

-.6096

-.5448

-.4583

.25e3

.0644

.2390

-.6547

-.6383

- : 5303

-.3003

-.2242

.2567

.2806.300 .

ܝ406 ܝܐܐܘܘ 4244.-ܝܐ9ܐ9

-.3890.500 .2119

. 2541

. 3238

.ܘ360900. .ܟܕܐ -.380ܐ.ܐܬ93 ܽܝܐ90

.700

܂.ܘܘܘ

ܝܪ90

3152.-••ܐܐܐܐ

-.2306

-.2886

-1910

-25d

-.2307

.2796

.3089

.3572

. 3670

.850

7O;ܝ ܝܬܐܐ9

STATION 4 STATION 5 STATICN 6

CPU CPU CPLCPU

ܝܘܐܘܘ7927.-

CPL

. 3541 ,ܐܐ2ܐ

X / C

.010

.025

.050

-.8063 .1ܘܘܘ .1858

.ܐܐܐܐ

ܝܐܘܘ,ܘܶܐܐܘ

.2387

.2529

.2526.200

.400

.600

-.1351

-.7102

-.6186

-.3783

- . 3039

ܐܟܟܐ

. 1039

.0972

.0638

-.6805

-.6516

- , 8502

-.740 )

-.7386

-.6394

-.5376

-.4635

-.5854

-.5326

-.5191

-.6438

-.1582

-.7931

-.8900

-1.0022

-1.0295

ܝ800

.2472

.2621

.2537$ 00

.525

.0583

.0481

.051 -ܪܬܐܐ. ܝܐܢܢܕܟ

(h) v - 10,650

STATION STATION ܐ STATION 3

CPU CPL CPUX / C

.005

.010

CPU

-.3346

-.3458

ܐܨܐܘܐܐ ܪܐܪܐ ܐܨܪܘܐܐ

CPL

5090

.4420

.

36ܐܶܘ ܝܪܘܬܐ

܂.25 ܝܘܕܘ

-1.0873

-.9237

-.7569

-.6232

.4458

. 3982

. 3521

.3179

.3444

. 3228

c961.63ܐܐ܂••

•ܘ60ܐ

ܝܐ863

-1.2290

-.86 75

-.1666

-.7550

-.6817

-.5439

-.3037

-.2137

-.2036

. 100

.200

.300

.400

.500

.600

.700

.800

.900

.550

O

-.3987

-.4261

-.4054

-5986

-.4886

-.4331

-.4076

-.4103

-.3416

-.2412

-.3146

-.2159

.2786

.2616

.2520

.2013

-.5852

-.4946

-.4775

. 3032

. 3016

. 3265

.3670

-.2783

-2

.3009

. 3266

.3734

.3833

,ܐܪܟܘ

ܫܟܐܘ -.2474

STATION ܟ STATION 5 STATION 6

XIC CPLCPU

-1.3360

CPL

. ܫܘܐܘ3699

CPU

-1.4842

025.ܐܨܐܐܪܪ

.050

.2985

CPU

-1. 2663

-1.2695

-1.0728

-.6684

-8869

ܐܕܘܘܐܕ

-.7324

ܘܬܘܘ ,ܐܐܐܐ

.200

..0966

..0788

ܪܘܘ0335. .18ܬܐ

-.9461

-.8435

-.9547

-.8225

-.8012

-.6686

-.5734

-.4917

.3117

.3190

. 3039

. 2541

.2573

. 2680

.2564

.2246

-.85 78

-.9315

-.9692.600

.800

.900

.925

-.6268

- 3658

-.2711

-.2687

ܐܝܘܕܟܘ ܝܘܐܕܬ

ܢܘܐܐܐ

ܙܘܐܕܐ

-1.1957

-1.2450

CPL

. 1635

X / C

.005

ܫܐܟ89

.ܐܘ88

ܘܘܐܘ

.025

.050.1312

ܫܐܪܬܐ ܫܐܘܘ

X/ C

.010

.025

.050

. 100

200

.400

.600

.800

.900

.925

.1958

.2005

ܘܐܘܘ7

܂.ܐܐܬ6

ܝܬ075

ܝܐܢܐܐ

200

1300

400

• 500

.600

. 100

) 800

.900

.925

.450

-.0202

ܝܐܪܐܐ

.31 70

CPL

. 4376

X / C

.025

.36ܐܬܝܘ50

33ܐܕ

ܝܬܟܐܟ

.075

. 150

.2677 oܢܘ

70

.025

.050

. 100

200

.300

.400

500

.600

.700

.800

ܝܐܐ09

ܝܬܐ36

.450

.000

.750.2743

ܝܐ985ܝ800

ܙܪܪܪܟ .850

X/ C

܂ܘܬܘ

CPL

.1965

.1830

.1425

. 1710

.025

.050

X/C

.005

.010

.025

.050

.100

. 200

. 300

.400

ܝܐܘܘ

ܙܐܘܐ9

2ܐ25

ܝܐܐܘܐ

.200

.400

.600

.800

.900

.925

ooܝܪ

.2180

• 2030

. 2304

.2535

-.0151

.600

.700

doܝ

500

.925

.950

.3244

X /C

.025

.050

ܝܐܘܘ

CPL

. 5298

.4683

.4172

.4152

. 3301

.2952

. 3015

.2955

X /C

.025

.050

.075

. 150

.300

.450

.600

.750

.800

.850

. 200

.300

.400

.500

.600

. 700

.800

ܙܐ95

.3694
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TABLE VIII.- Continued

( i) Q = 12.900

STATION 1 STATION 2 STATION 3

X/ C CPU X/ C CPU CPL

ܢܘܘܪ5326. 2c88ܘ

CPL

.2299

.2164

.1867

CPL

.3988

. 5023

ܝܘܐܘ ,ܐܐܟ8

1.3757.010-ܐܝܟ952

.025

025.ܝܪ964

ܐܝܐܘ05098. ܝ46ܐܪ

ܝ4ܐ95

-1.2401

ܝܘ980850.-

ܫܐܘܘ

CPU

-.4752

-.5041

-.5448

-.5601

-.6205

-.6138

-.6115

-.5696

-. 4956

-.4500

ܐܐܟܪ

ܐܐܝܘ

ܙܐܘܘ

ܙܬܘܘ ,ܘ663

2643

.3794

.1308

ܕܐܐܘܘ3229.

-.9358

-.7042

-.6951

-.7050

-.6256

-5340

-.5072

-.7077

-.5590

- , ܝܐܪ6ܐ3502

.4637

.4090

. 3620

.3200

3252

.3219

3365

.3749

.2540

. 2340

.200

.300

.400

.500

.600

.700

.000

.900

.400

.600

) 800

.900

.925

ܝܐܘܘܪ .. 2855

. 3127 - . 3037

4ܪܐܘ

ܝܶ݁ܬܪ̈ܪܶ݁ܕ

ܝܐܕܘ

-.0006 ..2657

- , 2442

.3145

. 3386

-.3735

-.2583

-.2798

-.1126

ܐܐ3ܐ

ܝܐܐܪܕ ܝ$$ܘ,ܐܪܘܟ

ܪܐܘ

•38ܐܪ

-.2270 . 3925

STATION 4 STATION 5 STATION 6

XIC CPU CPL CPU CPLCPL

ܝܘܐܠܘ4720. ܐܨܐܪܐܬܘ ܫ338ܐ ܐܚ3633

CPU

-2.7074

-2.3181

-1.7389

X / C

.025

.050

.100

. 3120.025

.050

.100

ܙܪܐ6ܐ

ܝܪܬܬܪ .3167

-1.3734

-1.3519

-1.7052

-1.6729

-1.5904

-1.0520

ܐܙܘ3ܙ5 ܫ4ܐܟܘ ܝ20ܘ ܐ.ܐܘܐܐ

.3269 ܐ0ܘ300.

ܙܪܘܘ

.4092

. 3801

.3396

.3235

. 3092

. 0451

.0477

.0049

-.9173

ܫܵܬܘܘܘ1.0059- ܙܪܘܘ

-.9639

-.7994

-.6200

-.3379

-.2315

838ܐ

600.ܝ8ܘܐ: ܐܝܐܘ8ܪ

ܶܘܘܘ -.0230

.2584

.2024

.2456

. 2081

ܝܢܐܐܐ

-.5903

-.6151

..5345

.500

.600

.700

.800

.900

.525

ܝܘܐܘܐ

-1.2347

-1.3738

ܝܬ1.4666095- .3554 -.0160

(j ) __ -15.220

STATICN 1 STATION 2 STATION 3

CPL CPL X /CX / C

.005

CPU

-3.1911

-2.3433

CPL

ܕܐ6ܐܘ5081 ܝܐܐ83 ܝܘܐܠܘ

CPU

-24968

-2.5562

-2.5015

.2502 .4965 ܢܘܐܘܝܪܪܘ6

ܘܐܪ

.025

ܫܐܐܟܙܝܪ050986.

2ܬܐ

ܙܫ3936

ܐܕܘܕܝܪ

.5205

.4717.050 .4123 ܝܐܘܘ ܐܨܐ357

ܪܬܐܟ ܙܐܠܘܘܙܟܐ66

ܙܐܠܘܘ

• 2567

.3025

-.8951

-.8085

ܫܐܢܐܐܪ,ܐܐܐܐ

ܫ288ܐ

2ܐ25

.300

.400

.500

.600

.700

.600

.900

.200

.400

.600

.800

.900

525

. 1585

.3569

.3324

. 3104

. 3414

-.7508

-.7042

-.5614

-.3508

-.2910

-.31 39

-.6638

-.5500

-.5329

. 3556

. 3471

.3431

. 3533

.3978.2812

. 3007

-0088 -.3009

ܝܐܪܐܐ .22ܐܐ

ܝܪܕܘܝܬܐܙܐ

ܝܟܐܘ

. 3308

3300

3514

. 3869

. 3944-.1948

STATION 5 STATION 6

CPL CPU CPLX/C

.025

.050 .3149

X/ C

.010

.025

.050

. 100

.200

. 400

.600

.800

.900

ܝܐܘܘ

ܐܘܘ

CPU

-1.5742

-1.5425

-1.5133

-1.4881

-1.3620

CPL

.4330

.5621

.5556

. 4864

.4238

3507

.3419

.3248

.3413

. 3665

.0813

.0222

-.0271

o

ܐܝܐܐܘܟ

.300

.400

.500

.600

.700

.800

-1.0687

-.8903

-.8321

-.7236

,ܘܐܐܐ

-.0235

ܝ0220925.-

X/ C

ܝܢܘܪ

ܢܘܐܘ

ܝܘܐܪ

.050

ܝܐܘܘ

. 200

. 300

.400

.500

.600

. 100

ܝܘܘܘ

.900

.925

ܝܪܕܘ

A/ C

.025

ܘܘܪܘ

ܢܘܐܕ

. 150

. 300

ܫ420

.600

.750

uodܫ

d50܂

CPU

-.6297

-668

XC

.005

܂ܙܘܐܘ

ܐܘܪܪ .025

.050

.100

. 200

. 300

. 400

. 500

.600

-.7464

-.7894

-.8106

-.7503

-.6675

-.5733

-.5000

-.4824

-3922

..2828

-.2856

-.1962

• 100

ܝ800

. 900

.925

1950

STATION

CPU

-2.0954 .3649 ܐܐܐ39

ܐ329 -1.2685

-2.1577

-2. 1867

X/ C

.025

.050

.075

.150

. 300

.450

.600

.750

.800

.850

ܐܕ8ܐܟ8

. 3469

.4115

. 3463

.2755

ܐܨܐܘܐܘ

ܐܙܐ469

ܐܕܐ552

ܐܨܐܘܘܐ

ܝܐܐܐ8ܐܕܐܪܪܕ

-.6939

-.6204

-.3784

- 3094

-.3380

.2525

.2333

. 1928

-1.2826

-1.3171

ܐܕܐܟܘ
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TABLE VIII.- Continued

(k) 17,420sܣ

STATION ܐ STATION ܬ STATION 3

CPL CPLX/ C

.005

CPU

- 2.7371
ܝ46ܐܐ

CPL

.3036

.2857

. 2623

ܝܘܐܘ ܐܝܐܐܐܟ

.025

.050 ܶܐܪܟܐ

ܙܐܠܘܘ

CPU

-.7829

-.8131

-.8733

-.8950

-5908

- . $ 705

-.8775

-.7678

-.6753

-.5838

-.5297

-.4392

.3091

.3506

•3574

3304

. 3095

.3220

CPU

-2 : 3899

-2.3956

-2.4301

-2.9414

-.5960

-.6840

- , 6185

-.4038

-.3340

-.3438

-3.2401

-2 : 5162

-.1594

-.7384

-.7403

-.6883

-.6100

-.6074

.200

.300

.400

.500

.600

.700

.800

.900

.950

.5562

.5447

.5018

.4446

.3758

.3550

3514

. 3454

3865

ܫܐܐܐܐ

.0077

ܨܪܐܪܐ3005.

-.3626

-.2478

3329.-ܙܪܪ225498.-

$ܐܘ2302.- ,ܐܐܐܐ

STATION ܀ STATION 5 STATION 6

X/C CPL CPLCPU

ܝܘܐܘ1.2529-

.3826.025

.050

CPU

-1.9466

-1.9561

-1.9462

-13808

-2.0255

• 3902

. 5686

.5635

.5619

. 4530

. 3830

ܐܙܐ833

ܐܕܬܟܐܘ

ܐܝܐܐܐܐ

ܐ.ܐ326

ܙܐܠܘܘܝܐܐܪܐ

ܝܐܘܘ

CPU

-1.0880

-1.0625

-1.0683

-1.0504

-1.0404

-1.0005

-.9847

-.9409

-.9014

-.8734

.0754

. ܐܚ03062809 -1.0594.400

.600 ܝܢܪ96 7831.-ܐܕܘܐܘܘ

܂.ܶܘܘܘ5510.-

900..ܟܐܘܘ

.925

.3173

. 3246

· 3566

-.9440

-.9238

-.8626

.0286

.0163

-.0047-.5205

( 1) v : 19.616

STATION ܐ STATI UN 2 STATION 3

CPL
CPU

-.9241

-.9587

CPU

-2.7042

CPU

-2.3192

X/C

.005

.010

.025

.050

ܙܪܪܬܐ

2ܝܐܐܐܐ -356ܐ5700.

ܐܕܪܐ6ܐ ܝܪ8ܐܐ

-3.0980

ܐܙܘ099

ܐܙܘܪ50

ܐ.ܐ386

ܐܝܐܐܐܐ

ܐܝܘܐ69

-3.0454

-3.6204

-.6933

-.7460

ܙܐܠܘܘ ܐܕܪܘܘܐ

CP

.3255

.3191

.2453

. 3224

. 3428

3850

. 3924

. 3658

.3372

. 3427

.3455

.0095

.3135

. 3610

. 200

.300

.400

.500

.600

.700

.800

.900

.950

ܐ8ܐܪ

- . 7696

• .7050

-.6714

.5460

.4873

. 4002

.3776

. 3458

.3373

.3746

-.7610

- , 6868

-.4705

-.3896

-.4033.

-.8799

-.7486

-.6455

-.5846

-.4865

- . 3527

-. 3526

-.2484

- , 6269

-.3135

- . 2899

ܫܕܐܘ2407.-

STATION STAT ION 5 STATION 6

CPU CPU CPLX/ C

.010

.025

.050

.3642

ܫܐܘܘ

CPL

. 3730

.5808

.5832

.5793

. 4797

.4042

. 3636

.3226

. 3094

.3453

. 1463

200.ܘܘܐܐ

.400

.600

.800

.900

.925

. 0497

.0333

ܝܘܐܘܐܠ

X / C

.005 62dܝܐ ܀ܘ89

ܝܘܐܠܘ

X /C

.010

.025

.050.5364.025

..050 ܙܐܘܘ

ܝܐܘܘܙܐ0ܘ

ܫܬܘܘ

ܢܪܐܪ8

ܘܟܐ98

ܐ832

ܟܘܐܪ

.400

. € 00

.800

.900

.300

.400

.500

.600

.700

. 3656

. 3391

.34éܐ ܫܪܘܪ

ܝ800 . 3309

.33761900

3.925ܐܟܕ

.950 3846

X/ C

.025

CPL

.3803

X /C

.025

ܝܘܪܘ050.

.3415 ܝܐܘܘ

ܝܪܬܪܘܝܐܘܘ

.075

. 150

. 300

.450

.600

.750

. 3607

.2846

. 300

.400

ܝܐܐܐܐ500.

ܝܐܪܘܕ

ܝܶܘܘܘ

ܝܘ50

.2109

.1534

ܙܘܘܘ

ܙܐܘܘ

donܙ

CP X/ CX /C

.005 ܝܘ568 ܝܘܐܘ

ܝܘܐܘ .025

.050.025

ܙܘܪܘ

ܙܐܘܘ

ܫܐܘܘ

ܝܐܘܘ

ܝܐܘܘ

. 4310

.5419

.5421

.5150

. 2016

.4283

.3860

.3635

.3753

.400

.600

.800

.900

.925

. 300

.400

.500

.600

.700

.800

.900

.925

3388

.3316

3653

ܝܪܕܘ ܫܐܠܐܘܘ

CP

. 3421

CPU

ܐܨܐ1.036893-

xrc

.025

.050 ܐܫܘܪܟܐ

ܘܬܘܘ

X/C

.025

.050

.075

.150

. 300

-1.7677

-1.7913

-1.8245

-1.8871

-1.0289

ܐܚܐ098

ܐܐܬܘܐܠ

ܐܙܐ82ܐ

ܐܐܐܐܪ

ܐܨܐܐ58

ܐܘ8ܐܐ
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.3594

4535
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. 3066

.2877
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TABLE VIII.- Concluded

( m ) __ 21.776

STATION 1 STATION 2 STATICN 3

CPU X/ CX/ C

.005

X/C

.005

CPU

ܝܘܐܘ2.0299-

ܝܘܐܘ ܝܘܐܘ

ܐܙܘܘܐܐ

•ܐܙܘ886

ܐܙܐܘܘܟ

ܙܝ2085

CPL

3611

3459

.3248

. 3625

.3822

CPU

-3.0079

-3.0312

-3.0574

- 3.5501

CPL

-.0021

.3981

.5501

.5690

.5446

ܐܕܘܘܪܐ

CPL

.4464

.5776

.6029

.5028

.5030

.025

.050 .

.025

.050

.100

.200

.400

.600

-1.3000 ܝܐܘܘ ܐܨܐܘܘܐ

ܝ4241•ܝܘܘܐܐ ܐܕܐܐܐܐܝܪܐܐܘ

•ܐܕܐܟܪܪ

ܫܐܐ$$

ܝܟܪܘܘ

.025

.050

. 100

.200

.300

.400

.500

.600

.700

.800

.900

.950

.970

-.9987

-.8550

-19398

-2.0440

-1-9889

-.9736

-.8094

-.6008

-.5003

.5308

. 200

. 300

.400

.500

.600

700

.800

..9010

- .9251

-.8691

-.8196

.4159

.3681

.3725

ܝ8ܘܘ

ܝ̈ܪ0ܘ

.4247

.3951

. 3636

.3607

3626

.0086

3239

.3651

.3682

.29d8

. 2840

.128ܐ3191. .925

. .

-.6674

-.5586

-.4153

-.3799

- , 2685

. 900

-.6028

-.4942

-.4945

.3191

2936

. 3301.925

.950 ..ܪܪܪܟ ܫܐܐܢ8

STATION 4 STATION 5 STATION 6

CPU CPU CPLCPL

. 2999

X/C

.010

.025

.050

ܐܙ6585

ܐܙ660 ܫ453ܐ

CPU

-.9243

-.9166

ܐܝܐ516

ܐܝܐܪܐܐ

ܐܝܐ303

ܐܨܐܐܐ8

-1.6738

X/ C

.025

.050

.100

.200

.300

ܪܐܙܐ

ܫܐܘܘ Oܐܕ6ܐܕܐ

ܐܨ538ܐ

ܐܙܐ906

CPL

.3582

5785

.5799

.5793

.53 71

. 4135

.3515

2894

. 2506

.2863

X/C

.025

.050

.075

.150

.300

.450

.600

.750

.800

.850

. 3600

. 4044

. 3832

. 3003

.1578

.1021

.0579boܝ

. 200

.400

.600

.800

.900

.925

. 1.0412-ܝ2ܐ35

-.7916

-. 7361

-.7841

-1.0581

-.9918

•.9467

.8828

-.8756

..8277

..9082

.86 38

.8369

..80 78

-.7905

-.7584

-.7430

. 2360

.500

.600

.700

.800

ܫܐ926

.0374

.0204

-.0016.1467
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L -71-8385

Figure 2.- Photograph of model in Langley high-speed 7- by 10 -foot tunnel.
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EFFECT OF VERTICAL - TAIL LOCATION ON THE

AERODYNAMIC CHARACTERISTICS AT SUBSONIC SPEEDS OF A

CLOSE -COUPLED CANARD CONFIGURATION

Jarrett K. Huffman

Langley Research Center

SUMMARY

A study was conducted to determine the effects of various vertical - tail configurations

on the longitudinal and lateral directional - stability characteristics of a general research

fighter model utilizing wing- body- canard. The study indicates that the addition of the high

canard resulted in an increase in total lift at angles of attack above 4° with a maximum lift

coefficient about twice as large as that for the wing- body configuration . For the wing-body

(canard off ) configuration , the center- line vertical tail indicates positive vertical - tail

effectiveness throughout the test angle - of - attack range ; however , for this configuration

none of the wing -mounted vertical - tail locations tested resulted in a positive directional

stability increment at the higher angles of attack .

For the wing -body - canard configuration several outboard locations of the wing

mounted vertical tails were found. These outboard locations encountered favorable inter

ference from the canard such that their directional - stability contribution increased in the

high angle - of -attack range . However , all locations of the wing- mounted vertical tails

caused a loss in total lift coefficient with the inboard , forward location indicating the

smallest effect. The results also show that the upper segment of these vertical tails pro

vides the largest contribution to directional stability , particularly at the high angles of

attack .

The results of the study indicate that by careful selection of tail location a favorable

canard interference is encountered. Therefore it would appear that for a configuration

with a more representative fuselage a directional stability should be obtained with reason

ably sized surfaces .

INTRODUCTION

In the studies presented in references 1 to 8 , it was shown that the addition of canard

surfaces may provide performance improvements to maneuvering aircraft configurations.



These studies have concentrated almost entirely on the longitudinal aerodynamic charac

teristics of the configurations over a wide angle - of - attack range. In order to take advan

tage of the increased maneuvering performance that a canard or any other maneuvering

concept may offer , the configuration must exhibit good handling qualities over a wide range

of maneuvering conditions. Because of the interest in the longitudinal aerodynamic char

acteristics , a knowledge of the interference effects of the canard and canard flow fields

on the lateral- directional characteristics of a representative configuration at high angle

of attack is of increased importance . Therefore , the present paper presents the results

of a research program which studied the effects of vertical - tail locations on the aerody

namic characteristics of a close - coupled canard configuration . This study was conducted

in the Langley high- speed 7- by 10- foot tunnel at a Mach number of 0.30 . The angle - of

attack range of the study varied from -4 ° to 40° at sideslip angles of 0° and + 5°.

SYMBOLS

The International System of Units , with the U.S. Customary Units presented in paren

theses , is used for the physical quantities in this paper . Measurements and calculations

were made in the U.S. Customary Units . All data presented in this report are referred to

the stability - axis system as indicated in figure 1 .

A aspect ratio , b2 /s ( 2.50)

b wing span , 50.8 cm (20 in. )

CD drag coefficient ,

Drag

as

CL lift coefficient ,
Lift

as

Сі rolling -moment coefficient ,

Rolling moment

qSb

C
I
B

OCZ

rolling moment due to sideslip , əß“, per deg

Cm pitching- moment coefficient ,
Pitching moment

qsa

Yawing moment

yawing- moment coefficient ,
qSb

Cn

of n
CnB yawing moment due to sideslip , per deg

aß
1

1

Су side- force coefficient ,
Side force

qs

2



C
U
B

әСү
side force due to sideslip ,

әр

-, per deg

ic local chord, cm ( in . )

c

wing mean geometric chord, 23.32 cm (9.18 in. )

AC1B ,C interference effect of the canard on the effective dihedral parameter

( 28,WBCVT - C18,WBVT)

ACnB,C
interference effect of the canard on the directional stability

E

(Cng,WBCVT CNB,WBVT

SCLB,VT
effect of vertical tail on the effective dihedral parameter

1

(C28,WBCVT - C26 ,WBC)

(Cn3,WBCV
ACNB,VT

vertical tail effectiveness
Cng,WBC)

M.S. model station , cm (in . )

a free - stream dynamic pressure

S
reference area of wing with leading and trailing edges extended to plane of

symmetry, 0.1032 m2 (1.1109 ft2 )

Sc exposed canard area , 0.30S

α angle of attack , deg

В angle of sideslip , deg

Subscripts :

B body

с
canard

fb forward balance

VT vertical tail

W wing
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DESCRIPTION OF MODEL

A drawing of the general research model is shown in figure 2. Figure 3 presents

a photograph of the model without the vertical tail mounted in the Langley high - speed

7- by 10- foot tunnel. The basic model as illustrated in figure 2 (a) consisted of a mid

wing , high- canard combination with the uncambered and untwisted wing having an aspect

ratio of 2.5 , a taper ratio of 0.20 , a wing leading -edge sweep of 44° , and a circular - arc

airfoil section with a thickness of 6 percent at the body juncture and 4 percent at the wing

tip.

The canard had a leading - edge sweep of 51.7º and an exposed area (sc) of 30 percent

of the reference wing area. It was untwisted and uncambered with a circular - arc airfoil

section that varied in thickness ratio from 6 percent at the body juncture to 4 percent at

the tip. (See fig. 2 (a ) . ) The canard was tested at a location above the wing chord plane

as shown in figure 2 (a ) .

A single vertical tail mounted along the fuselage center line (see figs. 2 (b ) and 4 ) as

well as wing -mounted vertical tails (see figs. 2 (c ) and 4 ) were investigated . The center

line tail had a leading- edge sweep of 51.7º and an exposed area of 16 percent of the refer

ence wing area (see fig . 2 (b ) ) with a circular - arc airfoil section that varied from 6 per

cent at the body juncture to 4 percent at the tip. The wing -mounted vertical tails were

located on the upper and lower surfaces of the wing with their total exposed area equal to

the area of the single center - line vertical tail. The wing -mounted vertical tails were of

constant thickness with beveled trailing edges and rounded leading edges as shown in fig

ure 2 (c ) . Their location was varied longitudinally and spanwise as shown in figure 4 .

The moment reference point was taken to be at fuselage station 59.16 cm (23.29 in.)

as shown in figure 2 (a ).

APPARATUS, TESTS , AND CORRECTIONS

This investigation was made in the Langley 7- by 10 - foot high - speed (atmospheric)

wind tunnel. Forces and moments were measured by two internally mounted , six

component strain - gage balances . The forward balance was rigidly mounted to the aft

section of the model and measured the loads on the forward segment of the fuselage

(shaded area of fig. 2 (a ) ) ; this balance is referred to as the forward balance . There was

a small unsealed gap of 0.229 cm (0.090 in. ) between the segments of the fuselage in order

to prevent fouling of the forward balance . (See fig . 2. ) The second balance, which was

located in the aft segment of the model , measured the total load on the model; this balance

is referred to as the main balance .
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The test was made at a Mach number of about 0.3 which corresponded to a Reynolds

number of 1.53 x 106 based on the mean geometric chord. The angle -of -attack range

was -4° to 40° at sideslip angles of 0° and + 5°. The angles of attack and angle of sideslip

have been corrected for the effects of balance and sting bending under aerodynamic loads .

: The drag measurements of the main balance were adjusted to a condition of free - stream

· static pressure acting on the base of the model . Transition strips 0.08 cm (0.031 in. ) in

width and No. 90 carborandum grains were placed 1.14 cm (0.45 in. ) streamwise from the

: leading edge of the wing , vertical tails, and canard as well as 3.28 cm (1.29 in. ) behind

the nose of the fuselage as in reference 9.

PRESENTATION OF RESULTS

The longitudinal characteristics are presented in figures 5 to 9 and the lateral

directional characteristics in figures 10 to 14. The following list of figures is presented

as an aid in locating the results of a particular configuration :

Figure

5

Longitudinal aerodynamic characteristics of wing-body- canard configuration

with center - line vertical tail or wing - mounted vertical tail at locations 1 ,

2 , and 3

Longitudinal aerodynamic characteristics of the wing-body configuration

with center - line vertical tail or wing - mounted vertical tails at locations 1 ,

2 , and 3 6

7
. .

8.

Longitudinal aerodynamic characteristics of wing-body- canard configuration

with center- line vertical tail or wing - mounted vertical tails at locations 4

and 5

Longitudinal aerodynamic characteristics of the wing -body configuration

with center - line vertical tail or wing -mounted vertical tails at locations 4

and 5

Comparison of the longitudinal aerodynamic characteristics of the wing

body - canard configuration with center-line vertical tail or wing -mounted

vertical tails with lower surface vertical tail on and off at location 3

Lateral- directional derivatives for the wing- body- canard configuration with

center-line vertical tail or wing- mounted vertical tails at locations 1 ,

2 , and 3 .

Lateral -directional derivatives for the wing -body - canard configuration with

center- line vertical tail or wing -mounted vertical tails at locations 4 and 5 ...

Lateral - directional derivatives for the wing -body configuration with center

line vertical tail or wing -mounted vertical tails at locations 1 , 2 , and 3 ...

9

10

11

12

5



Figure

13

14

15

1

Lateral - directional derivatives for the wing- body configuration with center

line vertical tail or wing -mounted vertical tails at locations 4 and 5 ...

Comparison of the lateral- directional derivatives of the wing- body- canard

configuration with center- line vertical tail or wing- mounted vertical tails

with the lower surface vertical tail on and off at location 3 .....

Effect of canard on the longitudinal aerodynamic characteristics of the

basic model with vertical tail off ....

Interference effects of the canard on lateral- directional derivatives of the

test models with the various vertical - tail configurations

Vertical - tail effectiveness for the various vertical- tail configurations

Effect of the various vertical - tail configurations on the effective

dihedral parameter .

Vertical - tail effectiveness for wing- mounted vertical tails at position 3

for the wing- body- canard configuration

16

17

18

19.

DISCUSSION

Longitudinal Characteristics

Figures 5 to 9 present the basic longitudinal aerodynamic characteristics for the

wing-body and wing- body- canard configurations. The addition of the high canard to the

wing-body configuration (data presented in figs . 5 and 6 and compared in fig. 15 ) resulted

in an increase in total lift at angles of attack above about 4 ° with a total maximum lift

nearly twice as large as that produced by the wing-body configuration . However , the wing

lift (see fig . 15 (c ) ) shows a loss at low and moderate angles of attack caused by the canard

downwash , with an increase in maximum wing lift of about 28 percent. These results can

be attributed to mutual beneficial interference effects of the canard on the wing and of the

wing on the canard and are discussed in more detail in references 8 and 10 .

The variation in the pitching- moment coefficient with the lift coefficient (see

fig . 15 (a ) ) was linear up to the stall, above which the canard configurations initiated a

pitchup while the wing-body configuration showed a stable break. The center - of - gravity

location was chosen to obtain a stable wing- body configuration ; therefore , the wing -body

canard configuration is unstable because the lift generated by the canard surface is acting

ahead of the center of gravity . As discussed in reference 10 and shown in the data herein .

the wing-body- canard configuration exhibited a significantly lower drag due to lift than did

the wing-body configuration . (See fig. 15 (b ) . )

When the single vertical tail is added at the body center line (see fig . 2 ) , the longitu

dinal characteristics of either the wing- body or the wing- body- canard configurations, as

would be expected , are generally unaffected. (See figs . 5 and 6. )
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Placing the twin vertical tails on the wings of the wing -body - canard configuration

in positions 1 , 2 , or 3 , as shown in figure 4 , caused a significant loss in lift at the higher

angles of attack , an increase in drag due to lift, and a pitchup tendency which occurred at

a lower lift coefficient than with tails off. (See fig. 5. ) The loss in lift is probably causeda

by an interaction of the wing- canard flow field with the wing -mounted vertical tails result

ing in both a wing flow separation and a loss in vortex lift on the wing panel. This result

is evidenced by the absence of large effects of the vertical tails on the wing -body charac

teristics. (See fig . 6. ) As the vertical tails are moved inboard (see fig. 4 and the data

of fig. 5 ) from the wing tips (position 1 ) the lift decreased and the drag increased signifi

cantly , especially in the moderate angle - of - attack range ( 16° to 24°). It should be noted

that the loss in maximum lift coefficient caused by the addition of the wing -mounted verti

cal tails is not just associated with the wing, but the disturbances are felt forward on the

canard such that about 25 percent of the lift loss is on the canard surface . (See fig. 5 (b ) . )

Moving the vertical tails forward on the wing to positions 4 and 5 (see figs. 7 and 8 )

recovered some of the lift loss previously shown for the rear positions of the vertical tails

( positions 1 , 2 , and 3 ) . For the vertical tails in position 4 , nearly all of the lift loss is

recovered. The vertical tails in this position appear to have minimum interference with

the beneficial effects attributed to the leading - edge vortex .

Figure 9 shows the effect of removing the lower surface vertical tails for the verti

cal tails located at position 3 on the wing -body - canard configuration . The data indicate

that removal of the lower surface vertical tails has no effect on the longitudinal aerody

namic characteristics up to a lift coefficient of about 1.3 . Above 1.3 a slight increase in

maximum lift is noted when compared to the complete configuration with the upper and

lower wing -mounted vertical tails. It would appear that the upper surface vertical tails

were the major contributor to the lift loss .

Lateral - Directional Stability Characteristics

The effects of the various vertical - tail configurations on the lateral- directional

e derivatives are presented in figures 10 to 14 as a function of the angle of attack . The fol

25 lowing discussion is based on incremental effects , since the fuselage of the model tested

te does not represent the fuselage that would be utilized on an actual aircraft. The total

in effects of the canard on the directional stability and the effective dihedral parameter

and

AC1B ,C, respectively) as a function of angle of attack are presented in fig

ure 16. The addition of the canard caused a large negative directional - stability increment

at angles of attack above 20°. This negative increment associated with the addition of the

canard is present regardless of the vertical- tail configuration and appears to be primarily

the result of a change in sidewash on the aft fuselage. The addition of the center -line ver

tical tail resulted in an even greater adverse effect on the directional - stability increment

(ACnB ,C
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associated with the canard as well as a more negative effective dihedral parameter at

moderate and high angles of attack . This further indicates that the sidewash is adverse

in the region of the vertical tail. A slight destabilizing incremental contribution is noted

from the forward fuselage section of the model upon the addition of the canard . (See

figs. 10 (b ) and 12 (b ) .)

The results for the wing - mounted vertical tails at locations 1 , 2 , and 3 are also

presented in figure 16. The large unfavorable effect of adding the canard to the configu

ration with the vertical tails off is significantly reduced for the configuration with the twis

vertical tails. This reduction would indicate that the twin tails may be located in a regio:

of favorable sidewash at the higher angle of attack . The data also show that as the verti

cal tails are moved inboard along the same longitudinal line (same tail length ) little or no

effect is noticed up to an 18° angle of attack , above which angle inboard movement from

positions 1 to 2 resulted in a decrease in the unfavorable canard directional- stability

increment and a more negative effective dihedral - parameter increment. However, inboard

movement from positions 2 to 3 resulted in only a slight change in the directional- stabilit

increment with essentially no change in the effective dihedral -parameter increment.

>When the vertical tails are located at position 4 , the results show a slight, favorable

stability increment up to about a 19° angle of attack and large unfavorable stability effects

at the higher angles of attack . In the range of angles of attack between 200 and 26° , the

unfavorable effect appears larger than for the tail - off configuration , indicating an unfavor

able sidewash on the twin vertical tails. At position 5 the data indicate that the twin tails

are in an unfavorable sidewash field up to angles of attack of about 30°. (Note the larger

unfavorable increment for the twin tails than for the tail job. ) Thus , for the wing -mounte:

vertical - tail locations investigated , a location inboard of the wing tip and outboard of the

canard tip encounters favorable canard interference , thereby reducing the overall adverse

canard effect.

The vertical- tail effectiveness parameter and the effect of the vertical - tail configu

ration on the effective dihedral parameter , respectively , as a function of angle of attack

are presented in figures 17 and 18. For the canard- off configuration (right side of figure

the center-line vertical tail shows positive effectiveness over the entire test angle - of

attack range . The data for the wing-body configuration with the vertical tails off presentes

in figure 12 (a ) indicate a favorable interference effect at high angles of attack resulting in

the configuration exhibiting positive stability at angles above 23°. This effect is the result

of a favorable sidewash on the aft fuselage of the configuration . This favorable sidewash

was undoubtedly carried over to the configuration with the center- line vertical tail as

evidenced by the positive increment in stability above a 24° angle of attack . When the

vertical tails are wing mounted (canard off), the vertical- tail effectiveness is at best

neutral at angles of attack above 23º , indicating that the wing - mounted vertical tails are

located in an unfavorable sidewash field.
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The addition of the canard to the configuration with the center- line vertical tail

resulted in a loss in tail effectiveness such that, at an angle of attack above 24º , the contri

bution of the vertical tail to stability was destabilizing. This effect is probably caused by

the canard flow field altering the induced sidewash in the area of the vertical tail. For the

wing -mounted vertical tails 1 , 2 , and 3 (canard on ) , the effectiveness is positive and essen

tially constant up to 18° angle of attack ; above this angle the effectiveness increases with

increasing angles of attack . At positions 2 and 3 , because of a favorable canard inter

ference , a positive effectiveness over the entire angle - of -attack range results. The data

for the configuration utilizing wing -body - canard with wing -mounted vertical tails at posi

tions 4 and 5 indicate that at position 4 the vertical tails show positive effectiveness with

an increasing angle of attack ; at position 5 the effectiveness is positive up to about 23°.

The data of figure 18 indicate little or no effect of the vertical- tail configurations on the

effective dihedral parameter. However , the addition of the canard in general caused a

slightly more positive effective dihedral parameter for all vertical - tail configurations at

high angles of attack .

>

The vertical - tail effectiveness for the wing -mounted vertical tails at position 3 for

upper and lower surface -mounted and for upper surface only is shown in figure 19. The

data indicate that at low to moderate angles of attack the upper surface vertical tails pro

vide about half of the directional- stability increment , while at angles of attack above 23°

they provide about two - thirds of this total increment.

CONCLUSIONS

A study to determine the effects of various vertical- tail configurations on the longi

tudinal and lateral stability characteristics of a general research fighter model utilizing

wing -body -canard indicated the following results :

1. The addition of the high canard to the wing body resulted in an increase in total

lift at angles of attack above about 4° with a maximum lift coefficient about twice as large

as that produced by the wing -body configuration.

2. For the wing body (canard off), the center-line vertical tail indicated positive

vertical - tail effectiveness throughout the test angle - of- attack range .

3. For the wing-body configuration none of the wing -mounted vertical - tail locations

tested resulted in a positive directional- stability increment at the higher angles of attack .

4. The addition of the canard to the wing - body center - line vertical- tail configuration

produced a large negative increment in directional stability at the higher angles of attack .

5. For the wing -body - canard configuration several outboard locations of the wing

mounted vertical tails were found to have favorable interference from the canard such that

their directional - stability configurations increased in the higher angle - of - attack range.

9



However , all locations of the wing -mounted vertical tail caused a loss in total lift coeffi

cient. The inboard , forward location indicated the smallest effect..

6. The results showed that the upper segment of the vertical tail provided the largest

contribution to directional stability , particularly at the higher angles of attack .

7. The results of the study indicated that by careful selection of tail location a favor

able canard interference was encountered . Therefore, it would appear that for a configura

tion with a more representative fuselage, a directional stability should be obtained with

reasonably sized surfaces.

Langley Research Center ,

National Aeronautics and Space Administration ,

Hampton , Va. , May 20 , 1975 .
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PREFACE

Studies have shown that voltage breakdown is a recurring problem in high

voltage spacecraft systems and that about 75 percent of the breakdown

problems are attributable to faulty design of the high -voltage power sys

tems. The major reason for the recurrence of high -voltage power break

down problems is the lack of documentation describing those special design

and fabrication techniques which have yielded successful flight high -voltage

power supply hardware.

The information contained in this document has been gathered from many

sources in the aerospace industry and in the Government . It includes the

fundamentals of voltage breakdown, specific information on materials,

components, parts selection , processing, encapsulation and conformal

coating, stresses on parts, outgassing, venting, and mechanical arrangement.

Typical examples of successful high -voltage power supplies are included.

J. F. Sutton

J. E. Stern

iii.
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SPACECRAFT HIGH -VOLTAGE POWER

SUPPLY CONSTRUCTION

John F. Sutton and Jesse E. Stern

Goddard Space Flight Center

INTRODUCTION

Breakdowns associated with spacecraft high -voltage power supplies are a

recurrent problem. Because three out of four breakdowns can be attributed

to faulty design (Reference 1 ) , a collection of design data parameters for

high -voltage power supplies should prove useful to experimenters. This

document includes design aids and listings of some material properties.

Although this collection of data is not comprehensive, it is representative

of the types of problems that are frequently encountered.

A brief description of breakdown fundamentals is presented to serve as a

basis for the parameters and problems explored. Also presented are details

of design experience associated with encapsulation techniques (a promising

new encapsulation technique is briefly discussed ) the depressurization

and outgassing of unpotted power supplies; and problems experienced with

individual electronic components.

In order for designers to benefit from past experience in equipment designed

for use in the severe space environment, current design practices and

several successful high -voltage power supplies are described . These incor

porate several techniques for solving the breakdown problem and may aid

in new designs.

The appendixes include three documents which provide examples of careful

attention to detail given during the design , fabrication , and testing of power

supplies. They are JPL Des. Req. DM505139 A, GSFC Specification

31187B “Helios A & B Missions Detector Bias Supplies and Low Voltage

Power Supplies for Experiment, ” and “ Specifications for Photomultiplier

Tube Power Converter PS -13A , ” a GSFC internal specification ( Trainor ).

Successful high -voltage power supplies have been produced and flown in

NASA spacecraft using these design requirements and specifications.

It is hoped that the data and suggestions included here will prove helpful

to new spacecraft experiment design groups. Suggestions, comments, and

new data will be welcomed by the authors.



BREAKDOWN FUNDAMENTALS OF GASES

Changes in gas insulation properties resulting from electric field variations,

pressurization and surface effect of electrodes , and solid dielectric failures

are fundamental contributors to high -voltage breakdown. This section

provides some basic theory and experimental results applicable to space

craft high voltage systems .

GASES - THEORY

A gas progresses from an almost perfect insulator to a semiconductor and

finally to a conductor , when a uniform electric field of increasing intensity

is applied. This progression is illustrated in Figure 1. (For a detailed

study of electrical breakdown in gases see Reference 2.)

Secondary

Tonization
Breakdown

Applied

Voltage

Alllons

Collected

|

|

|

|

Current

Recombination!

Figure 1. Voltage-Current Characteristic for a

Gas in a Uniform Electric Field .

The first region of interest in Figure 1 is labeled Recombination . In this

region, electrons released from a cathode by background radiation, for

example , cosmic rays, tend to return to the cathode by back diffusion and

because of the space charge field . At a higher applied field intensity, these

2



effects are largely overcome so that essentially all of the ions and electrons

are collected by the electrodes. In the Secondary Ionization region , No

initiating electrons each cause a ionizations per unit distance traveled in

the field direction resulting in a rate of release of new electrons of

dN = N, adx

from which is derived the number of electrons that reach the anode at a

distance d. That is,

N = N. ead

The next region , Breakdown, exhibits a rapidly increasing current due to the

production of additional electrons at the cathode. These electrons are

generated principally by positive ion bombardment. The effect of this

secondary emission due to positive ion bombardment may be understood

by following the sequence of events illustrated in Figure 2. ( This

discussion follows that given in Reference 3.)

Cosmic Ray forms first electron- ion pair

ea
d

electrons

( ead_ 1) new pairs formed in gas

(ead_1) ions Ylead - 1)eadelectrons

Ylead - 1) electrons

Yle ad_1)lead_1)ions

Cathode

y ? (ed_1)lead 1)
y2lead- 1) od electrons

Anode

electrons

HI |

Figure 2. Derivation of Townsend's Breakdown Criterion .
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A cosmic ray releases an electron which causes an avalanche resulting in

ead electrons being collected by the anode ; that is , (ead.1 ) new ions are

formed in the gas and are collected at the cathode. A fractional number, Y ,

of electrons is released at the cathode by each of these ions and results

in anode secondary emission of y (ead.1 ) electrons. Each of these

electrons causes an avalanche , so y (ead.1 ) ead new electrons travel to

the anode . This process repeats so that n, initial cosmic -ray -produced

ion - electron pairs cause a total number, N, of electrons to flow to the

anode , where

N = N.
No lead ++ y (ead - 1 ) ead + y2 (ead - 1 )2 ead + ..... ]

No ead [ 1 + read - 1 ) + y2 (ead - 1 )2 + ... ]

1

= Nead

[ 1 - y (ead- 1 ) ]

N becomes infinite (Townsend sparking criterion) when the denominator

is zero . If the number of ion pairs (ead.1 ) produced by one original ion

is much greater than one , then (ead.1 ) ~ ead , and the breakdown con

dition becomes yead = 1. This criterion is subject to certain limiting

factors as noted by von Engel (Reference 4) .

GASES -EXPERIMENTAL RESULTS

The above theoretical treatment can be used as a basis for understanding

electrical breakdown in gases. Experimentally, Paschen's Law for uniform

fields is a useful design tool for avoiding breakdown. Basically, the average

amount of kinetic energy an electron gains between collisions depends on

the mean free path length , 1, ( Figure 3 ) which is determined by the

collision cross section and gas density . The kinetic energy gained between

collisions in turn determines the cross section for ionization of a gas mole

cule . Thus, it is expected that the breakdown potential should be some

complex function of density and electrode system geometry. This is indeed

the case as illustrated by the Paschen curves of Figure 4 ( Reference 5) . At

high pressures ( that is , density ), a is small; therefore, electrons gain too little

energy per path to produce ionization. At low pressures there are too few

atoms to produce substantial numbers of ions. At pd values of ~1 torr-cm ,

a gas composition -dependent minimum of ~350 volts occurs. Assuming a

1 -cm electrode separation as typical, one can readily see by referring to

Figure 5 that sounding rocket or spacecraft instruments which must operate

while passing through altitudes of 30 to 65 km are particularly prone to co

rona problems.

4



10
3

10-3 10-2 104 1 10' 10°

760

Note : Read Left Hand Scale with Lower Scale,

Right Hand Scale with Upper Scale.

102 104

P
R
E
S
S
U
R
E

,t
o
r
r

10 '

-

10
2

-3

1
10

10-110 10 10 10 ง 10-?

Л cm

Figure 3. Electron Mean Free Path in Air vs. Pressure .

5000

SULPHUR HEXAFLUORIDE

2000

1000

C
O
R
O
N
A

O
N
S
E
T

V
O
L
T
S

CARBON DIOXIDE

500 AIR

NITROGEN

HELIUM

TEMPERATURE 23° c
200

ܝܢ
1.0 10 100

PRESSURE TIMES SPACING ( torr cm)

Figure 4. Direct Current Breakdown Voltage Between Parallel

Plates for Several Gases.
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Figure 5. U.S. Standard Atmosphere , 1962, NASA,

USAF , and USWB , 1962. ( Reference 6 )

In practice, one rarely deals with uniform fields. Nevertheless, Paschen -type

curves such as those in Figures 6 , 7 , and 8 can be used to qualitatively pre

dict the results of design perturbations.

Table 1 is a useful compilation of data that can be applied to estimate the

maximum field which would be developed for any common electrode

arrangement or to choose the better of two alternatives. Note, for example,

that the hemisphere-in -a-plane configuration results in a lower maximum

field than that of the sphere -and-plane configuration when a > r. Also , the

maximum field produced between parallel wires is the same as that between

wires crossing at right angles.
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Frequency 400 Hz

Temperature 24° C
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Figure 8. Effect of Electrode Geometry on Breakdown Characteris

tic in Helium . (Reference 5 )

It is the gas density , not pressure, which is important when considering gas

breakdown. The temperature variation , Figure 6, is found from the perfect

gas law; that is ,

P , V , n , RT,

P2V2 n, RT,

If p . = P2 and V ,d V = V2
= V. then

n
T.
2

1
1

n2
T

Thus, in order to see the effect on a Paschen curve of doubling the tempera

ture , the curve should be replotted with pressure values halved.

Further complications relate to the type and condition of the electrode

surfaces. The type of material can significantly affect the breakdown poten

tial (Table 2). This should be expected under high field conditions on the

basis of variations in Townsend's second coefficient. Surface irregularities

forming high field concentrations on sharp points can lead to field emission .

The charging of insulating particles on electrode surfaces leading to high

fields (Malter effect) and the transfer of particles from one electrode to the

other ( clumping ), with resulting thermally -assisted electron emission , are

other mechanisms that cause departure from ideal behavior. The curve of

Figure 9 , having a plateau at low pd values, is one example of such behavior

under nonideal conditions.
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Table 1

Maximum Field Strength E with a Potential Difference U

Between the Electrodes, for Several Electrode

Configurations ( Reference 7)

Configuration Formula for E Example

Two parallel

plane plates Kod

ola

U = 100 kV, a = 2 cm,

E = 50 kV/cm .a

UrtaTwo concentric

spheres

U = 150 kV , r = 3 cm, a = 2 cm ,

E = 125 kV/cm .a

a U r + aSphere and

plane plate
0.9

U = 200 kV , r = 5 cm , a = 8 cm ,

E = 58.5 kV/cm .a

Two spheres at a

distance a from

each other

a 0.9

9
U r + a/2

a

U = 200 kV , r = 5 cm , a = 12 cm,

E = 33 kV/cm .

Two coaxial

cylinders
r + a

2.3r lg

U = 100 kV, r = 5 cm , a = 7 cm,

E = 22.9 kV/cm .

2r

U

0.9Cylinder parallel

to plane plate
2.3r19 + :

U = 200 kV , r = 5 cm, a = 10 cm,

E = 32.8 kV/cm .224)

26
0.9Two parallel

cylinders

U/2

r + a/2

U = 150 kV.r = 6 cm, a = 20 cm ,

E = 11.5 kV/cm,
2.3 lg

r

0.9Two perpendic

ular cylinders

U/2

r + a/2
U = 200 kV , r = 10 cm , a = 10 cm ,

E = 22.2 kV/cm .a 20 2.3r lg
r

Hemisphere on

one of two para

lel plane plates

3
0 3U

; (ar)
a

U = 100 kV , a = 10 cm ,

E = 30 kV/cm .

2r

Semicylinder on

one of two paral.

lel plane plates

2U

$0
ila » r )

U = 200 kV , a = 12 cm ,

E = 33.3 kV/cm .a

2r
a

E12
Two dielectrics

between plane

plates ( aq> a2 )

€ 2

La 2

UE1

ay € 2 + 8261

U = 200kV = 2,€ 2= 4,ay = 6 cm , az= 5cm ,
E = 11.8 kV / cm .

81

0.605 U

Point and

Plane

L

= 160
a

U = 1kV , L = 160 cm, a= 1cm

E = 605 volts /cm . Compare parallel plate

capacitor with E = 6.25 volts /cm
а

2а

b

Ellipsoidal Boss

on one of two

Parallel Planes

yxß
B = (n /coth- in- 1 /n)

in2 - 111-1

n = c( c2-62,42

Ő - 10,8–50

where

9



Table 2

Breakdown Voltages for Several Electrode Materials

(Reference 9)

( 1 -mm gap after conditioning with glow discharge )

Material Breakdown Voltage (kV )

Steel 122

Stainless Steel 120

Nickel 96

Monel Metal 60

Aluminum 41

Copper 37

102

10 '

B
R
E
A
K
D
O
W
N

V
O
L
T
A
G
E

,K
V

10-1

104 10 -3
10 - 10 - 1 101

PRESSURE , torr

Figure 9. Breakdown Under Nonideal Conditions Showing

Plateau at Low Pressures (after G. Biddison, private com

munication , 1968 ).
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The importance of minute surface irregularities should not be overlooked .

The microscopic field enhancement factor, B ,, due to an ellipsoidal boss on

one plate of an ideal parallel plate capacitor is plotted in Figure 10. Total

field enhancement is the product of ß , times an electrode geometry factor,

B2 , which can range from 1 to 10 (Reference 8). Such enormous field en

hancement factors (8,8, products of~ 102 - ~105 ) can easily lead to field

emission with subsequent voltage breakdown. They account for some of

the wide variations in breakdown voltages reported in the literature .

104

103

-

102

1

F
i
e
l
d

E
n
h
a
n
c
e
m
e
n
t

,B
y

с

10

b

1

1 103101 102

Ratio of the Major to Minor Axes of an

Ellipsoidal Projection , c/b

Figure 10. Microscopic Field Enhancement

Factor B , as a Function of Geometry for an

Ellipsoidal Boss on an Otherwise Flat In

finite Plane .

At very low pressures ( vacuum insulation ) and voltages below ~20 kV,

breakdown is initiated by electron emission from the cathode. Above

~ 20 kV , processes that depend on the total voltage become more important

than field emission ( Reference 9). These processes include electron and

ion bombardment of the electrode surfaces accompanied by emission of

positive ions, electrons, and photons. The effect of such charged particles

and photon interchange between the electrodes is to make required elec

trode spacings increase rapidly with applied voltage (Figure 11 ). It must

also be remembered that surface materials are often not the same as the

base materials and can radically affect breakdown voltage. Aluminum oxide,

for example, exhibits a much higher secondary electron yield than that of

aluminum .

11



700

650

600

550

500

450

4 400

GRADIENT VOLTAGE
350

300

B
R
E
A
K
D
O
W
N

G
R
A
D
I
E
N
T

(VP
E
R

C
M

)

5 X 106

4.5 X 106

4 x 106

3.5 X 106

3 X 106

25 X 106

2 x 106

1.5 X 106

1 x 106

0.5 X 106

B
R
E
A
K
D
O
W
N

V
O
L
T
A
G
E

(k
V

)

250

200

150

100

50

0.01 0.05 0.1 0.5 0.1 5 10 50 100

ELECTRODE SEPARATION (MM )
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ent Between a Steel Sphere, of 1 - in . Diameter, and a Steel

Disc, of 2-in . Diameter, in Vacuum . (Reference 10)

Surface Effects

As shown in Figure 12 , the addition of dielectric surfaces between two elec

trodes can reduce breakdown voltage by a factor of 2 or more at high pres

sures, whereas there is very little effect at low pressures (Reference 11 ). Such

behavior is probably due to adsorbed water vapor as suggested by the study

by Sprengling and Ponemone (Reference 12). They found that volume resis

tivity of epoxy glass circuit laminates along the warp and woof directions

was reduced several decades by exposure to high humidity . Sprengling

(Reference 13) has found a long term irreversible susceptibility to reduction

in surface resistivity due most likely to oxidation caused by the adsorbed

water. Silicones and fluorocarbons were found to be the most resistant to

this type of degradation.

A major problem with surface breakdown is the development of conductive

paths or tracks which can lead to permanent short circuiting of the high

voltage. Table 3 is a listing of the arc resistances and other characteristics

of some materials commonly used in fabrication of electronic devices.

PRESSURIZATION AND ELECTRONEGATIVE GAGES

Normally , high -voltage power supplies employed on spacecraft take advan

tage of the high values of breakdown voltage available at low pressures. It

is also possible to take advantage of the high Vo values at the other end of

the Paschen curve by pressurization. For example, as shown in Figure 13 ,

it is possible to double Vo by pressurization to ~350 kN /m² ( ~ 50 psig) with

air or CO, or Nz . A better approach is the use of an electronegative gas,

b

b

2
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Table 3

Dielectric Strength and Arc Resistance for Selected Insulation

Materials Suitable for Molding, Extrusion or Casting *

Material
Arc Resistance

( seconds)

Dielectric

Strength

( volts per mil )

Volume

Resistivity

- cm

Dielectric

Constant

1014

1-6x1014

2x 1016

1016

1014

240

129-240 ( burns)

no tracks

71-82

180

50-310

unknown

unknown

60-80

125-190

105-140

45-300

unknown

500-2100

500-1210

400-500

310-460

375

230-365

250-400

400

800

400

350-400

300-550

525-550

1010_1014

1010_1015

5.8-6.2

3.5-4.0

3.6-6.4

1015

1012-1015

1015_1016

3.9x 1012-1.8x1016

1012-1011

106-109

2.7-3.7

6.2

3.3-5.5

► 2x 1018

2.5- 4x 1016

1011

1012-1017

> 300

> 360

180

240--300 +

unknown

130-140

92-148

tracks

500-600

- 500-1000

170

350-400

150-600

342-470

400-580

300-40C

1011

3.9-7.61.5x 1011_4x1014

3.0-5.5x 1014

1011-1012

Acetal resin copolymer

Acetal resin homepolymer

Acrylic resins

Acylonitrile Butadiene -Styrene

Alkyd molding compound

Cellulose acetate

Cellulose acetate butyrate

Chlorinated Polyether

Ethyl cellulose

Delrin

Deally! phthalates

Expoxies

Ethylene

Fluorinated ethylene and propylene

( copolymer )

Kel - F

Melamine with glass Fibers

Mica -- glass bonded

Neoprene

Nylons

Nylons with glass fibers

Phenolic molding compound

Phenolic molding compound with glass

fibers

Oxide resins

Phenylene oxide resins with glass fibers

Polycarbonate

Polychlor otrifluoroethylene

Polyethylene, irradiated

Polyimides

H film (5 mil)

Polypropylene

Polypropylene with glass fibers

Polystyrene (heat resistant)

Polysulfones

Polytetrfluoroethylene

Polyvinyl chloride ( Flexible )

Polyvinyl chloride (Rigid )

Polyvinylidene fluoride

Silicone, Mineral filled

Styrenes with glass fibers

Urethanes

Viton , fluoroelastomer

Vespel

1017

1017

3.1

0.4 to 150

unknown

70-120

120

> 360

unknown

230

183 tracks

unknown

73-77

60-135

122

2-1x1016

1.2x1018

> 1015

10'6-1017

2.25 -3.2

1018

>1016

1.7x1016

10'6 -10 "

100450

500-550

1020

400

530

2500

560

3600

750-800

317-475

400-600

425

480

250-800

425-1300

260-1280

390

354-424

6.7.7.5 (60 Hz . )

500

400

10
'6

> 300 > 10 '
018

101
1
-10

14

12.0

2.4> 106

14

2x10 ' *

5X10 ' 4.8

unknown

60 - 80

> 50

230

28 - 41

unknown

unknown

230

3.2-3.7X10'6

2x10 "

2x1013

10'6_ןיי 3.0-3.5

* These values are obtained under standard test conditions and may not be obtained in engineering applications.

6especially SF . Molecules of SF6 readily capture electrons and form heavy

negative ions with much lower mobility than the electrons. In addition ,

SF , is stable below 423°K ( 150° C) , is nontoxic, and does not burn . Figures

14and 15 illustrate the significant improvement in V obtainable through

the use of SF ( Reference 14 ). A 100-kV power supply, described later in

this report, has been successfully designed using pressurization with SF .

6

6

a6

SOLID DIELECTRIC FAILURES

Solid dielectric failures are generally of two types: mechanical and chemical.

Mechanical breakdown is failure due to mechanical overstress of the material

by electrically produced physical forces. This failure mode occurs relatively

infrequently .

Chemical breakdowns, which occur frequently, result from chemical changes

and erosion of the dielectric material due to corona in voids or at external

surfaces. Another factor which aids in the degradation of the electrical

properties of dielectrics is heat produced by flow of leakage currents.
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Inhomogeneity of leakage resistance within the body of the dielectric

coupled with poor heat conductivity can produce high temperatures with

attendant chemical changes. These changes can cause a decrease of resis

tivity by several decades (Figure 16 ) of a portion of the material. The thick

ness of the dielectric is therefore effectively reduced and can lead to com

plete failure. This is the probable cause of the thickness effect - the variation

of material dielectric strength with thickness in which the corona threshold

voltage increases with dielectric thickness as expected (Figure 17), but the

dielectric strength drops markedly ( Figure 18).
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DESIGN EXPERIENCE

>

Based on past experience, this section presents basic design information

regarding individual components and processes. These include encapsula

tion techniques, selection of material and salient characteristics, voltage

breakdown with regard to circuit boards , depressurization and outgassing

of unpotted power supplies, and design information regarding problems

with individual electronic components.

ENCAPSULATION

One method of preventing a gas discharge -voltage breakdown is to exclude

gases from the high -voltage areas. This can be accomplished by encapsu

lating the high -voltage circuitry. Encapsulation provides the system with

mechanical protection from external damage, structural support for the

components against shock and vibration, and protects the high -voltage

system from gas discharge damage.

Encapsulation of a high -voltage system is predetermined by the environ

mental conditions under which the system is expected to function success

fully. The decision to encapsulate should be made during the initial design

concept phase and incorporated in the subsequent hardware design. In this

manner, a total system approach to the design can be taken, yielding a

power supply with minimum problems that can arise from encapsulation

or potting. This will permit the optimum choice of components, parts,

materials, mechanical arrangements, manufacturing techniques, and the

methods of functional and environmental testing.

Selection of Encapsulant

There are three general classes of encapsulants, potting materials or con

formal coating materials, which are generally acceptable for spacecraft use:

( 1 ) epoxies, (2) silicones, and (3) polyurethanes. The main characteristic

of selected members of these three polymer types is their low outgassing

behavior, which reduces the problems of spacecraft contamination and

internal spacecraft pressures conducive to electrical discharge. A list of

specific polymers acceptable for flight use is given in GSFC Report, TM X

65679 and NASA TN D -7362. Other polymer characteristics that should

be considered are dielectric strength , dielectric constant, resistivity , arc

resistance or tracking, viscosity during the pouring period, pot life, shelf

life, ease of handling during preparation and pouring, chemical activity with

the parts to be encapsulated, need for primers on parts to be encapsulated,

adhesion to parts, temperatures generated during the polymerization of the

encapsulant, thermal coefficient of expansion of the polymer, and shrinkage

18



during polymer cure. The use of flight-acceptable encapsulants is not

without some hazards. A knowledge of what they are and how to avoid

these hazards will greatly improve the probability of a successful and func

tional high -voltage system .

A major problem in encapsulation is the occurrence of voids in the encap

sulant. This is particularly serious if voids occur in the neighborhood of

large voltage gradients because an electrical breakdown in the void can be

expected . This problem can be minimized by using care in the selection of

an encapsulant and the encapsulation processing techniques. Dissolved

gases should be removed from the encapsulant materials ( resin and catylist),

and gases should be prevented from becoming entrained in the encapsulant

during the mixing and pouring stages. The technique for achieving these

conditions is vacuum degassing of the encapsulant materials before mixing,

then mixing and pouring in vacuum . To further ease the void problem,

use an encapsulant which has a low viscosity in which entrained gas bubbles

can easily rise and can be quickly removed from the fluid . It will also per

mit easy penetration of all the spaces between the circuit parts being encap

sulated and help prevent void formation within the embedment. The

mechanical arrangement and spacing of components also should be designed

to prevent void formation and gas traps : for example, provide increased

spacing between components when a more viscous encapsulant is to be

used, and provide holes in circuit boards or other large surfaces to improve

the distribution of the encapsulant around the surfaces and throughout the

embedment assembly.

Another encapsulation problem is the mechanical stresses developed be

tween the encapsulant and the embedded parts due to elevated temperatures,

temperature differences, and encapsulant shrinkage. These stresses can be

sufficiently severe to cause mechanical failure of the embedded circuit

elements (breakage of leads, welded and soldered joints and electronic com

ponents under tension , compression or shear arising from a high shrinkage

rate of the encapsulant or from a difference in thermal coefficient of

expansion between the electronic part and the encapsulant).

This problem can be satisfactorily solved by choosing an encapsulating

material whose physical, mechanical, and thermal characteristics are com

patible with the components to be embedded. These properties can be

modified by the addition of fillers to the encapsulant. In general, the fillers

will decrease these values of thermal conductivity, coefficient of expansion

(see Figure 19) , mold shrinkage, exotherm temperature rise and mechanical

strength, and increase the values of viscosity ( see Figure 20) and dielectric

constant. The curing rate of an exothermic polymerization reaction can be

controlled during encapsulation to prevent the development of excessive

temperatures and the accompanying thermal stresses. The encapsulated

package should be designed such that heat dissipates as quickly as possible.

A conformal coating of an elastomer also can help reduce the shear and

>
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tensile stresses when a rigid encapsulation is desired . Some typical low out.

gassing conformal coatings are :

• Dow Corning 93-500, Polydimethyl Siloxane,

• Thiokol Solithane 113-300 , Polyester type polyurethane,

• Hughson Chemical Chem Glaze Z 004, and

• Shell Epon 828 /General Mills Versamide in a 50:50 to 70:30 ratio

mix .
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Assurance of a good bond between encapsulant and circuit parts is a require

ment for a successful high -voltage encapsulation. This is dependent upon

the chemical nature of the surfaces to be coated and the potting compound.

Foreknowledge of the coating materials and the processing fluids to which

the part has been exposed during manufacture and test will be very helpful

in selecting the methods and materials for a successful encapsulation. It

will determine the need for such surface preparations as chemical etching;

mechanical abrasion ( sand blasting or other surface scoring techniques);

priming, when and as recommended by the encapsulant manufacturer; con

formal coating; and cleaning. Cleanliness of surfaces to be coated is manda

tory - no fingerprints, oils, or moisture should remain on the surfaces.

Materials which are difficult to bond should be avoided. Teflon, in particu

lar, should not be used in any potted system even though it can be surface

treated . A typical cleaning fluid is a 1 : 1 solution of toluene and acetone

of Certified Grade purity or better.

Epoxies

In addition to the low outgassing, low vapor pressure characteristics of

epoxies, there are other properties which make them suitable as potting

materials for spacecraft use. These include excellent electrical properties

(dielectric constant = 3.0 to 5.0 ; dielectric strength = 400 to 600 volts/mil;

volume resistivity = 1012 to 10 16 ohm -cm ; arc resistance = 50 to 180 s) ;

good structural properties; low water absorption (0.17 - 0.50 % ); good adhe

sion to metals; and low mold shrinkage (0.007-0.009 in./in .). These proper

ties are affected by the treatment and processing techniques. Volume resis

tivity , temperature coefficient of resistivity, dissipation factor, dielectric

constant, heat conductivity , temperature coefficient of expansion, and

viscosity are changed by the quantity and chemical nature of the hardening

agents, fillers, plasticizers, and curing temperatures. Thermal conductivity

of unfilled epoxies range from 4 to 5 X 10-4 cal/ cm2 /s /cm /° C. Thermal

coefficients of expansion for epoxies range from 40 to 100 x 10-6 ° C . The

addition of suitable mineral fillers can reduce these coefficients to values

more closely matching the temperature coefficients of the encapsulated

parts thereby minimizing thermally induced stresses on these parts. Fillers

also increase heat conductivity , decrease exotherm temperature rise , in

crease resin viscosity in amounts greater than 20 % by weight, and reduce

mold shrinkage.

The epoxies may be divided into two general classes: ( 1 ) those which are

hardened at high temperatures by anhydride hardeners and (2) those which

are hardened at about room temperatures by amine or amide hardeners.

A comparison of the two classes shows that the anhydride hardened epoxies

generally have better electrical properties ( lower dissipation factors, higher

volume resistivity ( see Figure 21 ), electrical stability at elevated tempera

tures), higher heat distortion temperature, longer pot life and lower viscosity
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( easier to degas). The anhydride cured epoxy, however, does require an

elevated cure temperature (100°C to 200 ° C) which will be injurious to cir

cuit parts with temperature ratings less than the cure temperature. The

amine -amide cured epoxies are curable at lower temperatures (room temp

erature - 100 ° C) but have a higher viscosity and a high exotherm temperaа

ture. The higher viscosities make it more difficult to degas and prevent

bubbles and voids from occurring in the cured encapsulant. The exotherm

temperature rises can be as high as 250°C and will damage low temperature

rated circuit parts. Note that epoxy resistivity varies markedly during the

curing process as in Figure 22; therefore, it is essential to be certain of a

complete cure. Some typical anhydride formulations are :

>

Epon 828–10 parts by weight

Linorid 8–9 parts by weight

DMP 30—0.1 part by weight

48 -hr cure at

70°C + 1 hr at

100 ° C

Stycast 1269 / A - 10 parts by weight

Sty cast 1269 /B – 10 parts by weight

16 -hr cure at 100 ° C

+ 16 hr at 150°C

2
2
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Some typical amine and amide formulations are :

Epon 828–10 parts by weight

( Teta ) Triethylene Tetramine - 1 part by weight

Epon 828–10 parts by weight

(DTA ) Diethylene Triamine– 1 part by weight

Epon 828–6 parts by weight
Also ratios 7 : 3 and 1 : 1 can be used

Versamide 140–4 parts by weight

Silicones

=

Silicone polymers also have additional characteristics which make them

desirable encapsulants. These include superior electrical properties

(dielectric constant = 3.0 to 5.0 ; dielectric strength = 300 to 600 volts/mil;

volume resistivity = 1011 to 1014 ohm -cm ; arc resistance = 300 to 450 s );

excellent thermal properties ( low degradation under continual exposure to

temperatures greater than 200 ° C); a heat distortion temperature about
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1

300°C ; flexibility at low temperatures ; no exotherm during the curing

period ; low mold shrinkage during cure ( less than 0.005 in./in . ) ; low visco

sity and temperature coefficient of viscosity; low water absorption ; long

shelf and generally long pot life; and easy repairability.

Some silicone properties which can create design problems if neglected are

a high temperature coefficient of expansion (200 to 400 X 10-6 / °C ) ; a low

thermal conductivity (3 to 5 x 10-4 cal/cm²/s/cm /° C). Silicones are

attacked by aliphatic and aromatic solvents and some mineral oils. Some

of the volatile constituents of the silicones can be pyrolytically decom

posed into silicon dioxide at elevated temperatures. This can be detrimen

tal to bearings, gears, and so forth , in the neighborhood of the silicone

resin . Other volatile constituents can also deposit out on optical surfaces

and degrade optical and thermal behavior. The silicone encapsulants, which

give off acetic acid during their cure , should not be used because the acid

is corrosive to the circuitry .

Suitable silicone encapsulants for high -voltage spacecraft applications are

DC 93-500 , a 2 -part unfilled silicone, and GE RTV 566 , a filled phenylated

polydimethyl siloxane.

Polyurethanes

Additional characteristics of the polyurethanes that make them desirable

as potting and encapsulating polymers for high-voltage flight systems in

clude good electrical properties ( dielectric constant = 3 to 6, dielectric

strength = 400 to 650 volts/mil, volume resistivity = 1012 to 1015 ohm -cm ,

arc resistance = 130 to 180 s) ; a good adhesion to most materials, although

a primer coating on metals will insure a better bond ; low water absorption ;

good heat resistance to about 125°C ; low exotherm temperature rise (less

than 55 °C ; low mold shrinkage (0.005 to 020 in./in .); long shelf life; long

pot life; and easy repairability .

The linear thermal coefficient of expansion lies in the range 150 to 200

X 106 /°C greater than the epoxies but smaller than the silicones. The

thermal conductivity falls in the range 2 to 6 X 104 cal/cm² /s/cm /° C

similar to those of the silicones and epoxies. These thermal properties

should be considered when potting fragile components. Thermally in

duced stresses can cause component failure .

The preparation and handling of the polyurethanes should be performed

with care since the prepolymers and curing agents can be health hazards.

Chlorinated aniline curing agents (MOCA) should be avoided because they

have been found to be carcinogenic. The prepolymers are isocyanates

whose vapors can cause respiratory irritations. The repair of cured polyure

thane potted systems, in which high temperatures are present (hot soldering

iron ), can generate cyanate and cyanide vapors which are highly toxic.
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Operations with the polyurethanes should be performed in well ventilated,

hooded areas. A polyurethane which has been highly successful as a high

voltage encapsulant is Thiokol Corp. Solithane 113. It is a polyether based

resin , which is more resistant to high humidity and cures at a lower tem

perature than polyester base urethanes.

Foams*

There are times when it becomes necessary to reduce the weight of space

craft systems to keep within the allowable weight limits prescribed for a

successful flight. One way this can be accomplished is to use foamed poly

mers as encapsulants thereby reducing the weight of the potted system .

Where high - voltage systems are to be potted, it is not recommended that

encapsulants be used that have been foamed by blowing gas methods. The

void or bubble sizes in these foams are large and variable . This type of foam

is conducive to a gas discharge, particularly where the voids are in large

electric fields that exist in the neighborhood of small gaps between con

ductors, sharp points, or other geometric discontinuities of high -voltage

conductors. A syntactic foam , one made by combining a resin with a

hollow -sphere filler, is recommended when a foam is required. The hollow

sphere fillers, commonly known as microballoons or glass balloons, are very

small and have a known size distribution (20 to 130, 30 to 125 , 10 to

250 um , and so forth ). The probability of a breakdown occurring in these

spheres is small, even in a comparatively high electric field , because the

pressure in the small spheres is about 760 torr and the maximum gap is

about 0.250 mm . This would require a voltage across the sphere of about

300 volts for a breakdown or an electric field of about 1200 volts/mil.

The balloons can be obtained in glass or ceramics, coated or uncoated. In

selecting the suitable balloon, the coating should be checked to determine

the effect on the electrical properties affecting high -voltage breakdowns

(resistivity and dielectric constant ). The addition of balloons greatly

increases the viscosity of the polymers. This problem can be partly over

come by increased polymer temperatures during potting.

Resistivity and Voids

Although dielectric constant ratios determine the voltage distribution

among layers of dielectrics in a capacitor with an applied a.c. potential, it

is the resistivities that are important when considering d.c. potentials. As

an example, consider the following simplified study of a parallel plate capa

citor with three dielectrics in series (Figure 23). The middle dielectric will

later be considered to be air at low pressure so that the model is that of a

void in an encapsulant.

* Foams also are used to reduce mechanical stresses due to temperature changes.

25



P2 P3

r
o

2 d2

+
-dz

0302

Figure 23. Simple Model of a Void .

The sum of the potential drops must be equal to the applied potential:

3

Σ Φ,.
i = 1

From symmetry and Ohm's Law it follows that the potential drop across

each dielectric will be proportional to its thickness d, and its resistivity Pi:

¢OP; ;

Σ 4,

The field is the negative gradient of potential, so

φP,

IĘ

P. d .
P 4

Therefore, | E | = a P, as would be expected .

If

P , = Pz « P2

then

IĘ !
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That is, due to the conductivity of the dielectric, the capacitor plates

effectively move in to the boundaries of the void thereby greatly increasing

the intensity of the electric field in the void.

When the potential drop across the void reaches the corona onset voltage ,

a discharge occurs, followed again by gradual voltage buildup. The process

repeats indefinitely leading to corona - induced degradation of the dielectric

material. The repetition rate of this relaxation oscillator system can be

estimated by use of the following equation adapted from Reference 17 for

the special case of spherical voids.

o E'

f 1.13 X 1011

( 一 )( ) E.

E

where o is the volume conductivity of the encapsulant in mhos/ m

is the dielectric constant of the encapsulant

E' is the applied electric field

E is the field across the void required to produce breakdown.

Putting typical values into the equation, that is ,

E = 2.3

-

E '/E; = 1

= 5 x 10 15 mho /metero

the result is

fæ4.35 X 10-4 Hz ~ 2 pulses/hr void.

In this approximation it was assumed that the surface conductivity of the

void is zero . This yields a maximum pulse rate for purposes of convenient

calculations. The example illustrates the importance of making encapsula

tions void free . Pulse rates of this order have been observed on the outputs

of spacecraft high -voltage power supplies. Laminar shaped voids in encap

sulated systems can develop pulse repetition rates as high as double those

of spherical voids. Note also that any sealed high -voltage connector neces

sarily contains voids and can therefore become degraded with time if under

sufficient voltage stress , depending on the pressure in the void .

Bubbles Rising in Uncured Encapsulants

To illustrate the problems that can arise , even from initially small bubbles

in encapsulants, consider Figure 24. This figure shows the diameter of a

bubble in a typical encapsulant as a function of depth (Reference 18). The

size of the bubble varies as it rises due to hydrostatic pressure. Note that,
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Figure 24. The Effect of Hydrostatic Pressure

on the Size of a Bubble Rising in an Uncured

Resin. From the relation r = ro Iho /h ) 1/3
( Reference 18)

if a bubble rises far enough through the encapsulant such that the diameter

doubles, the volume is multiplied by a factor of 8 causing the pressure in

side the bubble to be reduced by a factor of 8. This implies that the pd

product for the bubble becomes reduced by a factor of 4. Due to the

doubling of the diameter the voltage drop. across the bubble is doubled.

These combined effects correspond, for example, to movement along the

straight line in Figure 25. The criterion for prevention of breakdown in the

bubble, therefore, is operation below the straight line, not merely below

the Paschen curve . As an example, a bubble having an initial pd product of

1.0 , as at A, will not breakdown because it is below the Paschen curve .

However, the bubble can rise and expand such that its parameters trace the

straight line path to B where intersection of the Paschen curve takes place

>
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Figure 25. Typical Paschen Curve with Breakdown Criterion for Bubble

Rising in Uncured Encapsulant.

and breakdown can occur. Bubbles initially smaller will trace paths parallel

to the path shown, but will not intersect the Paschen curve and will not

break down.

>

Poly Sandpile

One potting technique which helps to reduce the probability of trapping

voids during encapsulation has recently been tested ( J. E. Carey , Shell

Development Company, private communication , 1973). It involves the

use of um - size glass spheres as a filler. Unlike the usual technique, the

module to be potted is first filled with the dry filling material duringme

chanical agitation to ensure that the fine particles fill all recesses. A low vis

cosity encapsulation compound is then poured into the module under

vacuum . The liquid flows through the filler by capillary action like water

through a sponge. In addition to eliminating voids, the glass spheres almost

entirely eliminate component breakage due to differential thermal expan

sion .

It is to be noted that high quality electrical grade glass spheres are preferable

to alkali glass spheres. The presence of alkali ions on the latter can aid in

causing voltage breakdown.

General Comments

The success of encapsulated high -voltage flight systems is dependent upon

early planning, good engineering, careful system and hardware design, and

meticulous care in fabrication . Close quality control should be exerted

during the production stages. Because there are several manufacturers
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whose formulations are somewhat different for similar encapsulants, it is

wise to read and adhere to the manufacturers instructions and recommenda

tions regarding his materials and processes . The physical, electrical, and

mechanical properties of some commonly used encapsulants are listed in

Tables 4 and 5 .

Table 4

Physical and Electrical Properties of Some

Commonly Used Encapsulants

Manu

facturer

Material

Coefficient

of

Themal

Exp ( m /cmc

X10

Thermal

Conductivity

cal /cm vec

4
X10

Chemical

Composition

Water

Absorption
Spealk

Gravity

Shore

Hardness

Number

Trans

parency

and

Color

Service

Temperature

Range ( 0 )

from to

Shelf

Life

MonthsWgt

XR5192 IM 1.53 D72 Gray +1 30 12Two part filled

сроху

Unfilled epoxyScotchcast 235 IM 16 40 1.10 DSS Brown +10 12

Scotchcast 281 зм 1.3

0.36 ( 240 hours at

961 RH )

13 ( 1000 hour

immersion )

0.4 ( 1000 hour

immersion )

0.8 ( 1000 hour

immersion )

120 Dos Brown +155 12Two part filled

epoxy

Scotchcast 3 3M 2.0 4.0 Unfilled epoxy 1.10 DO Clear +1.30 12

RIVIT CE 25 70 Silicone 1.18 A45 Whute -59 +204 6

RTV -60 GE 21 74 irone 1.47 A60 Red -59 204 6

RTV -602 GE 29 Silicone 0.99 AIS Clear 59 +204 6

RTV 615 GE 28 4.5 Silicone 1.02 AIS Clear .59 +204 6

RTV -616 GE 2.7 6.6 Siht one 1.22 A45 Black -59 204 6

1090 -SI O S4 0.78 D78 -73 +107 6
Epoxy resin syn

Lactis foam

puxy resin

04 ( 24 hour

immersion )

02 ( 24 hour

immersion )

3050 0 40 95 I 55 D88
7125

Emerson &

Cuming

Emerson &

Cuming

Emerson &

Cuming

Emerson &

Cumung

EP3 DNO Clear SS +20 6

102

Two part epoxy

resin

Two component

urethane

Silicone

A80 Clear S5 120 6

03.500 DOW 33 1 OR A46 Clear -65 +200 12

XR -63489 DOW 3.0 35 Two part silicone LOS A35 Clear -55 +1 SO 12

Sylgard.182 DOW 3.0 3.5 Two part silicone 1.05 A40 Clear -65 +200 12

Sylgard -184 DOW 30 313 Two part silicone 105 A35 Clear 65 200 6

< 0.10 ( 7 day

immersion

<IS ( 7 day

immergon )

01 (7 day

inmersion )

01(7 day

immersion )

0.1 ( 7 day

immersion )

0.4 ( 7 day

unmersion )

047 day

immersion )

0.37724 hour

immersion )

Sylgard - 186 DOW Two part suicone 112 A32 -65 +250 6Trans

lucent

ClearRTV - 3140 DOW 2.9 One part silicone 1 06 A21 -65 +250 6

RTV 125 DOW 2.0 One part solicone 112 A3 Gray 63 250 6

K230 CONAP 5.0 Two part epoxy 165.70 Clear 12

CETT33 CONAP Sward 70 Clear -1.30 12Two part solvent

based polyurethane

Shell

Gen Mils

Two part epoxy Rock

well M 80

Epon 828

Versamid 140

50 % - 50 %

Solithane 113 Thiokol 1.07 A - 35 to D -60 Clear +121-0.2 ( 24 hour

immersion )

01824 hourCIC 1.05 -59 + 138 12

Urethane

prepolymer

One part, 20 %

solids acrylic

Polyester

Polyurethane

immersion

0.83

Humiseal

IBI2

20 Custom

Foam

6-1104

Uralane 8267

BlackRogers

Foam

Furanc Clear 6One component

urethane

B -6-640-1 Red < 12Westing

house

or dilectra constant of 1.00 , the test frequency 100 kH..

3
0



Table 4 (continued)

Physical and Electrical Properties of Some

Commonly Used Encapsulants

Material
Dielectric

Constant

Dissipation

Factor

Test

Frequency

Dielectric

Strength ,

Volts /mil

Arc Resistance

Seconds

Surface

Resistivity

ohm -cm

Volume

Resistivity

ohm -cm

168XR -5192

Scotchcast 235

Scotchcast 281

Scotchcast 3

RTV : 11

RTV -60

RTV.602

RIV -615

RTV -616

1090 - SI

4.62

5.2

4.9

3.3

3.6

3.7

3.0

3.0

3.0

3.7

3.1

2.9

4.4

4.2

3.9

276

325

375

300

500

500

500

500

500

375

2100

2100

2100

2100

2100

101
5

101
5

Jo
s

01
5

-10
15

1.5 X 1013

IX 1015

> IX 1017

> IX 1015

6.0 X 1017

1.3 X 10 "

10 X 104

1.0 X 10 "

1.0 X 10 "

IX 1013

3050 400 1 X 10 "

4.4EP- 3

IC- 2

400

> 400

10 " N square
> IX10

93.500 570 6.9 X 1013

XR -63-489

3.1

0.05

0.05

0.005

0.019

0.020

0.001

0.001

0.001

0.02

0.01

0.01

0.01

0.02

0.04

0.006

0.04

0.04

0.0011

0.0013

0.002

0.002

0.001

0.001

0.001

0.001

0.0009

0.001

0.0016

0.0006

0.0015

0.0028

0.03

0.0142

0.0138

0.0036

0.0070

0.019

0.014-0.162

0.006-0.079

0.01

100 Hz

100 Hz

100 Hz

100 Hz

60 Hz

60 Hz

60 Hz

60 Hz

60 Hz

60 Hz

1 kHz

1 MHz

60 Hz

1 kHz

I MHz

I kHz

60 Hz

100 MHz

100 Hz

100 kHz

100 Hz

10 kHz

100 Hz

I MHZ

100 Hz

I MHz

100 Hz

I MHz

100 Hz

I MHz

100 Hz

1 MHz

1 MHz

100 Hz

1 kHz

60 Hz

i kHz

I MHz

I kHz @ 80 ° F

I kHz @ 185 °F

1 MHz

500 115
3.6 X 1014 I X 10T

Sylgard - 182
550 115 2.0 X 10 "

Sylgard -184 550 115 1.0 X 10 "

Sylgard -186 575
> 7 x 1016

S.O

5.0

2.75

2.73

2.88

2.88

2.70

2.70

2.75

2.75

3.01

3.00

2.64

2.63

2.81

2.78

3.35

3.50

3.43

3.23

3.19

2.99

2.8-5.0

4.5-5.1

2.8

2 x 1015

RTV -3140 500 SO 5 X 101

RTV - 3145 600 SO 5.0 X 10 "

K230

CE - 1155

2000 ( 5 mil Gilm )

3000 ( 2 mil film )

1045 (22 mil film )

1.25 X 1014

5.66 X 1014

IX 1014

1.18 X 1015

Epon 828 -Versamid 140

50 % - 50 %

5.5 x 1015
1.22 X 106

Solithane 113 340-512 1SX 1015
to7 x 10

3.6 X 10 "

2.5 X 10 "Humiseal 1 B12 6000V . (MIL - L.

46058B )

2# Custom Foam 97% voids

intercon

necting cells

Uralane 8267 2500 ( 3 mil film )
149 3.0 X 10124.4

3.6

0 049

0.053

1 kHz

I MHz

B -6-640-1 1200 ( 5 mil film ) 126 2 x 1013

3
1
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CIRCUIT BOARDS

*

The construction of most small, high -voltage power supplies used in space

applications involves the use of circuit boards. The most popular board

materials are epoxy impregnated fiberglass, types G- 10 and G- 11 . The

latter is apparently slightly superior.

Data for voltage breakdowns between adjacent conductors on circuit boards

seem to be unavailable ,* so a simple breakdown test was performed at

GSFC. A test circuit board was constructed using the same techniques

employed for space-rated boards. The etched circuit pattern consisted of

several 4 -inch straight, parallel conductors spaced 0.5 mm, 1.0 mm, and

2.5 mm apart. Voltages were applied to the electrodes inside a vacuum

bell jar via insulated wires and a vacuum feedthrough from an external high

voltage power supply. A cathode ray oscilloscope (CRO) in series with the

ground return lead was employed for monitoring breakdown, leakage, and

corona currents. Sensitivity was such that a current as low as 10-9 A could

be readily measured. Pressure was ~ 2 X 107 torr.

Test results indicate that an uncoated board fabricated of G- 11 material is

corona free with applied voltages and circuit element spacings such that the

ratio : volts applied /spacing = 10 kV /mm . * This does not imply that

100 kV could be successfully applied to electrodes separated 10 mm apart,

however, due to high field emission at the sharp edges of the conductors.

A value of ~20 kV appears to be the practical limit for uncoated boards

with reasonable ( ~ 1 cm) conductor spacing. Results of tests conducted

with the same board after coating with Solithane 113 indicate that

~15 kV/mm is an upper limit for coated boards. Above this value, random

current spikes of up to 5 X 107 A were observed , although no catastrophic

breakdowns occurred. At 40 kV /mm (20 kV, 0.5 mm ), a gradually in

creasing direct current of ~2 x 10-8 A was noted. This was undoubtedly

caused by nonuniform leakage currents causing localized heating of the

Solithane 113 coating.

Figure 26 is a plot of corona onset voltage versus pressure for the same

(uncoated) circuit board described above. These curves can shift to much

lower voltages when fingerprint contamination is present. This is readily

understandable on the basis of the resistance versus humidity curves of

Figure 27. Note that surface resistivities can shift by over two orders of

magnitude, illustrating the importance of cleanliness during handling proce

dures. These curves also suggest that drying of circuit boards in a hard

* Measurements made by R. S. Bever, Private Communication, GSFC, August 1973,

indicate a flashover value of about 2 kV /mm at 1 atmosphere of ordinary air. The

boards tested were not thoroughly outgassed ; however, this discrepancy emphasizes

the importance of adsorbed water vapor in determining surface flashover voltages.
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vacuum just prior to conformal coating is a desirable procedure. Various

mechanical, physical, and electrical properties for circuit board materials

are included in Table 6. Table 7 is a listing of properties of some common

coating materials (Reference 19).

DEPRESSURIZATION AND OUTGASSING

a

Unpotted power supplies are generally built with the electronic components

mounted inside a metal box. (See Reference 20 for discussion of Outgassing

and Pressure.) A question of practical importance involves the amount of

perforation of the box required for reasonably fast depressurization to

assure that low enough pressures will exist prior to supply turn -on . From

simple effusion theory it can be shown that the pressure inside the box,

with zero outside pressure , is

At

p (t) = p (0) e
4Vp ) o) (** )

where p (o) is the initial pressure in the box at t = 0 ,

A is the total area of the perforations,

t is the time,

is the volume of the box ,

is the mean molecular speed ; that is ,<l<

8 kr

V =

mm

in which

k is the Boltzmann constant,

T is the absolute temperature , and

m is the mass of a gas molecule.

For nitrogen at room temperature,

v ~ 4.6 X 104 cm/s .

A useful guide is derived by noticing that the time constant in the above

exponential becomes

T 0.1 V / A

when V is measured in liters,

A is measured in cm² ,

T is room temperature (T = 20°C), and

the gas is air or N2

=

This rule, coupled with use of Figure 28 , can simplify depressurization time

calculations. As an example, a 10 -cm - radius sphere with a 1 -cm2 opening

has a time constant of ~ 0.4 s . Using Figure 28 , one finds immediately
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Table 6

Properties of Laminated and Reinforced Plastics

Min . Flexural

Str . , 1/16" ,

psi

NEMA CW

Grade |(x10 °) (x10 )

Min . Izod

Impact Str. ,

ft -lb /in Min .

notch , edge Bond

Str .,

LW CW lbs .

Water

Abs., Min .

Max ., Diel.

1/16 " Str. , 8

% kv.

Max

Diel.

Const .,

1 MHz

1/32 "

or

Max

Diss.

Factor,

1 MHz

1/32 "

or

Thermal

Coeff. of

Exp. cm /cm ºch

Min .

Arc Tensile

Re- Str., psi

sist ., LW CW

secs. | (x103 ) | (x103 )

LW

more X104 more

25 22 0.55 0.50 20X

XP

XPC

700 6.00

3.60

5.50

4
0

w
u
8
4
2

12

10.5

16

9

8.5

0.40 0.35 40XX

XXP

15

14

13.5

14

12

11.8

800 2.00

0 1.80

9501 1.40

S.S

5.0

5.3

0.045

0.040

0.038

8
8
8
8

16

11

15

13

8.5

120.40 0.35

12.4 9.5XXXP

XXXPC

ES - 1

12

12

13.5

10.5

10.5

13.5

1.00

0.75

2.50

4.6

4.6

0.035

0.035

0.25 0.22

ES - 2

ES - 3

с

13.5

17

13.5

16

0.25

0.25

2.10

0.22

0.22

1.90

2.50

18001 4.40 15 10 8

CE

L

LE

17

15

15

14

14

13.5

1.60

1.35

1.25

1.40

1.10

1.00

1800 2.20

16001 2.50

1600 1.95

35

15

40

9

13

12

7

9

8.55.8 0.055

SA

AA

13

16

11

14

0.60

3.60

0.60

3.00

700 1.50

1800 3.00

10

12

8

10

20 18G-3

G - S

6.5 5.5

7.0 (to 1/2" ) 5.5

850 ] 2.70

1570 2.70

2.70| 2

23

37

20

3023 7.8 0.020 180

18G - 7

G - 9

G - 10

6.5

13.0

7.0

5.5

8.0

5.5

650 0.55

1700

20001 0 .

4.2

7.5

5.2

0.003

0.018

0.025

180

180

128

23

40

35

18.5

25

30

60 115 35 30G - 11

N - 1

50

9.5

7.0

3.0

5.5

2.0

16001 0.25

10001 0.60

5.2

3.9

0.025

0.038 8.5

左
右

公
公
8
8
8
8
8
8

|
10.5

16

5.5

5.5

0.75

0.65

2000 0.25

16001 0.25

850 1.00

850 0.9

4.6

4.6

5.2

5.2

4.3

1.5

1.5

7.0

7.0

8.0

8.0

FR-2 12

FR-3

FR - 4

FR-5

GPO1 18

GPO2 18

Dialytel 40

50

Polyimide 1

Fluorglas | 15

0.035

0.035

0.025

0.025

0.03

45

12.4

12

35

35

12

10

9.5

9

30

30

10

9

128

128

100

100

> 60

180

18

18 8.0 40

35

35

4.0

4.8

0.13

0.1

0.008

0.020

11 0.05 2.54 0.1 0.0008 180 19 15

Rexolitel 11.5 11.5 0.3 0.05 2.53 0.7 0.00012 7 7

AL3001 71 55 19 18 2000<0.25 4.0 0.1 0.02 180 40 40

All tests conducted in accordance with applicable NEMA and/or ASTM standards.

• See NEMA Pub. No. LI 1-1971 , Standards Publication for Industrial Laminated Thermosetting Products, regarding test methods, conditions, etc.

† Usually made with these resins. These grades are engraving stock ,

# These are only typical values obtained from a number of sources and should not be used in establishing specifications or standards ,

consult manufacturers.

$ Parallel to lamination, Step-by - Step, 1/16" thick,

. Atlantic Laminates Co. data
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Table 6 (continued)

Properties of Laminated and Reinforced Plastics

Diel. Str . ,

Perp. to

Compr.

Str . , psi Rockwell

NEMA Flat Edge Hardness

Grade (x103) | (x10 ') M Scale

Lam ., vpm

Step

Short by

time Step

Thick .

Range

Inch

min . max .

Surface

Resistance ,

Megohms

( BS1137 ,

Appendix H)

Sp .

Gr .

Volume

Resistivity

ohm -cm

Base

Material Resin

19 500X

XP

XPC

36

25

22

110

95

1.36

1.33

700

650

600

2010

.010

1/32

2

1/4

1/4

Paper

Paper

Phen .

Phen.

Phen.425 Paper

23 105 .010XX

XXP

XXX

34

25

32

1.34

1.32

1.32

700

700

650

2

1/4

Paper

Paper

Paper

Phen.

Phen .

Phen .25.5 .015

105 1.30XXXP

XXXPC

ES - 1

25

25

650

650

.015

1/32

3/64

1/4 Paper

3/16 Paper

1/4

Pen .

Phen.

Mel.1.58

ES- 2

ES - 3

C

1.46

1.48

1.36

.085

3/64

1/32

1/4

1/4

10

Phen.

Mel.

Phen.37 23.5 150 Cotton

300CE

L

LE

39

35

37

24.5

23.5

25

1.33

1.35

1.33

500

150

500

1/32

.010

.015

2

2

2

Cotton

Cotton

Cotton

Phen .

Phen.

Phen.300

17 225 135 2A

AA

40

38

1.72

1.70

.025

1/16

Asb . Paper

Asb . Fabric

Phen.

Phen .

500 .010G -3

G - 5

50

70

17.5

25

1.65

1.90

700

350

2 Cont . GI .

3 1/2 Cont . GI.

Phen.

Mel .

14 2010 2G-7

G - 9

G - 10

45

65

70

1.68

1.90

1.75

400

400

700

350

350

500

Cont. GI .

Cont . GI .

Cont . Gl .

Sil.

Mel .

Epoxy
30 .010 1 >1012 > 104

30 >1012 > 104G- 11

N- 1

70

28

1.75

1.15

700

600

500

450

.010

.010

1

1

Cont . Gl .

Nylon

Epoxy

Phen ,

FR- 2

FR - 3

FR - 4

FR-5

GPO 1

GPO- 2

Dialyte !

30

25

28

70

70

30

30

1.30

1.45

1.75

1.75

1.5-1.9

1.5-1.9

650

600

700

700

400

450

500

500

500

.030

1/32

.010

.010

1/16

1/16

1/4

1/4

1

1

2

2

>1012

>1012

> 104

> 10"

Paper

Paper

Cont . GI.

Cont . GI .

GI . Mat

GI . Mat

GI .

GI .

Phen.

Epoxy

Epoxy

Epoxy

Polyes.

Polyes.

Polyes.

Polyimide

750

750

> 5X10 "

>6X1010

> 9x109

>6X 104

> 1012 PTFE >104

Polyimide

Fluorglasi

1

Rexolitel 1.05

45kv !

1/16 "

30kv/

1/16 " |

1000

>1016 >108Styrene

Copolymer

PolyimideAL3001 77 35 115
Glass >1014 12x 105

All tests conducted in accordance with applicable NEMA and /or ASTM standards ,

See NEMA Pub. No. LI 1-1971 , Standards Publication for Industrial Laminated Thermosetting Products, regarding test methods, conditions, etc.

† Usually made with these resins. These grades are engraving stock .

These are only iy pical values obtained from a number of souræes and should not be used in establishing specifications or standards -
consult manufacturers .

§ Parallel to lamination, Step -by -Step . 1/16" thick.

Atlantic Laminates Co. data
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Table 7

Typical Properties of Common Coating Materials

7

Base

polymer

Surface

resistivity

12

1
Relative

permittivity (60 Hz - 1 MHz )

Dissipation

factor (60 Hz- 1 MHz )

Resistance

to chemicals

Resistance

to humiditySolderability

alkyd
1012 3-9 0-505 fair excellent good

Acrilan 1013 4-0 0-015 good good fair

epoxide

( room -temp. cure)
101

3
3-6 0-020 fair good good

epoxide

(elevated temp. cure ) 1014 4-0 0-010
poor excellent excellent

polyurethane 1011 4-5 0-025 fair good good

10-
1
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3
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S
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o
r
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Figure 28. Pressure vs. Time (Simple Effusion Theory, see text ).
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that the pressure will drop from 101 to 106 torr in about 11 time constants,

or about 4.5 s. Of course , material- and temperature-dependent outgassing

of the surfaces inside the container can considerably lengthen the depres

surization time as illustrated in Figures 29 , 30 , and 31 (Reference 21 ) .
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TIME (HOURS)

Figure 29. Comparison of Experimental and Com

puted Results for a 1 - liter Compartment with Orifice

Diameter 0.134 in . , T = 1.0 s , Ambient Temperature.

( Reference 21 )

A handy design figure is to provide a V / A = 10,000 cm to achieve approxi

mately a one second time constant. Here the value of V must be in cubic

centimeters and the value of A must be in square centimeters. This V / A

value should be increased by a factor of 2 or 3 if the outgassing passages

are labyrinthine.

As described in Reference 21 and illustrated in Figures 29 , 30, and 31 ,

after the initial depressurization period of about one hour , the pressure

decreases much more slowly with a combination of an exponential time

dependence ( first order surface desorption ), a t-1 dependence (diffusive

processes in outgassing of elastomers or outgassing of glass), and a tu?

dependence due to outgassing of metals. The net results for a 1 -liter

glass cylinder containing a sample of RTV - 11 was an approximately

exponential decay with a 3 -day outgassing time constant. Note
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puted Results for a 1 -liter Compartment with Orifice

Diameter 0.437 in . , T = 0.1 s , Ambient Temperature.

(Reference 21 )

that the pressure remained near the corona region for several hours (Figure

31 ) when the chamber time constant was adjusted to 10 s .

COMPONENT CONSIDERATIONS

Documents, specifications, and lists of component types that have been

screened and approved for space flight use are available. Use of these guides

does not, however, eliminate all the difficulties which can occur in the final

application of these components. The following descriptions illustrate some

of these problems.

Resistors

High -voltage resistors used successfully in spacecraft power supplies include

Victoreen MOX1125 , Caddock MG680, RPC type BBMW , and Caddock

MG721.
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( Reference 21 )

=

One well known difficulty experienced with high -voltage film resistors in

volves corona developed in gases trapped in hollow ceramic cores . Another

less known ( suspected ) problem involves the inductance caused by the

helical form of the resistance element. Current surges through such ele

ments due to sparking elsewhere in the circuit may cause resistor failure due

to the resonance action of the inductance with circuit capacitance. Where

such a failure mechanism is suspected, the serpentine form (noninductive)

film resistors manufactured by Caddock ( Figure 32) may provide a solution .

An unusualproblem encountered during cleaning operations involved

MOX1125 resistors. It was found that the cleaning solvent employed, tri

chlorethylene, dissolved the blue coating material on the resistor bodies.

a

Diodes

Diodes favored by the designers interviewed include 1N649's, 1N4586's,

Semtech SFM-70 7KV, SFM-25 2.5 kV, Semtech 1N5184, and Microsemi

conductor MC002.

41



One problem noted with plastic molded diodes is the slow diffusion of

moisture onto the diode junction over a period of years.

The designer should be wary also of gas leakage from glass-cased diodes.

This can lead to corona inside potted modules . Two problems have devel

oped with the microminiature epoxy bead diodes. One is a quality control

problem having to do with the proper alignment of the ribbon leads during

insertion into the bead. The other problem involves breakage of junction

leads due to thermal expansion at temperature extremes.

Capacitors

Capacitors used successfully by the designers interviewed include high

voltage ceramic discs manufactured to several EIA specified dielectric

formulations including X5P; X5R ; W5R ; and Z5U . Manufacturers include

Centralab , Erie , and Sprague .

Difficulties have been experienced with porous epoxy coated disc ceramic

capacitors. Standard varieties are supplied by the manufacturer with a

wax impregnated durez coating which prevents adhesion of encapsulants .

The wax coating is difficult to remove , but if uncoated units were employed

it was found that corona problems developed. In one case , capacitors used

for filtering proved self-defeating because they were themselves sources of

noise due to corona . Coatings such as the Erie “ Jet Seal” hard epoxy coat

ing and the Centralab blue Hysol XDK -R13 epoxy coating do not exhibit

this undesirable behavior.

An unusual problem involves high current degradation in Mylar capacitors.

Apparently , high surge currents can evaporate some of the metal coating on

the Mylar film , resulting in reduced capacitance. If used , this type of capa

citor should not be allowed to become short -circuited or otherwise subjected

to large currents.

Another problem which designers have encountered is the very large variation

of capacitance with applied voltage and with temperature exhibited by the

X5U ; W5R; and Z5U dielectric formulations for ceramic discs. Some typical

capacitance curves which illustrate these effects are given in Figures 33 and

34 .

The combined effects of high voltage and extreme temperatures can render

a Cockroft-Walton multiplier inoperative because of the severe reduction in

the capacitance. The obvious solution is to overdesign both in the direction

of higher voltage and in the direction of higher capacitance once a dielectric

material has been chosen .

Connectors

The problem of connecting high -voltage power supplies to the spacecraft

instruments being powered is far from trivial. Standard or specially fabri
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Figure 32. Caddock Serpentine Film Resistor .
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Figure 34. Capacitance Variation with Temperature ( ceramic dielectric)

EIA -Z5U formulation .
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cated high -voltage connectors have been used with some success when

modified for the space environment; that is , by drilling holes to allow for

adequate venting. Usually, however, connectors have been specially de

signed or designed out of the system entirely in order to avoid corona prob

lems. This leads to difficult and inconvenient assembly and testing.

A new type subminiature ( 0.25- in . O.D.) connector, Reynolds Industries

Series 600 , is available for voltages up to 10 kV and any pressure from

atmospheric to hard vacuum . The male connector features a diallyl

phthalate liner the whole length of the cylindrical wall (Figures 35 and 36).

In addition , an O -ring around the base of the pin seals against the center

insulator of the female connector. This construction results in long leakage

paths and almost total immunity to corona . A sample pair of connectors

was tested for one week at GSFC at 10 kV , both polarities, at several

pressures from atmospheric to 5 X 107 torr. No corona or voltage break

downs were observed . Designers are urged to consider this type of connector

for use in future spacecraft.

Figure 35. Reynolds High -Voltage Connector.
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Figure 36. Reynolds High -Voltage Connector.
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CURRENT DESIGN PRACTICE

This section presents electrical and mechanical design practices that are

currently accepted and that are based on the theories and data presented

earlier in this document . Examples of successful power supplies are dis

cussed .

ELECTRICAL DESIGN

Small high -voltage power supplies designed to supply current to spacecraft

borne photomultiplier tubes and particle analyzers have employed the

oscillator- Tesla coil ( resonant transformer ) Cockroft-Walton multiplier com

bination almost exclusively. The reasons given for not choosing other tech

niques include considerations of efficiency and the high -voltage ratings of

components.

The Cockroft-Walton circuit divides the total output potential into a number

of smaller potential increments . Each diode and capacitor is subjected to

one of these increments instead of to the total output potential.

Several useful articles relevant to the design of Cockroft-Walton multipliers

exist ( References 22 , 23 , and 24) . The article by Weiner (Reference 24)

includes a derivation of the output voltage as a function of the number of

stages n, the frequency f, and the capacitance C. (All capacitors assumed

equal):

4n2 + 3n

V = n VinVan ( 6fc

The author notes that, for maximum efficiency, the capacitance values

should be tapered, the first capacitor in the chain having n times the capaci

tance of the nth . This could mean an important weight and space saving

for spacecraft applications where some of the capacitors near the top of the

chain would be physically smaller than the ones at the bottom. The article

by Rumble ( Reference 24) gives a useful summary of all possible voltage

multiplier arrangements.

It is well known that when a charged capacitor is connected to an equal but

uncharged capacitor, half of the charge transfers to the second capacitor.

Also , half of the energy is radiated away from the system and lost. The

paper by Mostov et al. ( Reference 25 ) includes design curves and describes

techniques for reducing these losses which can be appreciable in the case of

the energy transfer to an arc jet or other high power device.

>
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MECHANICAL DESIGN

Current design practice involves the use of epoxy impregnated fiberglass

circuit boards almost exclusively for supplies with output voltages below

approximately 3 kV. Circuit boards are being used, with modifications, up

to about 15 kV. These modifications include potting and conformal

coating of high -voltage sections of the circuit boards ( front and back) ,

milling slots through boards to lengthen surface breakdown paths, and

mounting the components that are subject to high -voltage stress on stand

offs to eliminate surface breakdown problems. Type G- 11 board material

has been found to be preferable to type G -10 because of increased leakage

resistance . Some designers prefer potted cordwood construction for the

Cockroft -Walton multiplier section because of space limitations and to

reduce problems of surface leakage and tracking.

DESIGN EXAMPLES

In order to illustrate typical successful high -voltage power supply designs

as graphically as possible, photographs of actual flight models were obtained .

Brief descriptions of the most important, or unusual, features of each

power supply accompany the photographs presented. It must be kept in

mind that in each case a host of factors besides the electrical requirements

entered into the evolution of the final form of the finished unit. These

factors include the obvious constraints and requirements such as : specific

launch environment ( vibration, shock , thermal, pressure), size, weight and

efficiency restrictions, time of turn -on , flight duration , required reliability,

effects of outgassing and noise on the supply, noise and outgassing cleanli

ness requirements of other spacecraft experiments, location of supply on

the spacecraft, rotation and orbit parameters of the spacecraft, and orbital

radiation and charged particle environments. A number of less obvious

considerations involving individual component reliability and the extremely

difficult multiparameter problem of encapsulation also affected the final

results.

An exhaustive discussion of the design examples including all of these fac

tors is beyond the scope of this presentation. More detailed information on

the construction , layout of components, choices of components , or encap

sulation techniques may be obtained directly from the designers listed in

specific examples. Several monographs ( see Appendixes and References)

that describe general design considerations, construction techniques, and

quality control procedures are available .
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Design Example 1— ~ 1.5 kV, -10° < T < + 50 °C

A well filtered ( 1 -mV noise level) Cockroft-Walton multiplier power supply

employs circuit board construction (Figures 37 and 38) and encapsulation

with an Emerson and Cuming 1090 -SI potting compound ( shown prior to

encapsulation ). This material is filled with glass microballoons and has about

the same thermal expansion coefficient as aluminum . It has been found to

be very effective in eliminating component breakage due to differential

expansion at temperature extremes.

Components employed include Erie Corona-Free Jet Seal high -voltage disc

ceramic capacitors, teflon -covered wire used in transformer windings, and

1N649 and 1N4586 high -voltage diodes.

25 / 16-337

Figure 37. Design Example 1 , -1.5 kV.

A unique feature of the pot core transformer design is the use of partitioned

nylon winding bobbins, Figure 39. The integral partitions allow placement

of primary and secondary coils side-by -side rather than one on top of the

other, eliminating the problem of lead dress. It becomes a simple matter to

bring the leads of the primary and secondary, respectively , out opposite

sides of the transformer with a partition of nylon completely separating the

windings. After completion , the transformers were injection filled with

Dow Corning RTV 3140.

*F. C. Hallberg , GSFC, private communication .

48



S
C
R
3

3925

00

Figure 38. Design Example 1 , ~1.5 kV .

Figure 39. Partitioned Winding Bobbin .
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Design Example 2–~1.8 kV*

The Cockroft-Walton multiplier section of this supply was built up on a

ceramic substrate and conformally coated with Emerson and Cumings

EP - 3. As shown in Figures 40 and 41 , the completed multiplier was assem

bled inside a gold plated Lexan box. Other than the conformal coating, no

encapsulants were used . Components employed include Victoreen MOX

1125 resistors, Microsemiconductor MC002 diodes, and Monolithic Dielec

tric type 200R23W capacitors.

Figure 40. Design Example 2, ~1.8 kV.

Figure 41. Design Example 2, ~1.8 KV .

*J. H. Trainor, GSFC, private communication.
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The 500 -volt supply shown in Figure 42 has a similar high -voltage section

and illustrates a useful construction technique. Small circuit boards

soldered to the mother board are supported against the effects of shock ,

acceleration, and vibration by an open -cell foam . This material, made by

Rogers Foam Corporation , is made of polyester polyurethane and has been

used successfully in the space environment.

则,

Figure 42. Design Example 2, Use of Open Cell Foam .

Design Example 3—~3.7 kV*

This triangular-shaped supply, Figure 43 , developed for the AE spacecraft,

generates three voltages selectable by telemetry commands +3700, +3950 ,

and +4200 volts. It features a high -voltage Cockroft-Walton multiplier sec

tion built into a gold plated Lexan box potted with DC 93-500. High -vol

tage leads pass through the box walls inside Lexan dowels. Output leads are

Tensolite coaxial cables with H - film insulation . The supply consists of four

potted modules: one containing the transformer -multiplier chain, one con

taining the series current limiter resistors, one containing a voltage reference

resistor network , and one containing servo control circuitry. Interbox con

nections are made with coaxial cable with the shield removed . The multi

plier capacitor chain was self supporting prior to potting.

Components employed include Victoreen MOX high voltage resistors,

Centralab epoxy coated disk ceramic capacitors, and Semtech type F 25

diodes. The modules are supported by G10 circuit board material etched

such that a ground plane is provided beneath the multiplier module . Potting

of the modules, including the pot core transformer, was done by pouring at

atmospheric pressure and then evacuating to forepump pressures. The trans

former was epoxied in place to eliminate bolts and the possibility of atten

dant trapped gasses.

*J. A. Gillis, GSFC, private communication.
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Figure 43. Design Example 3, ~3.7 kV.

Design Example 4-4 kV, 20 MA*

As shown in Figures 44 and 45 , this 5 -stage Cockroft -Walton supply design

incorporated straight-forward circuit board techniques. Components were

soldered to an etched G - 10 epoxy fiberglass board which was mounted in

side a metal box . The components were additionally supported by a con

formal coating of Solithane 113. The box was gold plated for thermal

control and perforated to allow depressurization to the pressures of orbital

altitudes. Teflon tape was applied between layers of windings of the toroidal

oscillator transformer, and teflon -covered wire with a 1 kV rating was used

for low -voltage circuitry .

Components employed included Centralab blue epoxy coated 6 kV capaci

tors , Semtech SFM - 70 7 kV diodes, and Victoreen solid core, high -voltage

resistors. A Reynolds subminiature (0.25 in . O.D.) type 167-2896 10 KV

coaxial cable and connector assembly was used to connect the high -voltage

supply to the experiment to which it supplied power.

Design Example 5–4 kVt

Figure 46 is a photograph of a unique high -voltage ( 4-kV ) distribution de

vice used to connect several connectors to one power supply. Design re

quirements were RFI shielding, fast depressurization , absence of outgassing

materials, accessibility of the circuit terminations without disruption of

experiment integrity, and corona -free operation at pressures as high as

*S. Highley, USNRL, private communication.

†J. T. McChesney , GSFC, private communication .
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Figure 44. Design Example 4,4 kV .

a6.5 X 104 torr. A wire from each detector is soldered into a blind hole in

a thick , gold plated, beryllium -copper washer. The washer terminations

from several detectors are then clamped in a nut and bolt assembly with

hemispherical ends. The assembly is supported inside a metal compartment

by corrugated Kel - F stand offs. Kel-F is a fluorocarbon material with excel

lent electrical properties and good machinability.

Design Example 6–4.5 kV*

The 4500 -volt, 10 -stage Cockroft -Walton power supply illustrated in

Figures 47 and 48 features an unusual construction technique. The high

voltage section is entirely unencapsulated. Instead, spaces for the multiplier

components are machined out of blocks of Vespel-1, a tracking resistant

polyimide material. Corona paths are confined to seams between the cavi

ties, and surface leakage paths are relatively long. In addition , a resistor

diode current limiting circuit and a current limiting voltage regulator reduce

the energy of the discharge should corona develop .

*D. P. Peletier, Johns Hopkins University .-APL , private communication.
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Figure 45. Design Example 4,4kV.

Figure 46. Design Example 5,4 kV .
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Figure 47. Design Example 6, 4.5 kV.

Figure 48. Design Example 6, 4.5 kV .

Components employed include microsemiconductor MH402 diodes, Erie

type 808-000 -X5RO and 848-026 -X5RO capacitors, and Victoreen MOX

400 high -voltage resistors.

Design Example 7—~10 kV*

This power supply shown in Figures 49 and 50, incorporated circuit board

construction combined with potting of the Cockroft-Walton diode array

and potting of the high -voltage portion of the conductor side of the board

as well . The potting compounds employed were GE RTV -615, a two -part

clear cuttable compound, and RTV -616 (black) with GE 4153 blue primer,

RTV -11 and DC 93-500.

Components employed include Spacetac pot core transformers, G - 10 board

material, Victoreen MOX1125 high -voltage resistors, Monolithic Dielectric

2 -kV ceramic capacitors, and Semicon Corporation # 5040J 4 -kV diodes.

During construction of several versions of this basic design , breakdowns

were observed in voids under the conformally coated high -voltage capacitors.

Shimming of these components up 30 mils from the circuit board surface

allowed sufficient space to permit flow of the coating material underneath ,

*J. Caine, University of Maryland, private communication.
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Figure 49. Design Example 7, ~10 kV.

Figure 50. Design Example 7, ~10 kV .

thus eliminating the problem . Another problem , typical of potted modules,

was the occurrence of internal discharges of tiny voids with a repetition

rate of the order of one per hour per void .

The aluminum cylinder at one end of the supply encases and supports the

pot core transformer. The round object at the other end is a special high

voltage connector fabricated of Dupont Vespel. The box over the high

voltage resistors (shown with cover removed ) is for physical protection .

Features of this design include small size, light weight, and high efficiency .
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Design Example 8–15 kV*

This 10 -stage Cockroft -Walton type power supply, Figures 51 and 52 , was

designed to be located immediately adjacent to the device to which it sup

lied power, thus eliminating the need for high -voltage cables and connectors .

As shown prior to potting in Figure 53, the high -voltage output lead is con

nected to a terminal located at the center of the circuit board . Lead length

was adjusted so that the wire would form a helix through the encapsulant

(RTV -615 ). This construction increases the electrical leakage path along

the surface of the wire insulating jacket. The lead connected physically

with a corona control electrode through a Kel - F insulated barrier directly

above the circuit board.

9912

Figure 51. Design Example 8, 15 kV .

After cleaning and inspection , the ceramic capacitors were coated with a

50-50 mixture of Epon 828 and Versamid 140 and overcoated with 93-500 .

The latter material adhered well to the RTV -615 encapsulant.

All of the high -voltage components were mounted on etched Teflon stand

offs in order to keep high potentials well separated from the chassis which

is located 0.25 in , from the bottom of the board . Etching was necessary to

ensure adhesion to the RTV -615 encapsulant.

The pot core transformer was constructed with the high -voltage winding

wound on top of the low -voltage winding. Layers of H -film tape were

placed over every third layer of windings. High -voltage lead breakout was

made at the extreme perimeter on the opposite side of the core from the

primary leads.

*J. L. Westrom , GSFC, private communication .
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Figure 52. Design Example 8, 15 kV .

Figure 53. Design Example 9 , 25 kV.

Design Example 9–25 kV, -55 ° C to + 100 ° C *

As shown in Figures 53 and 54 , this 25-kV supply was potted as a solid

block in a metal box. The multiplier array was self supporting prior to

potting with a combination of Sylgard 186 and Sylgard 184. This unusual

compound is flexible and performs satisfactorily as an insulator over the

required temperature range. The design features field stress reduction at

junctures in the array through the use of metal balls welded to the compo

nent leads.

*R. G. Reynolds, USNRL, private communication.
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Figure 54. Design Example 9, 25 kV .

Component types employed include Erie 3889-810-X5RO capacitors with

Jet-Seal coating, Vitramon CKRO6BX capacitors, Semtech SFM-70 7 -LV

diodes, Caddock MG721 series high -voltage resistors, and Daburn etched

Teflon shielded cable .

Design Example 10—~100 kV, Sounding Rocket Experiment *

The 100-kV , 5-4A supply shown in Figures 55 through 58 was designed as

a Cockroft-Walton device contained within a vessel pressurized to 15 psig

with SF6 . The concept of employing only ceramics, metals, and SF. in

the construction wherever possible follows the design practice developed

over many years for construction of Van de Graaf generators. No encapsu

lants were employed.

The stack of fins visible in Figures 56 and 57 separate sandwich pairs of

uncoated capacitor wafers, Sprague type 41C-OZ5-C23C. Metallic lead

wafer separators were employed to relieve local stress concentrations in the

ceramic capacitor dielectrics.

A 150-megohm series limiting resistance consisting of ten 15 -megohm

Caddock MG 689 film resistors was employed. Other components em

ployed in this high -voltage supply were a Feroxcube type 4229 PLOO /3BZ

pot core transformer, 40 Semtech type 1N5184 diodes, and a 1011 12

voltage sampling resistance consisting of twenty 5 X 10° 12 RPC type BBMW

resistors .

A unique feature of this supply design was the shape of the high -voltage

electrodes. The structure is that of two flat plates forming a parallel plate

capacitor separated by the Cockroft -Walton diode array. That is, the whole

upper end of the cylindrical container is a conductor at high potential. As

can be seen by referring to Table 1 , this results in lower electric field stresses

than would occur, for example, between a small electrode ( connector) and

the base plate.

*F. Scherb , University of Iowa , private communication .
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Figure 55. Design Example 10, ~ 100 kV .

Figure 56. Design Example 10, ~100 kV .
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Figure 57. Design Example 10, ~ 100 kV.

Figure 58. Design Example 10, ~ 100 kV .
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1 . SCOPE

1.1 Scope . This document covers the design requirements for the

protection of high voltage flight equipment from damage due to arcing or corona

breakdown .

1.2
Applicability , The high voltage protection requirements des

cribed herein are to be applied to packaging design and testing of electronic

equipment operating above the voltage minimum as specified in 3. 2. 1 .

1.3 Objectives . The main objective of high voltage electronic

packaging requirements described herein is to assure that the electronic equin

ment employing high voltages will survive and operate without damage due to an

intentional or inadvertent turn -on while in the critical pressure area during

testing, or a high Earth altitudes , other planetary atmospheres , or the vacuum

of space . Demonstration by actual testing is required to deinonstrate that the

high voltage electronic equipment will survive operation in this environment .

Another objective is to qualify details of design such as :

Design concept .

b . Adequacy of interconnections .

Effectiveness of protective devices .

d . Effect on other subsystems .

Quality of workmanship.

Voltage breakdown considerations not included in this document are break downs

at frequencies above 1.0 GHz in cavities or wave guides in vacuum due to secon

dary emission (multi -pacting) or other effects not requiring ionization of a gas

for initiation.

a .
c.

e .

1.4 Classes of electronic equipment. Electronic equipment will be

classified as Class 1 or Class 2 in accordance with 1.4.1 and 1.4.2 .

1.4.1 Class 1 equipment. Class 1 equipment will be designed to

operate to specification requirements throughout its operational lifetime without

voltage breakdown (arcing or corona) present at any pressure , unless such

arcing or corona is a proper functional requirement (e.g. , spark gaps) ..
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1.4.2 Class 2 equipment. Class 2 equipment will be designed so

that any voltage breakdown which may appear during operation at any pressure

will not cause damage to its internal components or to other external equipment,

or degrade the mission to an unacceptable limit . During the time that volta ge

breakdown is occurring , operation to specification requirements is not required .

In applications where insulation to prevent corona or arcing cannot be used be

cause of interference with the proper functioning of the unit ( c.g. , plasma

detector screens ) , protective devices such as horn or ring gaps will be used to

reduce the possibility of arcing or corona occurring in the unit . Power supply

output may be self limiting to prevent damage due to arcing or corona .

2 . APPLICABLE DOCUMENTS

2.1 The following documents, of the issue specified in the contrac

tual instrument, form a part of this document to the extent specified herein.

SPECIFICATIONS

Jet Propulsion Laboratory

FS500443

FS505284

FS505789

Process Specification , Transformer and

and Inductors , Electronic Packaging,

General Specification for

Process Specification , Printed Wiring

Boards and Assemblies , Double Sided ,

Solder Plated , Detail Specification for

Process Specification , Fabrication of

Multilayer Printed Circuit System with

Plated - Through Holes , Detail Specifica .

tion for

Process Specification , Printed Wiring

Boards and Assembly, Detail Specifica -

tion for

FS506079

Military

MIL -T - 270 Transformers and Inductors (Audio,

Power, and High Power) , General

Specification for
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STANDARD

Military

MIL -STD- 202C Military Standard , Test Methods for

Electronic and Electrical Component

Parts

DRAWINGS

Jet Propulsion Laboratory

ST10591 Terminal , Electrical , Slotted , Swage

Mount

Terminal , Electrical , Slotted , Swage

Mount

STI1308

( Copies of specifications , standards , procedures , drawings , and publications

required by suppliers in connection with specific procurement functions should

be obtained from the procuring activity or as directed by such activity . )
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3 . REQUIREMENTS

3.1 Conflicting requirements. In case of conflict between the

requirements of this document and the requirements of any document referenced

herein, this document shall have precedence .

3.2 General . All flight electronic equipment to be exposed to the

critical pressure region ( refer to 6.1.3) and employing voltages above the mini

mum specified in 3. 2. 1 (a function of frequency) shall comply with the require

ments of this document . This requirement is in addition to the basic electronic

packaging requirements of the applicable design requirement and functional

requirement documents .

3.2.1 High voltage limits . The requirements of this document shall

be mandatory for flight electronic equipment with circuit conductors having

instantaneous voltages (with respect to other circuit conductors , to the common

ground , or to the subchassis ) in excess of 250 volts peak . This limit is appli

cable to frequencies from d.c. to 60 Hz , and shall be reduced in accordance

with Figure 1 for frequencies above 60 Hz .

a .

At voltages lower than that specified in 3.2.1 , compliance may be desirable for

one or more of the collowing reasons :

The conductive plasmas generated by a corona or arc , or other

mechanisms such as passage of the vehicle through low pressure

gascous environments , can driſt across bare conductors carry

ing much lower voltages (e.g. 24 volts ) , initiating arcing in

these circuits also .

b . The theoretical breakdown voltage minimum of 270 volts peak

is for air ; other gases , especially the noble oncs , even in

trace quantities, can cause brcakdown to occur at much lower

voltages .

C. Other conditions being the same, reduction of large voltage

gradients , by suitable gradient control techniques , will mark

cdly improve the long term reliability of high voltage circuits .
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Figure 1 . Lower Voltage Breakdown Limit versus

Frequency for Earth Atmosphere
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3.2.2 Frequency range . The range of frequencies governed by this

document shall be from d . c . to 10 GHz for sinusoidal waveforms , or from d.c.

to 1.0 GHz for all other waveforms .

3.3 Circuit geometry of prir:ted wiring and terminal boards. Printed

wiring (etched circuit) conductors shall not be used in circuits with voltages

between conductors in excess of 1000 voits peak unless special precautions are

taken to reduce the voltage gradients along the conductor edges . Printed wiring

boards and assemblies shall be in conformance to the requirements of JPL

Specification FS505284 , FS505789 , or FS506079 .

Terminal boards , using swaged terminals per JPL Specification FS505284 or

FS506079, using discrete components and solid bus wire for interconnection , or

similar packaging techniques where voltage gradient control can be denionstrated

or calculated , shall be used for high voltage circuits operating at voltages above

1000 volts peak.

Terminal pads shall not be used under swaged terminals in circuits with voltages

above 1000 v peak. Printed wiring and terminal boards used in high voltage

circuits shall nicet the requirements of 3.3 . I through 3. 3. 12 .

3.3.1 Separation of high voltage circuits. Circuits employing high

voltage shall be physically separated from low voltage circuits with a minimum

common boundary when located on the same printed wiring or terminal board ,

as shown on Figure 2 . The minimum distance between high and low voltage

conductors shall be as given in 3.3.3 and 3. 3. 4 .

3.3.2 Low voltage circuit protection . A ground bus shall be located

between high and low voltage circuitry to prevent possible creepage currents

or arcs causing interference or damage with the low voltage circuits as shown

on Figure 2 . Where the high voltage circuit is physically separate from the

low voltage circuit board , a ground bus around the perimeter of the high voltage

board shall be used to prevent a possible arcing to the low voltage circuits .

Where high voltage exists on both sides of the printed wiring or terminal board ,

the ground bus shall be on both sides , preferably superimposed one above the
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other as shown on Figure 3 . This ground bus should be wider than regular con

ductors to provide a lower impedance return path for an arc . A ground bus

shall be used in each layer of a multilayer circuit to isolate the high voltage

circuits from the low voltage circuits . In selected areas , the ground buses

may be staggered instead of superimposed to allow conductors to pass between

the high and low voltage areas by transferring from one layer to an adjacent

one ; or the ground bus on a given layer may be interrupted to allow passage of

such conductors . The connection to the ground point.for this bus shall be so

that the currents from a possible arc will not be coupled into the ground returns

of any other circuits .

GROUND BUS

LV

HV LV HV

LV LV

LV HV LV

LV

L
V

LV

NOT APPROVED BETTER BEST

Figure 2 . Common Boundary, HV & LV Circuits

LOW VOLTAGE

CIRCUITS
-3.3.1.5

TOP OF ENCAPSULATION

DOUBLE

GROUND

BUS

2
GND

-3.3.1.4

HVHV

Dk 4

WZ

-- 3.3.1.5
ENCAPSU

LATION
3.3.1.4 3.3.1.4

u
-3.3.1.5

[a رک.3.0.4 3.3 , 1.4
SD

od list

Figure 3. Required Separative of High Voltage Parts

75



JPL Des Req DM505139 A

3.3.3 Measurement of conductor separation . The distance between

conductors , terminals , or other metallic surfaces with high voltages between

them shall be measured in a straight line from the points of closest approach,

including worst tolerance buildup, and disregarding any intervening insulation

materials . The linear voltage gradient is computed in accordance with 3. 3. 10 .

3.3.4 Conductor spacing. The minimum separation of conductors

carrying voltages in accordance with 3.2 . I on the same side of the printed wiring

or terminal board shall be as given by the empirical equation:

d 0.250 V
-

(where d is in inches and V is the maximum peak voltage difference between

the conductors in kilovolts . )

The minimum separation shall be 0.125 inch . Distances shall be measured

along the surface between the conductors and shall be the minimum distance

possible . Layout of the high voltage circuitry should consider gradient reduce

tion by placing conductors in order of decreasing voltages , if such locations do

not cause adverse effects on the performance of the circuit .

3.3.5 Spacing from edge. The minimum distance of the conductors

from the edge of the printed wiring or terminal board shall be 1.5 times the

value obtained from the equation in 3. 3. 4 , as shown on Figure 3 .

3.3.6 Sharp points . Circuit conductors, electronic parts , and

mechanical parts either in the high voltage circuit , grounded , or insulated

electrically but located at a distance that is less than twice the distance speci

fied in 3.3 . 4 from the high voltage conductors , shall be designed or laid out in a

manner that will avoid sharp points , corners , and abrupt changes in dimensions .

Smooth curves rather than sharp corners shall be used for changes in direction

of all printed wiring conductors . Solder fillets shall be smooth .

.

3.3.7 Solder terminals. Swaged terminals shall be in accordance

with the requirements of JPL Specifications FS506079 and FS505284 , and the

requirements of this document . Preferred terminals for voltages shall be per

JP! Drawing ST10591 or ST11308 . For applications which require larger

terminals , the bifurcated terminals specified in JPL Specification FS505824
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shall be permitted , subject to the following additional requirements of this para

graph and Figure 4 . Ends of part leads shall be flush with the edge of the

terminal to 0.030 shorter. After part leads are installed , the terminals at

voltages above 1. 0 kv shall have any excess length of the bifurcation trimmed

off as shown on Figure 4 . A smooth solder joint shall be made to enclose all

cut ends of leads and trimmed bifurcations to reduce the voltage gradient . A

smooth solder ball or other conductive material shown on Figure 4 is allowable

for high voltage terminals . For circuits above 1.0 kv , the terminals shall

have a hemispherical conducting cap to reduce the voltage gradient at the edge

of the swage as shown on Figure 4. Use of solder terminals should be kept to a

minimum in high voltage circuits .

BIFURCATIONS

TRIMMED

0.0 TO 0.030

SOLDER BALL
ENDS OF LEADS FLUSH

TO -.030 IN FROM BASE

DIAMETER OF TERMINAL

Howwon Salon

J 777

lovasoq si bestur

SLIGHTLY LARGER

THAN SWAGE DIAMETER
SO

CONDUCTING CAP

((BONDED OR SCREWED IN )

Figure 4 . Solder Terminals
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3.3.8
Grounding . Chassis ground leads shall be separate from signal

and power return leads to prevent corona or arc currents from adversely affect

ing or damaging other circuits . Provisions shall be made so that corona detec

tion networks may be inserted in series with chassis grounding leads during sub

system tests as shown on Figure 5 . Ground lead continuity is through the corona

detection networks , which have a very low impedance at low frequencies . Ground

leads shall be such that ground loops are not permitted .

3.3.9 Grounded shield for ac circuits . High voltage ac circuits ,

which are encapsulated per 3. 4 , shall be enclosed by a conducting ground shield

to prevent the occurrence of corona at the surface of the encapsulant when opera

ting in the critical pressure region . Special precautions shall be taken to pre

vent the inclusion of any bubbles or voids between the shield and the high voltage

conductors . This shielding requirement may be waived if it can be demonstrated

that the high voltage circuitry will operate without corona or arcing while at the

minimum dielectric strength in the critical pressure region for a period of time

to allow all enclosed volumes to vent down to this pressure . The shielding

requirement may also be waived if the equipment is not intended to function in a

low dielectric strength gaseous environment (e.g. , Lunar Lander) .
.

3. 3. 10 Voltage gradient limits . The thickness of insulation shall be

so that the maximum voltage gradient will be 40 volts / mil thickness , or ten

percent of the actual breakdown voltage for the tickness of insulation used in the

design , whichever voltage stress is smaller . This is the linear gradient ,

calculated by dividing the peak voltage by the distance in mils . If the geometry

is one in which calculation of the maximum gradient is possible, then the maxi

mum stress allowable shail be 100 volts / mil , or 25 percent of the actual break

down voltage for the same thickness , whichever is smaller .

3.3 . 11 High voltage pulse circuits . Minimum separation as specified

in 3. 3. 4 of conductors carrying pulses may be reduced by multiplying factor

t (where t is the pulse width in microseconds). The pulse duty

t + 0.8

cycle shall be less than fivc percent for this reduction to apply .
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NOTES .

1 . CDN = CORONA DETECTION NETWORK (SEE FIGURE 3) .

2. CDN 1 , 2, 4 MONITOR POSSIBLE CORONA CURRENTS FROM HIGH

VOLTAGE LINES TO CORRESPONDING SUBCHASSIS . CON 3 MONITORS

POSSIBLE CORONA CURRENTS BETWEEN HV HI CONDUCTOR AND RETURN .

3. IN CASES WHERE IMPEDANCE IN RETURN OR CDN ADVERSELY AFFECTS

SUBSYSTEM OPERATION , VOLTAGE TYPE (CON ( 5) MAY 3E CONNECTED

TO HV LEAD ( 2) AS SHOWN .

4. ONE CON WITH GROUNDING SWITCH COULD BE USED IN PLACE OF

CDN 1 , 2, 3, 4 .

Figure 5. Insertion of Corona Detection Networks in Subsystem Ground Returns
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3.3.12 Enclosures . Enclosures which are not hermetically sealed

shall be vented directly to the ambient vacuum of space . The total area of vent

opening shall allow the pressure in the enclosed volume to bleed down to

3 x 10-3 torr in 60 seconds or less , when the pressure is reduced from

ambient sea level to 10-5 torr in six seconds or less . The pressure referred

to includes both residual air and outgassing in the enclosure . Experience has

shown that venting of enclosures may not be adequate to reduce the pressure

below the critical region. Consequently, high voltage circuits contained in the

enclosure shall be assumed to be exposed to the lower end of the critical pres

sure region , e.g. 10-3 to 5 x 10-4 torr , unless otherwise demonstrated

by suitable tests .

Hermetically sealed enclosures shall be acceptable iſ the product of the measured

leak rate and the mission time is one in which the resultant pressure in the

enclosure is above the critical pressure region .

High voltage insulation3.4 High voltage insulation materials .

materials shall have the following requirements .

3.4.1 Dielectric strength . Insulating materials having the higher

dielectric strengths shall be used in high voltage applications when other pro

perties or characteristics pertinent to the application are similar . Materials

with dielectric strengths of less than 400 volts /mil measured between parallel

plates at the thickness required should be avoided .

3.4.2 Dielectric constant. Insulating materials with low dielectric

constants shall be selected for insulation of ac voltages . Where two different

insulating materials are in contact , they should be selected so that the difference

in their dielectric constants is minimal . Materials with dielectric greater than

five shall be avoided .

3.4.3 Air dielectric strength . For purposes of equipnient design in

accordance with this document, air shall be assumed to have a zero dielectric

strength in the critical pressure region .
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3.4.4 High frequency applications. Insulation materials selected for

use in the high frequency (nominally above 1.0 MHz) applications shall have the

dielectric constants and dielectric losses small enough so that blistering , delami

nation, or other internal damage cause by internal heating will not occur during

normal operation .

3.4.5 Foams. Expanded or syntactic foam materials , or materials

that are porous, shall not be used for high voltage insulation applications .

3.4.6 Low arc resistant materials . Organic insulating materials ,

which have a tendency to sustain arcing under any pressure condition or which

deteriorate or outgas under arcing conditions , shall not be used in contact with

bare conductors emerging from the insulating material and exposed to the

ambient pressure . Inorganic insulating materials , which do not sustain arcing ,

shall be used to provide the interface of an emerging bare conductor from the

embedment or conformal coating as shown on Figure 6 .

BARE HV CONDUCTORINORGANIC INSULATOR

IMBEDDED IN ORGANIC

INSULATION ORGANIC

INSULATION

Figure 6. Inorganic Insulation Material

3.4.7 Filled materials . Insulation , which employs fillers or discrete

materials mix ed throughout its volume , shall have a dielectric strength design

limit within the requirements of 3. 3. 10 computed for that material of the mix

ture with the lowest dielectric strength .
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3.4.8 Insulation coating. All exposed conductors carrying high voltages

shall be conformally coated or embedded in a plastic material in conformance

with this document . Conductors , which must be exposed to the ambient pressure

for proper functioning (e.g. , spark gaps ) , shall be exempt from this requirement.

3.4.9 Adhesion of polymeric materials . Selection of polymeric insu.

lation materials and preparation of solid surfaces in contact with such materials

shall assure proper adhesion of the polymeric materials to eliminate creepage

paths between conductors .

3.4 . 10 Removal of absorbed gas. Insulation materials in liquid form

prior to polymerization shall be exposed to a vacuum sufficient to remove en

trapped gas . Suitable precautions shall be taken to prevent re -entry and trapping

of air into the insulation material prior to use and during a pplication . Pouring

of insulation material into mold while both items are under vacuum will prevent

air entrapment.

3.5 Electronic parts for high voltage applications. In addition to

requirements imposed by project parts documents , the electronic parts used in

high voltage circuits shall meet the following requirements .

3.5.1 High voltage transformers and inductors . Transformers and

inductors shall meet the requirements of JPL Specification FS500443 , and

3.5 . 1. 1 through 3.5.1.5 herein .

3.5.1.1 Maximum voltage between turns . The thickness of the

enameled magnet wire insulation coat and winding technique shall be so that the

maximum possible voltage between any two adjacent wires in a winding shall

be accordance with 3. 3. 10 , and in no case larger than 40 volts peak . Voltages

at terminations of windings and between wires in excess of this value shall

employ additional insulation in accordance with 3. 3. 10. In high voltage pulse

transformers with pulse widths of 10 u sec or less , the allowable voltage limit

between wires may be 200 volts peak.
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3.5.1.2 Core connection . Electrically conductive cores electrically

insulated from the mounting base of the transformer or inductor shall have an

auxiliary lead brought out to facilitate hypot tests between the core and the wind -

ings to test core insulation integrity ( if there is no internal connection between

a winding and the core) . Cores fabricated from high permeability magnetic

materials and encased in plastic matter by the manufacturer shall be exempt

from this requirement , provided that the plastic material is in accordance with

3.4 and is sufficiently transparent to allow measurement of the minimum thick

ness of insulation separating the core from the winding . Cores encased with

metallic covers and covered with insulation material also shall be exempt pro

vided that the insulating material is in accordance with 3.4 , and the low voltage

winding (primary) is between the high voltage windings and the core .

3.5.1.3 Interwinding insulation . Insulation between windings shall

be in accordance with 3.4 and shall be capable of withstanding , without damage ,

the tests described .

3.5.1.4 Winding cmbedment. Windings shall be impregnated and

then encapsulated or shall be embedded with suitable materials and techniques

in accordance with 3.4 , so that all wires are securely anchored and no pockets

or voids occur .

3.5.1.5 Winding terminations . Windings terminated into insulated

lead wires shall be embedded in accordance with 3.5.1.4 and the requirements

of this paragraph . Terniinals employed for termination of transformer or

inductor windings shall meet the requirements of 3. 3. 7 , prior to conformal

coating or encapsulating in accordance with 3. 4 . The conformal or encapsulant

material shall be compatible with the lead wirc insulation and achieve a

thorough bond so that creepage paths from the conductor to the outside of the

module will not occur . The length of the path from the conductor to the outside

shall be 0. 25 inch , or in accordance with 3. 3. t , whichever is greater to assure

a sufficient length of bond to prevent breakdown . Provisions shall be made to

anchor the wire as it emerges from the encapsulant ; or other precautions shall

be taken so that subsequent handling does not mechanically stress the bond

between the encapsulant and the wire insulation .
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3.5.2 Connectors . Connectors shall not be used as high voltage

interfaces in Class 1 ( 1.4.1 ) equipment unless compliance of such connectors

with the requirements of this document is demonstrated by suitable tests called

out herein .

3.5.2.1 Venting, The void enclosed between the interface of the

mated connector and the other volumes sealed off by cable clamps , etc. , shall

be vented in accordance with 3. 3. 12 .

The connector insulation material shall be3.5.2.2 Insulation .

selected in accordance with 3.4 .

3.6 Performance testing. The performance of high voltage parts ,

components and subsystems shall be substantiated by testing as specified in

Section 4 herein.

3.7 Environmental testing. Requirements for type approval (TA)

and flight acceptance (FA) tests are stated in 3.7.1 and 3. 7.2 respectively.

3.7.1 TA testing . TA testing shall comprise of testing of electronic

parts and components ( 3. 7. 1. 1 ) and subsystems ( 3. 7. 1. 2) testing .

3.7.1.1 Electronic parts and components testing. Electronic parts

selected for high voltage applications shall be exposed to test conditions suffici

ently severe in the critical pressure region to establish margins and to test the

design, construction and types of insulation materials used in accordance

with 4. 3.2 . Such parts shall have previously met the requirements of applicable

project parts documents . If the parts are encapsulated in the flight subsystem ,

the parts undergoing part type qualification may be encapsulated in identical

material with the approximate thickness and geometrical configuration as the

flight model.

3.7.1.2 Subsystem testing. Subsystems , employing high voltages ,

shall be exposed to operation in the critical pressure region during TA tests ,

if possible; otherwise a separate test shall be made . The length of time and

test conditions shall be as specified in 4. 2. 2.1 .
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3.7.2 FA testing. FA testing shall comprise of testing of electronic

parts and components ( 3.7.2 . 1 ) and subsystems (3.7.2.2) testing .

3.7.2.1
Electronic parts and components testing. Electronic parts ,

after meeting the requirements of applicable project parts documents shall

undergo FA tests per 4.3.3 for high voltage applications . Flight acceptance

test parameters shall be of magnitudes that adequately screen the parts for the

intended application without causing degradation or deterioration .

3.7.2.2 Subsystem testing . Subsystems , employing high voltages

which are required to operate in a critical pressure region during some portion

of the flight mission , shall be operated in the critical pressure region to demon

strate compliance with this document in accordance with 4.2.2.2 . Subsystems ,

employing high voltages which are not required to function in the critical pressure

region at any time during the mission and have a record of successful tests

per 3. 7. 1.2 , may be specifically waived from this requirement.

3.8 Workmanship . All parts and components intended for high

voltage usage shall be manufactured to a high standard of workmanship. Uni

formity of shapes , dimensions, and construction shall permit interchangeability

of replaceable parts and assemblies . The use of smooth fillets , rounded edges

and corners to eliminate points shall be emphasized . There shall be no cracks ,

breaks , chips , bends , burrs , loose attachments , illegible markings, or other

evidence of workmanship defects which could adversely affect the performance

of the life of parts and components .
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4 . QUALITY ASSURANCE PROVISIONS

4.1 General. Inspections and tests as specified herein shall be

performed on all subsystems , parts and components used in high voltage appli

cations to substantiate the requirements of Section 3 .

4.2 Subsystem testing. Subsystems , employing high voltages ,

shall be operated in the critical pressure region for both TA and FA tests with

instruments of suitable sensitivity to detect any possible corona or arcing

occurring in the subsystem (as required by 4.2.2.1 , TA ; and 4.2.2.2 , FA) .

In addition , suitable corona detection instruments shall be employed during

spacecraft system TA and FA tests to monitor for any unexpected breakdowns

during such environmental testing.

4.2.1 Test objectives . The principal objective of operating a sub

system employing high voltage in the critical pressure region , as a part of

TA testing , shall be to demonstrate the capability of the subsystem to survive

operation in this environment . An additional objective shall be to qualify details

of design such as :

a . Design concept

b . Adequacy of interconnections

Effectiveness of protective devices

d . Effect on other subsystems , and

Quality of worknianship.

C.

e .

The objective of operating a subsystem in the critical pressure region for FA

tests shall be to verify the quality of workmanship and to detect errors so that

intentional or unanticipated exposure of the high voltage electronic equipment

to the critical pressure region during flight will not degrade the mission .

4.2.2 Environmental testing . Environmental testing of TA and FA

equipment shall include both Classes 1 and 2 equipment .

4.2.2.1 TA testing The TA tests required in this document are

in addition to those test required by the applicable project documents .
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a .

4.2.2.1.1 Class 1 equipment. Testing of subsystems , employing

Class 1 equipment per 1. 4. 1 for TA , may be run concurrent with thermal

vacuum test if:

Corona detection equipment is properly connected into the

high voltage equipment and monitored continuously through

out the thermal vacuum test for evidence of corona or arcing

breakdown . If the subsystem has inherent corona detection

capability which is demonstratable to the satisfaction of JPL,

the requirement for external corona detection equipment may

be waived.

b . Pressure is held through the 0.1 to 1 torr region for a period

of time compatible with the mission profile or 3 days , which

ever is longer with the subsystem functioning to specification

through all modes of operation . Subsystems , which are not

normally exposed to operation in the critical pressure regions

( e.g. , lunar landers) may be tested by operation at ambient

room pressure with the subsystem in the mode most likely

to' experience breakdown . Then while operating , pump down

to 0. I torr with 30 minutes or less ; hold at this pressure

for 3 days ; then switch through all rnodes of operation 6 times

minimum while inonitoring for voltage breakdown . If the

number of mode changes is limited so that 6 times is an

appreciable fraction of the total allowable , then this number

may be revised downward upon specific approval oi JPL.

Subsystems, which are required to operate in the critical pressure region at

the end of the flight ( e . g . , Mars Lander) may fulfil the mission profile require

ment by being exposed to 10-4 torr or higher vacuum for 3 days . Then while

functioning in the mode most likely to experience breakdown , the subsystem

shall return to l torr and shall operate in this region for a niinimum of 3 days .

Any indication of corona or arcing on any corona detection network , or from the

operation of the subsystem ( if the subsystem has inherent corona detection

capability) shall be cause for rejection .
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4.2.2.1.2 Class 2 equipment. ( Refer to 1.4 . 2. ) Tests of subsyster

employing Class 2 equipment may be run concurrent with thermal vacuum tests ,

or a separate test may be performed . Monitoring for voltage breakdown is

required by one of the following methods :

Suitable corona detection equipment

b . Inherent capability of the subsystems to detect corona , or

By visual means .

a .

C.

Prior to turn on , the subsystem shall be exposed to 0.1 to 1.0 torr region for

24 hours . The subsystem shall then be operated in all possible modes while at

0.1 to 1.0 torr region at the high temperature range , where functioning is

required in the thermal vacuum test . The length of time of operation in each

mode shall be the time at which the approximate temperature equilibrium is

established . Upon completion of the tests , the high voltage subsystem shall

be disassembled for visual inspection . Degradation of components or damage

to the subsystem shall be cause for rejection.

4.2.2.2 FA testing . The FA tests required in this document are in

addition to those tests required by applicable project documents .

4.2.2.2.1 Class 1 equipment. Tests of subsystems with Class I

equipment , which is required to operate in the critical pressure area , may be

run concurrently with FA tests , if operation in vacuum is required . If operation

in vacuum is not required , then a separate test in a vacuum chamber shall be

necessary . Suitable corona detection equipment shall be required to monitor

for possible voltage breakdown , unless the functioning subsystem has an

inherent capability for corona detection, which has been previously demonstrated

The subsystem shall be exposed to the 0.1 to 1.0 torr region for 6 hours , and

then turned on . Operation in each mode shall be of sufficient duration , typically

several minutes , to allow a thorough detection opportunity for any corona or

arcing which may occur . The presence of corona or arcing shall be cause for

rejection.

S'ibsystems with high voltage equipment, which are normally not required to

operate in the critical pressure region, may be exempt from this test if corona.
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free operation of an identical subsystem was demonstrated during the TA tests

of 4. 2. 2. 1 , and a special waiver is given by JPL .

4.2.2.2.2 Class 2 equipment. FA testing of subsystems with

Class 2 equipment may be waived if adequacy of the protective devices or

designs has been demonstrated in the TA tests of 4.2.2.1 . Any test required by

this section shall be run at 1.0 torr for the minimum time necessary to verify

the workmanship and to detect flaws in materials or fabrication . Inspection of

the protective devices shall be made after a test . Pitting or burning of the pro

tective devices shall be cause for rejection , unless the defects can be removed

by suitable and careful polishing techniques acceptable to JPL prior to flight.

4.3 Electronic parts and components testing. In the following

paragraphs, the terin " electronic parts " shall be interpreted to include

components as defined in 6.1.5 .

a .

4.3.1 Test objectives. The main objective of imposing qualification

tests on the parts , in addition to those required by a pplicable parts documents ,

shall be to determine the suitability of the part for high voltage applications

with regards to such factors as :

Adequacy of design

Quality of workmanship

Spacing of leads

d . Stresses caused by high voltage gradients

Dielectric materials employed

f . Presence of voids , and

g . Heat dissipation .

b .

C.

e .

The objectives of performing acceptance tests on high voltage parts , in addition

to those previously required by applicable parts documents , shall be to verify

workmanship, including detection of errors .

To accomplish these objectives, all electronic parts used in high voltage circuits

shall be tested for designated period of time in accordance with the type of test

and the test setup specificd . These test conditions shall be applicable to all

electronic parts except those specially named under appropriate paragraphs of
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this document . Applicable paragraphs of MIL- STD - 202 C , Method 301 , which

are not in conflict with this document, may be lised as a guide for electronic

part tests .

4. 3. 2 General electronic part design qualification . Electronic parts

used at high voltages shall be tested for corona or arcing in the critical pressure

region to determine the adequacy of construction of the electronic part from the

high voltage considerations . Following suitable precaustions to minimize

external corona or arcing , the voltages shall be applied while the electronic part

is in the critical pressure region . It is expected that applied voltages in design

qualification tests will be high enough to cause some failures , in order to

establish a margin of confidence . Voltages applied to electronic parts shall be

greater than normal operating voltages in order to accelerate failure ofmar

ginal or defective components . For convenience in testing , a functional group

of electronic parts which form a component of the subsystem may be tested in

accordance with this document ( rather than for each electronic part separately ).

4.3.2.1 Test procedure . Test voltages as given in the respective

paragraphs shall be applied to the electronic parts undergoing test in a vacuum

chamber at rooni pressure . Corona detection networks as shown on Figure 7

shall be used in appropriate leads to monitor for corona or arcing . With the

voltage continuously applied , the air pressure shall be reduced to the Inwer

limit (see 6.1.3) , and this pressure shall be varied between the upper and lower

limits several times for the tinie interval specified in 4. 3. 2.7 . If several

voltage tests are to be made on the same electronic part or on several parts in

the same chamber , the test voltages may be applied in sequence by switching

( provided that the chamber pressure is varied between the limits of 6.1.3 for

each test) . At the conclusion of the test , the voltage shall be removed , and the

electronic parts shall be brought back to ambient room pressure . During the

test , any evidence of corona or arcing shall be cause for rejection . Voltage

lines and feed -throughs to the component in the test chamber shall be a con

struction that will preclude the formation of corona .

4.3.2.2 Electronic parts mounting . Electronic parts undergoing

test shall be mounted in a similar to that in the subsystem , especially with
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regard to adjacent metallic surfaces, terminals , etc. Potting, coating or

encapsulation shall be similar to that applied to the electronic part in the

complete subsystem .

4.3.2.3 Test voltage amplitude. The test voltage shall be twice the

maxiinum operating voltage . Il both ac and dc voltages are applied simultane

ously to an electronic part during normal operation , the test voltage shall be

an ac sine wave with a peak amplitude equal to twice the sum of the dc and ac

operating voltages . If it can be shown that application of the test voltage speci

fied herein will exceed the manufacturer's rating the test voltages may be

reduced to 130 percent of maximum operating voltage upon written approval by

JPL ( if the objectives of 4. 3. I can still be met) .

4.3.2.4 Test voltage frequency. The frequency of the test voltage

shall be within 10 percent of that experienced by the electronic part during

normal operation . DC voltages shall not be applied to electronic parts

normally operating at ac potentials . Electronics parts , which normally operate

on dc voltages , shall be tested by the application of a dc voltage in accordance

with 4. 3. 2. 3. Electronic parts which normally operate an ac shall be tested

by sine wave voltages of a peak amplitude as specified in 4.3 . 2. 3. If more

convenient , a 60 Hz sine wave instead of the normal operating frequency may be

used , subject to the restriction that the 60 Hz test frequency shall not be nearer

than +20 percent of the resonant frequency of the part , such a test frequency

shall not cause damage to the part , and the normal operating frequency is under

6 kHz . Electronic parts normally operating at frequencies above 6 kHz shall be

tested at their nominal operating frequency .

4.3.2.5 Test voltage application . Voltages shall be applied between

terminals of the clectronic part . If the terminals are insulated from the

metallic case or mounting hardware , the test voltage shall also be applied

between the terminal and the case or the mounting hardware .

4.3.2.6 Rate of voltage application . The test voltage shall be raised

uniformly from nominally zero to the final value at a nominal rate of 500 volts

per second , dc or rms , unless otherwise specified .
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4.3.2.7 Test duration . The test voltages shall be applied in accor

dance with applicable paragraphs of this document for the minimum length of

time of 1.0 hour in the critical pressure region .

4.3.3 General electronic part acceptance tests . Acceptance tests at

sca level conditions of electronic parts for flight subsystems shall be performed

on all electronic parts rather than a sampling basis to screen out electronic

parts with defective workmanship or concealed damage .

4.3.3.1 Operating test voltage . The voltage applied between the

terminals of an electronic part shall be 130 percent of the operating voltage for

the test time specified in 4.3.3.5 .

4.3.3.2 Insulation test voltages. Transformers with graded insula -

tion shall be exempt from the requirements of this paragraph . In transformers

without graded insulation , voltages applicd between all the terminals tied to

gether and mounting hardware shall be of sufficient magnitude to stress the

dielectric at the narrowest section to 80 percent of the rated dielectric strength

of the insulation material for the period of test time specified in 4. 3. 3.5 .

Components with no conducting mounts or enclosures shall be buried in metallic

shot or have a conducting foil wrapped on the surface of the insulation to serve

as the voltage return . Corona detection networks shall be used to monitor

possible corona or arcing .

4.3.3.3 Frequency . The frequency of the applied voltage shall be

the same as that under normal operating conditions . If this is not practical ,

then 4. 3. 2. 4 shall apply.

4.3.3.4 Rate of application . The rate of application of test voltages

may be instantaneous. The minimum rate shall be as required in 4.3.2.6 .

4.3 . 3.5 Test duration . The minimum time for the full voltage to be

applied to the electronic part shall be 5.0 +1.0 seconds .

4.3.4 Transformer /inductor tests . Qualification tests of transformers

and inductors shall be in accordance with 4. 3. 2. The tests specified in 4.3. 4. I.
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through 4. 3.4.5 shall be a requirement for acceptance prior to installation in a

subsystem . Part acceptance tests as well as design qualification tests on trans

formers and inductors shall be performed in the critical pressure region .

4.3.4.1 Testconfiguration . The configuration for testing trans

formers and inductors shall be as shown on Figures 8 and 9. Electrical con

nectors and wire leads shall be corona proof when the pressure is in the

critical pressure region .

4. 3.4.2 Interwinding insulation . The insulation integrity between

windings , between a winding and the core , and between a winding and the case

iſ one is used , or between windings and mounting inserts , if used , shall be

tested by applying a voltage between the various windings, cores , etc. , in

accordance with Figure 8 and Table I for the length of time specified in 4. 3. 3.5 .

Table I.
Interwinding Insulation Test Voltages

Working Voltage

(dc plus peak ac )

Test Voltage

( rms)

250 to 700 volts

Above 700 volts

2.8 x working v.

1.4 x working v.

plus 1000

4.3.4.3 Intrawinding insulation . Transformers shall be subjected

to a voltage sufficient to cause twice the rated voltage to appear across all

windings at the critical pressure region . The test voltage may be applied to

any winding as shown on Figure 9 . Care shall be taken to terminate all trans

former terminals so that external corona or arcing is prevented . Mountings

and windings shall be grounded as they would be in service . The test frequency

shall be far enough from any resonant frequency , so that voltages more than

twice rated voltage will not occur in any winding . Twice the rated voltage shall

be applied across an inductor winding at approximately twice the normal fre

quency or in a manner that will not exceed twice rated current .
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NOTES : 1 . RESISTORS ARE LOADING R'S FOR SECONDARY WINDINGS .

(MAY BE LOCATED OUTSIDE OF CHAMBER )

2. NEON INDICATOR 1 , SHALL BE BYPASSED FOR THIS TEST.

3 . POWER SUPPLY VOLTAGE SHALL BE TWICE RATED VOLTAGE

FOR THE WINDING ENERGIZED WITH THE FREQUENCY

RAISED SO THAT AC CURRENT FLOW IS EQUAL TO OR LESS

THAN RATED CURRENT.

4. GROUNDING TYPE SELECTOR SWITCH MAY BE USED WITH

ONE CORONA DETECTION NETWORK .

5. CDN - CORONA DETECTION NETWORK (SEF. FIGURE 2) .

Figure 8. Transformer Intrawinding Breakdown Test
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NOTES: 1. GROUNDING TYPE SELECTOR SWITCH MAY BE USED

WITH ONE CORONA DETECTION NETWORK .

2 . TRANSFORMER MUST BE ELECTRICALLY INSULATED

(LOW VOLTAGE) FROM VACUUM CHAMBER GROUND.

3. CONCON = CORONA DETECTION NETWORK (SEE

FIGURE 2) .

Figure 9 . Transformer Interwinding Breakdown Test
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4.3.4.4 Test duration . Test duration requirements shall be as

follows :

a . Design qualification: Test duration for component design quali

fication tests shall be as specified in 4. 3. 2. 7 .

Component acceptance : Test duration for component acceptance

shall be as specified in 4.3.3.5 .

b .

4.3.4.5 Examination during and after tests . Components undergoing

tests as described in the previous paragraphs shall show no corona or arcing

during the test . After the test , components shall be examined for evidence of

arcing, flashover, breakdown of insulation , and damage . Visible damage or

detection of voltage breakdown or corona by instrumentation shall be cause for

rejection.

4.4 Testsetup . The test setup shall include the following.

a .

4.4.1 Corona detection network . Detection of corona or arcing shall

be by a current or series type of network as shown on Figure 7 inserted in

series with the chassis ground return of the high voltage circuit being tested .

In cases where the added series impedance in the chassis return is detrimental

to the operation of the component or system , the parallel or voltage type

described in MIL -T - 27C shall be used . Selection of the type detection network

used shall be based on the following criteria .

The current or series type shown on Figure 7 is composed of

low voltage rating elements in the chassis ground or low

voltage return side of the circuit , and enables isolation of

the of the returns so that the location of the corona may be

determined .

b . The high voltage or shunt type specified by MIL - T - 27C con

sists of a high voltage capacitor and inductor in series with

the capacitor connected directly to the high voltage terminal

and the inductor grounded . The common node provides the

input to an oscilloscope. The capacitor shall be corona -free ,

otherwise , corona occurring in it will be indistinguishable

from that occurring in the equipment undergoing tests .
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The current or series type of corona detection net work is the only setup that

can be used with equipment in which the high voltage connections are located

inside the vacuum chamber and are not accessible . An additional advantage of

this network shall be that it will be possible to distinguish between corona

externally at a component terminal and internally through the case insulation .

Corona occurring at a terminal in a vacuum chamber , which is not a defect of

the component, will not abort the test by preventing the detection of corona

occurring in the component. The parallel type described in MIL - T - 27C does

not have this capability .

4.4.1.1 Series corona detection network . The current type corona

detection network is inserted in series with return or chassis ground lines to

nionitor the corona or arc current flowing in the circuit . The input to the

corona detection network consists of two zener diode rectifier bridges and two

inductors , all in series as shown on Figure 7. Meter Ml in the first bridge

measures corona currents in the 0 to 5 microampere (ma) range . The

second bridge covers the 0 to 1.0 milliampere (ma ) range . Currents in

excess of 5.0 ma cause a voltage drop of 10 volts across Rl ; the zener diodes

then conduct thus protecting the microammeter from excessive currents . With

the microammete
r

protected , the currents in the 0 to 1.0 ma range due to

arcing will be indicated on M2. Arc currents , whether pulses or continuous ,

in excess of 1.0 ma cause a corresponding 10 volt drop across R2 , zener

diodes CR - 5 to CR - 3 conduct , protecting the milliammeter . Inductances LI

and L2 in series provide a significant ac impedance froni audio frequencies

to nearly 0.5 mHz , the frequency range of corona voltage . The function of the

capacitor C is to attenuate the ac supply frequency to a sufficient degree , but

to pass the corona burst puises so that the maximum sensitivity of the oscillo

scope may be utilized . The power supply waveform appearing on the oscillo

scope serves as a reference for corona bursts , as shown by the waveform

sketch on Figure 7 . Corona bursts can thus be distinguished from extraneous

noise in the circuit . This circuit will operate with either ac or dc corona cur

rents , or combination of both , without switching .

4.4.1.1.1 Network ac operation . The positive and negative sections

of the ac current waveform are rectified by alternate branches of the bridge ,
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with the resulting dc passing unidirectionally through the meter circuit. Since

the meters cannot distinguish between corona current and any capacitive cur

rent , the main reliance for corona indication is the oscilloscope. A typical ac

waveform with corona burst is shown on Figure 7.

4.4.1.1.2 Network de operation . In dc operation , capacitor CI

will attentuate power supply ripple or low frequency noise . The high frequency

corona burst may or may not appear on the oscilloscope depending on the geom

etry , voltage , polarity , and other factors . DC corona indication may also be

a burst rather than a continuous smear as shown . In this event , the micro

ammeter will indicate the presence of corona .

4. 4. 2 Vacuum chamber . The vacuum equipment should have

sufficient capacity to pump down to the critical pressure region within 20 min

utes with the chamber air and outgassing loads present,

4. 4. 2. 1 Vacuum chamber penetration , Where possible , to eliminate

any terminals in a vacuum , all high voltage connections required through the

interface may consist of insulated wires embedded in the component and long

enough to pass through the vacuum port without splicing . Vacuum sealing can

be achieved by " O " ring seals under compression around the wire insulation .

A continuous pumping system can tolerate the leakage of these seals , with the

moderate vacuum requirements of the critical pressure region . After accept

ance , the component leads can be cut to installation length.

4. 4. 3 Electrical connections . Connections to high voltage , espe

cially ac , terminals of equipment inside the vacuum chamber or splices in high

voltage cables should be kept to a minimum . Where such connections are

unavoidable , they can be encapsulated in a resilient , easily removable resin

using applicable paragraphs of 3. 4 as a guide only , because of the temporary

nature of the connections . To ininimize air bubble formation , the requirements

of 3. 4.10 should be followed . After polymerization for a high voltage de con •

nection , a conducting shell of ſoil shall be wound on the resin and connected

to a corona detection network to monitor the connection for corona or

arcing . Any voltage breakdown occurring through the encapsulated connection
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may give a false indication of a voltage breakdown in the component o: subsystem .

For a de connection , the insulation integrity shall be monitored by enclosing the

encapsulation with a conductive material ( e . g . , foil ) which is connected through

the vacuum interface to a corona detection network . An ac connection shall re

quire similar enclosure of the encapsulation with a conductive material, but

with the added requirements of 3. 3.9 . Monitoring of the insulation integrity

shall be with the corona detection network which will be more difficult due to

the capacitive current possibly masking a low level corona .

7. 4. 3.1 Switching. Switching of component or subsystem high volt

age leads shall be accomplished external to the vacuum system .

4.4.4 Oscilioscope . The frequency response of the vertical am -

plifiers of the oscilloscope shall be flat from low audio frequencies of 1. 0 MHz

cr higher . Deflection sensitivity of the trace shall be 10 millivolts / cm or

higher . The zero trace of the oscilloscope shall be blanked out visually by

opa que tape so that the intensity can be turned up sufficiently to see the corona

bursts .

4.5 Rejection and resubmittal.
High voltage parts and components that

fail to meet all the requirements of this document shall be rejected and returned

to the contractor . Prior to resubmittal, if applicable , the contractor shall

furnish the JPL procurement division representative and the JPL cognizant

engineer full particulars in writing regarding the cause of failure and the action

taken to correct the deficiencies .

5 . PREPARATION FOR DELIVERY

Not applicable.

6. NOTES

6.1 Definitions . Definitions applicable to this document are as follows:
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6.1.1 Voltage breakdown . Voltage breakdown as used in this

document refers to either arcing or corona.

6.1.1.1 Corona , An incomplete or partial voltage breakdown of the

air or gas adjacent to one or both electrodes or conductors , resulting in a

current flow of the order of 10-7 to 10-6 amp rm8 .

6.1.1.2 Arcing. A complete voltage breakdown of dielectric between

two conductors , with currents of the order of milliamperes or higher , limited

only by power supply impedance .

6. 1. 2 Damage . Damage within the requirements of this document

is hereby defined as any degradation , deterioration , or gross change in a cir

cuit component or subsystem that would significantly shorten its operating life

or cause permanent out -of -tolerance change in performance .

%

6. 1.3 Critical pressure region . The range of pressure through

which the dielectric strength of the air reduces to 20 percent or less of the di

electric strength of 20 ° C and sca level pressure , shall be the critical pressure

region for the purpose of this document. Nominal limits of the critical pres -

sure region in air are 50 torr ( 60,000 feet altitude ) to 5 x 10-4 torr ( 310,000

feet altitude ) .

6.1.4 Electronic parts . In this document electronic parts refer to

common items such as resistors , capacitors , transistors , and diodes .

6.1.5 Components . A component consists of several electronic

parts assembled , interconnected , to perform a function not possible with single

part ; e. g . , diode bridge , filter network , regulator and cable harness .

Equipment. Equipment refers to a collection of components

and parts to perform a function such as power supply and modulator .

6.1.6
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6.1.7 TA. Designates Type Approval or qualification tests .

6.1.8 FA . Designates Flight Acceptance level of tests for flight

parts , components , or equipment.
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HELIOS-A AND -B

EXPERIMENT 7 POWER SUPPLIES





May 14 , 1971

GSFC Specification 31187B

Helios A & B Missions

Detector Bias Supplies and Low Voltage

Power Supplies for Experiment 7

1.0 INTRODUCTION

This specification describes power supplies which will be utilized

in a cosmic radiation experiment for the Helios A & B missions , a German

U.S. cooperative project . These supplies provide the biases required for

the solid state detectors and the x- ray proportional counters ; the voltage

required for the PHA and coincidence system described in Specification

31187A ; and other voltages as described in Sec . 3.1.3.1 . Mission lifetime

is at least two years . Reliability and quality assurance of these systems

is of the utmost importance , and considerable effort in these areas will

be required . In addition , weight and power requirements are extremely

stringent and must be rigidly adhered to in the conception and design of

these systems .

2.0 APPLICABLE DOCUMENTS

The documents listed below form a part of this specification to the

extent specified herein . In the event of conflict between this specification

and those of any of the following documents , the requirements of this

specification shall prevail .

S - 702 - P - 1A , Specification for Reliability and Quality Assurance

Provisions for Helios Project Instruments , Goddard Space Flight

Center , August 7 , 1970 .
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3.0 ELECTRICAL CHARACTERISTICS

3.1 General

The power converter is supplied 28 volts + 2 % at its input

terminals from a solar-celi /chemical-battery power system . The

low voltage outputs power both low - level analog circuitry and fast

digital circuitry . Thus , isolation of these two classes of output

from each other as well as from the detector biases is required in

order to keep ground looping and system noise to a minimum .

3.1.1 Converter Input Characteristics

3.1.1.1 Voltage - The regulated output voltage from the

main spacecraft inverter is 28.0 volts . Connector , relay

and wire resistances are in series with the 28 volts .

You are to assume that the regulation is + 2% at the

converter input . The experiment power bus is energized

through a spacecraft relay by command .

3.1.1.2 Ripple and Noise Tolerance
O

Except for transient

excursions described in 3.1.1.3 below , the power supply

shall be capable of operating within specifications when

the input power includes electrical noisie of 1.5 volts

peak to peak in the frequency range 4 Hz to 5MHz .

3.1.1.3 Transient Voltage Excursions - Temporary loss of

power may occur at any time as the S /C power distribution

system automatically dumps loads to protect itself from an
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overloaded condition . Experiments would then be turned on

one at a time by command . Additionally , transients can occur

when the spacecraft switches between redundant regulators ,

etc. Thus , the S /C has imposed the following survival tests

for spikes on the power lines . In the frequency range 2 Hz

to 20 KHz , the amplitude of the spikes ( pos . and neg . ) is

to be 7 volts . For a single pulse , the amplitude shall be

28 volts , positive and negative . All pulses are referenced

to 28 volts dc and the pulses will rise to peak values in

1 microsecond and decay to zero in approximately 10 micro

j

seconds . Additionally , the power supply shall be designed

to survive application of 35 volts dc indefinitely and

56 volts dc for at least 100 milliseconds .

3.1.1.4 Source Impedance The model of the spacecraft

power output is a voltage source of 0.1 ohms inherent

resistance shunted by 500 uF . To this must be serially

added the 0.3 ohms of the harness , connectors , etc.>

3.1.1.5 Power Switching The spacecraft delivers a power

synch signal for synchronization of the experiment power

converters . It is specified as follows :

a . frequency : 39,947 KHz

b . frequency accuracy :
10-4

c . duty cycle : 1 : 2
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d . Accuracy of duty cycle : + 10 %

e . Rise /Fall time : si sec

f . Input " O " : 0 to 0.7 volts

8 . Input " 1 " : + 2.0 to + 5.5 volts

h . Reference : + 28 volt return line

ܪ.

Source Resistance : 1 Kr < Rs < 1.2 kr

It is intended that the power converter divide the

incoming synch frequency by 2 and thus that the converter

operate at 19,973 Hz . All primary side circuitry must

operate from + 28 volts to the + 28 volt return line .

3.1.1.6 Input Grounding
O

Note that the mechanical chassis

of this power supply will be attached directly to S /C

chassis ground . The input voltage and input return are

delivered on a twisted pair , and the maximum capacitance

allowed from either line to chassis ground is 1000 pf .

3.1.1.7 Turn- on Current Limitation The turn-on current

in excess of the nominal current must average to less than

or equal to 0.5 milliampere - seconds during the 1 millisecond

period following turn-on .

3.1.1.8 Reflected Ripple - When operating from the power

source described in Sec . 3.1.1.4 and fully loaded , the

converter shall not feed back on the S /C power bus electrical

current noise in excess of that shown in Fig . 3.11 and 3.12 .

The limits for radiated emission are given in Figs . 3.13 and 3.14 .
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3.1.2 Operating Characteristics

3.1.2.1 Frequency The converter may operate at 19,973

Hz as described in Sec . 3.1.1.5 or at any frequency in

excess of 200 KHz , or separate sections may operate at

different frequencies ( e.g. the low voltage at 19,973 KHz

and the high voltage at 350 KHz , for instance ) . The choice

of operating frequency should be made on the basis of

converter efficiency , weight and RFI considerations .

3.1.2.2 Starting Time The low voltages shall be within

limits at full load within 20 seconds after being off at

least two hours at any operating temperature . The detector

bias outputs shall exhibit a delayed turn-on /off character

istic described later in this specification .

3.1.2.3 Efficiency • The available power for this mission

is seriously limited , thus as high an efficiency as possible

is required . Design goal shall be 80 % . Converter designs

which provide less than 75 % efficiency at any temperature

or input voltage within the nominal requirements of this

specification , when the outputs are nominally loaded as

listed below , are not acceptable .

3.1.3 Low Voltage Output Characteristics

3.1.3.1 Low Voltage Outputs The low voltage outputs

required , and the nominal load on each are as follows :

109



.

Voltage or System Current Power

+ 12 volts 8 ma 96 mw

+ 7.5 volts 128 ma 997 mw

+ 4.7 volts 60 ma 282 mw

O

2.0 volts 80 ma 160 mW

10 volts 1 ma 10 mw

PHA & Coin System , Spec 31187A 930 mw

Detector Bias Supplies 150 mW

Secondary total 2.625 watts

In computing the above total we have assumed the PHA

and coincidence system described in Specification 31187A required

930 mw . This estimate is extrapolated from our past experi

ence . Note that the - 10 volt bias may be any stable voltage

from 10 to - 15 volts . For this calculation we have assumed

that the bias supplies require 150 mW , operating from regulated9

secondary voltages . However they may operate from the primary

28 volt source if the proposer wishes .

At 80 % efficiency with a 28.0 volts bus at 23°C , this

load of 2.625 watts will draw 3.28 watts from the bus , and

at 75 % efficiency will draw 3.50 watts .

3.1.3.2 Regulation - The + 4.6 , and 2.0 outputs are used

for digital applications . They shall be constant within

+ 4% for all temperatures and input conditions specified ,
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and for all load conditions from 0.7% to 1.3X nom inal

as listed above .

All remaining low voltage outputs shall be constant

within + 1.5% for all temperature and input conditions

specified , and for all load conditions from 0.7X to 1.3X

nominal as listed above .

3.1.3.1 Ripple Content The maximum ripple and noise

content on any low voltage output under any combination

of environmental, input , and output loading conditions

specified , shall not exceed 10 mV , peak to peak . Ripple

shall be measured at the output terminals with the converter

fully loaded and with an oscilloscope of DC to 50 MHz band

width .

3.1.1.4 Grounding
O

Output circuit common for the digital

outputs shall be separate from the output common for all

remaining output voltages , and of course both shall be

isolated from input common as specified above .
The common

for the detector biases shall be separate from both the

digital and analog voltages . Note that the experiment

will tie the secondary grounds together .

3.1.3.5 Short Circuit Protection The converter must be

des igned so that a short circuit condition on one or more

outputs will not cause permanent damage . This includes

short circuit or any of the detector bias outputs as well .
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3.1.4 Detector Bias Output Characteristics

3.1.4.1 Solid State Detector Biases The converter shall

supply bias voltages for use on the solid state detectors

as listed below . The maximum load shown occurs only at

the high temperature extreme , while the minimum load

occurs at the low temperature extreme . The nominal load

should be used for purposes of satisfying Sec . 3.1.3.1 .

Voltage Current

Minimum Nominal Maximum

500 V 1 pa 30 pa 150 wa

55 V 0.1 ра 1 pa 10 με

1

25 V 0.1 pa 1 pa 8 wa

3.1.4.2 Regulation The solid state detector bias outputs

shall be within + 3 % of nominal for all conditions of tempera

ture , input voltage and output load from zero to maximum

current as shown in 3.1.4.1 .

3.1.4.3 Ripple and Noise Content - The bias supply outputs

must contain an absolute minimum of ripple and noise . Under

no conditions shall the solid state detector biases contain

more than 10 mv peak to peak in any frequency region . Ripple

and noise shall be measured at the converter output terminals

with an oscilloscope of DC to 50 MHz bandwidth . The measure

ment shall be made for minimum , nominal and maximum load .

Input and output commons must be isolated .
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3.1.5.5 Proportional Counter Bias - The proportional

counter requires a nominal bias of 1600 volts . The design

of the supply should allow for adjustment in this output

bias in approximate 25 volt steps to + 100 volts of the

1600 volts . The load current is usually near zero , but

design for a 0.5 wa nominal load and a 2 ua maximum load .

The selected proportional counter bias shall be within

0.2 % of nominal for all conditions of temperature , input

voltage and output load from zero to maximum current . The

noise and ripple specification 3.1.4.3 applies .

3.1.4.5 Grounding Bias output common shall be isolated

from the digital and analog supply commons . The experiment

will make the connections between commons in the final

wireup . Bias common will always be isolated from the + 28

volt return as previously specified .

3.1.4.6 Turn-on Characteristics Any transients on the bias

outputs are coupled to the input of the low - level charge

sensitive preamplifiers . The turn-on and turn-off character

istics of the bias outputs shall be slow to avoid damage to

the preamps . This requirement includes a slow decay or rise

due to input voltage drop-out . Specifically , the turn-on / off

characteristic shall be similar to a ramp or exponential

shape , with at least 3 seconds between the 10 and 90 % points ,

and preferably 5 to 10 seconds .
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1

3.1.4.7 Special Considerations - The high voltage outputs

shall be such that with no power applied to the input , 25

volts may be applied to the 25 and 55 volt outputs . The DC

impedance of the un - powered outputs shall be such that not

more than 20 nA will flow into the converter outputs from

the external source .
100 volts may be applied to the 500

volt output with a converter design such that less than 50 na

will flow into the converter outputs from the external source .

3.1.5 Alternate Load Specification

For those proposers who wish to bid on the power /bias

supplies exclusive of the PHA and coincidence system per

Specification 31187A , we have assembled a voltage /current

specification for bidding purposes . The exact voltages other

than those explicitly given in Sec . 3.1.3.1 will not be known

until the PHA and Coincidence system contractor is selected .

At that time , negotiations will proceed with those proposers who

are in the competitive range .

Voltage Current Power

+ 12 8 ma 96 mw

+ 7.75 128 ma 997 mw

60 +ma+ 6.0 361 mw

+ 4.7 60 ma 282 mW

+ 3.0 69 ma 207 nw
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Voltage Current Power

2.0 80 ma 160 mw

-- 6.0 60 +ma 361 mw

12.0 1 ma 12 mw

Detector biases 150 mw

Secondary Total 2.626 watts

All other specifications apply exactly .

4.0 MECHANICAL CHARACTERISTICS

4.1 Packaging

Outline drawings of the low voltage converter and the detector

bias supplies are shown in NASA /GSFC drawings GD- 1324980 and GC- 1324981

respectively . The locations of the mounting holes are called out ,
but

a proposer can propose alternate locations on the same faces . Simi

larly , the location areas for the interconnection terminals are

specified . Since weight and efficiency are of primary concern , all

dimensions should be taken as maxima .

The detector bias supplies may be broken into two assemblies if

desired , one for the solid state detector biases and one for the

proportional counter supply ( 1600 volts ) . In this case , the solid

state detectors bias supply should package well within the specifi

cations of drawing GC - 1324981 . It is our thought in writing this

paragraph that it may be to our advantage to mount the proportional

counter power supply directly to the top flat surface of the proportional
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counter itself , thus minimizing the cable runs , interconnection

problems , etc. There is a wide range of acceptable packaging

arrangements for the proportional counter power supply , but the

precise details will have to be worked out after the precise

mechanical details of the proportional counter are firm .

4.2 Weight

The complete converters with digital , analog and detector

bias outputs are assigned 390 grams or 0.86 pounds . This weight

includes the weight of all shielding necessary to meet the rfi

requirements .

4.3 Heat Sink

The large flat mounting surface of the low voltage power supply

will be in direct contact with the experiment baseplate which is a

good thermal sink and which will never exceed + 30° C in flight ,

Note that the chases of these power supplies will be attached directly

to s /C chassis ground , and that galvanic isolation between chassis

ground and the + 28 volt return line and the power supply grounds

(experiment signal ground ) must be maintained . The maximum capaci

tance allowed between ( 1 ) the 28 volt power line and chassis ground

and ( 2 ) the power supply grounds ( summed ) and chassis ground is 1000 pf

for each of the two cases .

4.4 Thermal Range

The qualification limits for this experiment are - 40°C and + 40°C .

All electrical performance specifications hold over this range , and
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the contractor must test the system over this range , document the

tests to verify the performance and furnish such documentation with

each delivered unit .

4.5 Vibration Tests

The launch vehicle presently assigned to these missions is a

Titan - Centaur . The following tables summarize the qualification

levels for vibration and shock .

4.5.1 Sinusoidal Vibration Test Schedule

Axis Frequency Range
Acceleration

Hz g's ( 0- peak )

Thrust 5-10 0.45 inches (d.a. )

10-50 15

50-150 23

150-200 10

200-2000 4

Lateral 4-9 0.45 inches (d.a. )

9-30 12

30-100 25

100-200 10

200-2000 4

The rate of change of frequency shall be 2 octaves per minute .
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1

1

1

4.5.2 Random Motion Vibration Test Schedule

Axis Test Duration Freq . Range PSD

(min) (Hz ) (82 /Hz)g

4.0 20-200A11

three

axes

per

6 db /oc ta ve to

0.1125 82 /Hz at

200 Hzaxis

200-2000 0.1125 g2 /Hz

Overall level 14.4 g rms duration 4 minutes each axis .

4.5.3 Acoustic Vibration

Each instrument will be tested for susceptibility to

acoustic shock by subjecting it to programmed noise per method

515 , MIL- S - 810 to the following levels for a total duration

of 2.0 minutes .

Octave Band

Center Frequency

Sound Pressure Level

Ref : 0.0002 microbar

16 HZ

31.5

63

125

250

500

1000

2000

4000

8000

Overall

123 db

128

135

141

144

142

137

133

132

132

148

4.6 Interconnection

For reliability and weight, considerations , all input and output

connections will be by solder terminals except for the low voltage

power supply ( ref . drawing GD- 1324980 ) . If connectors can be
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included within the weight constraints , only Cannon Royal D , single

density connectors will be considered . All connectors will be

furnished in a non-magnetic version by NASA /GSFC . In the case of

solder terminals , use of a pigtail cable with connector is encouraged

to facilitate connections for testing and , if used , should remain

attached when delivered . The pigtail would be used for all testing

and integration at GSFC up to final assembly . This would eliminate

unnecessary soldering and un-soldering of wires on the terminations .

Wherever practicable , connections between these terminals and

internal printed circuits shall be accomplished by means of insulated

wire at least one-half inch long . This is to prevent overheating

pads or crystallizing solder when connections are made to the

terminals .

4.7 Construction and Materials

Circuitry may be designed using printed circuits , integrated

circuits , thick film , thin film , welded-wire modules , point- to-point

wiring , soldering or any combination thereof . The converters shall

be conformally coated . Polyurethane coatings are preferred and

should be selected with the concurrance of NASA /GSFC to ensure

compatibility with the silicon nuclear particle detectors within

the experiment .

Particular care shall be taken in surface preparation to insure

complete adhesion of potting material to all components and surfaces .
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Construction and assembly techniques shall be such that reliable

repairs are possible should any part fail .

Non -magnetic materials shall be used wherever possible . Nickel

wire is not acceptable in the welded construction . Magnetic shielding

material may not be used without the concurrence of the technical

representative . See Sec . 6.0 .

5.0 PARTS SELECTION

Parts shall be selected on the basis of proven qualification in a

space flight application . All parts on the current NASA /GSFC Preferred

Parts List are candidates . An additional list of parts is included within

this specification (Sec . 5.1 ) .

All parts should be purchased to the appropriate MIL specification

as listed in the parts lists . All semiconductors should have a precap

visual inspection to MIL - STD -883 , Method 2010.1 , Condition A or to the

manufacturer's standard in-house viaual inspection which is comparable

to the MIL - STD - 883 test method and conditions indicated above ( NASA /GSFC

approval is required for this latter step ) . All parts should be screened

as outlined in the GSFC Preferred Parts List , Appendix C , Screening of

Electronic Parts for Flight Equipment . This Appendix is attached to this

specification . Parts should be serialized , with the exception of carbon

resistors and ceramic capacitors , prior to electrical screening .

All parts must receive formal, written approval by NASA /GSFC before

a contractor can finally commit his design to them . A complete list of
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all parts and their purchase specifications must be furnished to NASA /GSFC .

Approval or disapproval of parts from the current NASA /GSFC Preferred Parts

List will occur within 5 working days of GSFC receipt of the list . Approval

or disapproval of parts not on the current NASA /GSFC Preferred Parts List

will occur within 15 working days of GSFC receipt of the list .

Component packages other than standard can be considered--e.g . , a

transistor normally supplied in a metal T0-5 package can be specified in

a ceramic flat package which is hermetic and of low magnetic signature ;

however , the part will be subject to approval /disapproval as a part not

on the GSFC Preferred Parts List . Any part carrying a special or house

number designation shall be described by means of the procurement

specification including electrical parameters before the part can be

considered for approval/disapproval.

5.1 Additional Acceptible Parts

Type Manufacturer , Code

Capacitor , low TC Vitramon VY10 , VY15

Resistor , variable Bourns , 3082 Cermet

Zener Diodes Fairchild , FCT 1121-1125

Tunnel Diode Gen. Electric , STD - 860

Hot Carrier Diode Hewlett Packard , HP2800

Op . Amp . National , NH0001F /883

Const . Current Diodes Motorola , 1N5291-115297

Transistor Solitron , 2N3751
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The above parts have been listed by the manufacturer's common

designation . However , they should be procured to the highest

existing MIL specification available at the time of procurement ;

viaual inspection to the conditions of MIL-STD-883 should be specified

for semiconductors ; and they should undergo the screening called out

in Appendix C of the GSFC Preferred Parts List .

6.0 MAGNETIC REQUIREMENTS

The Helios spacecraft is a magnetically clean spacecraft . The design

of the systems specified here must meet the following specifications . The

maximum tolerable field in the three orthogonal directions should each be

less than that listed as maximum for the radial field measurements .

Test Condition Maximum Radial Field at 18 Inches

1 . Post 30 gauss deperm 1.0 gamma

2 . Post 15 gauss exposure 16 gamma

3 . DC Stray field 0 . 1 gamma

4 . Perm field after power ON /OFF 1.0 gamma

7.0 QUALITY ASSURANCE AND RELIABILITY

High reliability of the system shall be assured by choice of good

design , inspection and testing . The supplier shall maintain an effective

and timely reliability and quality assurance program which satisfies at a

minimum the requirements of GSFC Specification S - 702 - P- 1A , " Reliability

and Quality Assurance Provisions for Helios Project Instruments . Monitoring

of the supplier's inspection system will be accomplished through the combined
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efforts of NASA /GSFC personnel and the designated government inspection

agency . The authority and responsibilities of the government inspection

acency will be defined subsequent to contract award by GSFC through a

letter of delegation to the inspection agency .

Inspection standards shall be established at the part , component ,

module or board , and systems levels to detect fabrication errors ,

contamination , poor workmanship , etc. Inspection shall be on a 100 %

basis .

7.1 In-Process Inspection

The physical in-process inspection of the equipment produced for

flight use only shall be performed in a sequence specified by a

production flow chart to be submitted . All inspections shall be

documented or approval indicated by QC stamps on the assembly print

or QA traveller on each module and made available to NASA upon

request .

7.2 Receiving Inspection

100 per cent of electrical and electronic parts for the flight

units shall be inspected for visual damage prior to assembly . Parti

cular emphasis shall be placed on those characteristics for which

deficiencies may not be detected during subsequent inspections and

tests .

7.3 Changes

The contractor shall notify GSFC of any proposed changes in

design , fabrication method , inspection procedure , or process
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previously approved by GSFC , including changes which may affect the

quality of the end - item , and obtain written approval of the change

from the GSFC Technical Representative .

7.4 Parts Records

During fabrication and test of all units , installation of

all serialized parts (with the exception of carbon resistors and

ceramic low voltage capacitors ) and contractor serialized modules

will be recorded on assembly prints and test records to scrupulously

maintain traceability of piece parts within each system . All GFE

parts will be screened and serialized before shipment to the

contractor for assembly . Contractor manufactured electronic parts ,

such as thick film wa fers , will be serialized by the contractor .

7.5 Parts Control

All electronic parts and materials to be used in this system

shall be controlled and segregated to avoid intermixing of Helios

parts with those of any other program . Helios parts and materials

shall be stored in a restricted area or locker clearly identified

and which may be secured against unauthorized entry . They shall be

subjected to a minimum amount of handling , and if necessary , handling

shall be done by a limited number of authorized personnel .

7.6 Age Control and Life Limited Products

Parts and materials which degrade with age or use shall be

marked to indicate when useful life was initiated , and the time or

cycle of expiration at which useful life will be expended .
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7.7 Identification Requirements

At the time of manufacture of each module , the installation of

a serialized part shall be recorded by serial number on an assembly

print designating the serial number of the wa fer , module or assembly .

Each part , component , module or assembly destined for a Helios flight

unit shall be uniquely identified and suitably marked .

8.0 OPERATIONAL TESTING AND DOCUMENTATION

8.1 Operational Testing

Operational testing of each power supply system shall include

at least the following throughout the range of temperature 40 ° C

to + 40 ° c :

Measurement of each output voltage when all outputs are.

simultaneously loaded at 0.7 X , ix , and 1.3X nominal at

both high and low input limit ( i.e. 28 V + 0.5 V ) .

2. Photographs of ripple waveform and content under the

conditions specified above and with input ripple and

noise added per 3.1.1.2 and 3.1.1.3 . This need be done

at room ambient only . Output waveforms shall be observed

during temperature tests , and deviations from the photo

graphed pattern noted in the test record . Peak to peak

value of ripple and spiking shall always be recorded in

the test log .

3 .
Input current under each of the conditions specified in

( 1 ) above .
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4 . Calculation of efficiency under each of the conditions

specified above .

5 . Frequency (ies ) of operation as a function of load and

temperature .

6 . Verification of proper starting and proper interface

characteristics with the 28 V input source .

Performance parameters as listed above shall be recorded in a

system log book or other suitable form , and will be delivered with

each system .

Final temperature testing prior to shipment is subject to

witness by the NASA technical representative , or his designee .

Environmental qualification testing will be conducted by GSFC

to the levels indicated in this specification .

8.2 Module Testing

Module operational testing data , if any , taken on completed

flight modules shall be recorded on data sheets or in a log for

each module . Each data sheet or page shall contain the module

type , part number and serial number . In addition , the data sheets

shall contain part numbers and serial numbers of all transistors and /

or diodes utilized in each module or alternately reference an assembly

print where this information may be found . Individual and / or spare

modules shipped to GSFC shall be accompanied by a copy of the

respective operational test data sheets and /or assembly prints with

part serialization included .
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8.3 System Testing Documentation

A chronological log record shall be completed for each flight

system which shall include the following information :

a . System name

b . Serial number

c . Serialized components list which contains all modules

installed in the system by matrix module positions , type

number and serial number . This is to provide ultimate

traceability of each part into a system through a serialized

module .

d . Module Operations Test Data Sheets as applicable .

e . Test and Inspection Summary which includes a description

of all failures or unusual performance , operating and

physical discrepancies observed and all repairs or adjust

ments made .

f . Certification of compliance with the requirements of the

specification .

A copy of this log record shall accompany each flight system

assembly shipped to NASA /GSFC .

8.4 Acceptance Testing for Delivery

The flight systems will be officially accepted by GSFC only

after a full exercise of each system over the range of electrical

and thermal requirements of this specification at the contractor's
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facilities and following vibration and shock tests at GSFC . GSFC

is responsible for carrying out the vibration and shock testing

within seven working days of actual delivery . Final testing at the

contractor's facilities is subject to witness by technical repre

sentative or his designee .

8.5 Documentation

In addition to the orderly compilation of test data required

by this specification , the contractor shall provide a complete set

of circuit schematics ; a parts list identifying manufacturer and type

for all parts ; a circuit performance description ; and full assembly

print for all modules and mother boards , showing PC interconnect

patterns and location of parts referenced to schematic designations ;

and a complete set of mechanical drawings .

8.6 Marking

Each module , circuit board and package shall be unambiguously

marked . Individual modules must be individually marked in a

consistent manner to be determined by the contractor , so that no

two modules can be confused .

8.7 Data Package

The data package which is referred to in the statement of work

is made up of the documents required by Sec . 8.1 , 8.2 , 8.3 and 8.5 .

8.8 Monthly Reports

The contractor shall submit a brief letter- type report covering

the activities , progress and problems of a given month . The report
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shall be submitted by the 10th of the following month . The first

monthly report will include an informative milestones schedule and

subsequent reports will assess progress relative to this original

schedule .

9.0 DISPOSITION OF NON - CONFORMING PARTS AND ASSEMBLIES

During the electrical screening process , rejection of more

than 10% of a parts lot is cause for a telephone report to the

technical representative within one working day . Subsequent to

screening , when any part is rejected for any reason , or fails or

mal functions at any time , the technical representative shall be

notified within 24 hours by telephone . The part or parts shall

be removed care fully , and segregated from

| conforming items and held for GSFC review . In general , all

items will be returned to GSFC for failure analysis .

A11 instrument mal functions which occur after initial

assembly shall be reported to the technical representative by

telephone , within 24 hours . Systems exhibiting minor deviations

in performance from specifications may be submitted for acceptance

upon concurrence of the technical representative .

10.0 EXCEPTIONS TO REQUIREMENTS OF THESE SPECIFICATIONS

If a proposing contractor takes exception or proposes an

alternate to any specification or requirement stated within the se

specifications , he must describe the exception and his reasoning in

detail in his proposal . Specifically , if minor relaxation of
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of certain specifications would significantly increase efficiency

or decrease weight, or improve schedule considerations , such items

should be discussed in the technical proposal .

11.0 SCHEDULE

Ultimately it is anticipated that four units will be procured

as a result of this specification . Three units will be the subject

of the original contract with the fourth unit to be an option to be

exercised by NASA /GSFC by August 1 , 1972 .

Delivery to GSFC

Unit # 1 24 weeks after award

Unit #2 35 weeks after award

Unit # 3 46 weeks after award

Unit #4 November 1 , 1972
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The limits for radiated emission are given in Figs . 3.13 and 3.14 .

List of Figures , etc.

Figure 3.11 Limits for conducted Emission , 4Hz to 100KHz

Figure 3.12 Limits for Conducted Emission , 100KHz to 6MHz

Figure 3.13 Limits for Radiated Emission ,

Electric Field , 4Hz to 400KHZ

Figure 3.14 Limits for Radiated Emission ,

Electric Field , 400KHz to 10GHz

GD- 1324980 Low Voltage Power Supply ,

Experiment # 7 , Helios A & B

GC - 1324981 Detector Bias Supplies

Envelope , Experiment # 7 , Helios H & B

Appendix C Screening of Electronic Parts

For Flight Equipment
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APPENDIX C

Screening of Electronic Parts for Flight Equipment

This appendix to the PPL is intended to provide nominal levels of screening which may be

used to upgrade conventional MIL parts for flight applications when Established Reliability (ER),

TX, or other high reliability parts are not available. The GSFC specifications referenced in the

PPL include screening . Reference is made to the Preface for a brief explanation of ER and TX

parts specifications.

It is important to emphasize that the screening tests suggested here are nominal in the

sense that many have been drawn from existing MIL and NASA part specifications . They are

considered a baseline level on which more protective, and selective screens can be built depend

ing on the program needs, capability, reliability objectives and mission requirements.

The screening tests are tabulated in a general outline format to permit project personnel

to estimate screening costs and scheduling. Detail test procedures and criteria may be derived

from referenced documents or by contacting the Applications Section. There are many other

screening techniques in use which may be suitable, such as those contained in GSFC Specifica

tions S- 450- P-3A and S - 450 - P- 4A developed for the NIMBUS Program .
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APPENDIX 3

SPECIFICATIONS FOR PHOTOMULTIPLIER TUBE





March 6 , 1969SPECIFICATIONS FOR

PHOTOMULTIPLIER TUBE

POWER CONVERTER PS- 20

1.0 General

These specifications are intended to cover a general purpose high

voltage , high frequency DC to DC converter for use with photomultipliers

in scintillation detectors for spacecraft pulse height analysis

applications . A complete system will consist of from one to four multiplier

stacks for single photomultiplier tubes and a main converter with a

capability of driving as many as four multipliers . The number of multipliers

shall be selectable after delivery .

1.1 Applicable Documents

1.1.1 GSFC X- 325-67-70 , "Magnetic Field Restraints for S / C Systems

and Subsystems .

1.1.2 GSFC S - 320 - S - 1 " General Environmental Test Specifications for

Spacecraft and Components using Launch Environments Dictated by Scout .

FW - 4 and Scout X- 258 Launch Vehicles , " May 20 , 1966 .

1.1.3 NPC 200-3 : NASA Inspection System Provisions for Suppliers

of Space Materials , Parts , Components and Services .

1.1.4 NGB 5300.4 ( 3A) : NASA Quality Requirements for Hand Soldering

of Electrical Connections .

1.1.5 MSFC - STD - 271: NASA , Marshall Space Flight Center , Standards

for Fabrication of Welded Electronic Modules .

1.1.6 Where differences exist between the requirements of this

specification and the documents listed above , the requirements of this

wpecification shall apply .
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2.0 Operating Characteristics

2.1 Inpat

2.1.1 Voltage : The source operating limit is 10.7 Vdc +10% -15% .

2.1.2 Grounding: The negative power input line will be at circuit

common potential but isolated from the output circuit common by more

than 100K resistive impedance and less than 100 picofarads capacitance .

2.1.3 Input Power: The input power at no load and any operating

input voltage shall not exceed 100 milliwatts and may increase to no more

than 150 milliwatts at full load .

2.1.4 Source Impedance: The dc internal impedance of the source

power will be less than 1.5 ohms and will increase to no more than

4.5 ohms up to one mHz .

2.1.5 Ripple Tolerance : The power supply shall be capable of

operating within specifications when the power source contains electrical

noise between power bus lines and common mode noise with respect to output

circuit common . This electrical noise can have a maximum amplitude of

300 millivolts peak - to - peak and a bandwidth from 10 to 106 Hz .

2.1.6 Input Current Limiter: A current limiter shall be located

on the input line to limit total input current to twice the normal full

load value . The limiting action shall have no effect when operating at

less than this value .

2.1.7 Noise Feedback : The ac component of input current feeding

back to the power source shall be less than 0.5 milliamperes peak -to - peak .

Paragraph 2.1.4 is applicable when measuring this current .
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2.1.8 Overvoltage Protection : The converter shall not be damaged

and the functional performance shall not be permanently impaired or degraded

if the applied voltage polarity is reversed or if there are input transients

of any peak amplitude up to 16 volts for a duration of ten milliseconds or

less . The converter shall not be damaged and its functional characteristics

not impaired by application of any supply voltage from 0 to 12.3 volts de

indefinitely , nor shall the output voltages exceed 20% of the nominal value .

Components must be rated for this extreme . Current limiting per paragraph

2.1.6 is also applicable .

2.1.9 Temperature Limits: Normal temperature operating limits

will be between -20° C and +40 ° C .

2.2 Operation

2.2.1 Starting Time: The converter shall start at full load in

1

less than five seconds after being off for a period of at least two hours

and at any operating temperature or input voltage . The output voltage 1

shall stabilize to + 0.25% of that value within one minute after turn-on .

2.3 Output

2.3.1 A twelve stage multiplier shall provide tapped outputs to

operate an RCA C71510 photomultiplier tube . The voltage distribution is

as follows : Equal voltage between all dynodes and last dynode and anode

and twice that value between photocathode and first dynode .

2.3.2 A fourteen stage multiplier shall provide tapped output to

operate an EMI 9712 photomultiplier tube . The voltage distribution is

Equal voltage between all dynodes and last dynode and anode and

three times that value between photocathode and first dynode .
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2.3.3 The converter shall be designed so the dynode voltage

increment can be set independently for each multiplier at any value from

110 to 150 volts in increments of five volts , measured from any dynode to

an adjacent dynode . In addition , the converter output shall be adjustable

by resistor or zener diode selection over a range of +10% . The converter

shall not be damaged if the voltage adjust network is left open or shorted .

2.3.4 Grounding: The secondary circuit common point must be

selectable from any one of the dynode , anode or photocathode leads on

individual multipliers driven from a common converter .

2.3.5 Load Regulation : All output voltages shall be regulated

within +0.25% for single anode currents up to six microamperes each

between 9.6 and 12.3 input volts and for all operating temperatures .

2.3.6 Overload Protection : The anode supply shall current limit

with the threshold occurring between 6.0 and 8.0 microamperes on each tube .

The individual dynodes shall current limit at 0.5 + 0.25 of the limiting

value of the preceding stage at least down to the eighth dynode , and no

less than 0.1 microampere at any dynode below the eighth . The unit must

be so designed that a direct short on any output lead from the central

converter or any multiplier output shall not result in permanent damage .

2.3.7 Ripple : Under all photomultiplier tube load and input

conditions up to the current prescribed in paragraph 2.3.4 , all dynode

and anode output lines shall have a ripple or noise amplitude less than

one millivolt peak- to- peak measured from any dynode output or anode output

to circuit common .
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3.0 Mechanical

3.1 General : The converter and multipliers may be designed using

printed circuits , welded wire , we ided modules , point to point , solder or

any combination of techniques . However , mechanically moving parts or
2

potentiometers may not be employed .

3.2 Solder Terminals : All connections between external terminals and

internal printed circuits shall be accomplished by means of insulated wire

at least one -half inch long . This is intended to prevent overheating the

printed circuit pad when external connections are made to the terminals .

The output terminals may be arranged in any convenient order . See Figure 2 .

3.3 Connectors : Connector types are called out in Figures 1 & 2 . In

no case must the center conductor be at more than $ 160 volts peak from

output circuit common . The shield shall be at output circuit common

potential . Connectors may not be mounted on the top or bottom surface

of the converter .

3.4 Cables : Interconnecting cables shall be a coaxial type with suitabie

right angle connector compatible with paragraph 3.3 . The contractor

LA

will recommend a cable type which will meet the radiation requirements of

MIL - I - 26600 . The output characteristics of the supply shall be independent

of the cable length for lengths eighteen inches and less . Multipliers

will be supplied with two cables each : connector - to - connector , 18" long , and

connector - to - blank , 18 " long .

I

3.5 Size : Refer to Figures 1 & 2 .

3.6 Weight Schedule :

Converter 120 grams maximum

Multiplier (each type ) 70 grams maximum ( each )
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3.7 Encapsulation : The main converter and multipliers shall be conformally

coated in polyester base epoxy or polyurethane as approved by the technical

representative .

4.0 Environmental Perturbation :

4.1 Materials: Non-magnetic materials should be used wherever possible

and construction should be in accordance with magnetic field restraints as

specified in references 1.1.1 and 1.1.2 , and summarized as follows:

4.1.1 After a 15 gauss exposure each assembly ( one converter and

four multipliers ) must have a residual magnetism of less than 32 gamma at

eighteen inches .

4.1.2 After a 50 gauss deperm each assembly must have a residual

magnetism of less than two gamma at eighteen inches .

4.1.3
Each assembly must have a stray magnetism of less than two

gamma at eighteen inches .

4.2 RF Radiation : The converter and multipliers shall be enclosed in

shielded containers electrically connected to the output circuit common

such that the external electric field is less than one microvolt per meter

at a distance of ten inches from any multiplier or the converter when

measured with an rms reading field strength meter . The stray ac magnetic

field measured at one meter shall be less than 10-4 gammas .

4.3 Harmonic content : The voltage multiplier driving voltage must

contain not more than 10% harmonic distortion from a true sine wave to

minimize harmonic radiation .
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.4.4 GSFC will provide for testing of requirements set forth in para

griphs *.lind ...

5.0 Environmental Testing : The converter shall be capable of passing the

SAS - B environmental specifications in accordance with the documents listed

in paragraph 1.1 . The levels for the environmental design qualification

test applicable to this converter are as follows :

5.1 Storage temperature : (non-operative )

-50°C

+75 °C

6 hours

6 hours

5.2 Humidity: 95% relative humidity at 40 ° C for 59 hours .

5.3 Acceleration : (operative ) 28 g for three minutes in three mutually

perpendicular directions .

5.4 Vibration : ( operative ) Each vibration is done once in each of

three mutually perpendicular directions .

5.4.1 Sinusoidal :

Frequency_ (Hz ) Level

10-24

24-30

30-80

80-110

110-2000

0.4 inches (double ampl. )

+12.08

+20.08

+37.0 g

+12.0 g

5.4.2 Random Vibration (4 min / axis) :

APSD level (82 /Hz )Frequency Band(Hz )

20-43

43-56

56-70

70-100

100-150

150-200

200-2000

0.07

0.20

0.40

1.50

.60

.20

.07

OA : 14.9 g rms
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5.5 Shock : ( operative ) 408 , 1/2 sine wave , 6 milliseconds , each of

three mutually perpendicular directions .

5.6 Thermal Vacuum : ( operative ) Pressure equal to 10-5 mm Hg or less .

Temperature of case 50 ° C for 24 hours and -10 ° C for 24 hours .

5.7 Corona Discharge

The contractor shall perform the corona discharge test as follows :

Pressure in the range 10° 3 to one mm Hg , all high voltage points encap

sulated with RTV -60 . Connect 0.01 uf capacitor between one anode and

oscilloscope . The pressure shall be held between 100 and 200 microns Hg

for at least two hours . No transients having amplitudes greater than 2

millivolts shall occur at the anode connection during this entire test .

6.0 Quality Assurance and Reliability :

High reliability of the system shall be assured by choice of good design ,

inspection and testing . A suitable reliability and quality assurance

program shall be in effect . Demonstrated compliance with the provisions

of NASA Quality Assurance Specifications NPC - 200-3 and NHB5300.4 ( 3A ) is

required . As a design goal the power supply shall have a 95 % probability

of operating in a space environment without failure for 10,000 hours , with

the calculation based on individual component and connection reliability .

6.1 Design : The system design shall be as simple as possible to assure

high reliability . Provisions shall be made to allow for component or

element value drift . The components or elements shall be derated to re

duce the chance of parts failure due to overvoltage or excessive power

dissipation . The use of germanium semiconductors must be cleared with the

technical representative .
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6.2 Inspection : Inspection standards shall be established at the

component , module or board , and systems levels to detect fabrication

errors , contamination , poor workmanship , etc. Inspection shall be on

a 100% basis .

6.3 Electrical Testing: An adequate testing program shall be established

to ensure compliance with the provisions of this specification . A11

critical components , including all semiconductors and tantalum capacitors ,

are to be given accelerated aging tests . The pertinent component

parameters are to be measured and recorded before and after the accelerated

aging test and comparisions made to determine whether the parameter values

drift abnormally . The aging is to consist of powered storage for at least

five days . Powered storage is defined as follows :

Tantalum Capacitors : Stored at 85°C with manufacturer's

voltage rating impressed .

6.3.1 Semiconductor Screening : Only hi - rel parts will be used in

the SAS spacecraft , The GSFC Preferred Parts List specifies certain re

quirements for parts procurement and screening . In addition to those , the

SAS Project has specific requirements for semiconductor screening that

apply to all diodes , transistors , and integrated circuits . Specifically ,

100 % of all semiconductor devices used in prototype or flight hardware

must undergo the following test sequence :

a ) Visual inspection before sealing with a minimum

magnification of 40 .

b ) Temperature cycling from -65 °c . to maximum rated

storage temperature .

c ) Centrifuge

d ) Electrical Test
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STATEMENT OF WORK

The proposal resulting from this RFP and the contract shall be based on :

a . Design of a power supply system meeting the requirements of the

attached specifications , Photomultiplier Tube Power Converter PS-20

b . Development of plans for inspection and testing to meet all

specification requirements .

c . Delivery shall be made on each of the following items :

1 each engr , model system consisting of

1 each PS 20C converter

4 each PS 20M12 multipliers

2 each PS- 20M14 multipliers

3 each flight system consisting of

6 each PS 20C converters

12 each PS 20M12 multipliers

4 each PS 20M14 multipliers

d . Delivery of the engr , model shall be made 90 days after receipt

of contract .

e . Acceptance of the engr , model by the purchaser shall precede start

of construction of the flight units .

f . Delivery of the flight units shall follow 90 days after accepcance

of the prototype by the purchaser . A minimum of ten days will be required

for the prototype acceptance testing .

8 . Preliminary drawings shall be delivered with the prototype assembly

and reproducibles as stipulated in the specifications shall be delivered

with the flight systems .
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e ) 336 hours + 36 hour burn- in at 100°c . at 80 %
of part rated power .

f ) Electrical Test

g ) Fine and gross leak tests

h ) Final inspection including X- ray , if possible .

6.4 Testing of Power Supply : Each system shall be tested under all

conditions of input voltage from 9.6 to 12.3 volts , output load from

zero current to short circuit at amode, and temperature from -40°C to

50°C at a tmospheric pressure . Performance curves shall be plotted as

follows : Anode and all dynode voltages shall be plotted as a function

of load . Separate graphs shall be plotted for input voltages of 9.6 ,

10.7 and 12.3 and temperatures of -40°C , -10°C , 25°C and 50°c . The load

shall consist of an RCA type 6199 , or EMI 9530 photomultiplier tube as

appropriate , with a variable (non-pulsing . light source . The light in

tensity shal. be varied to produce the desired anode current . These

graphs , and all the data from the testing of the individual components

and the assembly shall be delivered to GSFC at the same time as

delivery of each converter .

7.0 Documentation :

In addition to the test data specified above , the contractor shall provide

a complete set of specifications , complete reproducible circuit schematics

including assembly prints showing artwork , a parts list identifying

manufacturer and type for all parts , and a circuit description at the

time of delivery of the first system .

8.0 Marking:

Each module shall be unambiguously marked : The marking shall be as

coilows :
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Converter : PS 20 C - ( Serial Number )

Multiplier : PS 20 M12 - ( Serial Number ))

PS 20 M14 - ( Serial Number )

Serial numbers shall begin with one for each type module (converter and

multiplier) and run consecutively .
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APOLLO EXPERIENCE REPORT

GUIDANCE AND CONTROL SYSTEMS :

LUNAR MODULE MISSION PROGRAMER

By Jesse A. Vernon

Lyndon B. Johnson Space Center

SUMMARY

The lunar module mission programer was designed to enable the lunar module

to meet the requirements for unmanned near -Earth orbiting missions and to be adapt

able to restricted unmanned lunar landing missions within the capability of the ultra

high - frequency /very -high -frequency communication links if adequate command and

service module transmission capability were provided . An onboard lunar module

mission programer would not preclude a manned mission involving two crewmembers .

The mission programer was used for sequencing functions in an unmanned space

craft to prove proper functioning of the system and to ensure spacecraft readiness for

manned flights . The lunar module mission programer was composed of the following

functional components: ( 1 ) a program reader assembly , (2 ) a digital command assem -

bly , ( 3 ) a program coupler assembly , and (4 ) a power distribution assembly .

The functional components of the mission programer were subjected to design

feasibility , design -verification , and qualification tests . The units successfully com -

pleted all tests with only minor problems . However , from the beginning of the program ,

the program coupler assembly was plagued with relay problems , many of which

were a direct result of contamination inside the sealed relay can . Others were unex

plained no contamination or other causes of failures were ever found .

The lunar module mission programer performed all the required functions

throughout the Apollo 5 mission . From lift -off until 6 minutes 10 seconds into the

flight , the programer was operated in the primary mode with the guidance computer in

control ; then the backup mode was activated , and the programer controlled all sequenc

ing throughout the mission . The lunar module mission programer was flown on only

one mission . A modified mission programer , the ascent -engine arming assembly , was

flown on the Apollo 9 and 10 missions . This assembly permitted the ascent engine to

be armed after crew departure and to be fired to fuel depletion after the ascent stage

was separated from the command and service module .



INTRODUCTION

Electrical and electronic equipment has been used in many areas to perform

functions previously performed by man. Technologists have continued to develop

automated techniques and have extended the scope to include the sequencing of functions

in an unmanned spacecraft to prove proper functioning of the system and to ensure

spacecraft readiness for manned flights . The lunar module mission programer (LMP)

is one such device . The LMP concept , design , development , and flight performance

are described in this report. The LMP was flown on only one mission (Apollo 5 /lunar

module 1 (LM -1 ) ) and performed all required functions when it was activated 6 minutes

10 seconds after lift -off.

As an aid to the reader , where necessary the original units of measure have

been converted to the equivalent value in the Système International d'Unités ( SI). The

SI units are written first , and the original units are written parenthetically thereafter.

CONCEPT

The LMP was designed to enable the LM to meet the requirements for unmanned

near - Earth orbiting missions and to be adaptable to restricted unmanned lunar landing

missions within the capability of the ultra -high -frequency (uhf ) /very -high - frequency

(vhf) communications links if adequate command and service module (CSM) transmis

sion capability were provided. An onboard LMP would not preclude a manned mission

involving two crewmembers .

OPERATIONAL REQUIREMENTS

The operational requirements of the LMP were as follows:

1. Noncontingency mission performance without ground -command control of

unmanned flights

2. Nonsimultaneous manned and LMP system operation on the same flight

(manned operation possible before LMP activation and after LMP deactivation)

3. Control of LM subsystems as required to control functions in an optimum

manner to meet flight test objectives

4 . Ground -command selection of alternate test sequences in the backup mode

or in the primary mode (within the capacity of the LM guidance computer (LGC) )

5. Priority of ground command over onboard command

6. One LMP configuration compatible with all unmanned mission operations

2



EQUIPMENT DESCRIPTION

The LMP consisted of the following functional components : ( 1 ) a program reader

assembly (PRA ), (2 ) a digital command assembly (DCA ), ( 3) a program coupler

assembly (PCA) , and (4 ) a power distribution assembly (PDA ). The PRA contained

a contingency program to be used if the primary mode failed or if special subsystem

contingency operations became necessary . The DCA provided an uplink capability so

that ground commands could be routed to the LGC , the PRA, or the PCA. The PCA

provided coupling of the LGC, PRA, and certain DCA commands to control the basic

LM subsystems. The PDA provided the dc power distribution and current protection

for the LM components.

Program Reader Assembly

The PRA was programed to contain commands to provide open -loop backup

sequencing if a failure was detected by the primary guidance , navigation , and control

system (PGNCS). The PRA provided only those commands necessary to operate the

LM subsystems for LM testing after a primary -mode failure . It did not provide

vehicle guidance or attitude information. The PRA consisted of three subassemblies :

( 1 ) a power supply subassembly , (2 ) a tape reader subassembly , and (3 ) a program

control subassembly .

The power supply subassembly provided the internal voltages required for PRA

operation and supplied isolation of signal and power grounds within the PRA. It also

protected the PRA from damage resulting from abnormal vehicle conditions .

The tape reader subassembly was a bidirectional reader using programed tape .

The tape was capable of storing a maximum of 64 000 bits of information . The stored

information was sensed by a read head. A tape " hole" was a binary one ; a tape

" no hole" was a binary zero . Capability to sense the beginning and end of the tape

was incorporated in the PRA .

The program control subassembly was used to select , control , and issue –

as a function of time — the information stored in the PRA . External control commands

were provided to the PRA by means of uplink commands through the DCA. The pro

gram control subassembly placed the PRA in the standby mode or the normal (either

search or readout) mode. To inform the ground station that the PRA was sequencing,

the program control subassembly provided a " compare" pulse and , in the readout mode ,

transmitted a 1 -pulse /sec clock pulse to the ground .

Digital Command Assembly

The DCA received , decoded, and processed commands received from the ground by

uhf transmission . These commands were sent to the LGC to accomplish limited pro

gram control , to the PRA to enable selection and initiation of a segment of the PRA

program , or to the ground relay matrix of the PCA to accomplish real -time control1



of certain functions of the LM subsystems . The DCA also had a self -test and veri

fication capability controlled by the Manned Space Flight Network . The DCA consisted

of a uhf receiver , two decoders (redundant ) , a phase -shift -keying (PSK) demodulator ,

and a power supply .

The uhf receiver was a miniaturized solid -state , double -conversion , superhet

erodyne device that received and demodulated frequency -modulation /PSK signals

in the uhf band . The decoder decoded digital messages from the PSK demodulator

and allowed partial messages from the residue of rejected messages to be received

without transferring them to associated assemblies . The PSK demodulator converted

the PSK signal from the receiver into a series of digital bits for the decoder and also

provided a set of reference clock pulses for the decoder. The power supply provided

the regulated power and signal ground isolation required for DCA operation .

Program Coupler Assembly

The PCA received commands from the LGC , the PRA , or the DCA and coupled

these commands to the LM subsystems by means of magnetic latching relays . Each

relay contained two directional diodes and was half -crystal can size . The PCA con

sisted of a decoder subassembly , a power supply subassembly , and a switching sub

assembly . The decoder subassembly selected and decoded command words from the

LGC or the PRA . The LGC command word contained 12 bits (4 address bits and 8 data

bits ) . The PRA command word contained only 8 data bits . The power supply subassem

bly provided the regulated power required for PCA operation and for isolation of power

and signal grounds within the PCA. The switching subassembly contained two matrices

of latching relays . The prime matrix was controlled by the LGC or PRA output com

mands by means of the decoder subassembly . These relays were controlled on a real

time basis . The real -time command relays were used to correct or compensate for

failures of the programed relays and to correct or compensate for certain LM subsys

tem failures . The switching subassembly also contained the uplink -activated interlock

ing relays to allow ground -control priority if a PCA prime relay failed. These relays,

when activated , disabled specific control circuits in the LMP prime -relay matrix .

Power Distribution Assembly

The PDA provided dc power distribution and current protection for the DCA , the

PCA , and the PRA and provided the dc power required for LMP control of the ac

inverters . The PDA contained manually operable circuit breakers that enabled and

disabled the LMP . Additional relays performed high -power switching functions

required for proper LM operation . These relays were controlled by relays in the PCA.
1

1

DESIGN 1

The LMP was designed and constructed to satisfy the individual specification

requirements of structural and electrical design and of performance .
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The calculated reliability goal for a DCA was met through the use of redundancy

in the digital decoder section only . A self -checking and fail - safe feature was included

to prevent an invalid message from performing a function . Integrated circuits were

used wherever possible in designing the DCA because of their high reliability , low

power consumption , small size, and light weight . Discrete components were used in

those areas in which the circuit constraints precluded the use of integrated circuits .

The PCA design goal was to achieve high reliability . To accomplish this goal ,

numerous broad -based design objectives — such as minimum weight , optimum thermal

design , high packaging density , and adaptability to design changes — were met early

in the PCA design .

The minimization of weight was a prime consideration . The following design

concepts were used to fulfill the rigorous environmental and operational requirements

effectively while maintaining the concept of minimum weight.

Integrated circuits were used instead of discrete components where practical .

A single flatpack performed the task of approximately 34 discrete components with

obvious weight -saving results . Welded -wire cordwood assemblies were used , where

practical , rather than conventional solder . This procedure added reliability to the

electrical junction and provided substantial weight savings . All parts used represented

the state -of - the -art high - reliability versions of products being manufactured at the

time .

To provide the best possible thermal path from heat -dissipating parts to the

mounting flange , all parts and components were bonded directly to the module web

with an adhesive having high thermal conductivity. All cordwood assemblies were

completely encapsulated . The encapsulant then paralleled the path of the part lead ,

which resulted in a further reduction in thermal resistance .

Every effort was made to design a package that incorporated high -density design

concepts . In many cases , the electrical requirements and the available parts limited

the miniaturization effort ( i.e. , transformers, chokes , capacitors , relays , etc. ) .

Because of the nature and functions of the PCA , the conceptual design within the

PCA and the several interfacing electronic assemblies changed . Therefore , designing

the PCA to accept these changes was difficult . The use of flexible harness and the

inclusion of spare terminals on each module to provide the simplest means for exe

cuting changes are examples of the adaptability to design changes . If a hardwired

multilayer or printed circuit board (mother board) had been used , a complete redesign

would have been necessary to incorporate a change in module interwiring .

The PRA had an integrated planar photodiode array , which was used to read

digital data stored on 35 -millimeter photographic film . The tape (photographic film )

was advanced by a simple step servosystem that required a minimum number of

moving parts and gears . The tape - transport system , drive sprockets , and supply

and takeup spools were identical in concept to the components and system used in

space - flight -proven programers . The programed film was , for all practical pur

poses , indestructible . This was not true for magnetic - tape and magnetic - core systems

in which the data can be inadvertently erased . The decision to use a photoelectric

5



readout was based primarily on a program to develop an integrated planar photodiode

array that was significantly more reliable than any existent reader . The program

tape had an end -of - tape word that, when sensed, stopped either the forward or reverse

search mode . The end -of -tape word was repeated three times ; hence , a forward or

reverse search command issued in the same direction after the word was first sensed

could cause the program tape to unwind off the tape spool. The corrective action to

minimize program impact was to repeat the end -of-tape word many times , which

would make unwinding the tape from the tape spool almost impossible .

DEVELOPMENT

Developmental tests were performed to provide data that were used to support

the design of a specific component or subassembly . Developmental tests were also

used to determine operating characteristics under off -design conditions . In conjunc

tion with the general thermal design, developmental tests were performed on the equip

ment in a simulated thermal environment to ensure that the thermal requirements had

been satisfied . Developmental tests were categorized as design - feasibility tests and

design -verification tests .

The design -feasibility tests included all tests performed for the following

purposes :

1. Selection of components and parts

2. Investigation of the performance of breadboard models , components, and

subassemblies under various environmental conditions

3. Selection of materials

4. Substantiation of safety margins or of other analytical assumptions

The design -verification tests were performed on two production models in simu

lated ground and flight environments and under off -design conditions to determine

whether the design would meet mission requirements. The equipment was subjected

to numerous environmental conditions . No replacement of parts , adjustments , or

maintenance was permitted during design -verification testing. Successful completion

of these tests , excluding overstress , was a prerequisite to the start of qualification

tests .

1

QUALIFICATION

Qualification tests were performed on two production units to demonstrate attain

ment of design objectives , including margins of safety. The qualification test was

6



performed in two separate phases: ( 1 ) the design -limit test (equipment subjected to

test - sequential, singly applied environments at design -limit conditions) , and (2) the

endurance test (equipment subjected to one operational cycle and one subsequent

mission cycle at nominal mission conditions) .

Program Reader Assembly

The PRA , part number LSC -300-72 , had the following physical parameters:

weight , 6.24 kilograms ( 13. 75 pounds) ; length , 24. 64 centimeters (9.7 inches) ; width ,

13 centimeters ( 5. 12 inches) ; and height , 17.8 centimeters (7.0 inches) . The PRA

was subjected to the qualification test in accordance with the test plan (Certification

Test Requirement (CTR) LCQ - 300-005 ). Each of the qualification - test programs

(design limit and endurance) was successfully implemented in accordance with the

applicable specified requirements and was approved with no deviation or waiver

requested or issued. Data generated during the performance of the qualification -

test programs indicated that each PRA successfully completed all the requirements

specified for operation and performance during acceptance testing with no waivers or

deviations .

Power Distribution Assembly

The PDA, part number LDW -390-28153-1 , had the following physical param

eters : weight, 4.08 kilograms (9 pounds); length , 64.77 centimeters (25.5 inches);

width, 17. 15 centimeters (6.75 inches) ; and height , 19.68 centimeters (7.75 inches) .

The PDA was subjected to the qualification test in accordance with test plan

LTP -390-15 (CTR LCQ-390-015) .

The test article was initially configured with a polyurethane collar between the

circuit breaker panel and the main assembly of the PDA . The purpose of the collar

was to provide vibration isolation to the MS -type circuit breakers . After the success -

ful completion of these tests , data from the lunar test article 3 (LTA - 3) vibration

test indicated that significantly lower vibration levels should have been used. Testing

at the lower vibration levels indicated that the vibration isolation provided by the poly

urethane collar was not required. In consideration of the potential fire hazard of

polyurethane and of the reduced vibration levels , the polyurethane collar was elimi -

nated, the circuit breakers were hård mounted , and the PDA was successfully tested

in a supplemental qualification test .

Program Coupler Assembly

The PCA, part number LSC -300-710-5 , had the following physical parameters :

weight , 23. 59 kilograms (52 pounds) ; length , 70. 49 centimeters (27.75 inches );

width, 13.018 centimeters (5.125 inches) ; and height , 19.05 centimeters ( 7.5 inches) .

The PCA was subjected to the qualification test in accordance with test plan

LTP -303-20 (CTR LCQ-300-004 ) .
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A number of relay failures occurred on the qualification endurance assembly .

These were of two types : shorts to case caused by contaminants (tipoff pin) inside

the relay case and shorts to case caused by the diode leads .

The changes incorporated into the high - reliability - type relay to prevent these

kinds of failures were as follows :

1. A new tipoff pin was used that had a head large enough to prevent it from

dropping into the relay case .

2. Two layers of insulating Mylar were put on the coil -diode assembly to pre

vent possible shorts of diodes to the case .

3. Different assembly techniques were applied to the coil -diode unit , and more

rigid inspections were used to eliminate any possibility of an internal diode in the

relay shorting to a coil.

It was recommended that the PCA be requalified because of the relay failures

that occurred during the qualification test . The requalification testing was consistent

with the requirement not to jeopardize the status of the particular PCA unit as a flight

spare . The requalification or delta -qualification test was aborted on the first start

because of two relay failures , one of which could not be explained. The second attempt

at the delta -qualification test was completed with one failure (attributed to contami

nation) . The delta -qualification test was abbreviated to preserve the flight integrity

of the particular PCA unit . It should be noted that there was never a functional fail

ure of this particular PCA unit ; that is , there was never a failure of a redundant relay

and a primary relay that caused the loss of a function. Therefore , the decision was

made that this particular unit was flight qualified .

Digital Command Assembly

The DCA , part number 380-0050 , had the following physical parameters:

weight , 6.24 kilograms ( 13. 75 pounds) ; length , 29. 85 centimeters (11.75 inches);

width , 17. 15 centimeters (6.75 inches); and height , 17. 78 centimeters (7.0 inches) .

The DCA was subjected to the qualification test in accordance with test plan LTP

4614-11 (CTR LCR-380-005 ) .

Each of the qualification - test programs (design limit and endurance) was com

pleted ; however , three failures occurred during these tests . These failures were

related in nature and were traced to a workmanship problem that involved ( 1 ) an open

weld connection ( discovered during vibration testing) and ( 2 ) a loose cordwood (a potted

module) that caused breakage of interconnecting leads (also discovered during vibra

tion testing ) . The vibration spectrum exceeded the specification levels except for a

small portion in the high - frequency region . However , the test levels always remained

above the actual LTA- 3 vibration levels , which were used to check validity of require

ments . After the two qualification models were modified , no further deviations were

necessary , and the tests were successfully completed .

-
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RELIABILITY AND QUALITY CONTROL

A reliability and quality - control program was established for the LMP in accord -

ance with NASA publications NPC -200-2 and NPC -200-3 . The implementation of this

program included inspections and testing to determine conformance of the system to

contractual and specification requirements before submission of the article to NASA

for acceptance. Identification and traceability were controlled in accordance with the

approved quality - control program . Quality -control procedures were also implemented

to ensure interchangeability , as required. A reliability program was also implemented

in accordance with NASA reliability publication NPC -250-1 and the LM - contractor

approved reliability program plan (LPL -550-1 ) .

MISSION PERFORMANCE

The LMP performed all required functions throughout the Apollo 5 mission ( the

only mission on which a complete LMP , as previously described , was flown) . From

lift -off until 06:10:00 ground -elapsed time (GET ) , the LM was operated in the primary

mode with the LGC in control . At 06:10:00 GET , the backup mode was activated. In

this mode , the LMP controlled all sequencing. Sequences III and V were used.

Periodically throughout the mission , the ground -command capability was used ; and ,

except for periods of abnormal signal strength , performance was nominal . Abrupt

changes of approximately 34 decibels in spacecraft -received uhf -signal strength were

detected throughout the mission . These abrupt changes in received power frequently

caused the command signal to be below the message -acceptance threshold. Corre

sponding changes did not occur in the ground -received signal strength from the vhf

data transmitters that shared the same antennas through a diplexer. Consequently,

command transmission had to be delayed or repeated . The variations in received

signal power were consistent with an intermittent condition in the DCA radiofrequency

stage , in the coaxial -cable assembly connecting the diplexer and DCA , or in the inter

nal diplexer connections .

On subsequent missions (Apollo 9 and 10 ) , a modified LMP was used . The

Apollo 9 LMP consisted of the DCA and the ascent - engine arming assembly (AEAA) .

The AEAA permitted the ascent engine to be armed and to be fired to fuel depletion

after ascent- stage separation from the CSM . The Apollo 10 LMP consisted of the

digital uplink assembly , which replaced the DCA , and an AEAA of a different config

uration . This AEAA performed the same function on the Apollo 10 mission that the

AEAA did on the Apollo 9 mission . In addition , it contained a provision for switching

the guidance from the PGNCS to the abort guidance system after the ascent engine was

started for the burn - to -depletion maneuver .
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CONCLUDING REMARKS

Data from the design -verification test , the qualification test , and the subsequent

vehicle tests as well as data from the mission show that the lunar module mission

programer fulfilled all design requirements.

After qualification testing , the program reader assembly had one anomaly that

might warrant one minor design change if the unit were to be redesigned. The program

tape had an end - of -tape word that, when sensed , stopped either the forward or

reverse search mode . The end -of -tape word was repeated three times ; hence , a

forward or reverse search command issued in the same direction after the word was

first sensed could cause the program tape to unwind from the tape spool. The correc

tive action to minimize program impact was to repeat the end -of -tape word many

times so that it was almost impossible to unwind the tape from the spool. If the unit

is redesigned , a more positive end -of -tape sensor should be incorporated .

The program coupling assembly was plagued with relay problems from the

beginning of the program . Many of the problems were a direct result of contamination
inside the sealed relay can ; others were unexplained problems in that no contamination

or other causes of failures were ever found. 1

Each relay contained two directional diodes and was half -crystal can size .

Therefore , the relay complexity was greatly increased. Two recommendations for

redesigning the relays are that ( 1 ) the switching matrix should be a solid - state device

and (2) the directional diodes should remain outside the relay can if the relay is to be

used in the switching matrix . 1

Lyndon B. Johnson Space Center

National Aeronautics and Space Administration

Houston , Texas , September 9 , 1974

914-50-00-00-72
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APOLLO EXPERIENCE REPORT

SAFETY ACTIVITIES

By Charles N. Rice

Lyndon B. Johnson Space Center

SUMMARY

The success of the United States manned space -flight program has been , to a

great extent , a direct result of the emphasis placed on safety by NASA management .

The reorganization of the NASA Lyndon B. Johnson Space Center (formerly the Manned

Spacecraft Center ) safety efforts after the Apollo spacecraft 204 fire was necessary

for a concerted safety effort . All the relevant safety activities were coordinated

through a single office and resulted in a strong , centralized approach to crew and

mission safety . The establishment of a formal documented hazard analysis for each

mission was effective in identifying significant hazards and assuring satisfactory

resolution of hazards at an appropriate high level in the Lyndon B. Johnson Space

Center organization .

A safety program requires an adequate complement of qualified engineers , a

free hand to conduct independent assessments , and the full support of top management .

With these ingredients , an effective safety program is assured .

The Manned Flight Awareness Program introduced early in the Apollo Program

was a motivational program to achieve a high level of safety , reliability , and quality

consciousness of all program participants . Its success was greatly enhanced by

astronaut participation .

INTRODUCTION

The success of the United States manned space -flight program has been , to a

great extent , a direct result of the emphasis placed on safety by NASA management.

The basic safety objective has been to identify hazards and to ensure that these hazards

are either eliminated or reduced to an acceptable level . With the exceptions of the

Apollo spacecraft ( SC ) 204 fire and perhaps the Apollo 13 mission, the hazards had

been adequately identified and properly resolved . Throughout the series of manned

space-flight programs ( Mercury , Gemini, and Apollo) , the safety of the crew was

given primary consideration during hardware design , manufacturing, testing , mission

planning , and flight operations .



The purpose of this paper is to summarize the safety -oriented activities of

personnel at the NASA Lyndon B. Johnson Space Center (JSC ) ( formerly the Manned

Spacecraft Center ( MSC ) ) and at major contractor plant sites . Although everyone is

expected to be safety conscious , some things that are inherently unsafe under certain

conditions are not easily recognized . The identification of hazards requires a

dedicated and conscious effort by appropriately trained safety personnel who possess

the experience and capability to properly assess the risks throughout all phases of

the manned program and to take appropriate action to eliminate or reduce the risks

to an acceptable level .

During Project Mercury , the Gemini Program , and the early stages of the

Apollo Program , a Flight Safety Office at MSC reported to the Center Director . The

function of this office was to coordinate the overall safety effort at NASA and the

major contractors . It had a small staff and acted in an advisory capacity to each

program office . Throughout Project Mercury and the Gemini Program , crew safety

and mission safety activities were carried out by the Flight Safety Office , the respon

sible program offices , and the engineering and other support groups at both NASA

centers and major contractors . This method worked well because the groups were

small enough for the individuals to maintain good communications, were personally

known to each other , and had a broad view of the requirements so that the safety

efforts were well integrated .

As the Apollo Program progressed from design definition to hardware fabrica

tion , substantial numbers of new personnel were added to the program , numerous

reassignments of personnel were made , and functional reorganizations were imple

mented over a period of months . Coupled with these changes , the hardware testing

phases brought added activity , and the resolution of test hardware failures absorbed

more and more time. During this period , the size and technical makeup of the Flight

Safety Office did not grow sufficiently to maintain visibility into the rapidly expanding

Apollo Spacecraft Program hardware and procedures activities . All the above

resulted in some loss of communication and visibility between the Flight Safety Office

and the engineering and test operational elements .

After the Apollo SC - 204 fire , one of the organizational changes made at MSC

grouped most of the Center safety organizations into the Flight Safety Office reporting

directly to the Center Director . Another change was the creation of a staff position

in the Apollo Spacecraft Program Office (ASPO) as the MSC point of contact with the

Apollo Systems Safety Office at NASA Headquarters. This staff position , called the

ASPO Assistant Program Manager for Flight Safety , was a position designed to

expedite implementation of the MSC Flight Safety Office policies and procedures.

This provided a good opportunity to integrate the efforts of the MSC Flight Safety

Office and the ASPO flight safety activities . The arrangement worked very well by

opening up the communications channels between the various groups working different

aspects of flightcrew and mission safety . At the same time , several reliability and

quality assurance elements at MSC were also combined into a single office reporting

directly to the Center Director . Although these changes in the reliability and quality

assurance ( R & QA ) organizations did not directly affect the Flight Safety Office , they
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had the indirect effect of making available , on a day - to -day basis , data and information

that were essential to Flight Safety Office personnel in performing their tasks . This

interchange and coordination was aided by placing both organizations under the direc

tion of one person .

A further enhancement of the MSC Flight Safety Office capabilities occurred

in late 1967 when additional support (contract ) manpower was made available to the

Flight Safety Office ; this support consisted of experienced engineers trained in

safety techniques and procedures. The local MSC group was part of a larger contract

covering engineering and safety at MSC , NASA Headquarters , and the other NASA

centers involved in the manned space - flight effort ; thus , a large reservoir of experi

enced engineering talent was available to provide assistance when required . These

changes , both organizational and personnel, were sufficient to reestablish a planned ,

orderly , and coordinated approach to crew and mission safety .

THE MSC SAFETY OFFICE ACTIVITIES

Evolution of Systems Safety Discipline

Under the new organization previously described , the MSC Safety Office activi

ties were defined as follows .

1. To examine all phases of each mission for hazards (i.e. , flight plans , crew

procedures , mission rules , design changes , contingency plans , training , etc. )

2. To examine all mission- related ground activities that involved the flightcrews

and backup crews for hazards (i.e. , extravehicular- activity ( EVA ) procedures , crew

training, ground test and checkout, simulated flight tests , vacuum chamber tests ,

recovery training, etc. )

3. To assure that hazards identified in items ( 1 ) and ( 2 ) were appropriately

resolved for future missions and ground operations ( Resolution of hazards was to

be accomplished through normal channels used to implement the Apollo Spacecraft

Program . )

As a part of the foregoing effort , the safety offices of the major contractors

were strengthened to ensure the proper integration of their own and their subcon

tractors ' safety efforts . The MSC did not require that the subcontractors institute

a dedicated safety office; it was considered that the responsibility for safety should

rest with the major contractors who would eventually receive the hardware / software

from the subcontractors . In this manner , the major contractors maintained an

overall safety effort with their own safety staffs . The approach proved acceptable .

The Safety Office personnel conducted their duties by active participation in

design reviews , test procedure reviews , and the development of crew procedures .

As safety issues were identified , they were resolved immediately or were presented
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to the ASPO for resolution at scheduled meetings and milestone reviews. Typical

reviews that safety personnel participated in are as follows :

1. Configuration Control Board

2. Configuration Control Panel

3. Preliminary Design Review

4. Critical Design Review

5. Design Certification Review

6. Customer Acceptance Readiness Review

7. Flight Readiness Review

8. Crew Procedures Change Board

9. Mission Rules Review

10. Launch Readiness Review

The ASPO and the MSC directorates involved in the Apollo Spacecraft Program

provided adequate forums for formal discussion by the MSC Safety Office of any

hazards that required attention . This management visibility in depth , operating in

an atmosphere that encouraged personnel with problems to come forth and be heard ,

was a major contributing factor in enhancing the safety of the Apollo missions . In

addition to these meetings and milestone reviews , the MSC Safety Office presented

formal analyses and assessments of systems safety and mission risks to the ASPO

and to the Center Director at each mission Flight Readiness Review . At that time ,

the Mission Hazard Analysis ( refer to the appendix ), which identified safety concerns

as well as the rationale for acceptance of the risks , was documented for the Flight

Readiness Review Board .

Hazardous and Critical Tests

The MSC flight safety engineers participated with teams composed of specialists

from varying disciplines in reviewing the development and installation of facilities ,

test procedures, and special safety procedures to support hazardous test activities

at MSC . Chief among these were the thermal -vacuum tests conducted in the Space

Environment Simulation Laboratory in which manned spacecraft modules were

subjected to simulated space environments in vacuum chambers . Safety personnel

were concerned with the safety of test personnel and test subjects . They assessed and

evaluated the safety of the chambers including the associated plumbing, wiring, evac

uation systems , environmental control systems , and pressure vessels . Detailed and

thorough operational readiness inspections and test readiness reviews were conducted
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before commencement of manned tests . Safety personnel had key roles in these tasks

and in the development of safety parameters and their limits for use in manned testing .

Certified test safety officers participated in the manned tests to ensure adherence to

these established parameters and limits .

System Safety Assessments

System safety assessments consisting of hazard analyses and special safety

studies of Apollo contractor - furnished equipment, Government - furnished equipment,

ground support equipment, and experiments were performed . These assessments were

accomplished by ( 1 ) analyses of ground support equipment to determine interfaces with

flight hardware that could adversely affect crew safety; ( 2 ) performance of detailed

evaluations in those design and operational areas shown to exhibit risk potential ;

( 3 ) performance of or participation in hazard trade- off studies of designs , operational

procedures, and mission concepts ; and ( 4) detailed analyses of those proposed changes

to subsystems, operational procedures , plans , rules , and activities considered to

have safety impact .

To aid in the safety analysis of extremely complex systems , " fault- tree"

analyses were conducted . These were logic diagrams that represented the mechanical,

electrical , and/or chemical interfacing points between subsystems . The analyses

were a valuable tool in identifying potential hazards .

In the Apollo Program , hazard analyses were performed for man /machine

interface to isolate crew safety concerns . Trade - off studies and engineering assess

ments for compliance with system safety criteria were performed relating to crew

safety , operational personnel safety , and system safety . Trade - off studies were

also performed for specific hardware and operational areas, so that the relative crew

risks for any of several alternative solutions might be compared .

Operational safety assessments were performed on crew procedure changes ,

flight plans , mission rules , crew checklists , and crew training to ensure adequacy

and compatibility of crew procedures and flight operations for each Apollo mission .

Hazardous procedures were identified and recommendations were made to reduce the

risk by modification of the existing procedures . The review of operational tasks

resulted in procedure change requests , special studies of potential operational con

cerns , safety evaluation of mission operations , and documentation of crew and mission

operational hazards .

Safety evaluations of flight hardware consisted of ( 1 ) assessment of the config

uration differences between vehicles to determine whether system or subsystem

changes had introduced any new hazards into the vehicle ; ( 2 ) review of waivers or

deviations of specifications in manufacturing, test , or checkout procedures; and

( 3 ) sneak circuit analyses (SCA ) of wiring systems to detect potential hazards from

wiring or electrical system incompatibilities . A sneak circuit is a latent electrical

path that can cause an unwanted function to occur or inhibit a desired function without

regard to component failures. The SCA was first used on the Apollo 7 spacecraft and

was performed for all subsequent spacecraft of the Apollo Program , both the LM and

the CSM .
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Mission Risk Assessment

Concurrent with the effort to provide system safety assessments , each individual

mission was analyzed as an integral unit in an effort to isolate and assess risks to

mission operations and crew safety . Once a hazard was identified and evaluated, it

was brought to the attention of program management . It was then tracked throughout

the mission preparation period until corrected by an engineering or procedural change

(usually a decision of the Configuration Change Board or Panel ) or approved by the

Safety Office and the ASPO as an acceptable risk .

Periodic meetings were held with the safety personnel of the major contractors

to discuss and evaluate hardware and operational problems that might have potential

crew safety impact. The reports emanating from these meetings provided an

up -to - date status of safety concerns under evaluation and of safety issues to be

resolved . A safety concern was a specific hazard requiring positive action to correct ;

a safety issue was a potential hazard , the implications of which had not been completely

resolved . The status report was forwarded to the ASPO and to the R & QA organizations

which , in periodic meetings with safety personnel, considered each safety concern for

proper resolution .

A mission risk assessment was performed for each Apollo mission to provide

a final and definitive evaluation of residual hazards and risks affecting the crew .

The mission risk assessment supported the Flight Readiness Review at MSC . This

report highlighted the more significant crew safety risks assessed during the mission

buildup period , the results of analyses of these risks , and supporting rationale for

acceptance of residual hazards , where appropriate. A portion of the Apollo 16

Mission Risk Assessment is included in the appendix .

Mission Monitoring and Postflight Evaluation

The work described in previous paragraphs dealt with preflight safety activities .

However , the responsibility of the MSC Safety Office did not end with the launch of an

Apollo mission . Mission monitoring support was provided to enable real- time safety

engineering support in the assessment and evaluation of mission discrepancies and

identification of hazardous trends that might have a potential impact on crew safety

or mission success . Continuous monitoring of flight hardware and the flightcrew made

possible the identification of real or potential safety hazards . Recommendations for

the resolution or elimination of these hazards were routed through the Spacecraft

Analysis Network (SPAN ) for verification by the appropriate subsystem monitor, and

to the Mission Control Center for final approval and implementation by the Flight
Director.

The Safety Office further participated in the postflight review of failures and

anomalies associated with system performance or crew procedures that had safety

implications on succeeding missions . Any such failure or anomaly was examined at

the appropriate contractor's plant to make a determination of the actual cause . When

such a determination was made, the suspect part or procedure for each succeeding

mission was reevaluated, redesigned , retested, rewritten, or eliminated .
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Audits

To ensure that the safety requirements were being met and that continued empha

sis was being placed on system safety by all participants , periodic audits were per

formed by the MSC Safety Office at major contractor production , assembly , checkout,

and test facilities . The contractors were required to develop system safety checklists

that detailed those steps introduced in their facilities to ensure adherence to the safety

requirements . The checklists were used by MSC Safety Office personnel at the con

tractor facilities to provide on-the- spot assurance that the requirements were actively

implemented .

Motivational Programs

To achieve a high level of safety , reliability , and quality consciousness in all

program participants , it became evident that a singular motivational program was

required . People tend to think of safety , reliability , and quality as abstract terms ;

the problem was to make that abstraction real , tangible, and relatable and then to

keep the awareness of these important functions as an active effort constantly before

them .

>

The Manned Flight Awareness Program was introduced early in the Apollo Pro

gram to fill this need . The cooperation of a popular cartoonist was solicited to make

his comic beagle " Snoopy " (from the cartoon strip " Peanuts ' ' ) the principal spokes

man for the program . Motivational posters featuring Snoopy in space togs were soon

in evidence wherever people were at work on the Apollo Program . The Snoopy

messages constantly emphasized the need for care and attention to detail .

The astronauts contributed to the success of the program . They attended

functions at each of the space-flight centers , honoring contributors to the program

by presenting Snoopy pin awards . Apollo crewmen toured the facilities of the major

contractors to meet the workers who were building and testing the Apollo mission

hardware .

Special Studies and Assessments

As the Apollo Program matured and progressed , missions became longer and

more complex . The NASA began to take optimum advantage of lunar surface explo

ration through the use of more sophisticated experiments packages and of the command

and service module (CSM) lunar orbits by incorporation of experiment hardware in a

bay of the service module . Each element of growth contained potential crew hazards ,

and each was the subject of a special safety assessment by the MSC Safety Office .

The principal special assessments are discussed in the following paragraphs .

Extravehicular activities . - The Apollo Program included a wide variety of EVA's

beginning with Apollo 9 when the lunar module (LM) pilot first stepped out of the LM

while in Earth orbit. The first Apollo EVA safety assessment ( conducted before the

mission) resulted in a listing of 10 criticality 1 hazards , each of which had to be

analyzed to determine its probability of occurrence . Each potential hazard was
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finally deemed improbable after a lengthy rationale was prepared , which reinforced

confidence in the hardware design and testing . None of the following 10 potentially

hazardous events occurred .

1. Ventricular fibrillation in the LM pilot could occur .

2. Collision with the spacecraft might rupture the pressure garment assembly
( PGA ) .

3. The EVA astronaut might lose contact with and attachment to the spacecraft.

4. The EVA astronaut might have a failed portable life - support system / oxygen

purge system (PLSS /OPS).

5. Undetected carbon monoxide might be present in the EVA astronaut PGA .

6. The open failure of the oxygen purge system (OPS) might cause a rupture in

the PGA .

7. The EVA astronaut rescue capability might not be immediately available .

8. The OPS redundancy might be lost .

9. Degradation of the OPS would leave only marginal contingency EVA capability .

10. Loss of the LM attitude control might render the LM unstable and would make

recovery difficult .

In a similar manner , the first lunar surface EVA on Apollo 11 was analyzed before

the mission , and this analysis isolated the following 11 potentially hazardous areas of

The Safety Office prepared recommendations for the elimination or reduc

tion of these potential hazards and forwarded them to the appropriate organizations

for consideration . Most of the recommendations were accepted .

1. Pyrophoric reaction of lunar material with the LM oxygen atmosphere

might occur .

2. A rupture of the lunar contingency sample container might occur in the cabin .

3. Damage to the extravehicular mobility unit (EMU ) might occur if a crewman

were to fall on the lunar surface .

4. Crewmen might be unable to detect the presence of sinkholes, deep dust

pits , or subsurface faults .

5. Because of scratching or tearing on spacecraft protuberances, a compromise

of the EMU pressure , thermal , or radiation integrity might occur .
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6. Inability of the crewmen to obtain adequate footing on the plus - Z footpad

could be caused by dust or debris acquired at landing .

7. Inability to determine the temperature of tools , equipment, et cetera , could

result in damage to the EMU upon touch .

8. A fallen crewman might be unable to recover and return to the LM before

the loss of EMU consumables .

9. Crewmen ingress or egress could be difficult when the plus - Z footpad is not

in contact with the lunar surface .

10. Deployed television camera cable and S-band antenna cables could pose a

tripping hazard to crewmen .

11. The crewman inside the LM might be unable to observe the egressing

crewman .

Apollo lunar surface experiments . - Apollo 11 carried a comparatively simple

package of scientific hardware for deployment on the lunar surface . These experi

ments , however, had some inherent potential hazards that were assessed before the

flight . Of major concern was the fuel capsule for the radioisotopic thermoelectric

generator used to supply power to the Apollo lunar surface experiments package .

The capsule used plutonium - 238 as its isotope , and the inadvertent release of this

radioactive substance was a matter of great concern . The capsule was subjected to

analysis by the Safety Office and representatives of the Atomic Energy Commission

who concluded that the device was safe to use when used according to the prescribed

procedures. To illustrate the thoroughness of this assessment , consideration was

given to the possibility that the fuel capsule might be returned to the Earth atmosphere

in the event of a mission abort . The analysis concluded that the capsule , as designed,

was adequate to survive reentry and would release no radioactivity . This conclusion

proved correct when the Apollo 13 mission aborted and the LM (which had served as

a " lifeboat" for the astronauts when the CSM was partly disabled) reentered the

Earth atmosphere and broke up over the Pacific Ocean . The fuel capsule was still

on board and , as predicted by the preflight analysis , did not contaminate the atmos

phere with radioactive material .

Other significant studies.- Other significant studies made between 1969 and 1972

included a system safety engineering hazard analysis of the LM pyrotechnics and the

CSM launch vehicle separation pyrotechnics ( Feb. 1969 ) , a LM- 6 critical switch study

( Sept. 1969 ) , a CSM circuit breaker accessibility study ( Sept. 1969 ) , a LM circuit

breaker review ( Sept. 1969 ) , a study of crew distractions during critical mission

phases ( Feb. 1970 ) , a system safety assessment of the Apollo 12 anomalies and of

the failure mechanism during the initial boost phase ( Feb. 1970 ) , a study of the active

seismic experiment (Aug. 1970) , a study of the CSM return enhancement provisions

( Dec. 1970) , and a study of the lunar seismic profiling experiment (Dec. 1972 ) .

9



CONCLUDING REMARKS

The success of the United States manned space-flight program has been , to a

great extent , a direct result of the emphasis placed on safety by the management of

the NASA Lyndon B. Johnson Space Center (formerly the Manned Spacecraft Center ) .

The basic safety objective has been to identify hazards and to ensure that these

hazards are either eliminated or reduced to an acceptable level . With the exception

of the Apollo spacecraft 204 fire and perhaps the Apollo 13 abort, the hazards have

been adequately identified and properly resolved .

The reorganization of the NASA Headquarters and Lyndon B. Johnson Space Center

safety efforts after the spacecraft 204 fire was necessary for the complex and ex

panded efforts of the Apollo Program . A greatly enhanced Safety Office visibility and

comprehension of day- to -day safety status resulted in the reestablishment of a satis

factory approach to crew and mission safety . The fundamental change in organization

that proved most effective was gathering the safety efforts under a single office that

reported to the Center Director.

The establishment of formally documented hazard analyses for each mission was

effective in identifying all significant hazards and assuring a satisfactory resolution

of hazards at an appropriately high level in the center organization .

A safety program requires an adequate complement of qualified safety engineers,

a free hand to make independent assessments , and the full support of management.

With these ingredients , an effective safety program is assured .

The Manned Flight Awareness Program , introduced early in the Apollo Program ,

was a motivational tool used to achieve a high level of safety , reliability , and quality

consciousness in all program participants . Its success was greatly enhanced by

astronaut participation .

Lyndon B. Johnson Space Center

National Aeronautics and Space Administration

Houston , Texas , November 14 , 1974

039-00-00-00-72
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APPENDIX

APOLLO 16 MISSION RISK ASSESSMENT

EXCERPTS AND SUMMARIES

The following pages have been extracted as typical examples of the Apollo 16

Mission Assessment Report.

" 1.2 PURPOSE

The purpose of this assessment is to define and evaluate the

risks associated with the Apollo 16 flight and lunar surface

activities, to provide justification for discounting or accept

ing these risks , and to present an overall picture of the

mission relative to crew safety .

" 1.3 SCOPE

This document is limited to the presentation of the assess

ment of the Apollo 16 mission as related to flight crew safety

from lift - off through earth landing. The assessment included

analysis of each mission phase , including procedures , con

figurations , and potential impact of previously -observed

anomalies on flight crew safety . This document applies to

the MSC Flight Readiness commitments . Subsequent anom

alies are evaluated on a day - to-day basis up to the launch time

and are incorporated into this document as required .

" 1.4 CONCLUSIONS

1.4.1 The new risks introduced into the Apollo 16 mission are

acceptable and provide no flight constraints .

1.4.2 Assessment of the planned lunar surface activities, includ

ing the longer EVA's , longer traverses , and delta lunar

surface experiments has uncovered no safety concerns

which preclude the lunar activities or any planned lunar

surface experiments. Improvement in the active seismic

experiment from Apollo 14 has increased the safety margin

for Apollo 16 .

1.4.3 Assessment of the rendezvous technique changes which are

incorporated for Apollo 16 indicate they should minimize

controllable errors in the rendezvous calculations , thus

improving overall mission success and crew safety .

11



1.4.4 Boom retraction modification of adding proximity switches

has increased safety by enabling determination if booms

are sufficiently retracted before an SPS ' burn . ( See note 1.

below . )

Planned CM2 in- flight demonstrations have been assessed

for concerns related to crew safety , and no constraining

safety concerns were identified . ( See note 2 below . )

1.4.5

Note 1 . The mass spectrometer and gamma ray spectrometer

, 3

experiments were extended from the SM ° Scientific Instru

mentation Module by retractable booms . It is critical to

have assurance that these booms are properly retracted

before attempting an SPS burn ; an unretracted boom could

conceivably wrap around the SPS nozzle extension . Prox

imity switches were added on Apollo 16 to provide the crew

positive assurance of boom retraction prior to the SPS

burn . In addition , a boom jettison capability was added .

Note 2 . During transearth coast , Apollo 16 crew conducted the

following inflight demonstrations , each requiring experi

ment hardware and procedures which were subjected to

safety analysis :

( 1 ) ALFMED (Apollo Light Flash Moving Emulsion

Detector )

( 2 ) MEED (Microbial Ecology Evaluation )

( 3 ) Electrophoresis In - Flight Demonstration

( 4 ) Biostack Experiment (M211)

1.4.6 Safety assessments of anomalies occurring during manned

environmental tests , previous flights , and vehicle ground

tests have disclosed no significant safety concerns .

" ' 1.5 RECOMMENDATIONS

None .

service propulsion system .

2Command module .

.
3

Service module .
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31

111.6 SAFETY STATEMENT APOLLO 16 MISSION

-

The Safety Office assessment of the planned Apollo 16

mission, spacecraft functions , and hardware failures dis

closed no safety concerns which constrain the Apollo 16

flight scheduled for April 16 , 1972. The assessment is

based on safety analyses performed in coordination with

and obtained from the Program Office , E &D , FOD , FCOD ,

4

MR & OD , SR&QA , and the hardware contractors . ' '

Section 2.0 provided a discussion of all constraining and nonconstraining

safety concerns evaluated during the mission assessment. These concerns were

assessed for crew safety during the period leading to the preparation of the report

and were published in the MSC Safety Concerns document , released biweekly . The

information included the issue , action , and status of each concern . The following list

enumerates the concerns contained in the Apollo 16 Mission Assessment Report .

1. Range/range- rate meter glass shattered

2. Command and service module (CSM) criticality 1 switches

3. Gyro -display coupler aline function

4. Scratched Lexan window shade

5. Loose object in the cabin fan

6. Unexplained pressure increase in the CSM tunnel

7. Broken bacteria filter on water gun

8. Main oxygen regulator failure

9. Premature deployment of main parachute

10. Failure of docking ring to sever

11. Extravehicular glove wear

12. Command module (CM ) reaction control system (RCS ) fuel tank

excessive delta pressure

13. Parachute reefing - line cutter

4 .

Engineering and Development Directorate ; Flight Operations Directorate ;

Flight Crew Operations Directorate; Medical Research and Operations Directorate;

and Safety , Reliability, and Quality Assurance Office .
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14. Entry monitor subsystem " thrust on " light

15. Pressure garment assembly qualification test failure

16. Suited or unsuited scientific instrument module door jettison

17. The CM RCS oxidizer tank bladder overpressure

18. Impact test failure of helmet

19. CSM - 113 propellant utilization and gaging system anomaly

20. Trapped CM RCS propellant overpressure

21. Circuit breaker mechanical latch problem

22. Earth landing system main parachute failure

The following information is contained in the report covering item 22 , which

illustrates the depth at which each item ( 1 to 22 ) was considered .

" Issue - The crew verified and photographic coverage confirmed that one

main parachute collapsed at an altitude of 6,000 feet during the Apollo 15

mission . Four of the six nylon risers had released their suspension-line

load . Loss of one main parachute exposed the crew to higher , but acceptable ,

loads ; however, failure of more than one parachute could result in crew loss .

5

" Action - An NR ° investigation and analysis revealed the cause of main para

chute collapse not to be forward heat shield , the suspension links, or the steel

risers being pulled from the flower pot . The most probable cause of the

anomaly was the burning raw fuel ( monomethylhydrazine ) being expelled during

later portions of the depletion firing . This resulted in the exceeding of the

parachute - riser and suspension- line temperature limits . Corrective action

taken has been to change the mode 1A abort timer to 61 seconds , to design

and qualify new connection links made of Inconel 718 , to load propellants to

achieve a slightly oxidizer - rich mixture for a possible depletion- burn purge ,

and to require certification of the CM to land in the water with pressurized

propellants onboard . Oxidizer and parachute tests at the NASA WSTF

(White Sands Test Facility ) are being conducted to investigate the effects of

the CM RCS dump burn depletion and purge on the parachute assemblies .

Recovery procedures and training are being updated to avoid possible

crew exposure to toxic propellants as a result of the single failure points

of the pressurized tanks at shutdown .

5.

'North American Rockwell Corporation, prime Apollo contractor .
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' 'Status
The concern has been closed on the basis of :

(a) The decision to land on water with pressurized tanks and

(b) The decision to extend the mode 12 regime. The Safety Office will

continue to scrutinize the current WSTF RCS /oxidizer tests for impact .

Section 3.0 of the Mission Assessment Report contained the Flight Operations

Safety Analysis . The analysis was divided into approximately nine areas with each

addressing a mission phase ; for example , launch through orbit insertion , lunar

orbit insertion , lunar module powered descent , lunar surface activities , et cetera .

Section 4.0 defined the safety evaluation of flight hardware differences

between the mission under assessment and previous missions , the waivers and

deviations, and the sneak circuit analyses for the upcoming mission .

Section 5.0 covered the manned environmental ground tests pertinent to the

upcoming mission performed at the Space Environment Simulation Laboratory

at the MSC .

Section 6.0 subjected anomalies from previous missions to analysis. Includ

ed were numerous anomalies from the previous missions that were evaluated for

safety impact ; breakdown by command and service module, lunar module, and

Government - furnished equipment; and the status of each with respect to the up

coming mission .

Section 7.0 was an evaluation of real -time flight problems and was not con

tained in the first two releases of the Mission Assessment Report ; this section was

added after splashdown and recovery .

NASA - Langley, 1975 S-422 15
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