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FOREWORD

The present study was undertaken by the Convair Division of General
Dynamics under NASA contrant NAS9-14095 and this report covers work
undertaken from 15 June 1975 through 1 May 1977, The contract monitor
was Mr., Barney Roberts c¢i the NASA Johnson Space Center, Houston,
Texas and the author wishes to acknowledge his very valuable assistance,
direction and contributions to the successful completion of the study. The
test data was obtained from models designed, huilt and tested by Rockwell
International personnel at NASA Langley Research Canter and at Arnold
Engineering Development Center., We wish to express our appreciation
to H. Dresser, J. Daileda, and J. Marroquin of Rockwell for their help
and cooperation in providing test data and reports which greatly assisted
in the completion of this study.
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NOMENCLATURE

Definition

ares (%)

lateral-directional reference length (ft)
wing chord referency length (ft)

body axis rolling moment coefficient = (rolling moment)/q Srefb
body axis pitching moment coefficient = (pitching moment)/q Spes €
body axis normal force coefficient = (normal force)/q Spes

body axis yaw moment coefficient ~ / 1wing moment)/q Spefb
pressure coefficient = (P - B,)/q

thrust coefficient = T/q Spef

body axis side force coefficient = (side force)/q S

ref
nozzle discharge coefficient = measured thrust/ideal thrust

diameter (ft)

kinetic energy parameter (ft3/ secz)
force or moment amplification factor
longitudinal réference length (ft)
body length (ft)

mass flow (lbm/sec)

Mach number

number of jets in cluster

pressure (lbf/ft2)

dynamie pressure (Ibf/fi2)

gas constant (ft2/sec2-°R)

radius (ft)

Reynolds number

wing reference area (ftz)

time (sec)
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Subscripts

°o =z B g R R ™

8 T <

interaction

NOMENCLATURE (cont'd)
Defizition

thrust (lb)

temperature (°R)

velocity (ft/sec)

radial distance (ft)

angle of attack (deg)

angle of yaw (deg); also m
nozzle angle (deg)

angular orientation in jet (deg)
density (bm/#%)

ratio of specific heat

momentum parameter (1bf) = VP M2 A

ambient conditions

rocket chamber condition

initial condition or conditions at point i
jet exit conditions

local condition or rolling moment
mean aerodynamic chord

any force or moment coefficient
pitching moment

yawing moment

normal force

total conditions

side force

peak

free stream condition

increment due to plume interaction
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NOMENCLATURE (cont'd)

Symbol Definition

Subscripts (cont'd)
impingement increment due to plume impingement
cross coupling increment due to combined jets interacting
thrust thrust terms
total sum of :?.11 terms

Superscripts

- mean value or averaged value

* throat condition

xvii
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SUMMARY

This report is the final technical report and documents the work performed
through 1 May 1977 under NASA Contract NAS9-14095.

The space shuttle orbiter has forward mounted and rear mounted Reaction
Control Systems (RCS) which are used for orbital maneuvering and also
provide control during entry and abort maneuvers in the atmosphere. RCS
control effectiveness is critical to orbiter flight performance and safety.

The effect of interaction between the RCS jets and the flow over the vehicle
in the atmosphere is the subject of this study. This report presents the

analysis of test data obtained in the NASA Langley Research Center 31 inch
continuous flow hypersonic tunnel at a nominal Mach number of 10. 3 and the
AEDC continous flow hypersonic tunnel "B" at a nominal Mach number of 6.
The data was obtained with 0,01 and . 0125 scale force models with aft RCS
nozzles mounted both on the model and on the sting of the force model
balance. The plume simulations were accomplished primarily using air in
a cold gas simulation through scaled nozzles, however, various cold gas
mixtures of Helium and Argon were also tested to obtain RT ratio effects.
The major test parameters included: number of nozzles, tests of combined
RCS controls, aerodynamic control deflections, nozzle geometry, and RCS
plenum pressure.

The data shows that RCS nozzle exit momentum ratio is the primary
correlating parameter for effects where the plume impinges on an adjacent
surface and mass flow ratlo is the parameter when the plume interaction is
primarily with the external stream. An analytic model of aft mounted RCS
units was developed in which the total reaction control moments are the sum
of thrust, impingement, inferaction, and cross-coupling terms.

xviii
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1
INTRODUCTION

The space shuttle orhiter has two reaction controls systems (RCS), as shown

in Figure 1-1, which are used for orhital maneuvering. The rear RCS provides
control during entry until the aerodynamic surfaces have sufficient effectlveness
to assume full control of the vehicle as shown in Figure 1-2, Both the front and
rear RCS units are also used during abort maneuvers to separate the orbiter
from the tank, to pitch it to entry attitude, and to control it until aerodynamic
control is established. Thus RCS control effectiveness is critical to the space
shuttle orbiter flight performance and safety.

The studies performed in References 1 to 3 and wind tunnel data on the present
baseline orbiter have shown that the control effectiveness of the RCS system is
appreciably changed by the presence of air flow over and around the vehicle,
These RCS - flow interactions have acted in directions such that the net RCS
system effectiveness is much lower than the thrust moments alone and it is
critical to flight safety and performance to know what the induced RCS - flow
interaction moments are caused by and to develop methods to predict them,
These are the hasic purposes of this study conducted under NASA contract
NAS9~14095, - This report is the final report of the work performed on this
contract through Aprii 1977 and documents the data analysis and analytic model
development for RCS flow interference prediction. The data used for these
analyses came principally from the space shuttle orbiter tests designated OAS82
which was documented in Reference 2 of this contract, Test MA22 documentsd
in Reference 4, and test OALG9 documented in Reference 5, These data were
obtained from tests conducted by Rockwell International personnel within NASA
and AEDC test facilities, primarily the NASA-LRC 31 inch continuous flow
hypersonic tunnel (CFFHT) at a nominal Mach number of 10.3 and AEDC von
Karman Facility tunnel "B" at Mach number of 6,0. The data was obtained at
Langley with a 0. 010 scale force model with the RCS nozzles mounted on the
sting of the force model balance and with a . 0125 scale model at AEDC where
the RCS nozzles were mounted on the model as well as on the sting, The plume
simulations were accomplished primarily using air in a cold gas simulation
through scaled nozzles, however, various cold gas mixtures of Helium and
Argon were also tested to obtain (RT) ratio effects.

This report will concentrate primarily on the data analyses and analytic model
development and contains 6 parts:

a) Test Data Summary d) Analytic Program Description
b) Data Analysis e) Full Scale Error Analysis
c) Analytic Model Development f) Study Conclusions

The data presented in this report is data for the aft RCS unit only.
1-1



CASD-NSC=-77=004

OMS ERGINE

. PITCH-UP/ROLL
/ THRUSTERS

YAW
THRUSTERS

™ BTCH-DOWN/
A0LL

H
THRUSTERS

\

AFT PROPULSION SUBSYSTEM \
{OMS/RCS POD)

PITCH-00WN
THHUSTERS\

aa
e
% fnl
AR,
Pl
\900%
,’ YAW THRUSTERS
s ™"\ FIXED PITCH-UPIROLL
VERNIER THRUSTERS
THRUSTER FORWARD RCS MODULE
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R
TEST SUMMARY
2,1 REAR MOUNTED RCS DATA BASE

Data from all rear mounted RCS tests was provided to Convair by NASA=-JSC for
compilation and analysis under this contract. This rear mounted RCS data base
represents 13 tests as summarized in Table 2-1. The PRR configuration data was
obtained by General Dynamics/Convair in the test program reported in Ref, 1

and all of the remaining test data has been ohtained in tests conducted by Rockwell
International as part of the space shuttle orbiter development and the data for each
test has been or will be reported in the DATAMAN reporting system tor the shuttle.
The principal sources of data for this analysis were tests designated QAR2, MA22,
and OA169,

2,2 CONTFIGURATION AND REFERENCE DIMENSIONS

Figure 2-1 presents the Space Shuttle Vehicle 102 Orhiter configuration used in
these tests, The geometry of the model is defined in detail in Ret. 6 . The
model was sting mounted in all tests in an arrangement similar to the AEDC VKF
tunnel B installation shown in Figures 2~2 to 2-4, The presence of the sting and
of the sting mounted nozzle block used in tests OA82 and MA22 (Figure 2-5) pre-
vented full simulation of the vehicle hase geometry during all rear RCS tests.
However, as much as possible the major features were maintained. Possible
effects of sting mounting were shown in Ref. 2, but no further data has been
obtained to clarify this issue,

All orbiter data used in this report are referenced to an axial location of 657 of
body length and a vertical water line 25 inches helow the fuselage reference line
shown in Figure 2-1. In full scale vehicle dimension:
' a) Vehicle nose station 238
b) X) Moment ref. center station 1076.7
¢) (Z) Moment ref. center waterline 375.
d) (Y) Moment ref, center hutt line 0.

All data used in the analysis were reduced to coefficient form using the orbiter
wing area as the reference area, the wing mean aerodynamic chord (¢) as the
longitudinal reference length, and the wing span (b) as the lateral-directional
reference length. : 9 )

a) Spef = Swing = 2690 Ft. (249.9 meters®)

b) T =39.567 Ft. (12. 06 meters)

¢y b =78,058 Ft. (23.79 meters)

2,3 WIND TUNNEL MODELS
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2.3.1 OAS2/MA22 .01 Seale Model

The .01 scale model used in tests QOAS2 and MA22 was an aluminum model whose
geometry is defined in Ref. 6. The model was attached to a force balance mounted
on a sting up through the base of the model as shown in Figure 2-5. The plenum
chamber and nozzle block assembly was also mounted on the sting close to the hase
of the model but not attached to it, Thus the force halance measured model forees
-and moments and the loads induced by RCS operation hut not the RCS jet moments.
Grounding strips were mounted in the gap between the plennm and the model to insure
that the model did not ground on the nozzles during the tests.

This model was equipped with removable nozzle blocks which werve changed to test
RCS jets firing in different directions, to change numbers of nozzles, and to change
RCS nozzle geometry. A number of different nozzles were used throughout the tests
and Tables 2-2 to 2~-4 present the nozzle code numbers and a brief summary of the nozzle
characteristics. All nozzles were tested vsing cold gas supplies located external

to the tunnel and piped in through a pressure regulation system which was used to
control the pressure in the plenum chamber manually during a tunnel data run. The
pressure in the plenum chamber was measured by a pressure tap in the chamber con-
nected to a pressure transducer mounted externally to the tunnel in most tests. The
test gas used was air for all tests except for 12 runs on test OA82 where helium and
Argon mixtures were used to vary the gas constant (R) of the test gas.

The model was equipped with elevons and a hody flap which were attached to the
model by metal brackets which could he changed to other pre-hent sets to obtain
elevator angles of +10 degrees and -30 degrees and body flap angles of +13. 75 degrees
and -14, 25 degrees.

The effects of elevator angle and body flap angle were tested in test MA22,

2.3.2 OA169/IA22 0125 Scale Model

A steel model of the space shuttle orbiter was constructed for these tests using

the preliminary lines for vehicle configuration 102 as the baseline. This configuration
is shown in Figure 2-1 and defined in detail in Ref. 6. The model contained an
internal force halance and was sting mounted through the base region of the orbiter

as shown in Figure 2-4. The orbiter main engine nozzles were partially simulated

on the base of model as well as the most aft side {iring nozzle and all vernier

nozzles on the OMS pods as shown in Figure 2-4. An external tank model was also
built and was used for mated orbhiter/external tank tests in OA 169 and for tank
separation tests in 1A22.

The elevons were mounted to the orbiter model using pre~bent brackets so that
elevon settings of 0, £10, and =15 degrees were tested. The body flap, rudder,
and speed brake were set at 0 degrees during these tests. Two umbilical doors

2=-2
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were provided on the model as shown in Figure 2-6, and some RCS data was obtained
with these doors either partially open or full open,

Twenty-seven (27) RCS thrusters were simulated on this model. These inciude 9 in
the nose and 9 in each of the two rear orbital maneuvering system (OMS) as sketched
in Figure 1-1. When the flow-through balance was used, the RCS simulation air-

flow was ducted up the support sting and entered the model through the halance. The
halance flow was then ducted to 3 plenums within the model: one in front to feed the
forward RCS thrusters and one for each of the rear OMS pod assemblies. All nozzles
within a pod shown in Figure 1-1 are connected to the plenum and can he operated in
any combination. Nine (9) ports connect the individual nozzles to the plenumn and are
plugged when a given nozzle is not being used on a particular run. Individual nozzle
geometry is fixed and the primary test variables are numbers of nozzles operating in
a given direction, thrust direction, and combinations of nozzles. The nozzles are all
metric (thrust measured in balance loads) when the flow-through ’ ‘lance was used.

An alternate method allowed the rear RCS units to be fed by a non-metric supply fixture
on the sting, When this arrangement was used, the rear RCS units were non-metric
also, Nozzle definitions are given Tables 2.2 *o 2-4 where nozzle numbers N93, Ni6,
and N97 are used for the 1, 2, and 3 nozzle cases respectively.

2.4 TEST SUMMARIES
2.4.1 OAS82 Test Program Summary

The aft RCS test designated OA82 was performed at the NASA Langley Research Center
Continuous Flow Hypersonic Tunnel (CFHT) where it carried the test number CFHT 113,
The test was performed at a nominal Mach number of 10. 3 using a . 01 scale wodel of
139B orbiter to obtaln 6 component force and moment data using a cold gas simulation
of the RCS exhaust flow, The major test variables included:

a) tunnel dynamic pressure iq = 75, 100, 125, 150, 200 PST)
b) RCS chamber pressure (Poj = ( to 700 PSIA)

c) test gas (air, He, Argon, .85 He. 15A, .90He, 104)

d) RCS control direction

e) number of RCS nozzles

I Pitch down 1, 2,3
II Pitch up 1, 2,3
Lk Yaw 2, 4

All aerodynamic control surfaces were kept at zero degree deflection throughout the
test. The angle of attack range tested varied from -10 degrees to +35 degrees,

|3V
1
[5]
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2.4.2 MA22 Test Program Summary

The aft RCS test designated MAZ2 was performed at the NASA Langley Research
Center Continuous Flow Hypersonic Tunnel (C¥HT) where it carried the test
number CFHT 118, This test used the same model and test conditions summarized
above. The major test variables includesd:

a) Tunnel dynamic pressure (q = 125, 150 PSIA)

b) RCS chamber pressure (Poj =0 to 700 PSIA)

¢) RCS control direction (pitch up, pitch down, yaw)

d) RCS nozzle geometry (Table 2-2to 2~4)

c) lNumber of RCS nozzles

f) elevator angle (6§ = +10°%, 0°, =30°)

g) body flap angle (Opp = +18.5° 0°, =14, 259

h) Combined RCS control directions

i) Jet off repeat runs

Air was used as the test gas for all RCS exhaust simulations in this test.

2.4.3 OA169 Test Program Summary

The test designated OA169 was performed at the Arnold Engineering Development

* Center von Karman Facility Continuous Flow Hypersonic Tunnél B where it carried
a facility test number V41B-D8A, The test used the . 0125 scale model defined in
Section 2,3 and was performed at a nominal Mach number of 6.0, The primary
purpose of the test was to provide data for Shuttle "Return to Launch Site" abort
separation maneuvers from the external tank. The test thus included data of
the forward, aft, and combined forward and aft RCS units firing hoth with and
without the external tank attached to the orbiter. The portion of the test of
interest to this part of the RCS study are those runs of rz2ar RCS only without the
external tank., The principal test parameters for the rear RCS only runs were:

a) RCS Chamber Pressure (Poj = 0 to 1150 psia)

b) RCS control dirention (pitch down, pitch up, yaw)

¢) Number of RCS nozzles

d) combined RCS control directions

e) umbilical door position
Data was taken from ~10 degrees angle of attack to +45 degrees using one sting
pre-bend to obtain data from -10°to +15 and another from 15° to 453°. Nominal test
conditions were:

a) Mach number =5, 89
b) T, =850°R

¢) Qe =93.6 PSF

d) Re =1 x 108/,
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2,5 DATA REDUCTION PROCEDURE

The test data from all tests was reduced hy the wind-tunnel personnel inte hody
axis force and moment coefficients (CN' C‘ » C Ca y C CY) with the RCS
thrust forees and moments removed., Thus, the test data obtained with the non-
metric RCS jets was reduced directly from measured balance data since the RCS
jet thrust wasnot included in the halance loads, These data included all of the
data on tests OAS82, MA22 and some runs of OA169, The OA169 data obtained with
the flow=through balance had metric jets und these data were reduced at the wind
tunnel by removing thrust effects using wind tunnel static calibhrations of measured
thrust effects.

The net result is that all data received from the wind tunnel represented the basic
vehicle aerodynamic forces and moments plus any induced loads resulting either
from RCS jet impingement or from changes to the vehicle flow caused by the RCS
jet plumes. Therefore, the incremental indured effects are computed by removing
the hasic vehicle characteristics from the jet-on data:

AC1\11 = CMj - Cu, (1)

where AC, = induced force or moment increment
™

measured force or moment coefficient with jet on

._O
=
u

measured force or moment coefficient with jet off.

Q
=4
i

Because the incremental values can be very small and thus sensitive to data
scatter, the mean values of the jet off coefficient data were used as the best
estimates of the data in the previous analyses (Reference & ), However,
because of the large number of samples of data to he compiled in this analysis,
the approach taken was to allow all scatter to remain in the data and to use one
reference jet-off run as the base from which jet-on differences were obtained.

It turned out not to he possible to use one jet-off run hecause of the umbilical
door configurations on OA169 and thus 3 jet-off runs were used as the reference
jet=off conditions:

a) Tests OAB2 and MA22 used MA22 run 5 as hase

b) Test OA169 high angle of attack range data used OA169 run 20 as hase

c) Test OA169 low angle of attack range data used OA169 run 337 as hase.
Angle of attack differences between the jet-on data and the jef-off data were
accounted for by passing a 3rd degree polynominal through the jet~off hase data
with the nearest mean value angle of attack data as the midpoint of the curve fit
and the interpolation is made to the jet-on angle of attack. Interpolation of the
hase line jet-off data was used since this method results in the same base value

2~3
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without regard to nozzle used, jet pressure, or possible jet-on angle of attack
effects, Difference data was generated and analyzed for all 6 force and moment
components,

During the data analysis the induced data increment was broken into an impingement
component and a flow interaction component where the interaction component was
obtained hy

AC =Cm ~Cm -Cn (2)
Minteraction M, =M impingement
Where CM[ . = induced force or moment resulting from
nteraction  peg flow/flow field interactions
Cy = predicted force or moment due to
‘ lepingement

plunie impingement

and where the plume impingement of the model nozzies was predicted using the
model to be discussed in Section 4.

Nozzle thrust was computed using the calibration data on the model nozzles given

in Tables 2-2 to 2-4 while the other nozzle flow parameters were computed using ideal
nozzle equations.

The discharge coefficient was computed for each test nozzle as the ratio of the
calibrated thrust to the theoretical thrust as defined in Equation 3:

= Kp Py
CD — (3
2 Y.HL w=l
2y " (2 )7-1 1-(Py) 7 FAR(Py-P)
AT]“:’Oj v=l\y +1 (_P§j> EYN -
where Cp = discharge coefficient
A = nozzle throat area
Ap = nozzle exit area
T
K = nozzle calibration coefficient = .g.".‘.?.‘.‘i.
. 0
J
v = exhaust gas specific heaf ratio
Poj = nozzle chamber pressure
Ry ~ static pressure at nozzle exit
P, = ambient pressure
Tme as - messured thrust

2-6
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and this discharge coefflcient was used to define an effective total pressure when
con.puting nozzle flow parameters and impingement components,
Po' =Cp Py (4)
1 3
This effective nozzle total pressure assumes that the principal reason for the
difference hetween a real nozzle and its theoritical performance is due to a loss in
total pressure. This approach was taken when the data analyses showed that it was

the best method of accounting for scatter between data from different nozzles not
otherwise accounted for using nozzle simulation parameters.

2.6 SUMMARY OF TEST RESULTS

2,6,1 Pitch Down Jet Induced Data

The pitch down jet data was generated primarily with the nozzle set designated Ngg
whose principal characteristics are defined in Table 2-2.This nozzle was mounted
on the left side of the model as were all the other pitch nozzles used in this test
except for the tests of symmetric pitch down jets, The thrust moments thus would
be nose down pitch (~) and right wing down roll (+ in the body axis data sign con=
vention,

Figure 2-7 presents the effect of supply pressure for nozzle N4g for freestream
dynamic pressure of 125 PSF. The uominal values of the RCS thrust moments are

tabulated with the run symbols on each plot. These data show that the induced pitch
and roll oppose the thrust moment and they are large compared to the control moment;
therefore, the total control amplification factor will be low. The lowest pressure
data on Figure 2-7 cluster very close together indicating a non-linearity in the
induced effects and the data shows very little sensitivity or change with angle of
attack. These data are typical of .ue pitch down jet incremental data shown in
Reference 2, Symmetric down firing jet data was primarily obtained during the

OA 169 test using nozzles N95, N96, and N97 of Table 2-2 with only one other case
being obtained on test OA82. Symmetric firing of the pitch down jets results in an
induced moment which is greater than twice the value for one side by a significant
amount indicating plume/plume flow interaction in the base region of the model
around the sting :mount, These data indicate that a better representation of the
base region is needed for the pitch down RCS simulation. The roll jet data of
Reference 2, showed that the normal force and pitching moment effects are derived
primarily from the pitch down jet, the side force and yawing moment are derived
from the pitch up jet, and the induced roll increment as the sum of the single jet
induced effects.
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2,6,2 Pitch Up Jet Induced Data

The pitch-up RCS data was generated primarily with the nozzle designated as Nj2
whose principal characteristics are defined in Table 2-3, All pitch up nozzles were
mounted on the right side of the model and the nozzle sets exhausted vertically
upward past the vertical fin which is approximately 9 nozzle diameters laterally
from the nozzle centerlines. Figure 2-8 presents typical data of the induced
forces and moments resulting from RCS jets firing upward. The pitch axis data
shows some jet interaction effects at negative angle of attack where the upper
surface is completely exposed to the flow hut very little at higher angles of

attack., The trends are much clearer in the lateral-directional data which shows
strong interactions at negative angles decreasing as the angle of attack increases
to approximately 10 degrees. Ahove this angle the induced effects become
relatively insensitive to angle of attack. This data could be interpreted to show
that a jet interaction type of flow occurs as long as the free stream flow is attached
to the fin and when this is no longer true the interaction is primarily plume
impingement on the fin where the plume shape is modified by freestream flow

over the vehicle.

2.6.3 Yaw Jet Induced Data

The yaw jet data obtained in tesc OA82 and MA22 were obtained primarily with the '
nozzle set designated Ng5 whose characteristics are defined in Table 2-4. All y'aw
nozzles were mounted on the left side of the model and exhausted perpendicular

to the fuselage centerline in a plane parallel to the wing and approximately 13
nozzle diameters above it. Flgure 2-9 presents yaw RCS data at two supply
pressures and these data show little flow interaction at angles of attack below

5 degrees except in yaw where there appears to be some amplification of the

thrust moment due to jet interaction. At higher angles of attack, pitch up and left
wing down moments are induced by the yaw jet but the effect appears to be non-
linear in that the initial thrust created a larger change in moments than that

caused by increasing thrust.

2.6.4 Combined Control Data

Combined control data was obtained during these tests for the following control
combinations: )

a) Symmetric Pitch down (left and right down firing)

b) Symmetric Pitch up (left and right up firing)

¢) Symmetric roll (left down and right up)

d) Pitch up plus yaw (right up and right side yaw)

e) Pitch down plus yaw (right down plus left side yaw)

28
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The combined control data was obtained in limited amounts only and was correlated
against the sum of the individual control components {o determine if there was any
plume~-plume interactions to be considered.

2-9
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TABLE 21
RCS TESTS
| |
Test Test | | Data
Number| Type | Model | Scale : Facility Received Other
- | Force+ | PRR .015 | UPWT Tape |Original PRR
iﬂeat Transfer r Data
OA70 | Force ' 139B | .015 UPWT | Tape |Yaw RCS Data
i 1 i Only
| i
0473 | Force | 139B | .015 . ARC3.5 | Tape
OA85  !Force + ; .
i Limited Press.| 139B .010 CFHT Tape Tabulated Pressure
: ' Only
0A105 ; Force oo " " "
1A60 | Force co oo " Orbiter + Tank
0A83 f Pressure | " " ; ARC 3.5 Plots |[Plotted Data
i : Only
LA25 | Force b .010 | CFHT Tape
DAS2 | Force " " | CFHT Tape
0A99 !Force - *
;'leited Press, " 0175? Vacuum Report [Vacuum Impinge-
! ment
MA22 i Force " .010 ' CFHT Tape
OAl69 ; Foree " .0125{ VKF "B" Tape Forward + Aft
L ! RCS Simulations
1A22 | Force o 0125) VKF "B" | Tape |Orbiter - Tank
l i !

2-10
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TABLE 2-2 PITCH DOWN RCS NOZZLES

Nozzle{ No. of Expmnion}‘ Exit  Exit | ” - [Outboard | aft | o .0 Test
LD | Jets | Rato |Diameter Anglej © Foj | Cant Cant Used
N21 2 £159 . 144 tn.} 5 ‘ - " 200 12¢ | Left 0A73

N22 H " " ; " H - ! 0. 00 A\ "w

N31 " .16 |.099 { " |.00892 | 20° e ] " LA2S
; ! MA22

N34 " 2,951 |.0878 | 9* | .,00266 = " S LAZ5

E ‘ MA22

Nag | " | "oy o " | Rignt | La25

Nas " " ” "t " 1] 30. ”n "

N42 " 7.687 1.129 | 31.75°| 00287 | wto 0A8S

N43 " " " * |.c02s0 o " 12° | Lett 0ASS

! MAz2

N45 ” L] " b " . 0024 : " 800 b OASS

N46 " 6,332 |.117 34,5 '.00222 | 12¢ | Right | ©Oass

N47 “ " " " |.o0287 | v "} Left OA8S5
| { ' MA22

i i

N49 " 4,43 L1413 [34.25 |.00460 | S 1460
| g L 0A82
{ | 0A85
| { Ma22
[ ;

N50 " " " [ l.o0e12 v " [Right | 1A60
g | | 0A82
| | j 0A85
| | ‘

N80 " 7.7 129 3175 |.002a0 | * v 0ASS

N79 1 4,43 .1413 |34.21 |,0046 " " | Lett oas2

f f i ) MA22
N8s 3 " Lo "olo0as2 - molw cas2
| ! MAZ2 |
| !

N95 1 |12 E.ms 12.01 {.001647 | 20° 12° | Left 07169

No6 2 " P " ol.001318 | " ol "

:qg? 3 " i " " ; R 0012258 B " " " R "

Ne8 3 4.43  1.12413 (3421 loo4s . ¢ " IRight | ©OAs2

: : |




TABLE 2«3 PITCH UP RCS NOZZLES
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| ! : | i ; j
Nozzle No. of | Expansion| Exit Exit ;xTwpI_ {Outboard At ', =~ Test
1.D | Jets | Ratio Diameter Angle | 9j | Cant. ic:mt.i Used

| o
N23 | 2 {1159 144 5° - ® | 0 |Right OA7
N3z ¢ ?1.155 . 089 " ,00738 U LA25
! : MA2Z
Nas6 " 2,851 . 0878 9* 3.00261 oo oy LA25
, 5 ? ; L MA22
i ! ' :
N44 " 7,897 129  |31.75° i.oom Poor g w 0AS85
l | Ma22
i
N48 " 6,332 117|245 o027 v v ' OA85
‘ : ! ? MAZ22
N52 " 4,43 L1418 |34.25° ‘@.0045 Lo e 1460
! ; oAs2
! : 1 0ASS
! g r MA22
N78 T o " 34.21 .0045 oo LA 0A82
: : MA22
i |
Ns81 2 o 1 " "o .00452 " " Left 0A82
Ng2 3 " | " ", 00452 " ol ‘0A82
s [ ‘MA22
N84 242 " P " 7.00443 " " Right O0A82
: > Up ~Yaw MA22
N95 1 12,5 136 12.01 . 001647 " " Right OA169
NQG 2 i} : " "n . 001318 " " " "
NeT 3 " " " .001226 " oo :
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TABLE 2«4 YAW RCS NOZZLES

, ‘ .
Nozzlei No. of Expansion’ Exit | Ext |, , L Outhoard! Aft ° Side . Test
1.D. ' Jets; Ratio Jmameter{ angle | 5T Poj Cant. |Cant. | Used
i { | ! ' ! !
i ; | | b
N9 o2 11081 | .l 0 5 - 0 1 0 Left' 0A70
o | | L QAT
N ! 1.159 " o - T
Na v 098 " flpo7ez . LA25
' f Maz2
{ i '
N37T " 2,85 . 0878 9 ' .00300 " "o LA2S
‘ MaA22
{ : .
N51 | 4 4.43 .1413 34.25 ', 00405 " . LAG0
‘ ; 0A82
| 0485
i : MA22
: i :
N61 2 17,897 .120 31,75 00221 " S " 0AS8s
: MA22
Nes | " 448 .1413 34,21 1,00452 " nooom 0A82
; MAZ2
Nes |1 123 136 112,01 001647 oot 0A169
Ngs 2 ” ) 1 1 " N . 001318 " * ”" : ) "
Ne7 |3 " o L m o |.001226 U '
| » , | |
N100 | 3 443 L1413 134,21 00452 S 0As2
‘ i f |
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DATA ANALYSIS
3.1 SUMMARY OF PREVIOUS RESULTS

The analytic model developed in Reference 3 assumes that the total control force
or moment of a RCS control is the linear sum of the jet force or moment and an
induced force or moment which is itself the sum of a term contributed by the direct
impingement of the RCS plumes on adjacent surfaces and an interaction term which
is the plume flow interacting with the external flow over the vehicle.

CMiotal = CMjet *Cu impingement * CMinteraction (1)
where
CMm = total control force or moment coefficient
total
CMm = RCS force or moment coefficient
jet
CM 1vemmms . force or moment coefficient due to plume
mpingemen impingement on adjacent surfaces
CMint eraction = force or moment coefficient caused by plume

interactions with the flow over the vehicle.

The reasons for dividing the RCS induced effects into an impingement and an inter-
action component are that the vehicle geometry is such that the RCS jets exhaust
toward many surfaces such as the wing upper surface, the body flap, the main
propulsion engines, and vertical fin, The vacuum test data (Ref. 7 ) showed that
there is plume impingement on these surfaces; but, the analysis of Reference 3.
showed that the total induced forces and moments are larger than that which is
predicted by plume impingement alone and thus there exists a plume interaction
with the flow field around the shuttle orbiter. In order to derive this interaction
term, however, it is necessary to know or assume the impingement term and to
subtract it from the total induced term. This was done in these analyses by using
the analytic plume impingement model presented in Section 4 to predict the plume
impingement for the model nozzle, test gas, and wind tunnel conditions and to
remove it from the induced data as shown in Equation 2 of Section 2,

3.1.1 Previous Pitch Down/Roll Results

The analysis reported in Reference 3 estahlished a number of basic facts for the
left side, pitch down/roll jet data. These are:

a) Angle of attack is a relatively insensitive parameter

h) (RT) ratioc effects are not important

3-1
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¢) Momentum ratio appeared to be the best
correlating parameter

d) Number of nozzles could be accounted for by using
an equivalent area in the momentum ratio parameter.

Based on the first fact, the data was broken into 2 ranges of angle of attack and
correlations were made for the data helow 15° and above 15°. The second fact
verified that cold gas simulations are acceptable to define reaction control effects

but did not eliminate mass flow ratlo completely as a parameter since almost all

of the data was based on one nozzle geometry and thus all nozzle parameters were
directly related to each other in a constant manner. The equivalent nozzle momentum
ratio was related to wing area as the reference area and the momentum ratio equation
became:

v

v
@j =7jP‘] M'HAj

Commd

(2)

|3

§x Yeo Pcon"‘[co Swing

3.1.2 Previous Pitch Up/Roll Results

The analysis of the pitch up/roll jet data reported in Reference 3 established a
number of facts about the flow interaction which include:

a) The interaction is relatively insensitive to angle of attack at
high angle of attack

b) The interaction shows a peak value at low angles of attack

¢) There is a region between these two angles of attack where the
data appears to be independent of nozzle flow parameters

d) The equivalent nozzle momentum ratio appeared to be the primary
parameter although mass flow ratio seemed to correlate better
for the values of normal force and pitching moment at all angles
of attack.

Figure 2-8b presents a sample of rolling moment increment data plotted as a
function of angle of attack. Above 15 degrees, the data appears much like the pitch
down data in that angle of attack effects are small., As angle of attack decreases
below 15 degrees angle of attack, all the data appears to follow one curve until a
peak value is reached and the data decays along separate curves. The peak values
and the angles of attack at which they occur appear to be functions of some nozzle
related parameters. The pitch up RCS data was broken into three parts for analysis
based on these observations which were:

a) high angle of attack

b) peak values

¢) below peak values
The division between the high angle of attack data and the other regions was
arbitrarily chosen as 15 degrees and the data was averaged in this region to
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obtain high angle of attack correlations. These data were treated in the same way

as the pitch down data in which it was assumed that the total induced force or moment
was the sum of an impingement term and an interaction term., A theoretically pre-
dicted impingement term was then subtracted from the induced terms in order to define
the interaction terms for correlation with nozzle parameters. Momentum ratio as
defined in Equation 2 ahove appeared to be the hetter parameter for all data except
normal force and pitching moment where mass flow ratio was chosen as the parameter.

The model for predicting the effects in the low angle of attack region consisted of the
following steps:
a) predict peak value as a function of nozzle parameters,
b) predict peak angle of attack from peak value,
c¢) if the angle of attack is above that for the peak value, predict interaction
value from angle of attack vs peak value curve
d) if the angle of attack is below that for the peak, predict interaction hased
on a decay from peak curve fit,
The peak values of side force, rolling moment, and yawing moment showed excellent
correlation with momentum ratio while the peak normal force data tended to show good
agreement with mass flow ratio but the peak pitching moment showed only poor agree-
ment with either parameter. Steps b and c listed above required curve fits of peak
values versus angle of attack which were made also.

Tigure 3~ 1 showed that the interaction data decayed to a reduced level at angles of
attack below that of the peak value. A limited amount of analysis was performed in
this region because the number of data points is very small particularly for the higher
jet pressures where the peak value was reached at or very near the lowest value of
angle of attack tested and the curves depend on the lowest pressure data where error
effects become large.

A model was tentatively selected for this region which used the peak value and assumed
that the interaction increment goes to zero at 20 degrees helow the peak.

9
N +20 -
e =c ]2 (__ao;m_.ﬂ} 2
M Mpeak & =
where C M = pitch up force or moment coefficient
C = peak pitch up force or moment coefficient
Mopeak

& angle of attack
3.1.3 Previous Yaw Results

o

Very few yaw RCS data were available to analyze in Reference 3 . These data
did establish the following facts about vaw RCS jet interaction:
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a) The data showed moderate sensitivity to
angle of attack
b) (RT) ratio effects are important and mass
flow ratio appeared to he the hetter correlating
parameter.
The data was divided into a low angle of attack model (¥ < 15°) and a high angle
of attack model and was averaged over each angle of attack range. The parameter
which appeared to work best was mass flow ratio as defined in Equation 4
and curve fits were made using it as the parameter.

1/2

_z_hl___[§j T Ay By (RmT,@) )
rhgg L(:?co SRef P:o Rj Tj

The Umited amount of data, however, showed a fair amount of scatter and
confidence in the results was low.

3.1.4 Previous Combined Contx;ol Results

A very limited set of combined control results were analyzed in Reference 3
and a set of corrections were obtained which in general ratioed the combined
effects to the data for the single axis controls. Cross=-coupling effects were
found in the following cases:

a) symmetric pitch down

b) syinmetric roll

c) pitch up plus yaw on same side

3,2 PITCH DOWN/ROLL RCS INTERACTION

Section 3. 1, 1 briefly described the previous results obtained from data from test
DA82 at Mach 10. The test labeled MA22 added considerable data to the pitch
down data bhase particularily through the testing of a large number of nozzles
ranging in expansion ratio from 1.15 to 7.7 as shown in Table 2-2, Test OA169
then added to the data base with Mach 6 data and a nozzle of an expansion ratio
of 12,5, These data removed the previous limitations on nozzle simulation
parameters (i.e., that they were all directly related because only one nozzle
geometry was tested) and it was decided to start the analysis over again as in
Reference 3 to ascertain the best interaction correlating parameter. In addition
since a large body of data was available it was decided to account for angle of
attack effects by eliminating the high~-low model with its attendant data averaging
and to curve fit all data within selected angle of attack bands. Another purpose
of this approach was to obtain good estimates of the true data scatter within a
given angle of attack range so that the standard deviation of error could be
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computed, The data intervals were chose as 5 degrees starting from ~10 degrees
angle of attack to 35 degrees with a .5 degree buffer on hoth ends of the interval
to insure all data on the end of an interval occurred in hoth samples. The data
above 35 degrees (up to 43 degrees) were taken in one interval.

The re-analysis of the new data hase confirmed the fact that the equivalent area
momentum ratio described in Equation 2 was the best parameter for the pitch
down=-roll RCS interaction data, Considerable scatter was found hetween different
nozzles operating at the same nominal momentum ratio and a number of second
order parameters were tried to correct for this, The resolution of this
problem which resulted in the greatest reduction in this kind of scatter was to
account for the actual nozzle characteristics in the momentum ratio through the
use of a coefficient which accounts for the actual nozzle performance ratioed to
its theoretical performance, This coefficient is defined in Section 2, Equation 3
and is called a discharge coefficient in this analysis. Thus effective momentum
ratio is defined:

§, 8,
2] Q'ﬁ
eff theoretical
Wwhere Cp = discharge coefficient (Section 2, Equation 3)
( ?i ) = ideal nozzle momentum ratio (Equation 2)
2?2/ theoretical

and any further reference to momentum ratio in this section refers to the Equation
definition.

All data were curve fitted with both a quadratic and cubic least square curve fit
and the one with the lowest root mean square error was chosen to represent the
data. The cubic curve has the general form:

(7]

2

ACM=ao+a1( ‘)”‘2( )”‘3 ("""’ ®

B - e

1

where ATy any force or moment due to interaction

ag to ag = curve fit constants

&
<
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In addition a maximum and minimum value of momentum ratio are specified over
which the equation applies. All data presented heve are at zero elevon and body
flap control deflection. Control deflection effec.s ure treated incrementally and
will he presented in Section 3,6 and 3.7,

3.2,1 Pitch Down Axial Force Correlations

Table 3-1 presents the coefficients for ths ‘en (10) angle of attack intervals over
which the data was curve-fitted while Figures 3=1a to 3~1j present the correlations
hetween the curve fits and the data hase., These curves show that the lowest number
of points within an angle of attack interval was 99 and the greatest number was 155
hoth numbers are sufficiently large to insure a good: statistical sample. The root~
mean-square error was computed from the least square curve fit and is tabulated

on each plot as the standard deviation (sigma), Also plotted are the 2 sigma error
band Hmits around the least square curve fits to show how the data scatters within
the error hand.

All data shows the same trend that increasing RCS jet momentum ratio results in
a decrease in axial force up to a momentum ratio (Equation 5 ) of approximately
0. 1 which is close to the upper limit of data obtained. The hest fit as measured
by lowest root mean square error occurs in the 25 to 30 degree angle of attack
range while the worst occurs from ~10 to -5 degrees angle of attack although the
values of sigma for both are close. The intercept (a,) does not approach zero
helow 10 degrees angle of attack and probably represents a measure of average
difference between the jet-off data and a total test base jet-off average. As such,
one approach to using these curves would be to set this term to zero and in effect
adjusting the data to obtain zero interaction at the no flow condition. The OA169
data can be seen on these curves to be well within the scatter of the Mach 10 data
except perhaps at 15 degrees angle of attack where the OA169 data itself showed a
discontinuity between the high and low range angle of attack data.

3.2.2 Pitch Down Normal Force Correlations

Table 3-2 presents the equations for the curve fits of normal force versus
momentum ratio shown in Figure 3-2a to 3--2j. These curves are plotted in

the same manner described for the axial force above and show that exhausting

the RCS down toward the wing results in a negative normal force being generated
at all angles of attack which is proportional to the equivalent nozzle effective
momentum ratio, The data below 20 degrees angle of attack shows excelleut
correlation with a small root-mean-square errors, however, the data above

20 degrees shows increasingly more scatter with increasing angle of attack. This
was shown in Reference 3 to come in part from the sizeable differences in jet-
off data at high angles of attack and is seen primarily in the Mach 10 data. The
Mach 6 data is well within the error band of the total data indicating no discernable
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Mach effect and it is possible that a fit of the Mach 6 data only at high angles of attack
would he a hetter curve,

3.2,3 Pitech Down Side Force Correlations

Table 3-3 presents the equations of the side force due to downward exhausting RCS
nozzles while Figures 3-3a to 3-3j present the correlating curves. All pitch down
RCS data was obtained from nozzles mounted on the left side of the model so that
all interaction result in a positive side force increment. The equations fit the
data about equally well at all angles of attack and no Mach effects can he seen.

3.2.4 DPitch Down Pitching Moment Correlations

'Table 3-4 and Figures 3-4a to 3-4 j present the correlation of pitching moment
induced by the RCS unit exhausting toward the wing, These data are for the RCS
units on one side only; the symmetric pitch down case will he considered in Section
3.5. The data shown in Figures 3-4a to 3-4 j show that exhausting; RCS jets toward
the wing results in a nose up pitching moment being induced on the vehicle at all
angles of attack which counteracts the thrust moment being generated. The poorest
correlation occurs at the lowest angle of attack but the RMS error is still close to
the rest of the data., The Mach 6 data in the 10 to 15 degree angle of attack range
appears to lie along a different line than the Mach 10 data but this is the only angle
of attack interval where this occurs.

3.2,5 Pitch Down Rolling Moment Correlations

Table 3-5 and Figures 3-5 a to 3-5 j present the correlations of rolling moment across
the ten (10) angle of attack intervals. The pitch down,/roll RCS data was all taken
with the jets exhausting downwarc ' the left side of the model so that a negative
rolling moment indicates the induced moments counteract the thrust moment. The
curve fits appear to be uniformly consistent across the angle of attack range with the
RMS error slightly larger in the lowest range and best at the highest angles of

attack,

3.2.6 Pitch Down Yawing Moment Correlations

Figures 3-6 a to 3-6 j show that the yawing moment induced by pitch down jets is
dependent on the jet momentum ratio only up to a momentum ratio of about , 04
where it becomes constant, The scatter in the data is large relative to the small
values of measured induced moment due to taking the differences between two
small numbers. The curve-fit equations of Table 3-8 only apply to the maximum
value and are assumed constant at this value at momentum ratios above the
maximum.
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3.3 PITCH UP/ROLL RCS INTERACTION

Section 3. 1. 2 briefly summarized the previous pitch up/roll reaction control
system results and models., The additional data base obtained in test MA2Z2
expanded the correlation of nozzle parameters since as shown in Table 2-5

a number of different nozzle geometries were tested. The OA169 data at
Mach 6 added Mach number as a correlation variable as well as increasing the
nozzle expansion ratio range and numbers of nozzle data to the base, The
data to be reported in this section was obtained from nozzles exhausting up=-
ward past the vertical fin on the right side of the model,

The approach taken in this part of the study was similar to that of Section 3, 2
basically to start over with the new data base and to reanalyze all of the data
together rather than to make the data fit the old model. In this case large changes
to the model have resulted from this appreach. First the longitudinal data

(Cns Cas Cpy) Were found not to have peak values at low angle of attack but

were hetter correlated by the approach used for pitch down data in Section 5.2
that is to break it up into intcrvals hy angle of attack and correlate each interval.
The longitudinal data using this approach was also found to correlate better with
momentum ratio than mass flow ratio as pre viously modeled making it consistent
with the other pitch up RCS correlations. The occurance of a peak value at low
angles of attack still remains in the lateral-directional data (Cy,» Cy s Cp)-

3.3.1 Longitudinal Data

3.3.1.1 Pitch Up Axial Force Interaction

Table 83-7 and Figures 3-7a to 3-7j present the correlations of induced axial force
versus equivalent nozzle effective momentum ratio (Equation 5 ). These figures
show a relatively small change (reduction) in axial force occurs when the jets
exhausting upward are fired hut good correlations are obtained at all angles of
attack with momentum ratio. The smallest number of data points obtained within
one interval was 77 and the largest 123. The Mach 6 duta tends to scatter at the
edge of the data band at low angles of attack, however, it occurs on both edges
(Figures 3~7d and e) and no significant Mach effect can be ascertained.

3.3.1.2 Pitch Up Normal Force Interaction

The additional data base obtained in tests MA22 and 0OA169 have changed the normal
force interaction from a peak model at low angle of afttack correlated with mass flow
ratio to a model based on momentum ratio with no peak value. Table 3-8 and
Figures 3~8a to 3-8j show the correlation. If we consider the higher angles of
attack first (Figures 3-8f to 3-8j), we see that only a small induced normal force

. results from the plumes exhausting upward and the high angle of attack data scatter
largely masks it. Only the Mach 6 data appears to show any trend. In contrast at
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low angles of attack while the force is small the correlation is clear for the Mach 10
data but the very limited Mach 6 data tends to show no induced normal force. The
model shown in Table 3-8 was chosen to follow the data correlations up to 25 degrees
and assumes no effect heyond this angle of attack. These data show that the induced
force acts in the same direction as the thrust and this enhances control power.

3.3.1.3 Pitch Up Pitching Moment Interaction

Table 3-9 and Figures 3-9a to 3-9j present the induced pitching moment resulting
from firing the pitch up RCS units, Figure 3-8a shows that the thrust moment is
enhanced by the interaction at negative angles of attack where the upper surtace

is fully exposed to the flow, however, this amplification disappears at zero angle
of attack (Figure 3-9b) and some very small nose down moments appear, 1t would
seem that the only source of these small moments could be the reduction in axial”’

force (Figures 3-7a to 3~7j) acting on the base of the missile but the effect is clouded
hy possible sting effects on any base flow.

3.3.2 Lateral=Directional High Angle of Attack Data

The lateral-directional data at angles above 15 degrees has been correlated with
momentum ratio just as the longitudinal data. The peak value correlation for low
angles will be treated in Section 3, 3. 3.

3.3.2,1 Pitch Up Side Force Interaction

The pitch up RCS data was obtained from RCS simulations all exhausting upward

past the right side of the vertical fin thus, any interaction would expected to he

with the fin and have a negative sign. Table 3-10 and Figures 3~10a to 3-10e indicate
that such an interaction does occur and that it correlates well with momentum ratio

as defined by Egquation 5. None of these curves shows that a maximum value
occurs within the range of measured data and this makes it difficult to know how far to
extrapolate to the limiting low dynamic pressure case.

3.3.2,2 Pitch Up Rolling Moment Interaction

The incremental induced rolling moment data is presented in Figures 3-11a to 3-11le
and the corresponding curve fits in Table 3-11, These data show that the induced
moment counteracts the desired control moment from the thrust of the RCS units.
The curve fits of the data again show no maximum values and it is critical to the
roll control to know how far these curves can be extrapolated in the very low
dynamic pressure cases.

3.3.2.3 Pitch Up Yawing Moment Interaction

Figures 3-12a to 3-12e and Table 3~12 present the vawing moment data for the
pitch up RCS at high angles of attack which shows the same trends as the other
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lateral~directional data. In all three lateral-directional components the curve fit
routine chose to pass closer to the N82 nozzle data at the highest measured
momentum ratio in preference to the N52 data at a momentum ratio of . 08. The
fairing of the curve in this range could be critical to roll control at high angles
of attack and low dynamic pressure during entry as will be discussed further in
the error analysis. The equations at present do not extrapolate the data

heyond a momentum ratio of . 1,

3.3.3 Luteral Directional Low Angle of Attack Correlations

Figure 3- 1 showed that the reaction control system~flow field interaction
exhibited a range of peak values at lower angles of attack., The analysis of
Reference 3 showed that the peak value and the angle of attack at which it

occurred are dependent on nozzle momentum ratio. The present analysis
arrived at the same results except ithat considerably more data was available
to give higher confidence in the fact that momentum ratio is the primary
correlating parameter and new curve fits of peak value data were obtained.
The model for predicting the RCS interaction lateral-directional effects in
the peak value region proceeds in the following manner.

a) Predict peak force or moment coefficient as a function
of momentum ratio (Table 3-13)

b) Predict the angle of attack at which the peak value
occurs as a function of peak value (Table 3-14)

¢) If present angle of attack is greater than peak angle,
recompute interaction coefficient as a function of
angle of attack (Table 3-14)

d) If present angle of attack is lower than that of the peak
value, compute interaction based on decay from peak
value model as a function of peak value and incremental
angle below peak value. (Table 3~15).

Tables 3-13 to 3-15 summarize the coefficients for the equations used above and
the momenftum ratio used for peak values is defined by Equation 5.

3.3.3.1 Peak Interaction Coefficients

Figures 3-13a to 3-13c present the correlations of peak values ot the side force,
rolling moment, and yawing moment. Only one point was obtained on a data
run so the number of samples is low compared to other data correlations discussed
earlier, however, the sample size of 43 noints is still large enough to be an
excellent measure of the true nature of the data. The curves show very little
scatter at low vaiues of momentum ratio where the OA169 Mach 6 data shows
good agreement with the Mach 10 data indicating no significant Mach effect.
The yawing moment and rolling moment peak interaction curves do not reach
maximum values within the measured data range so the limit of a momentum
ratio of .1 is applied as a limit on these curves.
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3.3.3.2 Peak Value Angle of Attack Correlations

The sample data shown in Figure 3-1 show that the angle of attack at which

the peak value occurs is directly related to the peak value and through that to

nozzle momentum ratio, Attempts to correlate peak value angles of attack

with momentum ratio demonstrated that a better fit was obtained by fitting the

peak value of coefficient against the angle of attack at which it occurred as

shown in Figures 3-14a, 3-14c, and 3-14e. These curves show good correlation

in which increasing momentum ratio which increases peak interaction

(Figure 3~13) also causes it to occur at lower angle of attack, Better correlation
would have required more data at angles of attack below -10 degrees for the
higher momentum ratios and smaller intervals in angle of attack near the
peak values, The curve fit of peak value versus angle of attack is fairly flat
ahd the angle of attack interval was usually 2 degrees so that chosing the peak
value and its angle of attack would be very prone to error and more scatter
would have been expected.

The data tends to.show and the model assumes that all data at angles of attack
above the peak value but below the high angle of attack range collapse into one
curve which can be described by the peak value versus angle of attack
correlation, Figures 3-14b, 3-14d, and 3~14f present correlation of the avail-
able data at all momentum ratios tested from , 004 to . 09 starting from the
peak value and terminating at 15 degrees angle of attack. The shape of these
data curves shows good agreement with the peak value curves and the collapse
of all curves into one is verified.

3.3.3.3 Correlations at Angles of Attack Below the Peak Value

The data sample of Figure 2-8 shows that the interaction decreases at angles
of attack below that where the peak value occurs. The value of interaction at
any of these angles appears to be tied to the peak value and the angle at which
it occurs, The first correlation developed in Reference 3 correlated the ratio
of the present value to the peak value against the incremental angle below the
angle of the peak value. Figures 3~15a, 3-15b, and 3-15c present similar
correlations made for this analysis of the expanded data base. A large scatter
is to be expected in this analysis since the data base is primarily derived from
the data where the peak value occurs at the higher angles of attack, These data
were obtained at the lowest momentum ratios tested and would be expected to have
the greatest scatter. Scatter results from the 4 terms in this correlation,
however no other correlation was found which worked any better. In this analysis
the peak value correlations of Figures 3~13 and 3~14 were used to generate the
peak interaction coefficient and the angle of attack at which it occurred to help
reduce the scatter. Cubic curve fits were applied to the data, whose coefficients
are defined in Table 3-15. The rolling moment data (3-15c) shows that the
interaction decreases until no measureable interaction occurs at approximately
15 degrees below the peak value. The Mach 6 data appears to agree with the
Mach 10 data in this region also.
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3.4 YAW RCS INTERACTION

Section 3. 1.3 described the previous yaw reaction control system interaction
results and glves the definition of mass flow ratio used in that analysis. The

yaw nozzle data obtained from the nozzles defined in Table 2-4 for test MA22
resulted in a large increase in the range of nozzle parameters obtained compared
to that from previous tests wh' : the OA169 data added to the data hase Mach 6
data and extended the data of the effects of the number of nozzles within a cluster
to a large degree. All data was obtained from nozzles on the left side of the model
exhausting outboard parallel to the left wing,

Analysis of the data showed that the number of nozzles was not a parameter in
the correlation but that nozzle exit angle was a parameter. Mass flow ratio
proved to be a hetter parameter than momentum ratio when modified to the
following form. « '
o 1/2
hy ( ¥jRaTo Cp Pj M; A)° Sin (8 N)> @
Ms  \YeRjTj(Po Mo Spep )

In general the correlations worked best with the mass flow parameter given in
Equation 7 above although the relationship appears to be weak for much of
the longitudinal data. :

3.4,1 Yaw RCS Axial Force Correlation

The previou s model reported in Reference 3 did not attempt a correlation of
the induced axial force due to yaw reaction control system operation. Figures
3~16a to 3~16j show that there is at best only a doubtful relationship established
at the higher angles of attack, It must be pointed out that a strong one was not
expected since the yaw RCS flow is away from the fuselage and its large base
area. The lower angle of attack data is consistent only to the extent that

low mass flow data show a slight increase in axial force. The coefficients of
the equations in these figures are given in Table 3~16.

3.4.2 Yaw RCS Normal Force Correlation

The yaw jets exhaust over the upper surface of the wing so that the expected
result of an interaction would be a negative normal force increment. Figures
3-~17a to 3~17j shows that this does occur and that the data trends at lower
angles of attack are much better defined than the axial force data. The equations
of.the curve fits on these figures are given in Table 3-17. The fact that

number of nozzles in a yaw cluster is not a parameter is shown by the agree-
ment between the N51 (4 nozzle) and N85 (2 nozzle) data at Mach 10 and the

N95 (1 nozzle), N96 (2 nozzle), and N97 (3 nozzle) data at Mach 6, The

addition of nozzle exit angle into the mass flow parameter resulted from trying
to get the N33 and N37 to fit into the correlation of the other data.
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The high angle of attack data shows the same problems with the scatter in the
Mach 10 data noted previously in both the pitch down data (Section 3, 2. 2) and in
the pitch up case (Section 3.3.1.2).

3.4.3 Yaw RCS Side Force Correlation

All yaw jet data was taken with jets exhausting out of the left side RCS pod of

the model and the positive side load increments shown in Figure 3~18a to 3~18j
indicate an interaction which enhances the side force generated by the yaw
thrusters. The data scatter is worst in the negative angle of attack range hut
becomes very consistent at positive angles. Since this positive interaction side
force is generated on the OMS pod,there must be a negative angle of attack where
no force is generated and this may be the reason for the scatter at negative angles.
The fact that numbers of nozzles is not a parameter and that exit angle is a
parameter is conflrmed by these curves. Table 3-18 gives the coefficients of the
least square cubic curve fit of these data.

3.4,4 Yaw RCS Pitching Moment Correlation

Table 3~19 and Figures 3~19a to 3~19j show that a nose up pitching moment is
induced by operation of the yaw reaction control units. The trend is clear at
negative angles (Figure 3-192) and again at angles above 15 degrees (Figures
3-19f to 3-19j). No correlation was found for angles of attack from -5 degrees
to +15 degrees where interestingly the induced normal force showed its clear~
est trends. This evidently occurs because the induced moments are so low they
cannot be resolved from the data scatter. The standard deviation for these data
are similar to those of the pitch down data shown in TFigure 3-4 so that both sets
have comparible accuracy.

3.4.5 Yaw RCS Rolling Moment Correlation

Firing the yaw jets over the left wing of the orbiter results in a left wing down
induced roll which is small at low angles of attack but becomes much larger
with increasing angle of attack. This is shown in Figures 3-20a to 3-20j where
the data above 15 degrees is fairly sensitive to angle of attack as well as the
nozzle mass flow parameter defined in Equation 7. The coefficients of

the curve fits are tabulated in Table 3~20,

The low level of induced roll in the lowe r angle of att. ck range is a consistent
result with the pitching moment data of the preceeding section since both would
arise from interactions with wing upper surface flow, thus, confirming the
pitching moment results.

3.4.6 Yaw RCS Yawing Moment Correlation

Table 3~21 and Figures 3-~21a to 3-21j present the induced yawing moment data
resulting from yaw jets exhausting from on the left OMS pod on the model. These
data show that the thrust moment is enhanced at ali angles of attack but the
greatest amount occurs at low angles.
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3.5 COMBINED CONTROL

Combined control refers to the use of more than one cluster of RCS units operating
at one time, Numbers of jets operating within one cluster has heen accounted

for in the analysis to this point generally through the use of the equivalent nozzle
momentum ratio (Equation 5 ) or as in the case of the yaw RCS shown not to be

a factor. Combined control includes the symmetric pitch control cases where

both side jets are fired together, the pure roll case where one side is fired up

and one down, and the combined pitch, roll, yaw cases.

Data was not obtained on all possible control combinations hut data was
obtained on the most important combinations including:

a) Symmetric pitch down

b) Symmetric pitch up

¢) Pure roll

d) Combined pitch up and yaw
e) opposing pitch down and yaw

The approach taken in the analysis of these data was to compare the sum of the
correlating curve fits and associated error bands from Section 3. 2 to 3.5 with
the combined control data. The estimated standard deviation error was com-
puted as the square root of the sum of the squares of the individual control errors
and plotted on the curves to determine whether the measured data was within

the expected scatter or not,
f(c )2 + (0 )2 (8)

control 1 control 2

0 =
combined
When a difference was taken, it was computed as the difference hetween a
least squares curve fit of the data and the basic data curve fit.

3.5.1 Symmetric Pitch Down Correlation

One symmetric pitch down data run was obtained in test OA82 at Mach 10 and
was the basis of the previous analysis of Reference 3. Ten (10) additional
data runs were obtained at Mach 6 in test OA169 but only 4 were obtained in

the high angle of attack range. Figures 3-22a to 3-22 1 present the data
correlations obtained from 15 degrees to 42.5 degrees angle of attack. Samples
of the axial force correlations are shown in Figures 3-22a to 3-22d. These
plots show that the Mach 6 data indicates a sizeable increase in the incremental
axial force due to plume interaction occurs when both sides are fired symmetri-
cally however, the limited Mach 10 data shows much closer agreement with the
single side data. Since the region for this interaction is across the base of the
model, the effect of the sting is a large unknown which(as in Reference 2)
remaing to be resolved.
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Samples of the induced normal force are shown in Figures 3-22e to 3~221h and
of the pitching moment in Figures 3-22i to 3-221, These data also show
additional force and moment are induced hy pitch down jets firing on both sides
of the model, Since other available data does not cover a large range of
momentum ratios it was decided only to use the linear term of the differences
in curve fit equations hetween the single side and the symmetric data, These
data are tabulated in table 3-22 and show very little variation due to angle of
attack. The model then uses an average value for the linear coefficient
independent of angle of attack where the independent variable is the average
momenfum ratio of both clusters of down firing jets.

The lack of data at higher momentum ratios severly limits this model as does
the unknown effect of the sting.

3.5.2 Symmetric Pitch Up RCS Correlation

Reference 3 showed that the symmetric pitch showed no appreciable effect
compared to single side data and a similar result was obtained during this
analysis.

3.5.3 Coupled Pitch Up/Pitch Down RCS Roll Correlation

The limited case analysis of Reference 3, concluded that there might he
additional interaction cross-soupling resulting from pure roll type of reaction
control operation. These data have been re-analyzed along with additional
data from tests MA 22 and OA169 and with expected error bands assigned
from the errors measured in the single side analysis as defined by Equation 8,
Figures 3-23a to 3-23d present samples of the axial force data to show that
most of the data is within the expected error band. Figures 3-23e to 3-23h
show the same is true for normal force while figures 3-23i to 3-231 repeat
the same result for pitching moment. The rolling moment results are
summarized in Figures 3-23m to 3~-23p where the lower momenium ratio
results show good agreement with the sum of the predictions but one data
point of N78N79 data pulls the curve fits apart at the higher momentum ratios.
It was decided that one data point does not prove a difference.

This analysis shows that there is no cross~coupling between the pitch up and
pitch down jet interactions in the coupled roll control case.

3.5.4 Combined Pitch Up and Yaw Correlation

The initial analysis reported in Reference 3 computed cross-coupling terms
resulting from both pitch up and yaw nozzles being operated on the same side
of the vehicle. Added data was obtained on test MA22 and all the data was
re-analyzed with the expected error bands assigned. These correlations are
shown in Figures 3-24a to 3-24dd and all confirm that no measurable cross-
coupling exists,
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3.5.5 Opposing Pitch Down/Yaw RCS

Test data was obtained with pitch down jets exhausting over the right wing and
yaw jets over the left wing, No measureable cross-coupling was seen in these
data.

3,6 BODY FLAP INCREMENTAL EFFECTS

Data was obtained during test MA22 of RCS effects with aerodynamie control surface
deflection, Although the aerodynamic controls are not used until the flight dynamic
pressure becomes large enough for them to be effective, deflection may be desirable
prior to that time if significant changes in induced reaction control system effects

can be achieved, All data in earlier sections was correlated at zero control deflection
and the purposes of the next two sectlons 1s to derive corrections to the correlations
to account for control deflection, The approach is defined as

ac =ACy, + A(ACyy 9
~interaction interaction §,%0

e
66¢0 5o =0

Chrysler DATAMAN analysis of OA77/0AT7S test results (Reference 8) showed that
considerable scatter did exist in aerodynamic control increments derived from other
hypersonic tests, Thus the method used to analyze these results was changed to
include the measured jet-off increments into the least squares curve fit, This approach
was taken as the best way to account for scatter in aerodynamic control increments.
Thus the curve fit equation is

2 3
A(ACM) =ao+alx+azx +a3x (93)
6,0
e
where .

ACyp = gny force or moment increment

X = independent parameter (usually momentum ratio)

agtoag = lease square curve fit coefficients where a, is

the jet off 6, effectiveness

where a, then represents the best estimate of the aerodynamic control increment.
Comparisons of the differences between the interaction data with the controls deflected
to that of zero deflection was done by making the a, terms the same, and plotting the
zero deflection correlation on the same curve with that of the control deflection.

Data was obtained for the body flap deflection 13. 75 degrees trailing edge down
and for 14. 25 degrees trailing edge up for both pitch down RCS jet operation
and yaw jet operation. No measurable effects were found in the yaw jet data.
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3.6.1 Pitch Down RCS Interaction at =14, 25 Degrees Body Flap

Figures 3-25a to 3~-25j show that the induced axial force remains within the
probable error envelope around the zero control deflection correlating curve
and no measurable change in interaction has occurred.

Figures 3-26a to 3-26j present the normal force correlations, No measurable
effect 1s seen at angles helow 15 degrees, however, above 15 degrees an increase
in the normal force intev. ction is seen, Table 3-23 presents the coefficients for
the difference betwe=n “he =14, 25 degree least square curve fit and the zero degree
curve fit as a function ¢r momentum ratio. This approach allows the basic data

to be defined by the zvre deflection correlations and a control deflection to be
added to it.

Table 3=24 and Tlgures 3-27a to 3~27j present the pitching moment correlations
which show the same kind of results as the normal force increments,

3.6.2 Pitch Down Interaction at +13, 25 Degree Body Flap

No consistent change in the axial force interaction due to a positive control deflection
was found and as is seen in the sample data of Figure 3-28a to 3-28d., Some change
in interaction was found in normal force at negative angles of attack (Figure 3-28¢
and f) but no consistent trend at positive angles of attack (Figures 3-28g to 3-28}j)

so no modeling was done. No effect was seen in pitching moment as shown in
Figures 3-28 k to 3-~28n and none was seen in rolling moment.

Thus it is concluded that trailing edge down body flap control deflections do not
make measurable changes to the pitch down RCS plume interaction.

3.7 WING ELEVON DEFLECTION EFFECTS

The plume interactions of the Pitch Down RCS and yaw RCS which exhaust down
toward the wing in the first case and over the wing in the second case would be
expected to be changed by moving the elevon. As seen in Figure 2-1, this
represents a significant portion of the Wing trailing edge. Data was obtained
for both reaction control modes with the elevon set at =30 degrees (trailing
edge up) and at +10 degrees (trailing edge down), Analysis of the data was
performed in the same manner as that of the body flop described in Section 3.6,

3.7.1 Pitch Down RCS Interaction with ~30 Degree Elevon

The effect of deflecting the elevon surface up into the plume at low angles of
attack resulfs in no change in the induced axial force (Figures 3-43a to
3-29§). The data above 15 degrees indicates that the axial force increment
is increased by the control deflection. Table 3-24 a gives the coefficients of
the difference hetween the zero deflection data and the =30 degree deflection
data as a function of momentum ratio.

5-17



CASD=NSC=77=003

The normal force interaction is summarized in Table 3-25 and Figures 3-30a

to 3-30j where a decrease in interaction results from the control deflection,

The increase of axlal force occurs because of the added axial area component

of the elevon but the decrease of normal force most likely results from the changes
in the upper surface flow field near the wing fip induced by the trailing edge elevon
hecause of the change seen in rolling moment data. Table 3-25 summarizes the
incremental change coefficients.

Table 3-26 and Figures 3-31a to 3-31j show that a reduction in the induced pitch-
ing moment interaction occurs which appears to be related mostly to the reduction
in normal force, Table 3-27 and Figures 3-32a to 3~-32j show that the largest
reductions in interaction occur in the rolling moment and this occurs at all angles
of attack as contrasted with the pitching moment change which is strongest at the
highest angles of attack., Deflecting the elevon trailing edge up must change the
wing flow near the wing tip enough to make it less sensitive to RCS plane effects.

3.7.2 Pitch Down RCS Interaction With +10 Degree Elevon

Deflecting the trailing edge of the elevon down away from the RCS plume results
in a decrease in axial force at negative angles of attack but no change at positive
angles (Figures-3~33a to 3-33j). The normal force data shown in Figures 3-34a to
3-34j shows an initlal small reduction in normal force interaction at negative
angles of attack and no consistent trend a positive angles. The incremental
coefficients for normal force are given in Table 3-28, The pitching moment data
tends to show a slight increase in interaction in the middle of the angle of attack
range (Figures 3-35a to 3~35j and Table 3-29) and agreement with this trend

is seen in the rolling moment interaction increments of Figures 3-36a to 3-36j and
Table 3~30.

It appears from these analysis that deflecting the elevon trailing edge up reduces
plume interaction but a trailing edge down deflection makes no major change in
pitch down RCS plume interaction.

3.7.3 Yaw RCS Interaction With ~30 Degree Elev on

Figures 3-87ato3-37j present the data correlation of the yaw RCS plume inter-
action effects on axial force coefficient. These data show that the elevon
deflection does cause a small increase in interaction mostly in the angle of
attack range from 0 to 20 degrees. Table 3-31 summarizes the deflection
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correction coefficients between the zero degree case and =30 degrees.

No clear trends are established in the normal force interaction shown in Figures
3-38a to 3-38j and the correction curves (Tahle 3-32) were generated only to
account for the differences seen for the highest mass flow parameter case,
Deflecting the elevon up does result in some reduction in the pitching moment
especially at angles of attack ahove 15 degrees, The data which shows these
trends is shown in Figures 3-39a to 3-39j and the difference coefficients are
tabulated in Table 3-33.

The induced rolling moment data of Figures 3-40a to 3-40j shows that there is
a reduction in induced rolling moment at the lower mass flow ratios. Table
3-34 summarizes the resulting difterence coefficients.

3.7.4 Yaw RCS Interaction with +10 Degree Elevon

The axlal force interaction increments plotted in Figures 2-41a to 3~41j show
a clear trend of increasing interaction due to +10 degree control deflection.
The coefficients of the control deflection correction are given in Table 3-35.
This trend is also shown in the induced normal force coefficients shown in
Figures 3-42a to 3-42j at anrles of attack above 10 degrees. Table 3=36
summarizes the coefficients, Table 3-37 and Figures 3-43a to 3-43j shov .hat
the trend in pitching moment interaction is a small increase due to elevon
deflection. The rolling moment increments due to plume interaction presented
in Figures 3-44a to 3-44j show that deflecting the elevon downward does result
in an inecrease in the interaction particularily at angles of attack near 15 degrees.
The curve fit coefficients are given in Table 3-38,

Thus, the data indicates that yaw jet interaction is reduced by deflecting the trail-
ing edge of the elevon up and increased by trailing edge down deflection.

3.7.5 Combined Elevon and Body Flap Effects

Data was obtained with both elevon and body flap deflection to determine if further
interaction cross-couplings could be found caused by elevon to hody flap inter-
actions. The scatter in the data was found to be such that no measurable
difference could be ascertained.
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15 20 «. 00115804 -, 32933375 | 1. 329555 9. i}, .09
20 25 =.000811%" | <, 2537553 |1.425918 0. 0. .09
25 30 -, 000379466 | ~.3C07T144 | 2,4298586 -5, 34688 , 0. 12
30 35 =, 000664546 | -, 7290016 12.109604 -5.080883 (0. i L12
35 42.5 | 000034784 -, 2036418 ]2,010513 -4, 53431 g. t 12
TABLE 3-5 Piteh Down RCS Incremental Rolling Moment Equations



CASD-NSC=-77-003

.lCn =ao -al * -a: )'2 -33 w3
N | F '{{ 3 ST L DTN vax
~10 -3 - 004 0. 9. ’ 0. ; 2. 1 .10 <'
-5 0 |- 0025 0. 0. i . 7 0. | .10 {
0 5 | -.00130228 | -.04039156 i 31663333 1 0. [ oo |
) | ; ;
3 10 | =-00122009 |-, 02202771 | .1217%972 U |
10 15 | -.00050735 i-.omozs&) L3125 | -0.0897Tag 0, e |
15 20 | -, 00006074 {-.1037339 12.0792968 | ~12.9554841 o, -
20 25 | -.00011226 ‘-.1032412 2.02777 ! -11.810639, 0. | .04
25 30 | -.0000612¢ |-.1206327 | 2.51692 -14. wzosef 0. ! o4
20 35 | .00013893 | -.1563236 ; 2, 7970653 } -14.902663) 0. | 92 ,
33 s2,5| ~-00000196 | -.109916 |3.265%43 | -17‘1160391 0. o2
TABLE 3~6 Pitch Down RCS Incremental Yawing Moment Equations

oo
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CASD=-NSC~77~003

N

N | *ymax| % ! %2 "3 M | *vax g
-10 -5 ,00332463 | -. 15914367 | -, 38753593 0. 015 | .12 |
=5 | o | .o0084468 | - 11755686 | -.2086075 0. 0. | .2
0 5 | -.00141781 | 019085997 | -1.0850313 | 0. o |2
5] 10 .00177234 -, 06895791 | -, 1383611 0. 02 J12
10 13 . 00110593 -, 08711538} .05317933 2. .01 212
15 20 ~-. 00006607 ~. 00820305 | -1. 3698173 10. 94638 0. L 12
20° 25 - 00023349 -.08419968Y - 19822264 0, J, j .10
25 30 -. 00063327 ~. 12187716 | . 05861088 9. 9. .10
30 35 -, 00071967 -. 1148383 | ~. 01150438 9, 0. .10
35 42,3 ~-.00080842 -, 08574379 { -. 05094298 0. DR ‘ .10

TABLE 3-7

Pitch Up RCS Incremental Axial Force Equations
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CASD=NSC~T7=00:

ACN = 2, -ml* “-:12‘42 ﬂs*g
now| faax| % o %% T Mum fuax
=10 -5 ~. 01019924 ~. 250041638 ~2, 3389913 0, t ) P12 i
-5 0 -, 00215974 -, 679175938 2.2030149 0. I 9 I .12 {
0 5 . 00095569 | -.33975463 | 3.3949048 0. |0 | .12 :
3 10 -, 00018204 -, 30850366 ! L 17492840 ,! 0. T 0. : 12 }I
10 15 | .o0094178 | -.1s71338 | -2.357a168] o, CTRE T (
13 20 . 00051940 ’ . 28847718 =18.913%3 | 140.34675 .02 3 . Q¥ !
20 25 . 00125113 ' ., 39042663 -22,1499 | 163. 36056 . 025 : .08 l
25 30 0. a. 0. | 0. 2. E 12 }
30 35 0. 0. . 0. 0, 0. t 12 1
35 42,5 0, 0. 0. 0. 0. r .12 ;
TABLE 3-8 Pitch Up RCS Incremental lormal Force Equations
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ACy = N ‘111" *az 3y

CASD-NSC-~77-003

3

Pitch up RCS Incremental Pitching Moment Equations

3-28

tan | Ymax| o * *2 * “uoy | vax
~10 -5 . 00206917 . 078414997 | . 23498217 0. 2 | .12
-5 0 0. 0. 0. 0. 0. .12
0 5 -.00182908 | =-.00109593 | -.20746119 0. 0. 12
5 10 | - 001354127| -, 01739644 | - 36733946 0. 0. 12
10 15 | -.00272394 | -.04891486 | 09726714 2. 0. 12
15 20 | -.00110516 | - 11602847 |.71382241 | o 0. .09
20 25 | -.00000799 | .02435847 |-2.439654 | 19.087992 | .015 | .03
25 30 0. 0. 0. 0. 0. 12
30 35 0. o 0. 2. 0. 12
35 42,5| .00009099 | - 06102614 |.28931719 0. 9. .10
TABLE 3~9




CASD-NSC=-77-003

2 3
2Cy * a2, - ¢ A0

Wy | *yax| % Con Ly Ty CMaax
20 ~. 00362635 -.20951531i -, 97506821 0 I 0, g .10 ,

25 ~. 00434762 -. 27230722 { - 15533034{ 0, | 0. 10!

30 ~. 00318058 -.a-asom::f - 396525751 2. ; 92 f .10 i

35 {~.00159196 -. 34267792 ,’ -.5307959 f 0. f 2, .'  10 ;

42,5 [.00073075 . | -, 27243329 f =2,3394416 | 14, 143681 ;‘ 9. | .10 ‘

TABLE 3-10  pyep vp RCS High Angle of Attack Incremental
Slde Force Equations



CASD=NSC=-77-003

fay | ax] % SO R "3 Mo wax
5 | 20 [-00113792 | -,05073992 | -. 54467691; . o, : 10 |
20 | 25 |-.00136640 | -.04901407 | -.39353918 ' 0. i 0 % 10
25 | 30 |-.00068888 | -.074833736] - 11617301 { 0. } 9. l .10
30 35 |-.00012308 l -. 08216977 —.15@34399‘ 0. | o ! Rt
a5 | 42.5 |. 00002380 ’ -.081991177| -.3717505 i 1.2644041 | 0. } .10
TABLE 3-11 Pitch Up RCS High Angle of Attack Incremental

Rolling Moment Equations



CASD=-NSC~-77=-003

“Ch = a, ", ‘113*2 ~33"3
Hmy| Yvax| % ol R | Maaxd
15 | 20 |-.00167839 ,osscsaaaai . 39916133 i 0. i 10 |
20 | 25 | .0020467 10582929 ‘ 64847448 9. ; 0 | 10
35 | 30 |.00136291 13651759 ! 44596853 A 2 mf
30 35 | 00051073 . 14588312 ! 43107917 0o ! } .10
35 | 2.5 | 00013293 13623298 % .71300937 | -. 57405297 f 2. f .10

TABLE 3-12

Yawing Moment Equations

3-31

Piteh Up RCS High Angle of Attack meremental



CASD=-NEC-77-003

TABLE 3-13 Pitch Up RCS Peak Mmcremental Lateral/Directional
Compoenent Equations at Low angle of Attack R R
h‘l o A E .- A
C sao :11' raf' —:\3'
\‘
5] | % -, ‘ e #
component |y “max ) ! 2 Y e Taax
|
aCy ’ ~19 15 = 001031123  « 4028187  1.4107644  =9.540342. 0. 14
X : =10 15 . 00103312 L6719102 =1, 1459905 7T.2995142 0. 1w
aCy =10 | 15 | -.00226613 | ~1.199385 =9.6330178 06. 300641 0. . 10331
® = uomentum ratio
. TABLE 3-14 Pitch Up RCS Peak Lateral/Directional Component Zquations
as a Function of Angle of Attack \C =2 +a 2 8
- 30 3.1 L -112 4 -1131
! | i !
Component ’MIN ‘ 32«1’.&.‘*{ a.o 1‘ u.l nz as
1 H { ,
ACZ ~10 % 17,415 . -, 0106376 J . 0010940 ?—.0000425849!.0000004528
! i ! . !
ACp ~10 l 16,628 1.01761024  ~. 001952107 . 0000823494 -, 000000S12T|
ACY ; -10 10, 958 '=, 038413188 1.00490338 -, 000170545 -, 000005217Y
: ; ]
o | |

TABLE 3-15

> = angle of Attack

Pitch Up RCS Lateral/Cirectional Component
Equations Below Peak Valves

ac =ay*a, 9, <,
Component | * bl P oa | |
PO | My | Tmax 0 LM % %
A D oe18. 0 0 11.038182 108081425 = 0003001598 -. 00003940111
2peak | ‘ i i ! :
AC | - - i aspagas~ | . s g
Chpeak | 20. 9 (1.0367126 05025377 ~.00175.343 - J000987E3
~CY ; :
S I =20, 0 10266617  .0391960 -, 001$22657 -, 0000947253
1 peak ‘
‘ !
¥ = (%= Zpeqgi)

3-32



CASD=NSC=77-003

AC e ay-a o 1'“'1 =1 o

“av | YMax | % B % fum Muaxm
10 | -5 | .00333887 | .o2ragzor | -zooaseevs p 0. 0. G
" o | .0020289246 | -.0323628 | -.mssTaee | o | oo, o om0
9 5 .00211161 | 02527589 f -1. 387019 , ). ‘ ). 50 ,
5 10 | -.00199080 | 031449230 i-l 520775 | ) Coa e
10 15 | 00013083 | 29168533 | -13.3505 | 2463476 o] f
15 ag | = 00220474 l{.25969745 5«151;6451 | 1.azod i omf, 43

20 25 | -.00204072 | 071553266 ~7.2647072 | 9248505 | .005] .50 |
25 30 | -00160004 | -.00727004 |~3.4lsZeds | 36.04263 | 9. 050 |
30 35 | -.00154302 | 006715162 [~7.304633¢ | 1303155 0. | 045 |
35 42.5| -.00203930 | 08001038 |-3.4082050 | 3LBANTE L 2 045 |

TABLE 3~16 Yaw RCS Incremental Axial Foree Zquations



CASD=NSC=-TT=003

&C = 3, =y caz'-'»")' ~;\3’<:5
san| “uax| it % %3 fuov | Tuax)
f10 | -3 | .00327020 | -1.4354205 | 12.-069u4 9. i DR
-5 0 | .00414098 |-1.4000797 | 13, 200027 o | o R
9 5 . 00523749 -1, 3203312 11, 130794 9, 9, 1 6 ;
5 10 | -.00332161 |-,02500104 | 5. 2093433 9. 2. W |
10 15 |.00031879 |..62650797 | 2, 3300202 0| | g
15 20 | -.00714555 |.06431099 | 72533196 | 52726421 | .oz} 5
20 25 | -.00871016 |1.3403792 | -112,78101 | 1277.392¢ ; n | s
%5 30 2, 0. 0. 2 2. 1 26
20 35 0. 0. 2, o 1o 06
25 42,5 0. 9. 2. o | oo | .

TABLE 3-17

YAW RCS Incremental Mormal Torce Zguadons

3=-34



CASD=NSC~77-002

aCy = a, "8 waj'lz *33"3

nan| vax| % S L% M e

<10 | -5 | -00285150 | 330044 [-TormeEs | 0 EEERRT

5 | 0 | -o0038106 | 70259050 |-7.0662679 1 9, o e

0 5 | -.oo016a30 | e7s21s01 |-7.2002085 | o 4 oo b

3 10 00061094 | 65206058 | -5, 5509545 2. { 9. ; a3

10 15 | .00082267 | .95514122 |7, 1471735 . e Lo

15 20 | 00101226 | 51411814 |-5.5160005 9 o, j 2

20 o5 | .00126207 | 44073727 |-4.l043874 | 0. 0. § 5

28 30 | .0004077 | 41556120 |-3.4209285 ? i ). 6

30 35 | 00070530 | 48135523 | -4, 1095643 2 f 2. 98

3 42.5] .00023692 | 57002619 |~3. 495344y ). by, Lo
TABLE 3-~18 YAW RCS Incremental Side Force Equations

Lo
1
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CASD=NSC=77=003

4 a
A o W oy € ey "
“Cup® aw JZ az JB

“an | fvax| % oo % R fun fuax
-10 «3 | 00006357 . 30699183 ! -1. 2005521 x ). L. o
-5 9 0 0. 9. Y o s
0 3 9. 0. a2, | B R
3 10 9. 0. 2. ) o e
10 15 | 00325006 |- 050335419 | 1 3065712 9, IR .
15 20 [.00236600 | 23850877 | -2.1141551 | 0. IR
20 25 1.00175240 | 52268116 | -4.9021563 .| 9 Lo s
25 30 | 0122106 |.59692927 | -5.2082245 | 0. ! s loss !
20 35 |.ooworre | aodsost2 | 43215122 omonzeros o Less
25 42.5|.00157840  |.2714186 {5.3203993 {-so. M6 0. .06

TABLE 3-19 Yaw RCS Ineremental Pitching Moment Eqguations



CASD-NSC-77-003

| Yvax] % A S B “ap stax
20 | = i (0049644 |+ p3n23360 Commsiss |0 o0 j
- Py 0. 1 9. 9. { 0. f g ;
) 3 - 90016250 ? - 0B3T4SIL | 33467152 o s 2 ‘
5 10 | - 90072108 l - 07379908 Lossosor | 9 oo o |
10 15 | 00012750 | 12097774 | 10437323 I 0 9. % |
15 20 | - 00068205 | - 2798625% iz.amso: } ). L 05 |
20 % | -.000564a3 t-,sas74osaz | 27905741 } ). R

2% 30 | - 00044260 }-,33774549 3 2. 5614630 ‘ 0 E 0’|
30 36 | - 0006831¢ |~ 3256439 | 2. 4842146 ! 0. i o D w
35 1 42.5| - 00034735 |- 431s4356 | 4. 2395613 } 2. BRI

TABLE 3-20  vaw RCS Incremental Rolling Moment Zguations



CASD-NSC=-77-002

3
© se
ACD - ao - 31‘4 -ﬂzt{ 4-3'

3

“vay | *vax| o 4 3 8 M *sax|
210 | -5 | .00006751 | - 14366369 |1.4157199 ). 0. | .08
- 0 .00015715 | ~-.20931584 | 2. 028034 0. 0. | .06
0 5 - 00012743 | =.23542177 | 2.5365104 2. 0. | s
5 10 | -.00010942 | -.2120794 | 1,9920871 0. . 1 05
10 15 | .00019366 | - 17333227 31.7949972 0. f 0. | .04
15 20 | 00020892 | -.11654945 |1.3446555 0675961 oo } 035
20 25 | .00013981 | -,043320856(-.57021368 (20, 343839 0. | .0z
25 30 | .00012927 | -.00025742 |-2.5218212 B7.794705 f 0 } 045
30 35 | .00024516 | -.02919616 |-1. 0389104 [12. 495974 } L0075 | .06
35 42.5| .00021431 | -.05513873 |-. 4450808 . 9558416 i .oosi .08

TABLE 3~21  vaw RCS Incremental Yawing Moment Equations



CASD~NSC=~77~003

AC=ay X
a
“MIN | Ymax | 2 On 3Cm 6Cy  Xiimit
10 15 {= 4709144 (4419118 | -.3421398 | .03
15 20 |- 4280316 .36360015 | -.40359898] 03
20 25 |~.40885609 .33392935  |-,3499239 | 03
28 30 [-.3648784 ,29336188 | -.3864263 | .03
30 35 |-.340095 .31910814 { -.58820722| .03
38 42.5 |-,38401603 3293207 } - 49049864 .03
Average -.399782 .3408713  -.4506321 .03

X = momentum ratio

NOTE: These values are for one side only.
Symmetric coupling requires using the
average momentum ratio of one side and
fouitiply the resulting corss coupling by 2.

TABLE 3~22 Pitch Down RCS Incremental Correction for
Symmetric Pitch Down Control
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CASD=-NSC-77-003

20N =a,* alx 4, x* = >e3
oy | ¥vax| %o T B S ‘M Cmax
~10 -5 0 0. | o j 0. Lo 12 |
3 0 0 2. i 0. 1 0. I ST !
0 5 0. 0. ‘ 0. { 0. I 0. BE
3 10 0 0. { 0. { 0. b 12 i
10 15 0. - 494498 [3.081047 | -36.01423 0. 008 |
15 20 0 ! -.59755 l7.043025 i -13, 3130 9. | .0424 |
20 25 0. { -.557898  |6.588844 | -25.1604 | 0. | .0423 |
25 30 0. ‘ -.38137  |2.546837 !-19.'.277 0. | .0670
20 35 0. -.306397 | 12.13108 } -33. 31719 l 0. | .o21
35 42,5 0. L «. 4105266 | -. 368257 ? 0. i 2. . 088

TABLE 3-23

Pitch Down RCS Normal Force Due to
=14, 25 Degrees Body Flap Deflection
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CASD=-NSC~-77-003

2C =g, ~a 2 A
- DR TR PR

oy | ivax| % Y % % MY aaX

| . 1

-10 ] 0. 0. [ o ! 0, SR 12
: v

-3 0 0. -0308133 | 1.700048 | 0. 03 . 088

o | 3 9, 01613 | notes | o A W

il ' .

5 10 0. .0689901 | 498864 | 0 | 0. .ges |
| | L

10 15 0 | 1277447 | 003260 | o 0. ' .088 |

1 | i

13 20 0 i 1386712 | ~-.30027 | 0 o 088 |

] !

A o i | = | | i i

20 25 0. |.0834596 | -.526711 0, 0. Loss |

T i ] ‘ :

25 30 0. | . 0080933 6782 |0, Coo0 ! Loss

~ ! t | —E

30 35 0 . 0168753 L1e7332 | 0 |ooeo gy Los )

H 3 1

35 2.5 0. . 080233 393378 | 0. L 0. ] 08 |

TABLE3-24  Pitch Down RCS Pitching Moment Due to -11. 25 Degrees
. Body Flap Deflection

3-41



CASD-NSC=-77=003

iy | *aax| % A S A T MINMAX
0] -3 0. J 9. ) 2. o 0. 10
-5 0 0. | 0. ’ 0 Lo 0, .10
0 5 0. 0 ‘ 2. ) S0 w0 }
i 5 10 0 0. { 9. I 2. 0
£ 10 15 0 -, 17358441 | 2.300746 i-m.msos 0 10|
} 15 20 0 -.18284168 | 11535308 | o ; 0. 10|
| 20 25 0 -.2061741 | 1.967937 3-5.7341613 e W |
25 30 0 - 15499241 | 1.14654906 ;-3, 3332550 1 0. ¢ .10 ﬁ
30 35 0 11026336 | -. 5091469 ir aTeTes | 0. .10
15 12,3 0 -.27476712 | 1.3246518 |-2.1262873 | 0. .10 |

TABLE 3-24 2.

Pitch Down RCS Axial Torce Increment
Due to =30 Degree Elevon

3-42



CASD-NSC=-77-002

ACy =a,~ 3, <7, .2 -a, A

N | *Max| I T % any o Cuax
-0 | -3 { . , 9057804 , -3.311:28 | 0. 0. .10
-5 0 0. 8207267 ; -4.038106 i 0. Q .10
0 5 0. (1304748 | 7.6912518 j-'s4.4979;4 o W
3 10 9. | 10301321 | 5.5604157 |-43. 737760 Lo
10 15 0. - 11215022 | 5. 10112711 i-mm.-ng 2. 09
18 20 0. -, 05360817 [2.500966 =15, 2134 ‘ [ 0 .m
20 25 0. 33636115 | 37063 |-26.160125 | 0. 29
25 30 0. 39720604 f-z.smssam; “19.7277440 0. | .09
30 35 0. 04291226 ; $.18393413 |-43.41710 | 0. 9
35 42.3 0. .37549552 | =3, 47560646 ; 0. j 0. | .09

TABLE 3~25 Pitch Down RCS Normal Foree Increment
Due t% =30 Degree Elevon
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CASD-NSC=-77-003

2 3
aC =35>, ¢, # " 7
nan | fyax| % R L% Cfvpr o “aax)
-0 | -3 0. l-.5524307 s1681912 | 0, 0. .09 |
- 0 0. !-.50014412 1. 6953353 i 0. [ 0. oo
0 5 0. i-.-uoaea‘w 3520767 |, 'y 0w |
5 10 0. - 24082413 | 23301214 | 0. S0 .09
10 15 0 -, 1470061 | 175520838 1’ 2. ) ‘ 035
15 20 0 |- 19340625 | 2124008 | 0, o J 09|
20 2 0 |- 27730826 | 109743707 | o, Y : .99
25 30 0. }-.45264811 4, 0059764 0, 9. | .os
30 35 0. -.35552212 | 2326128 | 0, Lo l‘ o
35 42.5 0. -.27300927 | 1.23536959 | . Do | ooe
TABLE 3-26 Pitch Down RCS Pitching Moment Increment

Due to =30 Degree Elevon
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CASD=NSC-77-003

2 3
S0, =ayra rm, T
I | ¥aMaAx ) ]r 4 L h | i ‘upt wan
20| -3 9 1135341 7TGa01s 5=-u. TR T S
- 0 0. . 0805115 028726 |-i3.313271 | . 99y |
0 5 0. (12087433 | =, 46153207 1 . 3. o
5 10 0 03489420 7507357 |-4.200%48 0. 99 ‘
10 15 0. E.oszsom i-.»seoam 2.653793 | 0. .09s i
15 20 0 ﬂ.o'no;a:n i-.4608982 ‘, 0. I T !
20 | 2 0. |oss7s6an. | -.5mas11e | o, e s |
25 30 0. #.13459123 [-1.4666134 ! 3. §46879 ( 5. ass ,{
0 | 25 2. |, 1136670 | - 961308 l 5080882 | 0. | .0s0 {
35 2.5 0 (145242 |-.793601 §4.54509's i o am

TABLE 3~27

Pitch Down RCS Rolling Moment Due o
-30 Degree Elevon



CASD-NSC=77T=003

2 3
.‘.C:‘I =a -nl « -, ¢ ~33 “
ax| b oo R Tvax!
-5 0. 60628336 | -4. 6141457 0. fa s
0 0. 43620898 | -3. 45062346 0. | 0753
5 9. -.00985818| 3.3752455 | =4.49792 | o oy |
10 0. 0. 9. Y } 0. 10 }’
15 0. - 454087 | 5,0836257 i -36.01422 | 0. 96 |
20 0. | -.1m079 | 10030981 | o1 s bo. ) e |
25 0. 0. 0. f 0. | 0. i 110
30 0. 0. 0. ] 0. o 0 |
35 0 0. 0. A T ) [
2.5 o 0 0. 0. 1o | |

TABLE3~28 piich Down RCS Icremental Normal Force Due to
~10 Degrees Elevon
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CASD=-NSC=-77=003

;CM*QQ °al ¥ 4, rg -a KS

sy | Fuax| % T U - o ape i
-10 5 0. t - 4772948 Es.mwmm | 0. i it

-5 9 9 i o, B0%GB45 ’4.113?333 j 9 K 875 |
0 5 0. -, 2037729 gz 1954272 i 9 i) e
5 0 oo A - . T
10 I 15 j 9. [ 096221 | . 76789216 : 0. . sy
15 20 | o ] .0410377 | 1.30117629 I 9. Lo CLgRe
20 28 ). -20165  [3.3%15 | 0. | .62 | o |
25 30 0 0. 0 P Lo |10
30 36 0 { 2. ) f 0 P |0 }
35 2.3 o il 0. ) } 0. o, |

TABLE 3-29 pitch Dovn RCS Incremental Pitching Mement Due ‘o
~10 Degrees Llevon

=1

(2]
]
Ha-



CASD-NSC=-77=003

»C, = +a = xg g xa
g T Ty 3

“Max| %o U R T CTapr o aax
-3 0. 0601924 mem | -11. 6134 ! 0 s |
0 0. -.0019006 |1.2258118 | -13 31827 { 9 .0 :
5 0. 9. 0. 0. To. I 10 3
5 10 0. -.0790635 | 1.0242052 | ~4,309143 IRV £ i
15 0. -, 0645979 j-.oem’aa 2,653793 ' LY i
29 0. -.0202436 | -. 1654152 0. ‘) T {
25 0. -.0242352 | -. 233084 0. ; 0. | s {
30 0, 017832 | -1.290324 | 6.346Ax | .022 | 0% ‘
35 0, - 0043630 | -.7508405 | 5.050%53 { 0. { gre i
42.5] o 0. 0. 2. 1 9 0 1’

TABLE 3-30 Pitch Down RCS Incremental Roiling Moment Due to
+10 Degrees Elevon



CASD=NEC=TT7=003

“Cy =g~ a, -, t?’*a 2

“mﬂ Hax! b A T o ‘ot Tuan
0| -3 0, | - 10203 | - 2053071 I T IO R
< | o 0 0. 0. o L s
0 5 0 -.2009972 | 3,4730038 ). ) 0 mvi
5 0 | o |~ 20020458 | 491207952 T 9256 |
10 13 9 | -.3702540 | 22532035 | -2a6T4 0| 915w
15 20 0. ‘ -.30339647 | 19. 745006 | ~Lo4.4004 . i 020 )
20 25 0 | -.asz0702 | 10.502208 | -92.46568 | o. oz
25 30 0 0, ‘ 0. B} Co 5 j

! 20 25 0, 0. 0. 0. T 0. 1

% % | ss| o -. 22874612 34271659 -31.'322’.’7‘3? Lo

TABLE 3-31

Yaw RCS Axial Force Increment Due 10

=30 Degree

Elevon



CASD=-NSC=-77-003

=Gy 2, 'alt -az’z ", -

ngw | fuax| % I U C % aunr Cuax

-0 -3 9. . 4465306 -, 3089360 ‘ 9. ] LLus

-3 9 0. 59421699 | -3.9172992 | 0 K 3132
K L os 0. | bmnz |-t 9 0. owd

5 1 . 0. 0. L D lo. .99

10 15 0. - 06370882 | 3. 933064 | 0, 0. 05|

15 | 20 I -1.69787649‘72.460405 [ =527, 26421 ‘ ). 015 ‘

20 25 0. -2.193200% 10250451 | ~1277. 3620 o, a1 ;

25 20 0. | 2064325 |-10.70335 2. fu .05 ;

30 35 0. 4113046 |-23,0111146 | o, : 9 o
% 5 | 42.5{ 0. | 3052093 =21 54301 ; 0. 0. s

TABLE 3-32 Yaw RCS Normal Force Increment
Due to =30 Degree Elevon
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- Lo 9. | . 41109163 }“ gzt o, 2. 242
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30 ‘ 33 0 i - 1237619 f-‘s.wsoss ‘ 033287 0se
|2 1 a5 0 1 110001021 i-o.usuesx J 90 247515 | 0. %0

TABRLE 3~38 Taw RCS Pitching Momen: ncrement
Cue to -3V Degree Elevon
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N | *Mmax| % ! i % “ME | VA
a0 | - | o 0. 0. 0. 0. .08
< | o0 0. 06582136 | ~1.3639241 0. 0. 0241
0 5 0. .15920629 | -2, 6386227 0. 0. 0202
5 10 0. .18161066 | ~3.06518 0. 0. 0206
10 | 15 0. ,11935401 | -2.79643478| 0. 0. 0213
et

1B | 20 0. (1574202 | -3, 4092864 0. 0. .0231
20 | 28 0. 14585808 | -2,773725 0, 0. 0268
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a5 | s3] o .12984339 | -1.2315625 0. 0, 050

TABLE 3-34 Yaw Rolling Moment Increment Due to

=30 Degree Elevon
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10 15 0. /55520006 | 20.92744767| -246,5476 | 0, 020
15 20 0. -,6029302 | 13.2900131 | -184.4354 | 0. 025
20 25 0. -.35201358 | 9.3196846 | -92.46368 | 0. 023
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30 38 0. -.31913623 | 9.5504047 | ~123.63138] 0. 030
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TARBLE 38-35 Yaw RCS Axial Force Increment

Due to ~10 Degree Elevon



CASD-NSC-77-003

ACN =2, - a, « -, %= a, w3

“ax| “uax| % W R % Mum | vax
~10 -5 0. . 96163671 | -13,5291529 0. | 2, i . 035
=3 0 0, .69781676 | -l1, 563301.5'. 0. 9, ; .0302
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TABLE 3-36. vaw RCS Normal Force Increment

Due to +10 Degree Elevon
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-5 0 2. 0. oo Y . foesa
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5 | 20 | o N R R
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TABLE 8-387 Yaw RCS Pltching Moment Increment
Due to 10 Degree Elevon
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) a, B

Yoy ? 1 L% Dy A
-0 | -5 0. .06512174 | -1,92635 0. 1 0336 | .05 |
-5 0 9. -, 02722243 -, 9934637 0. f ). f ) {
0 5 0. -.01513778| . 28125675 o3 1 9. .05 %
3 10 9 -.02975537} . 12628365 9. * 2. .05 &
10 15 0. - 0630133%] -, 14501942 . 0. | .05 5
15 20 0 .oososzml 1.7533041 9. 00343 . 95 :
20 28 0. -. 0126222 -1.2510236] 0. { 0. .03
25 30 0 -. 01738437 -,07328524 0. 0. | .os
30 33 0. -, 0514681 ! -, 07005334 0. 0. | .03
35 42,5 0. . 0253333 k -1, 254912 0. J .0202‘) 25 J
TABLE 3-38 Yaw RCS Rolling Moment Increment

Due to ~10 Degree Elevon
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4
ANALYTIC MODEL DEVELOPMENT

4.1 GENERAL DESCRIPTION

The analytic model was initially developed and reported in Reference 3. The data
analysis described in Section 3 refines the hasic model in a number of ways but

the basic approach remains the same, In general the total control effectiveness

of a given control is defined as the sum of a number of parts as shown in Equation 1,

C'V[ = CM + CWI -+ CM + CM
Ttotal thrust  “ impingement interaction  * cross coupling (1)

where

CM = RCS force or moment component
and the resulting control effectiveness called control amplification is defined as
an amplification factor which is the total control moment divided by the thrust
moment

K. =C /C (2)
M M’I‘otal 1\fIthr'u.at

where

KM = RCS force or moment amplification factor

In addition to the effects in the thrust direction, the RCS controls induce out of
plane forces and moments which are the sum of some terms given in Equation 1.
The data of Section 3 showed that each time any reaction control thruster is fired
measurable aerodynamic interactions occur in all 6 force and moment components
which change the total effect on the vehicle, The 6 aerodynamic forces and moment
components induced by either interaction or impingement must be added together
on each axis to determine the total value of the induced moments.

The data was obtained and correlated in a normal force (Cy) - axial force (Cp)
body axis system. The analytic model, however, has converted these coefficients

to a true body axis syetem as shown in Figure 4~1 where the vertical force is
Cy and longitudinal force is given as Cx which are positive in the directions shown
in this figure.

One basic assumption which relates to all parts of the reaction control system
model is that if a discharge coefficient is defined it is always applied to the nozzle
chamber pressure as a correction as given in Section 2 Equation 4.
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The components of thrust used in Equations 1 and 2 are computed using the
reaction control system nozzle geometry, operating characteristics, its
location relative to the vehicle reference moment center, and the mounting
anigles of the nozzle relative to the vehicle axis system.

The thrust was computed as

7+l - !
T = NN(P;jAT %(%%@9}%@“-%)) (3)

where
T = Thrust of cluster
Ny = Number of nozzles firing in a cluster
Poj = Cp Poj = Effective chamber pressure
CD = Nozzle discharge coefficient (Section 2, Equation 3)
Po j = Nozzle chamber pressure 5%

. % -1 -y -1 4)

Py = Pressure at nozzle exit

Vj = Nozzle gas specific heat ratio
P, = Ambient pressure
Ap = Nozzle throat area
Ay = Nozzle exit area
and thrust coefficient as
. — (5)
CT = q Spes
where
q = Freestream dynamic pressure
Spef = Reference (wing) area

4.2 INTERACTION COMPONENTS

4,2.1 Zero Deflection Computaticns

Tables 3-1 to 3~ 22 present the coefficients for the zero control deflection
curve fit equations. The equations are evaluated in the form:

42
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3
ACM "I°+alx""2x2 *a3x (6)

where
ACy; =Any RCS iInteraction force or moment coefficient

8o t0 ag = Curve fit coefficients

X = Independent parametsr for force or moment
being fitted

In addition fo the coefficients of the fit, each table has a specified minimum and
maximum value of the independent variable, These values are used to limit

the range of extrapolation of the curve fit and if x is greater than Xmax then
X max 18 used to compute the interaction and the same is true on the

minimum value. These maximum and minimum values were chosen as
maximum or minimum points of the curve fit equations if such occur in or

near the measured data range, If there are no maximum or minimum points the
limits are generally set to the limits of the measured data range.

Each curve fit expression was developed for a glven range of angle of attack
which was usually a 5 degree interval, The question of how to treat different
- angles of attack within a given interval was treated by assuming that the curve
fit represents the best fit for the angle of attack in the middle of the interval
and linear interpolation is performed for other angles between curve fits.

For example if o = 15°

AC = AC +(ACyy - AC ) A5-12.5 (7
M1s M19,5 M17.5 Mi2,5’ 17,5 - 12.5

where
ACM 15 = RCS interaction at 15 degrees
ACxy 12.5 = RCS interaction curve fit result at 12.5 degrees
ACM 7.5 = RCS interaction curve fit result at 17.5 degrees

The data was obtained in 5 degree increments at the higher angles of attack and
this fitting of data at the mid-points of such intervals meant that 2 sets of data
were incorporated into each fit increasing the sample size for the fit. This
approach also results in smoother interpolation between angles of attack since
each angle of attack sample was used in two fits one above and one below the
nominal measured angle. No extrapolation for angle is made above the midpoint
of the last interval (37.5° but extrapolations are made bhelow the midpoint of

the lowest interval.

4-3
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4.2,2 Control Deflection Corraciions

Tables 3-23t03~38 give the coefficients for the corrections to the interaction
terms generated in Section 3. Control deflection curves were generated as the
difference between the zero deflection curve fit and a curve fit through the data
with the control deflected, Thus, the equation is

i, (8)
ACM = ACMpqug * SCMs,\ % REF) i ACMOBF( *BFper

where
ACy = RCS interaction force or moment

Achg-o = RCS interaction. correction for zero control deflection
ACMOe = RCS interaction correction for elevon deflection
ACMbBF = RCS interactlon correction for body flap deflection

b = Elevon deflection
Spp = Body flap deflection

6°REF = +10° or -30° depending on sign of J,

GBFREF = +13,75° or ~14, 25° depending on sign of gy

The ratio of elevon angle and body flap angle to reference conditions is needed
to account for angles other than those tested which are the reference angles
listed above, The .75 power shape of the interpolation for angle is hased
largely on jet-off data of elevator effectiveness such as Figure 4-2 which shows
that the elevator effect is nonlinear.

4.3 INTERACTION CROSS COUPLING COMPONENTS

The present model of interaction has eliminated all cross~coupling interactions.
between RCS$ units except for the symmetric down firing RCS case. This
correction was also generated as a difference in curve fits between the one side
firing data and the symmetric case so that the effect of each side alone is
computed and then the cross-coupling correction added separately.

The case of 2 nonequal numbers of down firing nozzles being used is taken into
account by using the average momentum ratio hetween the sides to compute the
correction,

4~4



CABD~NSC=77-003

4.4 PLUME IMPINGEMENT INCREMENTS

Figure 2-4 showed a view of the space shuftle orbiter which emphasizes the
closeness of the rear RCS packages to the base area of the vehicle. It is
evident that the aft RCS engines may impinge on the vehicle wing, vertical tail,
bedy flap, main propulsion engine nozzles, and possible fuselage sides, depend-
ing on the nozzle set fired and on the altitude and other flight conditions affecting
plume size. Refersnce 3 showed that plume impingement was a sizeable term
in the earlier analytic model while Reference 7 shows the same for the present
configuration based on a vacuum chamber test (Rockwell Test 0A99) and
impingement predictions for the vacuum case,

Two models of plume impingement were developed for the earlier analytic model
of Reference 3 and have heen refined for this updated model. Both are included
in the prediction computer program presented in Section 5. The first model was
developed from the OA®9 vacuum chamber test and rep ‘sents fits of measured
impingement test data. It is limited in that control deflection effects are not
included nor are free-stream effects on the plume. The second is an unalytic
prediction technique which computes impingement forces on a flat plate representa-
tion of the vehicle using a simple plume model to generate the local plume flow
characteristics on each plate. It can handle control surface deflection but is
limited in accuracy by the number of plates used and free stream distortion of
the plume is only approximated.

4,4.1 Vacuum Test Data Model

The first model developed is based on the assumption that the range of interest
of flight conditions for full scale RCS estimation is sufficiently close to the
vacuum case that the test data amplification factors from test OA99 reported in
Reference 7 can be used directly from the thrust and thrust moments., Con-
verting the data into coefficient form, the impingement increments from the
pitch up jets are given in Equations 9 to 14 in body axis form:

ACyz = .00086 CTpU QF (9)

ACx = .00266 CTPU QF (10

AC, = .06238 Crpy QF (11)

ACyy, ==.00078 Cp %P-U- QF (12)
- Xpy

AC, = .0893Cp === QF (13)
PU Yref

AC, = =13 C ~PU_ QF (14)
4 TPU Bref

d=5
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where
CTPU = (total thrust of pitch up engines)/(q Spg¢) (15)
XPU = X location of cluster relative to moment center
YPU = Y location of cluster relative to moment center
Qo
q = PFreestream dynamic pressure in PSF

The QF factor defined in Equation 16 was added to the vacuum model as an
empirical approximation of the decay in impingement due to increasing flight
dynamic pressurs during entry, The 20 PSF cut off was developed from the
predictions of Reference 3 using the analytic model which showed no impingement
at dynamic pressures higher than that. All signs shown in these equations reflect
in RCS unit being fired on the left side of the vehicle and X, Y and Z distances
are negative numbers,

The pitch down reaction control jet impingement increments are given hy
Equation 17 to 22 where QF comes from Equation 18,

ACZ = 27389 CTPD QF an
= F

ACy 10708 Cp, Q@ 18)

ACy = .00077Cp, GF (19)
Xp

AC, =-.00873Cp, % D ar (20)

Xp

AC =,0013 C —D. QF (21)
R TPD Bref

QF (22)

ACy == 00M77 Opp —— =
re

where
CTP = Total pitch down thrust coefficient of cluster
D "

Xpp = X location of pitch down RCS cluster relative to moment center

ZPD =Y location of pitch down RCS cluster relative to moment center

4~6



CABSD=NSC~77-003

The yaw reaction control impingement equations are:

ACy = .01634 Cpy QF (23)
ACx = .00288 Cp  QF (24)
ACy = .00077Cr, QF (25)
ACyp = -.00873 Cp, -’g-‘-f— QF (28)
ACy, = .0013 Cp, ig.l.r; QF (27
AC, = -.03477Cp, %; QF (28)

where
CTY = Total yaw RCS thrust coefficient of engines in cluster

Xy =X location of yaw thruster cluster relative to moment center
Zy = Z location of yaw thruster cluster relative to moment center

This model could not account for the difference in impingement due to nozzle
geometry changes in the wind tunnel data and was not used to make the impinge-
ment corrections in that data. Because of this another model was developed

to analytically predict the impingement components in the wind-tunnel data and
to correct for it when deriving the interaction components.

4.4.2 Analytic Plume Impingement Model

The plume impingement model developed in Reference 3 and which was refined
for this expanded analysis of the wind tunnel data consists of 4 parts which are

a) Equivalent nozzle plume centerline decay model
b) Off-center line shape
¢) Plume pressure model

d) Surface pressure integration
This discussion will concentrate primarily on the changes to that model.

4-7
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4.4.2.1 Equivalent Nozzle Plume Centerline Decay Model

The plume model developed in Reference 3 used a vacuum plume source
flow approximation for the nozzle density distribution far from the nozzle:

- X =2 29
’-p-;' B('-d-,;) f(p) (=9

where:
X = Distance from nozzle exit

d* = Nozzle throat diameter
£f(8) = Off-centerline mode!l

where the constant B was shown to be principally a function of plume limiting
turning angle,

_ (1,24 - 004089484 )
2)32 (1-cos Ba) (30)

B

where g = Jet exhaust plume gas specific heat ratio

6., = plume limiting turning angle at nozzle

A cluster of more than one nozzle firing was treated by an equivalent nozzle
approach in which the throat diameter (d*) was computed from the sum of the
throat areas of the nozzles in operation.

Examination of the test data shown in Reference 3 shows that the impingement
appeared to be over-predicted at the higher nozzle pressures and the Mach 6
data analysis confirmed this. A re~examination of the plume model resulted

in a change in the expression of the constant B which became

9

2yj2 (1-co806x)

The equivalent nozzle azsumption also appeared not to work well for a line of
nozzles lying in a stream~wise direction.

A modified equivalent nozzle definition was chosen such that
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¥
14

4
* gz /- Ax /N 2
de /”A N (32)

where
d"; = Equivalent nozzle throat diameter

A* = Single nozzle throat area

Ny = Number of nozzles operating in a cluster

4.4.2,2 Off -Centerline Plume Shape

The plume characteristics off the centerline of the nozzie were modeled in
Reference 3 using Simon's model which defined f(0) in Equation 29 as:

£(9) = coslo (1 6/2580): 0 <6 < 80° ' (33)

£(0) = 0, 0438 (¢~ 064 (8 - 609

): 60°< @ (34)
where
0 is angle from nozzle centerline in degrees

Reduction of the wind funnel dava showed that the plume limii';ing turning angle
(0o) did not in a number of cases exceed 60 degrees, so a correction wag

generated to the fixed 60 degree limitation given for the vacuum model

£O) = cos10 (8 /250) for 0< 8 < &' (35)
- - O
£(0) =0.0428 (¢~ "848 g1 < g (36)
et = .8 waor o< 6w< 80° 37
6' = 60 for 60°< 909 38)
where 0. = plume limit turning angle
4,4.2.3 Plume Impingement Limits
The plume is assumed to stop in all cases when it will no longer interact
with the external stream. This condition is computed as the condition where
the
< 39
(P+Q)p1ume Py + de) (39)
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local values of ambient pressure and dynamic preasure in the plume squal
those of the free-stream. The effect of this limiting condition is most
apparent for the plume exhausting upward past the fin (pitch up RCS) and
outhoard over the wing (yaw RCS) in terminating the plume before the most
distant plates are reached., As dymamic pressure increases, this limit
reduces the plume to the point where it no longer impinges on any surface
and impingement ceases, As the vacuum case is approached, the limit
disappears and only the plates not exposed to the plume ses no impingement.
A further check on this limit is made in computation of impingement pressure
coefficients, If the impingement pressure is less than free stream ambient,
the plume is terminated and zero pressure coefficient is assumed.

4,4,2,4 Plume Impingement Forces

The highly underexpanded flow from the nozzle expands very quickly to high
Mach numbers at small distances from the exit and this supersonic flow will
be undistrubed by an impingement surface until it is close to the surface.

A detached shock wave would be formed by the high Mach number flow imping-
ing on the surface with a region of subsonic flow between the strong shock and
the surface where the flow is turned to a direction paralleling the plate. The
pressure on the surface of the vehicle was assumed to be related only to the
plume conditions at the point in question and to the local slope between the
surface at that point and the plume flow vector emanating from the point source
at the nozzle exit (radial flow ‘approximation). It was also assumed in
Reference 3 that the surface pressure could be predicted by a modified
Newtonian pressure law because of the high plume Mach numbers and large
turning angles.

~Cpy 3 Py it cos” 0+ Py (40)

Py,

i i

where

Pwi = Plume impingement pressure at ith point on body

By, = Plume ambient pressure at point i

5
L}

i Plume Mach number at point i

P
i}

Local slope between plume flow and surface at point i

Plume exhaust gas specific heat ratio

~
]

4-10
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Y% +3 2
c = ;L:‘f( 1 - (y1+8) M 2 ) = Lee's stagnation presaure(41)
Pg % j j approximation

If the local slope is negative, a limited hypersonic flow expansion law approxi~
mation from Reference 9 is used: :

Pj sin 64 + Pji (42)

= Y
Pwi . 2436 i

Here the limiting check on local pressure being less than free-stream will
terminate the pressure computations before the slope becomes large.

The local plume impingement pressure is then converted into a pressure
coefficient related to ambient flight conditions to put it into the same reference
as the vehicle aerodynamic coefficients and is integrated to obtain vehicle force
and moment coefficients resulting from impingement.

The integration of impingement pressures was approximated in the analytic model
by breaking elements of the vehicle into flat plates of known centroid location,
area, and local slope, the plume impingement pressures at each point were
computed, the local force and moment coefficients computed by applying the
impingement presgsure across the area, and the total vehicle values obtained
by summing the local values. Only one side of the vehicle is represented to
increase the accuracy by having a larger number of plates which will have
impingement but to reduce the computation time for plates not affected.
Reference 3 presented sketches of the plates used in this model. The method
of computation was revised to keep track of the flat plates representing the
elevon and body flap and rotation of these around their hinge lines was ar'led
to account for the effects of control deflection,

This solution was checked against the OA99 test data and a method of character~
istics solution in Reference 3 and close agreement was obtained,

4.5 ERROR ESTIMATION

The analysis performed in Section 3 resulted from least square curved

fits being generated through relatively large numbers of data points. In
addition to the curve fit coefficients being generated, the root-mean~square
error of all of the points to the curve fit was generated. When the number
of points is large it is expected that the RMS error is a good measure of the
gstandard deviation of the data error and these values were retained with each
curve as the basis for the estimation of the error,

4-11
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Z \ A

Figure 4-1. Body Axis Sign Convention
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5
ANALYTIC COMPUTER PROGRAM

5.1 GENERAL DESCRIPTION

An anlytic computer prediction model for rear mounted reaction control system
effectiveness was developed and reported in Reference 3 . This computer program
was completely revised based on the data correlations of Section 3 and the resulting
changes to the analytic model discussed in Section 4,

This digital computer program named PRED will predict reaction control system
effectiveness on a space shuttle type vehicle for any comhination of Rear RCS
engines flring at any angle of attack and flight condition up to the vacuum case.
Numbers of RCS Engine, engine size, engine operating conditions, exhaust gas
properties, and nozzle geometry can be varied ag input parameters. Engine
location on the rear of the vehicle and cant angles can also be varied, however,

- the analytic models were developed from one configuration (Figure 2-1) and large
departures from these RCS locations will invalidate the models of interaction
and cross coupling terms,

Figure 5~1 presents a flow diagram of the program which consists of a main pro-
gram and 14 subroutines. The program was divided into this large number of
subroutines so that modification of any part could be more easily accomplished
without disrupting the whole program. The names of the subroutines are:

1, INPUTIT 6. THR 11. DEFL

2. JET 7. IMPINGE 12. NEWT

3. PARCEO 8. VACPLU 13, CCOUPL
4, ATMOS 9. INTER 14, AMPL

5. EXPAN 10, CUBIC

The name of the main program is PRED and FORTRAN listings of all parts of the
program are contained in Appendix A, Each subroutine will be briefly discussed
in the sections below with the input subroutine and input key presented last.

5.2 MAIN PROGRAM PRED

Figure 5-1 shows that the function of the main program is to drive the subroutines
in an orderly fashion first to obtain the input to start the problem, to define the

. equivalent nozzles firing upward, downward, and side ways, to define the flight
conditions and resulting nozzle flow parameters for a single nozzle and then
proceed to define the various components of total RCS effectiveness for each set
of equivalent nozzles fixing up, down, and sideways. The program proceeds to do

5-1
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SUBROUTINES
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COMPUTE EQUIVALENT :
NOZZLES
PARCEO
A
COMPUTE FLIGHT ATMOS
PARAMETERS
COMPUTE
NOZZLE > EXPAN
PARAMETERS
- —— —— -
!
| COMPUTE -
THRUST " THE
i COMPONENTS
|
| IMPING
po COMPUTE IMPINGEMENT  jmmmmene] ;
[:]
TIMES COMPONENTS
VACPLU
{
| COMPUTE INTER
| INTERACTION
COMPONENTS | ! t
e DEFL ’ CUBIC I NEWT
1
COMPUTE
CROSS COUPLING CCOuPL
COMPONENTS
sUM
TERMS L
COMPUTE AMPLIFICATION
! COMPUTE
ERROR

GO TO START

FIGURE 5-1:

PRED PROGRAM SCHEMATIC
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all remaining computations up to 8 times as required in the following order:

1, Pitch up left side nozzle terms

2, Pitch up right side nozzle terms

3. Pitch down left side nozzle terms
4, Pitch down right side nozzle terms
5. Yaw left side nozzle terms

8. Yaw right side nozzle terms

where the numbers of nozzles and their location in each plane are defined in the
input., Chacks are made for the number of nozzles in each group to avoid the non-
firing sets and to minimize computation time, The data from the right and left
sides for each typs are summed into total for that type (1.e., pitch up). The

cross coupling terms are then determined and all of the components of data are
summed into the 6 total RCS aerodynamic force and moment coefficients and the
amplification factors determined. The 2 sigma errors are estimated for each
component sum and the program returna to the beginning to start the next case.

All input comes into the program through the INPUTT subroutine, but the main
program handles most of the output printing at various stages throughout its length,

The program is set up to assume all RCS nozzles are on the left side of the vehicle
when viewed from the rear looking forward in order to standardize the data for the
impingement calculation and to set the signs of the interaction models, The signs
of the data for nozzles on the right side of the vehicle are corrected when the right
and left components are summed for each control axis (1.e., pitch up). The axis
system used is a body axis system shown in Figure 4-2 and the component data
has these designations CX, CY, CZ, CL, CM, CN as the first two letters of the
variable name where CN refers to yawing moment. Finally where the component
force or moment is derived from is specified by the two middle letters of the
variable names and IM is an impingement force or moment component, IN is an
component, and CC is a cross~coupling component, The thrust terms have no
component designation and thus are 3 letter variable names while the others are

5 letter names. The RCS directions are designated by the last letter of a variable
name in the listing, where upward firing has a U as the last letter, downward
firing is designated by a D as the last letter, and side firing designatedby a Y
as the last letter. The program always assumes that there are some upward,
downward, and side firing nozzles in each problem so that all of the components
are computed for all three sets before the summation of terms is made.

A typical example of a variable name is CMIMU which is the pitching moment
induced by plume impingement of the upward firing nozzles. Figure 5-2 shows that
the program assumes that a downward firing set, an upward firing set, and a side
firing set exist for a given problem, A set of nozzles is defined in this program

as the actual number firing in a given cluster on one side of the vehicle, Itis

not the total number available to fire on one side nor the total number firing on

5~3
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both sides in a symmetric firing case. Six numbers must be input for each
colution:

a) NONOZUR =number of nozzles firing in pitch up cluster on right side
b) NONOZUL = number of nozzles firing in pitch up cluster on left side

c) NONOZDR = number of nozzles firing in pitch down cluster on right side
d) NONOZDL = number of nozzle firing in pitch down cluster on left side

e) NONOZYR = number of nozzles firing in yaw cluster on right side

f) NONOZYL = number of nozzles firing in yaw cluster on left side

The input data required for a first case is all of the data defining the vehicle, RCS
units, and flight conditions, however, once this has been defined only the parameters
which are to be changed need be input for additional cases. The data must all be
input for a full scale vehicle but the program will rescale the solution to any model
scale if desired,

The main program computes the mass flow and momentum ratio parameters for
each set of nozzles and drives the solution through the thrust, impingement, inter-
action, and cross coupling routines to obtain the individual components of each
generated by the pitch up nozzles, pitch down nozzles, and yaw nozzles and which
are printed out. When all of these components are obtained a summation is made
of the total values of the 8 aerodynamic force and moment coefficients resulting
from the reaction control system operation and these are printed out.

Provisions have also been made to estimate the error associated with each of the
components of the total aerodynamic forces and moments in terms of a standard
deviation. These then are totaled as for each aerodynamic coefficient as

2
ctotalc —/E 7 component c (1)
M M
where
ccom onent = Standard deviation of any aerodynamic
P CM force or moment from an individual nozzle cluster
g = Standard deviation of total RCS aerodynamic force
total :
CM or moment,

A linr.: -l set of amplification factors are computed and printed out and the last
thing the main program does is to compute and print the 95% (2 ¢ ) error band of
each aerodynamic force and moment coefficient., The program then proceeds to
the next case.

A general description of each subroutine and its function to the main program will
now be presented.
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5.3 COMPUTE JET EXIT MACH NUMBER (SUBROUTINES JET AND PARCEO)

After the program has received input defining the reaction control system engine
in terms of nuzzle expansion ratlo (A/A*), e'fective chamber pressure (P'oj)
chamber temperature (Toj)s and exhaust gas specific heat ratio (y), the subroutine
JET 1s called to determine the nozzle exit conditions for this engine. The exit
con)ditions are exit Mach Number (Mj), static pressure (Pj) and static temperature
(Ty)-

Exit Mach number is computed by solving the Prandtl Meyer expansion ratio Mach
number relationship (Ref._y3 ) .

Yy+ 1
2(y,~1) 2y = 1) (2)
y. +1 i 4 -1 . i
A/A* =<-J?._.> Mj (1 -« 2 sz>

Jet solves this exprassion by computing expansion ratio for increasing jet Mach
numbers until the correct expansion ratio has been passed saving the last 3 values of
each, When the correct expansion ratio is passed, JET calls the subroutine
PARCEO to put a quadratic curve fit through the expansion ratio-jet Mach points

and PARCEO returns the coefficients of the equation which JET then solves for

jet Mach number. With jet exit Mach number determined the jet exit static pressure
and temperature are computed from isontropic flow relations. In addition JET
computes some consgtants which are related to specific heat ratio, pressure ratio,
and thrust from the flow through the nozzle throat for use in later routines.

Equation 4 in Section 2 defined the effective chamber pressure as the actual
pressure multiplied by the nozzle discharge coefficient. Since it was desirable
to compute both wind tunnel results and flight results this correction is used in
the INPUTT subroutine and all computations based on chamber pressure have
.this correction in them.

PARCEO is a standard quadratic curve jet routine which will give the coefficients
for a curve through any 3 sets of points defined in the call statement. The main
program defines the throat diameters of the single equivalent nozzles for each
cluster of upward (DSTARUL, DSTARUR) downward, (DSTARDL, DSTARDR),
and side (DSTARYL, DSTARYR) firing sets and the equivalent nozzle exist area
(AEXUL, ete.) before proceeding to the definition of flight conditions.

5,4 COMPUTE FLIGHT PARAMETERS (SUBROUTINE ATMOS)

The input subroutine provides data required by the program at this point to define
the flight conditions in one of four allowable ways defined by an input parameter
(IOPT):
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a) IOPT = 1 altitude, Mach, and angle of attack specified
b) IOPT = 2 altitude, velocity, and angle of attack specified

¢) IOPT = 3 altitude, freestream dynamic pressure, and angle
of attack specified

d) IOPT = 4 Mach, ambient pressure, ambient temperature,
and angle of attack specified

The first 3 options require an atmosphere model to define ambient pressure and
ambient temperature and the program currently contains a subroutine ATMOS
which provides these data from the 1962 US Standard atmosphere model. The
fourth option is a means of expressing an arbitrary flight condition from somne
other atmosphere model or for a wind tunnel test.

Subroutine ATMOS can provide a number of flight parameters not currently used
in this program including local gravity for an oblate earth model, atmosphere
density, local speed of sound, dynamic pressure, absolute viscosity, kinematic
viscosity, and stagnation temperature on a reference sphere. The program
consists of curve fits of atmospheric properties from sea level to 230,000 meters
(754, 600 ft) and all conditions are set to zero above this altitude.

The vacuum case (P» =g = 0) is treated in a special way in the program to avoid
divisiou by zero. A flag is set in the program and dynamic pressure (q) is set
equal to . 00001 PSF. The interaction terms are not computed for the vacuum case
nor are cross coupling terms which are not related to impg.régement. The force

and moment coefficients printed are hased on a q of 1 x 10 =~ PSF while the
amplification factors are independent of q.

With the flight conditions defined, all the required data is in the pregwam and the
RCS effectiv: ess computed. In order to do this the RCS nozzle parameters must
be computea.

5.5 COMPUTE SINGLE NOZZLE PARAMETERS (SUBROUTINE EXPAN)

The nozzle parameters necessary to compute the RCS effectivencss include RCS
engine thrust coefficient (TCOEF), jet exit momentum ratio parameter (RMFS),
and jet mass flow parameter (FMR). These are all computed for a single nozzle
and then multiplied by the number of nozzles in each set to obtain parameters for
the six nozzle clusters within the main program where the equivalent nozzle
effective jet exit momentum ratio is defined in Section 3, Equation 3

and the mass flow parameter is defined in Section 3, Equation 7. Momentum
ratio relationships are used for pitch up and pitch down nozzles exclusively while
the mass flow parameter is used for yaw RCS only. ‘

\

%7
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Plume limit turning angle (TURN) is also required to define the plume decay
characteristics as well as the extent of the plume for impingement calculations,
it however is not related to the number of nozzles but rather to jet exit and free~
stream conditions, The limit turning angle is computed in subroutine EXPAN
based on Prandtl-meyer expansion of the flow from RCS chamber conditions to
freestream ambient pressure minus the expansion in the nozzle plus the nozzle
exit angle.

The program prints the flight conditions as well as a larger number of nozzle
parameters for the single RCS unit at this point in the main program winding
up with the important nozzle interaction parameters for the six clusters.

5.6 COMPUTE THRUST TERMS (SUBROUTINE THR)

The thrust for a single RCS nozzle was computed when the other nozzle parameters
were computed and the aerodynamic coefficients of thrust moment fox the three
RCS directions are now computed using the subroutine THR. The main program
goes through a three step do loop to do pitch up, pitch down, and yaw components
in turn. Subroutine THR is called 3 times and contains within itself a two step
loop which computes the data for the left side thrust cluster then the right side
cluster. The 6 aerodynamic forces and moments from both left and right sides

are summed before the subroutine returns to the main program on each pass.

The values of all coefficients are first set to zero to remove the data from previous
cases prior to the call for THR. Subroutine THR computes the thrust coefficients
for each RCS firing direction and multiplies these by the direction cosines of the
thrust vectors to obtain the thrust force coefficients. The program assumes that
the nozzle clusters are all on the left side of the vehicle in determining the direction
cosines of the thrust vectors and appropriate sign corrections are made when the
right and left side data are summed. The nozzles are allowed an outboard and an
aft cant angle in the computation of direction cosines. These are defined in

Figure 5-3. The direction cosines are the angles of a unit vector along the
centerline of the plume in the body axis system. The thrust momeuts arz then
computed ghout the body reference moment center accounting for cant angles and
position relative to that moment center,

The pitch up, bitch down, and yaw contributions are all saved as components and
the program moves on to impingement prediction.

5.7 COMPUTE IMPINGEMENT INCREMENTS (SUBROUTINES IMPING
AND VACPLYU)

The main program first set‘s the impingement components to zero to remove any
from a previous case and then proceeds into a 3 step do loop which calls the
impingement routine for the pitch up cases, pitch down cases, and yaw cases

-

5=8
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in that order. Within the impingement routine another do loop performsa the left
side and right side computations for each of the control directions and sums them
prior %o returning to the main program.

Three choices of plume impingement computation are available within the plume
. impingement routine based on an input parameter IIMP,

a) No impingement .
b) Modified vacuum data from OA99
¢) Plume impingement model,

The first option simply sets the impingement terma to zero and proceeds to the
interaction computation. The second choice is a computation based on the
modified OA99 test equations glven in Section 4 as Equation 9 to 28 and
compute the impingement increments as functions of thrust coefficient and frae-
stream dynamic pressure.

The third choice causes the program to make its own prediction of plume impinge~
ment by computing the pressures on the vehicle from the six nozzle cluster plume
separately and integrating each pressure distributios to obtain the 6 component
impingement increments. No plume/plume interaction is accounted for the three
directions of RCS firing from the same cluster,

The flat plate description of the vehicle entered into the program in the INPUTT
routine is used to make these computations and the cards are listed in Appendix A.
These plates are different than those of Reference 3 because the order of the
plates is extremely important for the first 23. Plates number 1 to 18 are the

upper surface of the left elevon while plates 19 to 23 are the left half of the body
flap. The subroutine proceeds through each plate in turn first rescaling it to

model scale if required and in the case of the elevon and body flap rotating them
about their respective hinge lines to the correct deflection angles. Both right

and left elevon angles are input so that both elevator and aileron control deflections
are accounted for.

IMPING selects the correct dimensions for the nozzle set being used, zeros the total-
coefficients and proceeds to use VACPLU to predict the plume pressures on a set

of flat plates representing the left side of the vehicle. The plume local static and
dynamic pressures are used to compute the local surface pressure through the
pressure laws defined in Section 4, Equation 40 to 42 , and the locai pressure

is converted to a pressure coefficient based on freestream conditions, The pressure
coefficient is multiplied by the local area and the direction cosines of the plate to
obtain incremental force coefficients. The local force coefficients are used to
compute local plate moments about the moment reference center and all of the

local values are summed up to obtain total vehicle values.

Since this integration is accomplished by summing up local values for a series of
plates, a large number of plates is desirable for good accuracy as well as to

5-10
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minimize the pressure change on a plate, This is one of the principal reasons for
confining all predictions to one side of the plane of symmetry of the vehicle,
Reference 3 shows the spacing of approximately 280 plates representing the left
side of the orbiter. Each plate is defined by 7 variables which are the location of
the plate centroid from the moment reference center (X,Y, Z), the local area
(SLOC), and the direction cosines of the outer unit normal vector from the plate
with respect to the body axis system as is shown in Figure 5-4, The diresction
cosines define the local slope of the plate which combined with the angle of the

plate to the nozzle determines the local slope of the surface to the flow and the
pressure at that point from the pressure laws Equations 40 to 42 in Sectlion 4.

IMPING depends on subroutine VACPLU for its definition of plume characteristics
at a given point on the vehicle by sending VACPLU the location of the point in a
nozzle based ordinate system by in terms of distance from the nozzle exit plane
and the angle from the centerline as well as the equivalent nozzle thrust size and
the engine operating characteristics. VACPLU then computes the plume local
ambient pressure, dynamic pressure, and Mach number using the mods!l defined
in Reference 3 with modifications described in Section 4. 4.2, and by assuming
isentropic flow relations. If the angle from the centerline of the plume is greater
than the limit turning angle, the plume pressures are set to zero and the limits

of the oxtent of the plume are described in Sections 4.4.2.3 and 4.4. 2.4,

5.8 COMPUTE INTERACTION INCREMENTS (SUBROUTINES INTER, DEFL,
NEWT, CUBIC)

As in the earlier terms the main program zeros the interaction increments from
1 previous case and then performs a 3 step do loop to compute the interaction
coefficients for the pitch up RCS units, pitch down RCS units and yaw RCS units
respectively. Each step results in a call to the subroutine INTER which then
performs a two step loop to define the left and right components of each control
direction and sums them up.

All of the zero deflection curve fit data are stored within the INTER subroutine in
DATA statements and are computed using the CUBIC subroutine to evaluate them.
Control deflection corrections are made in INTER by calls to the subroutine DEFL.
Since the pitch up lateral directional data is based on a peak model rather than curve
fits for intervals of angle of attack the subroutine NEWT is called to evaluate these
data from INTER.

5.8.1 Pitch Up RCS Interactions _

The first entry into the subroutine INTER is to obtain pitch-up RCS interaction terms.
The routine computes the upper and lower subscripts for the angle of attack interval
in which the angle of attack occurs and a check is made on angle of attack to see

5-11
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whether the angle is above or below the peak value regime. if the angle of attack
is below 15 degrees the subroutine NEWT is used to preict the lateral-directional
interaction components and the curve fit routine to evaluate the longitudinal com=-
ponents, When the angle of attack is high all interaction terms are computed
using the curve fit routine (CUBIC), There are no control deflection effects
computed and interpolation for angle of attack as defined in Section 4, occurs

in CUBIC,

The wind tunnel data was computed in a normal force body axis system so that
the sign of the normal force increment must be reversed for all RCS directions.
The upward firing pitch nozzle data was generated on the right side of the vehicle
in the tests and the lateral=-directional increments must be reversed to the left
side convention used in this program. '

5.8.2 Pitch Down RCS Interactions

The second enfry into the surbroutine INTER is to obtain the pitch down RCS inter-
action terms first for the left side units then for the right side and sums them up.
All pitch down data at zero control deflection data are curve fits for intervals of
angle of attack as functions of momentum ratio. These are evaluated by computing
the indexs of the curve fits above and below the present value of angle of attack and
by calling CUBIC to evaluate and interpolate for angle of attack.

Affer evaluating the zero control deflection interactions the corrections for deflection
are generated using the curve fits stored in the surbroutine DEFL first for body
flap effects than for elevon angle effects.

5.8.83 Yaw RCS Interactions

The third entry into INTER is to compute the yaw RCS interactions. The approach
is the same as for the pitch down RCS case with the exception that the mass flow
parameter is the curve fit parameter.

5.8.4 Subroutine CUBIC

All curve fits are defined by seven coefficients. The first four are the coefficients
of the cubic expression defined in Section 3, Equation 6. The fifth value is the
maximum value of the independent variable for which the curve fit applies while the
gixth in the minimum value. The seventh value is the standard deviation of the
curve fit as determined from the analysis of Section 3. This routine is called and
given the name of dependent variable curves, the value of the independent variable,
two subscripts defining the two curves to be evaluated and interpolation factor to
be applied to both. Each curve fit is checked to see that the indepeundent parameter
lies within is applicable range or that it is made to and is then evaluated. A linear

5~13
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interpolation is then made using the interpolating factor given in the input. The
standard deviation is evaluated also and interpolated between the angle of attack
ranges.

5.8.5 Subroutine NEWT

The subroutine NEWT contains the equations of the pitch up RCS peak value lateral-
directional models defined in Section 3. Peak side force, rolling moment, and yawing
moment are defined as functions of equivalent nozzle effective momentum ratio and
are evaluated directly, The firat entry into the routine results in the computation of
peak yawing moment. An inverse solution of the peak yawing moment versus angle
of attack curve is made to determine the angle of attack at which this peak value
occurs. If the present angle of attack is greater than the peak angle. All three
lateral-directional components are computed as functions of angle of attack only.

If the present angle of attack is lower than the peak, the peak values of side force,
and rolling moment are computed and returned to INTER which applies the below
peak model defined in Section 3.

5.8.6 Subroutine DEFL

The control deflection correction models defined in Section 4.2.2, for the pitch
down RCS and yaw RCS are contained in this subroutine, The coefficients of the
curve fit equations are all stored in this subroutine through the use of data state~
ments and are applied by calls to the CUBIC subroutine. The curve fits are
broken into:

a) Body flap trailing edge up for pitch down RCS
b) Elevon trailing edge up for pitch down RCS

¢) Elevon trailing edge down for pitch down RCS
d) Elevon trailing edge up for yaw RCS

e) Elevon trailing down for yaw RCS

The interpolation factor defined in Section 4, 2. 2, is also computed in this sub-
routine and allows no extrapolation at deflections angles above those for which
the models were formulated. Interpolation for angle of attack between fits is done
in CUBIC.

5.9 COMPUTE CROSS COUPLING INCREMENTS (SUBROUTINE CCOUPL)

The final incremental terms needed to complete the RCS effectiveness prediction
are the cross coupling terms which are computed in CCOUPL., This subroutine
has only the symmetric pitch down model defined in Section 4.3 since all other

data correlation showed that no coupling existed within the measured data accuracy.

5-14



CASD=NSC=77=003

5.10 SUM COMPONENTS AND COMPUTE AMPLIFICATION FACTORS
(SUBROUTINE AMPL)

The principal product of this computer program are the total RCS aerodynamic
coefficients as computed as the sum of the increments from all sets of nozzles and
printed out by the main program. Since it is also desirable for some cases fo
relate these total coefficients to RCS thrust, the amplification factors as defined
by Equation 2 of Section 4,1 are computed in the Subroutine AMPL,

Since amplification factors can be very confusing when used to relate the out=of-
plane induced forces and moments to the thrust terms needed to cancel them,
this subroutine was limited to computing the amplification terms in the plane of
thrust moments being generated,

This subroutine checks the summation of the thrust terms to see if a thrust com=-
ponents exists in a given direction (i.e., pitch up, pitch down, roll). If one exists
than an amplification is computed as the total force or moment in that direction
divided by the thrust force or moment,

The computations are now completed and the program returns to the place specified
by input parameter INEXT either for another case or to terminate the program,

5.11 PROGRAM INPUT (SUBROUTINE INPUTT)

The preceding sections have given a summary of the program operation and given

a brief outline of the data required for the program to execute. This data is loaded
into the program through a subroutine called INPUTT which will be briefly described
in this section while a detailed description of the input data will be given in the next
section.

The input subroutine is called at three different places in the main program and
provides different data at each point based on a parameter INEXT. Three types
of data are required for a full loading of the program:

a) Vehicle surface plates
b) Nozzle definitions (namelist IN)
c) Tlight conditions (namelist FC)

When the program is first loaded or if INEXT =1 all of the input is required. When
INEXT = 2, nozzle definitions and flight conditions changes must be input, and if
INEXT = 3 only flight condition changes can be made.

The vehicle flat plate data is input using formatted read statements while the remain-~
ing data is entered through namelist, The use of namelist was made to minimize

the input required for multiple cases. No input for a given variable in a namelist

leaves that variable at its present value and as much as possible default values

are defined by DATA declarations within INPUTT so that the full scale data of the
shuttle orbiter exists within the program (except for the flat plates which must be input).

5-15
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INPUTT initializes all of the data, computes the direction cosines of the nozzles,
computes the discharge coefficient if a wind tunnel test nozzle is specified, corrects
chamber pressure for nozzle discharge coefficient, and rescales nozzles data to
model scale if required. The subroutine then provides these data to the main
program,

5.12 INPUT DATA DEFINITIONS

A new problem starts with first loading the vehicle flat plate surface data as
formatted data at a maximum of 8 words per card with an F10.3 format. The
vehicle must be input in full scale dimensions on the left half of the vehicle.

Card Column Variable Descriggon

1 to N~1 flat plate surface cards one plate per card up to 300 allowed (at least
one musgt be input)

1-10 DNX(I) X direction cosine of flat plate I. plates
are counted as input is used, See
Figure 5-4 for definition of direction cosine,

11-20 DNY(I) Y direction cosine of flat plate I
21-30 DNZ@) Z direction cosine of flat plate I
31-40 X@) X distance of centroid of plate I from

reference center. See Figure 4-2 for
defintion of axis system. Units are feet.

41~-50 Y1) Y distance of centroid of plate I from
moment reference center. Units are feet.
51-60 zZ{) Z distance of centroid of plate I from
moment reference center. Units are feet.
61=70 SLOC(I) Area of plate I in square feet.
N 1-10 2.0 Last card of flat plate input is signified by

DNX(N) being greater than 1.1,
This ends flat plate input.

Order of the cards is important. The first 18 cards represent the upper
surface of the left elevon. Cards 19 to 23 represent the upper surface of the
body flap. All other plates are not order dependent.

The remaining input is by namelist rather than formated read and so no card
need be specified. A namelist specification at Convair is made by a $in
column 2 of the first card of the list followed by the namelist name. Each
variable name to be loaded must appear followed by an equal sign and the value
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of the input with commas separately variable specifications. The list can extend
over a number of cards and is closed by a $. The order of names within a list is
not important and names can be repeated if newer data becomes available, There
ars two namelists within INPUTT having the names IN, and FC and they load in
that order on a new job.

The namelist IN defines the RCS engine, the locations of the sets and the geometry
of the firing arrangement

Namelist Variable Description Default Value
N * RCS Engine Characteristics
IN GJ Specific heat of jet 1.3
N ARJ Expansion ratio of jet, exit area~to-throat area  22.
N . POJSA Chamber pressure of jet (PSIA) 152 PSIA
N RJ ’ Jet gas constant (R Air = 53. 35) 75
N TOJ Jet chamber temperature (Deg) 4873°R
IN DEXIO Jet exit diameter (Ft) . 8013 Ft.
IN THETA Nozzle exit angle (angle of bell mouth nozzle 12¢
wall) (Deg)
IN DCOEF Nozzle discharge coefficient 1.
IN NOZNO Nozzle number (input if Tests OA82, MA22, -

or OA169 are to be duplicated)

N * Nozzle locations and geometry (all sets
must be input and left side locations
specified if default values not used)

N " SCALE Scale of model for test simulations 1.

IN XREUM X coordinate of upward firing nozzles, -37.69
exit plane reference center of left cluster (Ft)

™ YREUM Y coordinate of upward firing nozzle exit -11.

IN ZREUM Z coordinate of upward firing nozzle exit -9, 864
from moment reference of left cluster (Ft)

N XREUS, YREUS Coordinates of upward firing nozzle

" ZREUS cluster on right side
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Namelist
IN

IN
IN

The moment reference center is all specified to Xpg = 1076.7, Yog ™ 0-»

IN

IN

2

Variable
XREDM, XREDS

YREDM, YREDS

XREDM, XREDS
XREYM, XREYS

YREYM, YREYS
ZREYM, ZREYS

£ 3

THAFTU
THAFTD
THAFTY
THOUTU
THOUTD

THOUTY

%

NONOZUL

NONOZUR

NONOZDL,
NONOZDR

CASD-NSC~77-003

Description Default Value

X coordinate of left/right side
downward firing nozzle cluster

Y coordinate of left/right down
firing cluster

Z coordinate

X coordinate of left/right yaw
clusters

Y coordinate
Z coordinate

Nozzle angles see Figure 5~3
for positive directions

Aft cant angle of upward firing
nozzle (Deg)

Aft cant angle of downward firing
nozzle (Deg)

Aft cant angle of sideway firing
nozzle (Deg)

Outboard cant angle of upward
firing nozzle (Deg)

Outboard cant angle of downward
firing nozzle (Deg)

Upward cant angle of sideway firing .
nozzle (Deg)

Nozzle set definitions

Number of upward firing nozzles (causing
pitch up) operating:in a set on left side
of vehicle ’

Same as above on right side

Number of downward firing nozzles
(causing pitch down) operating in a
set on left/right side of vehicle

5-18
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Namelist Variable Description Default Value
IN NONOZYL Number of downward firing nozzles 0
NONOZYR (causing pitch down) operating in a

set on left/right side of vehicle

2

Impingement Model Selector

IN IMP Defines the type of mathematical model
to be used,

= ], Use the empircal impingement model,

= 2, No impingement model used,

= 3, Use the semi~empirical impingement model
(Modified Newtonian pressures plus vacuum
plume model) IIMP = 3 is the default value

The final namelist in is called FC and contains the control deflections, flight
conditions and an indicator which determines the input options on multiple cases.

FC 10PT Defines the flight conditions to be read 4

= 1, Mach number, angle of attack (Deg) and
altitude (Ft) must be input, all others are
not uged

= 2, Velocity (FPS), altitude {Ft), and angle
of attack (Deg) must be input

= 3, Dynamic pressure (PSF), altitude (Ft),
and angle of attack (Deg) must be input

=4, Ambient pressure (PSF), temperature (Deg F),
Mach number and angle of attack (Deg) must
be input. This is default value.

FC MINF Free stream Mach number none given
FC PINF Free stream ambient pressure (PSIA) none given
FC TINF Free stream ambient tempera-~ none given
ture (Deg F)

FC QI Free stream dynamic pressure (PE€7) none given
FC ALPH Angle of Attack (Deg) 0°

FC HI Altitude (Ft) none given
FC VINF Velocity (FPS) none given
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Namelist Variable Description Default Value
FC DELTEL Elevon ang's of left elevon 0*
(= trailing vidge up) Deg.
FC DELTER same as akiove - right elevon o*
FC DELTBF Body flap deflection angle o*
(= trailing edge up) Deg.
FC INEXT Defines content of next set of data 4

=1, All data are to be read

= 2, Nozzle definitions and flight
conditions (namelists IN and FC)
must be read

= 3, Flight conditions only (namelist FC)
are to be read '

=4, No more data will be read in,
program stops

5.13 OUTPUT DATA DEFINITIONS

The data printed out from a sample run is shown in Figure 5-5. Not shown in this
figure is the listings of input which occur because of the use of the namelist input

option and the names are defined in the preceding section. The output starts with
a definition of the characteristics of the solution in lines 1 and 2.

Output
Line Word Description
1 SCALE Scale of golution ( 1= full scale)
2 REFERENCE AREA  Reference area used in this solution in Ft?‘
2 REF SPAN Reference length for lateral directional moment
in Ft.
2 REF CHORD Reference length in pitching moment in Ft.
3-5 Nozzle Characteristics Single RCS nozzle data
3 EXIT DIA RCS nozzle exit diameter in feet

(input as DEXIO)

3 EXPANSION RATIO RCS nozzle exit to throat area ratio
(input as ARJ)
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KAXXKNHRRK XK AXK KRN0 KKK UK KKK KKK KM KN XK XK XA KK KK A

THE SCALS OF THIS SOLUTION IS 1.33568830C23
REFERENES AKEA= 269J.2000818LSG FV REF SPAN = 78.CE38093FT RCF CHOREG = 39.57do0 JIFF

XXRXNAXXKAXNKXXXKAX AR ARKA XK XA XX KK XXX KA KKK KX KN XXX XA XK X

NOZZLE CHARACTERISTICS

Ex1¥ DIA «8B13 EXPANTICN RATIO 22.49CL3 EXIT AMNGLE 12.83u8 MOZ2LE HACH &.2951
THRUST 879.88127525 CHAMIER PRESS 152. 84C) EXJIT FRESS 893712 EXHAUST GAMMA 1.3868
HOZZLF NISCHARGE COEFFICIENT T< 1.3580€082503

KXAXAXXKAKA MK XX KRKX KK XEXKKAXKXK £ X KXRKKLXKA XK XN XK XX AKX

FREE STREAH CONDITIONS

XAOOOOOOO XX AXXAAR KX XKI X XXX XX KRR XXX XK NXAXKX XK XX XK X

wACH KO = 25,3308

ANGL- OF ATTACK = 2.808L80D

XAUXNKHXINOR XN NN K KINNN R NK KX HAAKHN KN KN KN KRKX XX NXKKX
ELEVON ANGLES,LEFT = 6.8803838 RIGHY = s. 388300
MXOCRK X XXX XK XX XK XNHNONK NN OCEK XK K XK AK XX XK KK XK XK XXX

AOLY FLAP ODEFLECTION = 8.3308888

WRNRNKEKHIR XK KX KRN KX RN AKX IR NHN KK RKKXKINHOCKN XN KN XK XK KK K

P INFINIVY +08833818 HACH InF 25.884C GAMNA L. 4BQIRNGLE NF ATIALK 9.0038
PRESSUKY ®aTIC C869971.23458159 HONENTUM RATIO 24.92v68835 IWRUST FOEFF 51.91958933
RY RATID 3.791372¢7 POJ/PINF 1520000008 IGBICIEIFREE STREAN DYNANIC PRESS « 863838
(IYTON Z7ix® TINF) 164 .28538

L3S 2P R CRI R P SRRttt et st e e isvacaitetdy

PIICH UP LEFT MOZZLES 3. HONENTUN RATIO TH7€23653% THUST CUOEFC150FT) &189951.083450

FITCH 08 FoHY NOZZLES

de HONCNTUH RATIO J.4883305¢ THRUST COEFC(150FT) S.(igdl¢

FIGURE 5-5 SAMPLE OUTPUT
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LINE

16 PLICH ON LEFT NO22LES = 3. HOMCHTUH RATIC 74 .7623650% THAUST COEF(ISOFE) #18931.803458
17 PIICH DN FGHY KOZZLES = Q. HOMERTUN RAFIC e.83600005 THRUSE COEFLISOFE) 8.030883
18 YAM LERT NOZZLES = 3. HMASS FLOH RAT 35.24639487 THRUSY COEFLASUFTD  &418991.883458
19 ) RIGHT MOZZLES = [ HASS FLOW RAY 35.24689487 THNUST COEFLLSOFT) d-988b¢

XX ICK XK NACIHHINN KN NN NI NK NN NN KA KAX NN KK KK KK XK NX K%
o00BY AXES FORCE AND MOBENY CCEFFICIENTS APE GUTPUT

SION COMVEATIONYXPOSITIVE FUD *2 POSITVIVE QOWH *Y POSITINE RIGHY
EITCH ¢ NOSE UFP *FOLL ¢ FIGHT WING DAN®YAW ¢ NMOSE FIGHT

HOMENT REF CENTERO®X=137c.7 2=375.

FTHEUST TzZFHS

ROLLING MOMENT PITCHING MOMENT YAHING HMOMENT X OkCE ¥ FORLc 4 CE
20 fI¥En vpP ~21.9519£€5 14 8.358553 v.8LTULS Je. 000008 . 3CC8CH 155. 758767
21 PITCH 07N 13.38487 -132.534575 “Z21.618335 38.538293 52, 268732 ~163.538208
22 . VAW ~33. 9748405 J.CCu60 -75.212329 8.8060L8 155. 758767 2.086088

PSR T et Rttt P it oissatitssatatdtetiiotsssy

THPINGEMENT FORCES

ROLL ING MOPENT PITCHING MONENT VAHING HOHMENT X FORCE Y FORCE z FOURCE
23 PITCH W 2652845 -.22676‘; -3 916722 ~e173383 7. 83437 -« 212719
24 PITCH TOWN ~. 652617 48.166573 ~9.848539 ~13.33C334 16. 738406 Ghe 955455
25 YAH G.G870M 8.454003 G.CI88C8 s.Liusne C.uBC088 C.885.00
AXEHXKIOCARN KK XE NN KN K KAWX KKK KKK KK LK KKK K R KK K KKK KK XA XK
INTERACTION TEFNS
ROLL ING MOFENT PIYCHING HOMENT YAWING HOHENT 4 FORCE ¥ fFORCE 4 FORCE
26 FIICH L» «C2idds -.832628 ~«817672 L2098 el3Be18 «Shlihnl
2% PITCH COWN ~e it 245h « 459553 ~=382543 ~8223¢S «CilbBes «1228¢9
28 VAW ~etlf6sl J.0086L3 * -~ 285343 «Ld28 31 «J1£385 «-83379

FIGURE 5-5 SAMPLE OUTPUT
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LINL

29
30
31

32
33
35
36

37
38

39

40

®:

X OKXMAKIN KX XK IO RN NN XXM K XU HAN KNI XXX KK KK XX XK X

CRGSS COWLING TERMS

PR E R TSt 2204000333083 303020080820 eat it e aeeesssspietdtey
TOVAL VALUES
ROLL ING HONENY PITCHING HONENT
“24,Th4Wldl 55. 743734

(R332 2 0800t RN B980Pttt et it it oseeestionresdss]

S0 DEV CF CX = ~JCLATLG
S¥0 6El F C7 = «81162493
SIN DEV OF CH = «833715%6
STO OEv OF CL = ~2G15539
STh OtV CF €N = ~B8022300
SI0 0cv OF CVY = <8I671E5

AFPLIFICATICN IS COMPUTED FCR THRUST COMPONENTS OMLY
#1 IS NO ANFLIFICATION I IS THRUST CANCELLATION

THERE AvE 22 FOSSIBLE RCS CONIROL CGMIINATIONS

THIS COMRINAYIOM INCLUOES A PITCH UP OR DOWN COMPONENT
NOFMAL FOKRCE AMF = b4,36B5647 IPTTCHING HOM AHP
VHIS COMBINATION INCLUDFS A RCLL LEFT OR RIGHT ComP
ROtLL llﬂ'l.l‘l(:l"l“ﬂy= 2.888337106

THIS COMIINATION JHCLUES A YAW LEFT 0OR RIGHT COMPONET

FIGURE 5-5

© ®

KELLING HONENT PITCHING HOME NT VAWING HOMENT X FORCE
eLICH uwe el .B38 2.833843 S.3033Ce S.388800
PIICH 0WN c.8330C0 J.688C68 J.803039 J.43GRLS
- YAW T.902882 J.208002 2.0800866 3-.78ECLR

YAHING HOHENT X FORCE

~110.611453 . 16.975L71

3.52311747

SAMPLE OUTY T

®

¥ FORCE
s.tas3ce
0. 084248
8. 086335

Vv FCCE

232.6816137

7  FORCc
3.888.08
L-6348C6
“.030658

2  FOKCE

53.176335
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41

43

44

SIDE FORCE AKP = 1653425657 AR HONENT AP = 1.47065587

AHPLIFICATION FACTORS

KL [ KN

ANPLIFICATION 2.8283872 345231175
AXXXRXNXAXAR XXX AAXME XX KX KAXKKKARE KKK KRN XX KAXK XK XNKX K
13622020t ¢ P ¢ 8880030887838 880340 ¢ 2083342084884
THE 2 SIGHA ERKOK BAND RESLLVUS IN THE FOLLOWING COEFS
¢2 SIGWA CCEF FIRST THEN -2 SIGMA NATA AFE PRESENTA
ROLLING HOMENT  PITGHING MOMENY YAWING HOBENT
~24. 741813 55, 7571€5 -118.686993
ARXXXXXEKXKA KK HKRK AR XX XRARXAXRKAXKAKNAX XA XA AR KK RXAAXAY XK
FCLLING HOMEKT  PITCHING HOMENT VAHING HOHINT
~24.747188 55, 762362 -110.615313
XERXKXKXRANKAXK KX KX XX AXXKXXKAX XX XXXXKAXK AKX XK XA XX KK XXXX X
LIPSO RS TR F ISR P R0 0908002038880 8 ¢80 ¢4 83888884

AARKKKKKXXR XK KARN XK XK KA XK XK XK AR XNXKER KKK ALK AR AN XK XXXKX

KX

1.4786559

X  FORCE

16.965¢ 23

X FOKCE

16.965522

FIGURE 5-5 SAMPLE OUTPUT
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Y €FOCE
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¥ FORCE
232. 680784

xZ

24334256

Z  FORCE
53.19959%

Z FORCE
53.1534 2

Mo 3485648
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Desc riggon

RCS nozzle exit lip angle in degrees
(input as THETA)

Computed nozzle exit Mach number

Computed RCS nozzle thrust in pounds

CHAMBER PRESSURE RCS effective chamber pressure in PSIA

Computed static pressure at nozzle
exit plane in PSIA

Specific heat ratio of nozzle gases
(input as GJ)

NOZZLE DISCHARGE Input or computed nozzle discharge

Output
Line Word
3 EXIT ANGLE
3 NOZZLE MACH
4 THRUST
4
4 EXIT PRESS
4 EXHAUST GAMMA
5
COEFFICIENT
6 MACH NO
7 ANGLE OF ATTACK
8 ELEVON ANGLES
9 BODY FLAP
DEFLECTION
10 P INFINITY
10 MACH INF
10 GAMMA
10 ANGLE OF ATTACK
11 PRESSURE RATIO
11 MOMENTUM RATIO
11 THRUST COEFF

coefficient (ratio of actual thrust to ideal)
Input or computed freestream Mach number

Angle of attack of this solution "INPUT as
ALPH degrees

Wing mounted elevon angles input for this
solution as DELTEL and DELTER in degrees

Body flap deflection input for this solution
as DELBF in degrees

Ambient pressure at flight condition either
input or defined by standard atmosphere in
PSIA (limited printout resolution)

Freestream Mach number
Freestream specific heat ratio
Input angle of attack (ALPH) in degrees

Single RCS nozzle jet exit pressure
ratioed to freestream pressure (Pj /Pm)

Single RCS Nozzle momentuin ratio
(ratioed using wing area ¢ éj /8,)

Single RCS nozzle thrust ratioed by dynamic
pressure and wing area = T/gS
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Output
Line Word Description
12 RT RATIO (R 3 T J/Rw T_ )i RCS ambient temperature
ratio to freestream
12 POJ/PINF RCS chamber pressure ‘Poy) ratioed to
freestream ambient pressure (P )
13 FREESTREAM q, =0.7P, Mz in PSF
DYNAMIC PRESSURE
' k! .
13 R*TOQJ)/R*TINF) (RJ TOJ)/Reo T, )
RCS chamber temperature ratioed to freestream
ambient temperature - Thayer's parameter
14-19 NOZZLES Number of nozzles firing in each cluster is defined

here

14-17 MOMENTUM RATIO Total momentum ratlo of cluster used to
' compute interactions

2]
14-19 THRUST : Total thrust coefficient of cluster using 1 Ft~
COEFTFICIENT as reference area

18-19 MASS FLOW RAT Mass flow parameter used to compute yaw
RCS interactions

The program now begins a printout of all terms which are combined into total
control moments and amplification, This printout is in a systematic form in
which any pitch up nozzle contributions are listed first (lines 20, 23, 26, and 29);
then pitch down nozzles) lines 21, 24, 27, and 30) and finally yaw nozzle contri-
butions (lines 22, 25, 28, and 31), The data is all presented in aerodynamic
coefficient form so that the force terms are non dimensionalized by dividing

by dynamic pressure and wing area and additionally the moment terms by the
appropriate reference length. Column A presents rolling moment (Cg,), column B
presents pitching moment (Cyyg), Column C presents yawing moment (CN)"
Column D presents body axis axial force (Cx), Column E presents side force
(Cy), and Column F presents vertical force (Cgz) where Figure 4~ 1 defines the
sign convention of the force and moment coefficients,

The thrust terms are computed first and are presented first in lines 20 through
22, These thrust terms have all nozzle cant angles included in their computation.
The plume impingement terms are presented in lines 23 through 25. If the input
option is selected to ignore impingement a comment will be printed but output
will still be listed. The interaction terms are presented in lines 26 to 28 and
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the cross coupling terms in lines 29 to 31. The summation of all components
(Equation 1 of Section 4) listed in lines 20 to 31 are then obtained and printed in
line 32.

Lines 33 to 38 then present the standard deviations of the total asrodynamic forces and
moments. Lines 39 to 42 present the amplification factors for the case computed
where the thrust terms used are defined in lines 20 to 22, Lines 43 and 44 present
the total coefficients (line 32) plus and minus 2 sigma where sigma is defined in

lines 33 to 38 and represent the best estimated of the 95 percent confidence band
within which the true value of data will oceur,
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6
DATA COMPARISONS

The analytic model of Sections 4 and 5 resulted from the data analysis of
Sectlon 3 and modifies it to a certain degree, The curve fits generated in
Section 3 showed varying degrees of correlation with the test data, some
correlations were strong while others were not so strong. Thus the question
arises how well will the computer model reproduce the test data results.

The scatter within the test data itself would make it unlikely that a single given
run could be reproduced point for point, however, the comparison can still be
useful to show the strong and weak parts of the model and to show the expected
data scatter.

The approach taken to make this comparison then was to compare the analytic
model results for 3 nominal examples of data at zero control deflection in
which a number of repeat runs were made. The comparison was made on a
jet-on minus jet-off basis so that both impingement and interaction terms are
included.

6.1 NOZZLE N49 PITCH DOWN RCS COMPARISONS

Figure 6-1 to 6~8 present the analytic model results compared to six runs of
nozzle N49 data at the same nominal value of momentum ratio. The 2 standard
deviation error bands are plotted on the moment data correlations. The test
data scatter is shown in all plots and is particularily bad in the vertical force
componernt at high angles of attack. The agreement of the prediction with the
trends of the data appears good. The model appears to overpredict the yawing
moment slightly at higher angles of attack but all the data falls well within the
2 sigma error band.

6.2 NOZZLE N52 PITCH-UP RCS COMPARISON

Figures 6-7 to 6~12 compare ten runs of data obtained from nozzle N52 at the
same nominal momentum ratio (. 015) with the analytic model results. The
longitudinal data (Cx, Cy» Cm) where the correlations were weak show
congiderable scatter in the data. This is in part due to the low value of
momentum ratio being correlated here. The pitching moment follows the trend
of the data fairly well inspite of the scatter as does vertical force at low angles
of attack. The lateral-directional data shows very good agreement between
the model and test data even through the peak value region and at angles below
the peak value where the curve was fitted through large amounts of scatter.

6-1
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6.3 NOZZLE N85 YAW DATA COMPARISOINS

Data for 6 data runs obtained using yaw nozzle block N85 are compared with
analytic mode) predictions in Figures 6-13 through 6-18, The axial force
(6-13), rolling moment (6-16), and pitching moment (6~17) show excellent
agreement between the model and the test data, The vertical force data in
Figure 6-14 shows only good agreement of angles of attack from 0 degrees

to 20 degrees. Above 20 degrees the data s. atter becomes very large (as
wag the case in all correlations) and the model stays close to the MA22 test
data. At negative angles, Figures 3-17a and 3-17b show that the scatter again
was large and the model was faired between the N85 data shown on these
comparisons and N51 data which pulled the curve down. The side force com=
parison shown in Figure 6-15 shows good agreement above 5 degrees angle of
attack and the data scatter shown at -9 degrees in this figure results in the
model being kept low at the negative angles, Figures 3~-21a to 3-21j present
the anglysis data for the yawing moment comparison of Figure 6~18. The
scatter in low angle of attack data again results in some difference between
model and data around zero angle of attack.

Comparisons of these plots with the error bands on Figures 3-17 to 3~21 will
show that all differences are well within the expected error band.

6=-2
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AC. =C -C
X 'XJETON X JET OFF
- - - PROGRAM PREDICTION
DATA TEST _ RUN
o MA22 200
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q 0A82 61
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o
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FIGURE 6-1 A COMPARISON OF TEST DATA FOR NOZZLE N49 Wil
PREDICTION PROGRAM RESULTS: LONGITUDINAL "OT.CE COEFFICIENT
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AC._ =C -C
Z "ZJETON 2 JET OFF

— — — PROGRAM PREDICTION
DATA  TEST RUN
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FIGURE 6-2 A COMPARISON OF TEST DATA FOR NOZZLE N49 WiTI
PREDICTION PROGRAM RESULTS: VERTICAL FORCE COEFFICIENT
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AC_=C ~-C
Y Y eroN Y JET OFF

- = = PROGRAM PREDICTION
DATA TEST RUN

o MA22 200
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FIGURE 6-3 A COMPARISON OF TEST DATA FOR NOZZLE N49 WITH
PREDICTION PROGRAM RESULTS: SIDE FORCE COEFFICIENT
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DATA TEST RUN
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FIGURE 6~-4 A COMPARISON OF TEST DATA FOR NOZZLE N49 WITH
PREDICTION PROGRAM RESULTS: ROLLING MOMENT COEFFICIENT
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FIGURE 6-5 A COMPARISON OF TEST DATA FOR NOZZLE N49 WITH
PR..DICTION PROGRAM RESULTS: PITCHING MOMENT COEFFICIENT

6-7



- 006 NIRRT N ER ryume suupy sert 1] R I I N R IR L3S
o bt v foo Mot [ e e e R s S e T
4+ + v PPN ST
S et

-. 004

AC,

-. 002

FIGURE 6-6

CASD-NSC~77-003

AC, =C -C
nOTRspPON P JET OFF

- = = PROGRAM PREDICTION

DATA TLST RUN

u) MA22 200
0 MA22 3

o) MA22 6
0
0
d

MA22 10
MA22 206
0A82 61

[ORPAOMRISINE SUNIREOSES O

SR i PR AR PEVIS S DU RN ML
S 13

Ty § St ads

. v > P

")
TTE TS SRR RS rah T SRR s S e RS T e e
L , TT et

peens e 1o

w‘.r.,u. e

et ¥ $2 oA

it
3144
il
|

*

vy g

R Oty Mpaer ey Wiy PRI P AT I SIS R A U g

X s sopavasen Arer
I PR - o - P R e s B e I I P
BN £ TR R Saay2e S S dea ba Uy RN ENEy
Dy - - * B H
¥

Sy b oy

e g ey o s S PR A
PADUDOE-IwApEpIR | WhapEpenet LISST Spantie o . PRt IR i SR Sy Sy S AN
N - ¥ B R T ] PRI
\" -t o4+ 9 bt v gy b & N
Y ) A oo
T s -+ e « R R R TR
& b ittt ey x g

v e b

T e f o oy T o vt
iy bk

o B N T

Pt MR AMpREI AT I I SRR SV

ANGLE OF ATTACK ~ DEG

£ COMPARISON OF TEST DATA FOR NOZZLE N49 WITH
PREDICTION PROGRAM RESULTS: YAWING MOMENT COEFFICIENT

6-8



CASD=-NSC=~77-003
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FIGURE 6-9 A COMPARISON OF TEST DATA FOR NOZZLE N52 WITH
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7
FULL SCALE CONFIDENCE

Sections 3 to 5 develop a prediction model for determining reaction control system
effectiveness based on numerous wind tunnel data. Section ¢ showed that the model
will reproduce the wind=tunnel results, But such a model is of little use unless it
can be extended to the flight regime with some degree of confidence, This section
will attempt to address this question for the re-entry caee only,

7.1 TEST TO TEST VARIATION ERRORS

The test to test variation between the Mach 10 tests OA82 and MA22 were carried
over into the incremental jet data by using one jet-off run (MA22 run 3) for both
sets of data, Thus all differences hetween these tests are accounted for in the
curve fits of Section 3 and are computed into the estimates of data scatter glven on
each plot,

The average jet-off differences for the mean of all of the Mach 10 jet-off data
compared to the mean jet-off run from OA169 is shown in Figure 7-1a to 7-1f.
This difference which may be due to Mach number and/or test and models
differences was too large compared to the RCS data to be left in and was removed
from the data by using OA169 jet-off runs to obtain RCS increments for Mach 5,
Section 3 shows that the OA169 incremental effects generally all fall within the
error boundaries of the Mach 10 data. Therefore there seems to he no test to
test variation of induced RCS effect has which has 10t been accounted for.

7.2 MEAN VALUE DIFFERENCES

There were 6 jet-off runs during test OA82 and 28 more obtained during test MA22,
Since the data presented in Reference 2 showed there were measurable differences in
the jet-off runs, the question can he raised as to whether all of this has been
accounted for in the data sample and true mean difference curves obtained. This
aspect of the problem was investigated by Chrysler DATAMAN (Reference 10)

in which all jet-off data runs were used to take differences with all jet~on runs

for a sample case., In this case nozzle N49 at nozzle pressures of 150, 300

and 600 psia, When all the differences were taken for all jet-or. minus all jet-off
runs at a glven pressure and angle of attack an average value and standard

deviation were computed,

Figures 7-2a and 7-2b present samples of the mean curves compared with the
model results. The model accounts for many other nozzles and pressures so that
the agreement is not perfect, but it appears close enough to verify that the model
does a good job of representing the true mean value of the difference.
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7.3 STANDARD DEVIATION OF DATA SAMPLE

The derivation of mean values discussed above also resulted in estimates of the
standard Jeviation of error for nozzle N49 at the three supply pressures. Figure
7-3 present the computed values of the standard deviations for all of the jet-on runs
at the three supply pressures minus all of the jet-off runs as computed in Reference
10 , The close agreement between them at each angle of attack shows that they are
good estimates of the true data scatter. In addition the root-mean~square error
from the analytic model agrees quite well with them, The RMS value contains
within it other nozzle data and OA169 data averaged over 5 degree intervals and

is slightly larger at all angles of attack., In addition the standard deviations of

the jet-off runs for OA82 and MA22 are shown on this plot and these again show that
the RMS error of the analytic curve fits contain them. Thus it is concluded that the
RMS values for the analytic curve fits are good estimates of the true standard
deviation of error of the population of reaction control incremental data.

7.4 MACH SCALING UNCERTAINTY

The wind-tunnel data used in this analysis was obtained at Mach numbers of 6 and
10, while the entry flight condition simulated is Mach 25. The question arises then
whether the wind tunnel data is valid or needs to be scaled for Mach effects.

The nozzle flow parameters (momentum ratio and mass flow ratio) have already
heen tested to full scale for nominal entry conditions as low as a q of 5 PSF for
a 3 nozzle case and proportionally lower for fewer nozzles. A nominal condition
of 280, 000 feet at 26, 100 feet per second is approximately 5 PSF and represents
a momentum ratio of . 0954 for a 3 nozzle case while MA 22 test data was obtained
to a momentum ratio of approximately .12, The mass flow parameter at this
nominal entry case is , 0437 while test data was obtained to . 05. Thus the nozzle
simulation does not need to be scaled,

Figures 7-4a to 7~4 ¢ show Mach effect data for the jet-off conditions obtained from
orbiter test OA7T7/78, The only data to show a consistent Mach trend is the pitching
moment data, however, the difference between Mach § and 10 is shown to be within
the OA82-MA22 test to test variation and the OA169/MA22 difference cuts across
both. Test to test variation, thus, must be larger than any Mach effect.

The OA169 data was shown in Section 3 to fit within the 27ach 10 error band and
thus test {o test variation is accounted for. In addition, data from Reference 1
showed that there was no Mach effect on RCS interaction at Mach numbers from
2.5 to 4.5. Thus it appears that no further scaling is required for Mach number,

7.5 REYNOLDS NUMBER SCALING UNCERTAINTY
6

Most of the wind tunnel data was obtained at a nominal Reynolds Number of 1 ¥ 10",
The nominal entry condition value for 280, 000 feet and 26, 100 feet per second

7-2
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velooity is 1.6 x 10° based on vehicle length.

A limited number of runs were made during test OA82 to determine whether there

is a Reynolds number effect, but, all measurable changes are within the data

scatter of the nominal data. Since the data was limited it was decided to replot the
data at each angle of attack to compare trends just of these runs forgetting that they
are all within the expected error. Figures 7-5a to 7-5d present the results for pitch
down nozzle N49 at the one common value of momentum ratio obtained, No consistent
trend can be discussed so a ''worst case" was chosen from the angle of attack that
showed the most slope and "worst case' approximations computed

AC,, =AC (1 +F (13, 88~log (R )) (1)
Mre  MRe=1x10% e e
where
AC = Any RCS interaction force or moment at flight Reynolds
MRo number
ACM 6
(Re=1x10 ) = Predicted interaction force or moment from model
Re = Flight Reynolds number based on vehicle length
F = "Worst case'" slope

The N52 nozzle data is presented in Figume 7-6a to 7-6 ¢ and the values of F for
each component are:

I Nozzle N49

ACN F =,6634277
AC A F =,253966

Acm F=,0276764
Acz F =, 0547855

I Nozzle N52

ACY F =,1787406
ACL F =,4176398
ACn F =,0998407

7=3
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Figure 7-7 presents the "worst case' Reynolds scaling effect on two cases; a 3 jet
pitch up case and a 3 jet pitch down case. Reynolds number scaling principally
changes the roll control power. This adverse change principally occurs on the

piteh up fin interaction with the fin and was derived from the data at 15 to 20 degrees
angle of attack (Figure 7-6 ¢). Since entry is to be made at angles of attack above

35 degrees, it is concluded that Reynolds scaling will not appreciably change the
entry control effectiveness. RTLS roll control effects, however, need to be examined
in the light of this "worst case' effect.

7.6 VEHICLE C,G, UNCERTAINTY

Figures 7-8 to 7-10 present the effect of CG misalignments in RCS effectiveness

in the sample cases of 3 Jets in pitch-up and pitch down at nominal entry conditions.

If the center of gravity is higher than predicted there will be some loss in roll
effectiveness from tue pitch down jet cluster due to the sizeable amount that results
from nozzle cant generated side force,on the order of 57 of the thrust moment for

1 foot of error, The error in lateral C,G. location will also change the roll coniponent
as is shown in Figure 7-10, However, a pure roll application will he self-compen~
sating since the jets clusters will be on opposite sides rather than the same side as
computed in Figure 7-10,

7.7 ATMOSPHERE UNCERTAINTY

All predictions shown in this section and made by the analytic program are done using
a 1962 standard atmosphere condition. The seasonal high and low means and 1%
extreme values for temperature and density obtained from the 1976 standard atmos=-
phere (Reference 11), were used to change the standard day conditions for the

entry test case at 280, 000 ft, and the entry test case was recomputed, Figure 7-11
shows that seasonal means result in a variation in entry dynamic pressure at the
altitude from 2.9 to 6 pounds per square foot and the two standard deviation extremes
increase the range of dynamic pressure from a low of 1, 7 PSF to a high of 7.3 PSF,
The 3 jet on one side case momentum ratio at the standard atmosphere condition has
a value of , 0945 so that there is no extrapolation of interaction data. The lowest
temperature/lowest density conditions result in lower dynamic pressures and an
increasing momentum ratio to a value of . 27 at the lowest extreme, The limiting
parameters on the interaction curves fits, however, keep the interaction terms
relatively constant and the thrust begins to predominate. Thus the control amplifica~-
tion shown in Figure 7-11 increases at the lowe r dynamic pressures. The higher
temperature/high density conditions result in an increasing free stream dynamic
pressure and a reduction in momentum ratio to a value of . 064, There is no extra-
polation in the interaction curve fits moving in this direction, but the interaction
terms are becoming more important as shown by the declining control amplification,

74



CASD-NSC=-77-003

The cross~-coupling term which comes into play in the symmetric pitch case shown
in Figure 7~11 is subject to considerable extrapolation since the limiting momentum
ratio is , 03 which is exceeded by all conditions at this altitude. It causes about a
10% reduction in pitch amplification using the present , 03 limit on the curve.

Confidence that the predicted value and the error band are cor. . . improves with
increasing dynamic pressure since there 18 no extrapclation cf datu involved. This
curve points to the RTLS case as the case of lowest RCS control power and the
desirability of staging at as low a dynamic pressure as possible under that condition.
This curve shows that a large variation of roll controll amplification will result in
flight if standard day performance is used to make predictions fuel requirements.
Similar comparisons of yaw control yaw amplification showed essentially no eftect.

7.8 EXTRAPOLATION UNCERTAINTY

The flight data of the preceding section section showed that no extrapolation of

single side data was required at the standard day 5 PSF entry condition but that

it was required for lower dynamic pressures, The analytic program was modified
to remove all constraints on curve extrapolation and the case of Section 7.7 was
repeated. The results of allowing unlimited extrapolatior are shown in Figure 7-12
‘'where no problem is seen down to a dynamic pressure of 2 PSF. The roll amplifica~
tion curves start to break at 2 PSF as the interaction terms grow in an unbounded
mamner, The vacuum solution will be an amplification of negative infinity for these
unbounded solutions which the OA99 vacuum data shows is unreasonable. The higher
dynamic pressure cases where the extrapolation is limited to the symmet»ic pitch
down cross-coupling remain the more critical in terms of lowest control amplifica~
tion. The cross~-coupling term for symmetric pitch down cuts the pitch amplifcation
by nearly 25% of the thrust moment and this points out the need for better symmetric
piteh simulation especially for the higher dynamic pressure RTLS case.
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CONF IGURATION
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1 ENTRY CASE
TEST ¥ = 35°
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ENTRY CASE
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ENTRY CASE
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ENTRY CASE
x = 38°
H = 280,000 FT
V = 26,100 FT/SEC
O = 3 NOZZLE PITCH UP
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8
CONCLUSIONS

Analysis of wind tunnel data has shown that the asrodynamic interferciace between
the aft mounted reaction control system plumes and the flow over the vehicle is
sufficiently large to adversely affect vehicle control during low dynamic pressure
flight, The data was analyzed to show that the interference terms could be related
to nozzle flow simulation parameters and a prediction model was developed. This
model predicts the total RCS control moment as the sum of the thrust term, an
impingement term, an interaction term, and a cross coupling term. A program
which incorporates this model has heen written and is documented in this report.

e

8.1 STUDY CONCLUSIONS

1'

2,

3.

4,

10,

Interactions between the pitch down jets and the external flow over the
vehicle are shown to correlate best with an equivalent nozzle momentum
ratio,

Data from many different geometry nozzles could be correlated together
when the momentum ratio paramoter accounted for vach nozzle discharge
coefficient,

The pitch down interaction data correlated well when broken in 5 degree angle
of attack intervals and this eliminated any discontinuities in the model.

The 0A169 data correlated well with the MA22/0A82 data eliminating Mach
as a parameter,

The pitch up interaction data correlated best with the momentum ratio
parameter.

No peak value was found at low angles of attack for the pitch up longitudinal
plane data.

Peak values were found in the pitch up lateral-directional data.

The peak values correlated well with momentum ratio and occur below
15° angle of attack,

The lorgitudinal pitch up increments and the lateral~directional data above
15° were broken into 5° angle of attack intervals which were correlated to
momentum ratio.

The OA169 test data for pitch up interaction agrees well with the MA22/0A82
data.



11.

12,

13.
14.

15.

1s.

17.

18,

19.

20.

27.

CASD-NEC~77-003

The yaw jet interactions correlated best with a mass flow parameter in
which number of nozzles in a cluster is not a part but the nozzle exit angle
is a part.

The OA189 test data and yaw interactions agreed well with the MA22/0A82
test data.

The yaw data was broken into 5° angle of attack intervals for correlation.

Trailing edge up deflection of the body flap results in increasing pitch
interaction for the pitch down reaction control,

Trailing edge down deflection of body flap resulted in no measurable chiange
in RCS interaction.

Treailing edge up deflection of the elevon decreased the RCS pitch and roll
interactions for pitch down and yaw RS,

Trailihz edge down deflection of the elevon increased pitch and roll inter=-
actions for the pitch down and yaw RCS,

The only measurable cross~coupling between RCS controls was for the
symmetric pitch down case,

Possible sting interference effects need to0 be resolved in the pitch down
cross coupling data.

Symmetric pitch down cross coupling needs more data to refine the model
since data was only obtained over a limited range of momentum ratios.

Error bands were established for all data correlations and were shown to
agree with error bands for all possible difference combinations.

o Mach Number effects could be found in the RCS data.

Reynolds Number effects were shown to be slight for the entry case but of
possible importance for RTLS.

Uncertainty in vehicle center of gravity was shown to be not important.

Atmosphere uncertainty must be considered in determining propellant
requirements for the entry case and will result in considerable changes
in the expected control response.

The RTLS abort maneuver appears to provide the most adverse flight
conditions for RCS effectiveness and atmospheric uncertainty may be
very important for this condition.

With the exception of symmetric pitch down cross~-coupling, the most
critical case of high dynamic pressure involves no extrapolation of the
test data giving high confidence that the data correlation will predict
the true flight value. .

8=2
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8.2 STUDY RECOMMENDATIONS

1. A blade mounted model be built with a better representation of base geometry
to evaluate ating interfersnce,

2. A vacuum chamber test of symmaetric pitch down RCS be performed with a
good base gaometry representation (no sting) to evaluate symmetric pitch
down cross-coupling in the base region.

8~3
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APPENDIX A

PROGRAM LISTING
ORIGINAL PAGE I8

OF POOR QUALITY

PROGRAM PREJ(IHPUT s QUTPYTy TARESSINPUT, TAPESSOUTPUT » TAPFUAR)

REAL wlnF

REAL 13OMULU e NONOZD » IMONOZY 2 MUNOZUL + HONOZUR » NUNO?QL'NUNU?D“!“O“O?YL'

LHOHOZ 1R

DIMENSTUN SIGTOLe)

CUMMULI/CUNST/PLE s RADLAHIGLeRT 4000

COMMULIZGRP2/DNX (300) s DNY (300) o DNZ (300D »A(300) v (300)92(300)s5LOCI3

100) 1

CUMMOL/ZERROR/ZS TG STom(206) 151614 (306) 1 SIGTM304) 1 STLTH( 3 A)

COMMOUL/ZuP ZHONOZU » HONYZUL » NONO2UR y NS TARUK: DSTARUIL s AEXUL + AEYUR )

LHRME SUL o« KAFSUK 2 DIXND 2L DYNO2UH» L 2HO 2

RAKEUL » XnteUR YREUL » YREUR » 2RFUL, » ZREUR

CUMMUI 4/ UWMN/HORO 20 » NOMOZDL + MONOZDK y DSTARDL + DSTARDR » ARXCL ¢ AEXDR

LRUFSUL o KMFSURP DXNO 2D » DYNOZN 2 G2HH0ZD

2XRLOL» £RECR )y YREDL » YREDR» ZRFUL » ZRENR

COMMO/S LTCE/NONOZY e NONOZYL A NONOZYR DS TARYL ¢ USTARYR AEXYL 1 AEXYR

1 FMI YL FARYR s DXIHOZY 1 DYNOZY 2 DZHNZY

2XREYL p xREYR e YRETL ) YRE YR ZREYL s ZREYR

COMMOI/ZELTZALINF s PINF » TINF s ALPHI TUPT s QT o HI o VIHF ) THRUST o INEXT

COMMUN/REF/ZGREF 9 Co 39 SCALE » XHE » YRE o 2RE , DXNOZ,DYNOZ» D2ZNOZ » NDXNO22Z,

1NDYNOZL2 Y 0ENOLZ

COMMOII/NOZ/ XMJ 2 GJ 2 ARUP AJE ' POUYRU TR TURNYDSTAR AN THETAY DEXTIT)

LLEMP ) UCUEF _

COMMUI/N/PONIPOWL s PRT»T1 o P2T

COMMULY/CONTRZDELTERyLDELTEL » XELV » ZELV e XFLA 1 2ZF LA,

LOLELF

COMMON/YHCO&F/ CXUr C2Ur CYHCMUPCHUN CLU Y CXD!LZD!LYD:CMﬁlcnovCLDD
CXYrC2Y2CYY LMY CNYICLY

COMMON/TOCOLF/ CXTrC2ZToCYTHUMTICNTILLT

COMMOIZE LTS/ CRINDL (LU 7) o CATOLLLNGT) hCMINLELN,7)2CLIDLILD 7))

1 CNIULGLU» 7)o CYIDL (LU 7y CZIYLULO9 7Y e CATYL (1047} CMIYLIL10:7),

2 CLIYL(1007)'CNIYL(IUO7)'CYIYL(1007)vCZIUH(on?)vCAth(lU!7)v

3 CMIUNGLIU» 7)) pCLIUMHILO0»7) s CMEUHC LU 7)o CYTUH{L007)

GCUPB (3, 7)

COMMOIZUEFLECT/CLP30 (10, 719CZP30(1007) oCMP3U(1Ne?) 1 CAPID(1007)

1 CZPIUL00 7)) oCLPINIL0 7)) oCMPLO (L0 7)o CAPLOCL097) 2 C¥PR(10¢7

2V pLLPLILUPT) »CHYL0CL0e 7Y sCAYLIOCLO07)oC2YLO(L00 7)o CLYLO(LONT)

JCZY30¢LUrTYoCAYIONCLI0e7)oCLYIZV(10,7) o CMYIO(LUT)

DATALLF 71 o4/ RINF/53,3//PIE/3,10415926/71R1/53.53/+461/1.14/7+0RC/0,/0
IRADIMI/ZD T 0299879160732, LT40U0/ s TLAT/UL /¢ 1H/S/ 0 TIN/YL/
CONT LIk

CALLINPUTTLIN)

| 93,3+

CONTLHUE

CALLINPUTT (L LN)

AN 2 7854 %UEXTITX%2

CALL JET(GJeARJPOJePJ TOJe TUe XMUIAN)
AEXUL = A *MONOZUL

AEXURSA«HOLOZUR

AEXUL =aN #NONO20DL

A XDR=ANSNONOZ0R

AEXYL=ANANGIOZYL

AEXYRZANANONDZTR

DSTAKZSWHT (4, /PIELAI/ARY)

DS TAKULSUSTARKSAR T (HOMDZUL)

DETARURZUSTARYSQRT (HONOZUR)

DS TARULSUSTAR®SURT {INOMOZDL.)
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DS TARURSUSTAK*SART (HUNOZDR)
DSTARYLEUSTAR®SURT (WONOZYL)
DSTAKYR=NSTARSSORT {iiuNO2YR)

1INZS
1 CONT Lk

PRINE 4000
4000 FORMA| (1H1)
CALLLIPUTTLLINY

O TU (bbeb7r0Br69) s [OPT
6b CUNTLiwe
CALL ATMUSIHErTTePLNFsRHIS0S)AB 100, s DUMLIALIAGG oGO TS TLAT,ORC)
PINFariOF/1au,
TINF2IT
VINFmInF *5u8
GO0 T 6y
67 CUNTIHUE
CALL ATMUSGHI»TToPINFIRHISOS) A VINF s MINFIABIAG1GrGOV TS TLATORE)
PINFRINF/ 144,
MINFzy INF/S0%
TIRF=TT
G0 Ty by
68 CONTInUL y
CALL ATMOSCHI+TTIPINFIRHISOS AQ» 100, 1DUMLIAS2AG»GsGLI TS TLAT0RC)
PINFSRINF/ 144,
VIsulsthu,
MINFSoURTIRL/ (0, 74P LINF))
TINF=)T
I CUNTIIWE
REZO. 741tB, aPINFYMINF 2R
19%0
[FlQ] ,Eueled lux]
fF(ul.tw.04)0I=0,00001
IFC(PLIVF LG e U, IPINFSUL/ (0. 7%1UG, kMINF4%D)
CALLEAPAN (GJePOJIPINF s XMJ THETA» TURN)
PRepU/PDIF
PRFSCFR
JET MOMe g Tum RATIO .
RMESIGJ 4RIk AMIX k22 AL/ GINF /P INF/MIMNF /M INE/SREF
RME SULSRMFS4HNONOZUL
RMF SUKSKMF S «{ONOZUR
AR QUL =KMF S&HONOZDL
RIF SURSKMFSAHUNOZER
THRUS| = PZI+AN®(PJ=PINF)+144,0
TCORFSTHRUST/GI/SREF
PRIN} Suueé
PRINToOUL»SCALE
6001 FORMAL(31HNIHE SCALE OF THIS SOLUTION IS ¢FZ0,10)
PRINTIoABdrSHEF 1B C
LBBE FORMA | (LoHMKEFERENCE AREAZ(FLS,7,21H90 FT REF SPAM =,F15,7,22
IHFT REF CHORY =,F15,7+2HFT)
PRINT 3uub
PRINF wyLld
40U) FORMATLLIHD» 23H NO2ZLE CHARACTERISTILS)
PRINTUDLZ2/DEXET» ARJ) THETA » XMy
4002 FORMAJ(LHO»9H EXIT DEAIFL2.4916H EXPANSION RATIOWFLZ U0 11H EXIT AM
LGLErFLI2,40 10H NOZ2LE MACH »Flb.u4)
PRJZPOI/OCOLF
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ORIGINAL PAGE I8
OF POOR QUALITY

PRINFANDUS e THRUST PP U PJr G
4003 FORMAL (LMD 7H THRUST s F20.89 L8H CHAMUER PRESSF12,4011H EXIT PRESS,
1F20ae it EXHAUST GAMMASF12,48)
PRINTLNUZ P DLOEF
LUD2 FORMA (36HN NOZLLE DLSCHARGE COEFFICIENT IS »F20.10)
PRINT 3u0b
PRINT nulO4
WUUY FORMAT (L1100 g3H FREE STREAM CONDITIONS)
PRINT 3006
BBU4 FURMAT (3400 341 VELOCITY =iF1b,%)
bLBBY FORMA L {1140 LoH DYNAMIC PRFSY 5,F18540)
BBB6 FORMAT (L1HO s LUH MACH NO =9F15,%)
BH7?7 FORMAT(LHU LIHALTITULE 2 1F15.5H)
IFLLOMNT LT Ju)PRINTABLTIHE
[FUIOIT Ge 1 OR, IOPT EQ,8)PKRINTAUBB I MINF
IFLLUFT B I)IPRINTBBBS 0]
JFLIVPT L0 Q)PRINTABBYVINF
PRINT700U ALPH
TNY0 FORMAL (19HO ANGLE GOF ATTACK =,F1%,7)
PRINT 3006
PRHINFTOUL DL TEL» DELTER
1001 FURMAT (c LHOLLEVON ANGLESILEFT SeF1%57:10H RIGHT = »F15,7)
PRINT 3006
PRINT DU DELBF
7002 FORMAY (23HOBQLY FLAP DEFLECTION =,F1b,7)
PRINT Su06
PRINTOWOUDIPLHF ) MINF , GINF 2 ALPH
4005 FORMAT(LMOrLIH P JHFINICY,F20,899H MACH INFIF12.,4916H GAMMAYFL2,4,
115HANGLE OF AITACK,FL2.4)
PRINIuyUOIPROYRMFS, TCOEF
wOUh FORMA) {1HO s LUHPRESSURE RATIO0rF20.8915H MOMENTUM RATIONF20.,Ar13H TH
1RUST LOEFFIF20,8)
RTIRATSRUATJI/ (RIXTINF)
RTURTISTOJ¥RTRAT/TY
POJPLivzPOJ/P INF
PRINTGUU? eRTRATPOJRIMNOS
4007 FORMAT(LOMN RT RATIOIF20.H19H POJ/PINE 1F20.8¢25HFREE STREAM NYNAMI
1C PRELSF20,48)
PRINTHOUBRIORT]
4008 FORMAT(L7HN(R&TOJ) /(R*TINF)F13.5)
FURS(OJ/GIARIZRISTINF/TIH (( (PUFXMUIKAN]) / (PINFXMINFASREF ) ) k2 ) *
1SIN(THETAZ/RADIANY )
FMRZ5uWRT {FMR)
FMHYL=FMR
FMRYRZF MR
PRINT 3Juué
ARCH=THRUST s ONOZUL/ G/ {SCALE#+2)
PRINT »u0L»n80H02UL » RMFSUL» ARCS
ARCOS THRUST ANUNOZUR /91 /7 (SCALE %% 2)
PRINT SUU2,nONOZUR pRMFSUR » ARCS
ARCHS JHRUST*HONOZRL/WI/ (SCALE «#2)
PRINT S0U03sONOZDL » RMFSDL P ARCS
ARCSS THRUST «HONOZDR /U /Z (SCALE ##2)
PRINT S004»wONOZDR o RIMFSDR ¢ ARCS
ARCSZ [HRUST#NONOZYL/QL /7 (SCALE %+ 2)
PRINT H0USrw0HOZYL»FHMRYL »ARCS
ARCO=Z 1HRUST «HONOZYR/T/ (SCALE «%2)
PRINT “UU6 0NOZYRFMRYRAPCS
HO0L FORMAT (SHN PLTCH UP LEFT MNOZZLES Z9FR, 0 10X LEHMOMENTIIM RATIONF2N
1.80i0ArLYH THRUST CORF(LISNFT) 1F15.6)
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HON2 FPORMAL(ZHHN BIFCH UP RGHT MOZZLES 9FA, 00 LOxy LUHAOMENTUM RATIOWF2N
1.8010Ap L H THRUST COLF(LSAFT) »F1%.0)
20U S FORMAT (gbHN PLITCH DN LEFT MOZZLES =9FB,00 10X LuHAOMENTUM RATIO,F20
1e80lUapLl9H THRUST CORF(LSAFT) +F15.0)
wU0Y FORMAY [¢YHN PLECH DN HGHT NOLZLES Z+FA, 00 10X, LUHMOMENTUM RATIO,F20
1e8010as Ly THRUST COEF(LSAFT) »Fi%.0)
H00% FORMA| (£DHO YAW LEFT MOZZLES ZeFAUe 10X LyHMASS FLLOW RAT ,F20
Lo lUar19H THRUST COEFLLISOFT) +F1%5.0)
w006 FGRMAL {goHD YAW HIGHT NOZ2ZLES =9FRUe 10k LaHMASS FLOW RAT SF20
130 LUAy LIH THRUST CORF(LISOFT) +F1%.0)
PRINL UL
PRINESUDY
PRINTIUDL
PRINTSUDZ
PRINT IO
JULU FORMA(H5HMO HODY AXES FORCE AND MOMENT COEFFICIENTS ARE OUTPUT )
30Ub1 FURMA[(bbHN SIGN CONVENTION#XPOSITIVE FwD v¢ PASITIVE DOWN &Y POSI
1TIVE nlLMT )
3092 FORMA|(H7HO PLTCH + WOSE UP «ROLL + RIGHT. WING DWNRYAw + WNOSE RIGH
17}
3063 FUHMAL L SBHOOMENT REF CENTERSXZ1076,7 =375, )
CUWRUITE THRUST MOMENTS
CLusy,
cLb=n,
cLYso,
CMysU,
cMpzagy,
CMY=Q,
cHuzg,
Chbsy,
CHNYZ=D,
cxu=u,
cxb=o,
CXY=y,
cru=y,
CyDsou,
CYYsu,
[WPAVELVN
Cevsy,
CLYsu.
DO77115103
PIHE = PIwF*lau,0
CALL IHROIToCXTHCYTH)C2ZT+CLT»CATICNT)
PINF = PLF/148,0
IF(ITHEe1)60 TO 75
74 CLusCLT
Clall=CHT
CHUsLT
CxuUsLxr
cyuseyr
Ciuslel
60 v 72
79 IF{L].Eued)L0 TO 78
cLo=CLT
cCMpQILMT
CivusinT
CX=LXT
cynsCrr
c2lscef
G0 10 17
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76 CLYSCLT
CAYRUMT
CuYst)T
CXYSLATY
cyvserr
CLvYsiet

77 CUNT LWL

¢ COMPUTE PLHUME [MPINGEMENT MOMENTS
CLIMyzD,
Climpzn,
ChimMyan,
CMiMyzy,
Chimpzn,
LMIMYZO,
C“lMU:U .
CHiMLail,
CHNIMYS0
CXImy=o0,
Cximuzn,
ChIMYLD,
CriMUsile
CYimuzn,
CYIMY=n,
CZlMusu,
C2Zimuan,
CZiMy=u,
DOIBYLTRL3
CALL IMBLINGCLToCXToCYTICZTsCLT CMTHCNT)
IFCIT 001060 TO 1687
186 CLIMUACLT
CHIMUZEMT
CHIMUY=CINT
CXIMUzCAT
cYimy=Ccyr
CLiMysCer
G0 1O 1uv
187 IFULIT ,kWe3)00 TO 184
CLIMD=CLY
CMIMURNCMT
CHIMDZCHT
Cximp=Cxf
cyimpacyr
C2IMD=Cel
A0 TU Lg9
168 CLIMY=CLT
CMEIMY=CinT
CHIMYZCNT
CXIMYZCRT
cyimy=Cyr
C2IMY=CLs
149 CONTInuUL
190 CONT LWL
CLINUZ,
CLINDSY,.
CLINYZY,
CMlNuzn,
CMINLzY,
CMINYZY,
CNEND=I,
Citlnusy,

A=5



CHINYZY,
CxInuzn,
CXINDEY,
CXINY=O,
CYINUZD,
CYINDzN,
CYINYSH,
CZINUaY,
CZINUZU,.
CLINYZO,

C COMPUTE rPLUME  THTERACTION MOMENTS

200

201

202

208
204
<10
C CoMmp

211

IF{luEvel)ud TO 204
DO2V3LT=1¢3

CALL INTERUITICXBICYBsCZBICLEBICMB, ClS )
IF(ET,Heed)00 TO 201
CLINUzCLY

CMINUzZCMY

CHINu=LHE

CXINU=CRY

CYINU2CYH

C2INuzCed

GO 1O 2ud
IF(IT,Eued)u0 TO 202
CLINUSCLY

CMINUSCM

CHINDZCNY

Cxllivztad

CrikusCry

CLINU=Cey

G0 10 2ud

CLINYSCLY

CHMEINY=Cinn

CNIy=ChB

CXLlinyaCad

CYINY=CYH

CZINY=Cets

CUNTFInUE

CONT InUE

CONT LUt

UTE syl IPLe AXES CROSSCOUPLING TERMS
Cxceu=g.,

CxClus=y »

CxCevrzg,

CYCLUsU,

cYceus=n,

cyCCysn,

cecLu=n,

C2CCL=U,

CeCCy=o,

cLCLusz=y,

CLCCu=y,

CcLECYsuy,

CMLCUzn,

cMucwzn,

CMCCYz,

CNCCU=U,

CHCCuzi,

CHCCY=0,

CALL LCUUPL (24CXCCDC2CCDLYCCD,CMLTD » CHCCULLCCM)Y
CONT LWt

CASD=-NBC-77-003



umhINAL P"f&m CASD-NSC-77-003
or POO

C CUMPULE TUTAL FURGES AND MOMENTS

CXTISLAULLXD ECXY +CXIMUHCXTUNHCX IMYHCX LNU4CX THD+CXINY +CXCCU+
1CXCCUCXCCY
CYTSCYU+CYURCYYSCYIMUSCYIMNGCYIMY4CYINIHCY LD 4CYINY :CYCCLS
1CYCCU4CYCCY
Cel2CUrCLLPCLYHC2IMUFCZIMNLCZEMY $CZINIHCZINDAGZINYHC2CCH 4
1CLCCL4CLLCY
CLTELLUHLLD A CLY+CLIMUSCLIMNACLIMYACLINICLIND sCLINYHCLECHS
1CLCCUsLLECY
CMTELIUICMDACAYHCMIMUSCMIVDFCMIMY +CMINUACMIND 4 CMINY QM ECLI+
LOMLLUILMLLY
CHTSLJHLIND+CNY +CNTMULCHIMN +CHNIMY $CNINUACNIRDSCMINY $CNCCUI4
L1ChLCDsCILCY
PRINT 3uul

VUL FORMALLLSHD THRUST TERMS)
PRENT Syoe

S002 FORMA (3109 1 7% JHROLLING MOMEMT o 3Xp L8HPITCHING MOMENT (BX o 1 IHYAWIN
16 MOML AT »7Xs L0 X FORCE 48X 10H Y FORCE,0X,12H 2 FNORCE)
PRINT Syuds CLUCMU,CNULCXU»CYUIC2U
PRINT suutie CLOCMD»CHD,CXN,CYDC2D
PRINT 3005 CLY»CMY CMNY,CXYICYYIC2Y

U003 FORMAG (L4HD RPITCH UP 16F 1B, 6)

3004 FORMAJ(1aHO PITCH DOWN +6F18,6)

U095 FORMAL(L14HO YAW 16F18,6)
PRINT 3yU6

U006 FURMATLHLDHDXRXXXXRXRX XXX XX XXX EXXRAXYX XXX KKLXX KKK KXXYKXXKXRX XXX )
PRING 3007

3007 FORMAL (2LHD IMPINGEMENT FORCES )
PRINT 3002

PRINT 3003» CLIMUICMIMISeCHTMUICXIMUCYTIMU»CLIMIY
PRINT S04, CLIMD)CMIMDCHIND)CXIMD,CYIMDCLIMD
PRINT SuuSr CLIMYICMIMY)CNIMY CXIMYCYIMYICZIMY
PRINT Suve
FRINT Sou8

JUU8 FORMA((L9HO THTERACTION TERMS)
PRINT suu2
PRINT 3603¢ CLINUeCMINUSCMTHU»CXINUSCYINUICEINY
BRINT 3004 CLIMND»CMINDeCHINDICXINDCYIND»CZIND
PRINT 300bhs CLIMY)CMENY )CHINY»CXINYCYINY)CZINY
PRINE tgde
PRINT sy09

$U0J FURMAL (22Hg CROSS COUPLING TERMS)
PRINT Suue
FRINT JuU3e CLCCUsCMLEU»CHECYCXCCU CYCLU CLCCY)
PRINT 5004r CLCCDCMLCDCMPCDICXCCOCYRCDICZCCH
PRINT 3005+ CLCCY CMCCY,CHCCYCXCCY2CYCCYCZCCY
PRINT 3Suue
PRINT 3ui0

JUL0 FURMAL(LUHDO TOTAL VALUES)
PRINT 3yn2
PRINE SULlls CLTCMTICNTICXTICYTC2T

JU11 FDRMA (1HO,13%X,0F18,0)
PRINT 50u6

+ DOBUVICUMRL e

silGau,
LSOO IARISS) 03
SIGSLLGFSIOLILTAXIS ) LCOMY 99 24SIGIMUJAX TS ICUM) e 2+SIGTHITAYIS, ICOM
1)x%g

500 CONFLidt
SIGTOCICOMY SHURT(STL)

A-T
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GUTVILUL L9 DV31 5964159550 ) » ICOM
DYl PRINTL WL STGTO(ICOM)
DY9) FURMA|(1HU ) LoHSTD DLV OF CX 2 »F15.7)
69 TO muv
592 PHINILWArSLGTO(ICOM)
V992 FORMA (L0 JoHSTD DEV OF €2 2 +F15.7)
GO fU 6LV
595 PRINTLIYSSILTOLICOM)
VY993 FOURMA [ (LHO» LoHSTI) DEY OF CW
GO TU mUU
Bt PRINTLIYH S LOTOLICOM)
VIYU FUKRMA[(JHO» LoHSTD Dy OF CL
GO TO nuu
byh PRINTYYHrS{GTO(ICOM)
H99% FORMA|(1HO ¢ 6HSTD DEV OF CN
G0 10 nuv
9596 PRINTHYY9LeS1u10(IC0M)
H996 FORMA| (LHO» LoHSTD DEV OF CY = +F15.7)
600 CONTIWE
c CALUULALIE AMPLIFICATION FACTURS
CALL AMPL {1oAKXU» AKZU» AKYU s AKMU » AKNU Yy AKLU)
PRINI Sule
3012 FORMA| (23HU AMPLIFICATION FACTORS)
PHINT 3013
013 FORMA]) (lHﬂnaQXZHKLo16x2HkM016X2HKN016x¢HKX;16!2“KV016¥2HK7)
PRINT 50430 AKLU»AKMU AKHLI» AKX s AKYU s AK 2U
3045 FORMAT(L1HO» «AMPLIFICATION® LO0Xr6F$8,.7)
PHRINT Juvu6
PRINT Syl6
C ERROR ANALYSIS UF DATA BASED OM 2 SIGMA ERRORS
PRINIyOUU
PRINTyyUL
YUQ0 FORMA| (LoHO THE 2 SIGMA ERROR HAND RESULTS IN THE FOLLAWING COEFS)
9001 FORMAL(HLHD 42 SIGMA COFF FIRST THEN =2 SIGMA NATA ARE PRESENTD)
N06LOLEREL Y
CEE TS
IFUIEh GT sl )Wamy,
CXT=CAT+W*SEGTO(])
C2T=CT+wWaSLIGTO(2)
CMTECMT+WAS1GTOL3)
CLT=CLT+wW4SIGTOY)
CHT=CIT+u*S[GTO(N)
CYTSCYT+waS{GTO(p)
PRINF 3002
PRINT Sulle CLTICMTICNTICXT,CYT,C2T
PHINT 3uub
660 CONT e
PRINI 30U6
PRINT 3yub
LINSLERTY
GO T (1u0ri01rds6l)eLIN
ol CALLEAIN
FND

tF15.7)

IS LTRA]

"

'F15.7)



TN

19
11

100

1us

SUBRUYT LIE VALPLUCTHE T o RAD ) XMP s PLOC :31.0C» THAT)

CASD-NBC=-77-003

CQMMOuINUZIANJoGJoARJOAJEoPOJoRJoTOJoTHRH.”STAHukﬂuI“ETloﬂFX!To

LLIMP LCULF

TELTHLE (OT TURNIGO TO LUV

PIE3S, 10BN

RED=L,

POMEFYJS LU4,

DSTARSSURT (AJE/ZARUS Y, /PLIE)

RHORHLE( (1 s ¥ (GJdm]l, ) /2, #XMUns2) 4 (=l o/ (GJ=14)))

BWUJF 2 (0,99=0,0000168TiRNs62) /(2,08 {GJe22) e (1.0=C05(TURN/

i 57,2958) 1)

XUL EmgzbuJF 7 ItHORIHE

XDLIM3ZH0RT (xDLIV2)

XDLIMEXUL IMg 1) 667

VCL e skaD/uS TAR

EXPON = (DULLINE/XDLIM2) 42

IF (LXPUNSGT,67%,0) 6O TO 2

FTHAT & EXP(=EXPON)

G50 TO &

FTHAT = 0.0

THAT S THETHREDRASINGL 0/XMJ)sFTHAT
{FLTHAT 6T TURNIGO TO 100

TCS0, 00 TURN

LFITC,GY.00,)TC2RN,

TITTTSPLE*TL/0,7%939

FTHLT = (CUSIPIECTHAT/TITTT))exi040

IF(THATLE.TC) GO TO %

EXPUNSH U048 THAT=T()

FTHETA 3 EXP(=EXPON)

FIHET = 0,042572+FTHETA

CONT Lk

POW=2,

DCLAINE S RAD/USTAR

IF(DCLINE O, XDLEIMR)LO TO 10
IF(OLLINE JLE JXDLIM3IOGO TO 6

FFIULLING «LE+XOLIMIGO TO 7

RHORA Sk THE [ %0 ,5# {t RHORHE /NCLINE+BGUF /NCLINEw%2)

50 TU I}

CONY Lk

POWsU,b

#GJF SHHURHE

GO 10 1ty

WHORATSHHORHE ¢FTHET#U 8¢ (1. /7 (SORT(DCLINE) 1 +1  /NDCLINE)
GO 10 1Y

CONT Lyt

HHORATSHOJF % (DCLINE 42 (=POW) ) « FTHE T

IF {RHURAT o G T  RHORHE ) RHORA TEHHORHME

AMPRSLI (247 (GJe) , ) s ({RHORATAR (Y ,=6GJ) Jwie))
PLOCSFOHRC (Lo #(GJml o } 720 4XMPR2) 22 G/ 1 Le=GU) ) )
BLOC2OJY/ 2+ $PLOCHXMP &2

G0 T0 ful
XMP=1 04,
PLUC2Y,.
at.oL=y,
RETUR
END

-
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SUHROUT L IE JeT(GAMN ARNyPOMOZ yFHO2) TEE » TEX s MNO 2 4 AN)
DIMEUS TuN Pm(S) s 2M15)COE (D)
CUMMULIZAZPOw s POWL s PRTTLIP?T
BEaL mNUZ
PM{l)=y .
PMIZ) =],
LIRS IS
14‘4’610
MNOZx) ,
DMz,
POWS(AMNEL , ) /(2,9 (GAMN=]L,))
NOLLLLF=Le L0
MNUZZIaNG Z+IM
\ASTS((0AMNEL,) /2, ) 2sPOw
AASTSAAS TOMNO2/1 (L o +U 56 (GAMN=], ) sMNOZ ¢82) s sFOW)
AAST=],/AAST
ML) =2mi2)
Mg azmid)
LML 3 ) ami02
PA(L)=PMI2)
PM2)=Pm3)
PMLS)=ARST
IF(AAST JUEAKN)IGO TO 112

111 CONfLiw,

112 CALL PARCEQ(PMy M, COE)
MEOESLOE (1Y #LOE (2) s AHRNFCOE( 3) sARN #2
AASTS(LOAMNEL ) /0, ) 22P0W
AASTSAASTHMINOL/ (UL o 054 (GAMN=] o ) #MNUZ ##2) ¢5P0W)
AAST=L ./ ARST
PHOZSFONVZZ 1 (L, 40,59 (GAMN=1 , ) sMNUZ3 22 ) s (GAMI/ (GAMN=] ) })
PQWRR, HFUW
PONLS(GAMN=L ) 7GAMN
PRTS(HHVE/PUNOZ ) «2POWL
PRT=) ,«PRT
TIZ(( 2o/ (GAMN L, ) ) #xPOW) %2, xGAMNS #2/ (GAMM=] ,)
PETSAN/AASTSPUNOZASURTITI*PRT ) %1uy,
TEXSTEE/ (1 oe+UeBx(GAMIm], ) ¥MNOZ«MNO2Z)
RETURN
END

SUBROUT JHE WUBICIXCe Yy ErJr XFA)

DIMENSTUN CLLUel)

COMMUII/ERROR/SIGrSTGMIR96) 1 SIGIN(306) 1SIGIMI30h) 1SIGTHI36)

C CUBIC CURVE LOUATION WHERE C(IsH)sSLARGEST VALUUE ALLOWED

X1sX

IF(X LT CiTep)IX12CL116)

IF(Xeul Cllon)IX1=C(IS)

SCLEp L) 4X2a(CUTp2)+X1#(C(T)3)4X1eC{Let)))

IFtJet. 11060 TO 10

X1=X

IF(XelT ClJdep) IXL1=C(Jr6)

IFIX 0l Cldrn))v1zCldes) .

YZYS (L o=XFAY eXFACICIUr L) +XIR(C(Js2)+X1#(CLJpI)+XLHCLI8))))
10 SIGSC(s 7V (L, =XFA)+XFARC(J)7)

RETUR

ENY
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SUBKROUTIHE PARCEO(Y,0»CCEF)
NIMENSIUN Y30, DU(3)s COIF())
CoumnwunGGlVey CULFFICIENTS FOR A DARABOLIC FIT

x4 = v(1)
X2 3 v(¢)
X3 = 1(3)
I I NVION
Oe = D)
03 2 L)
FACTUR =
AL H
Al =
A =
fag =
B2 =
B3 s
ci =
ce ]
CS =
COEF(L) =
COEFle) =
COEF(3) =
RE TUK
[2213)

XgoXIAX3 = X26XP¥X3 = X1¥XIeXI + X1ex24X2 + Xlaxiex3
X1sX1eX2

Xg#XIBX3 = X2HX2¥X3

X34 XLaX1 = XIAXFEXS

X1#X2uX2 = XQsX1nxl

Xg#X2 = XIJ*X3

X34X3 = X1aX1

X14X1l = X2%X2

*5 = X2

Xy = X3

Xe = X1

(DI*AL + D2eA2 + D3®A3)/ FACTOR
(D1*B1 + DgeBR + DIxn3) / FACTOR
(L1*Cl + D2+C2 + DIXCI) / FACTOR

SUBROUTLHE. LxFPAN(GsPTePIT 1 XMy THETNO, INIRN)
IF(PT,LEPIT)GO TO 3u0

TURNSY .
fls(om],) /G

G222,/ (G=1,)

GISSUKT IO+ ,)/(Gwl,))
GUISURT{(G=1,)/7(G+1,))

IF(PITEU.N,)60 TO §

XMEZSO T (G2% ({PT/PET)%%G1=1,))
X1SSURTLANEs%2=],)

TURNZYHT 29804 {G3kATANIGYRY1)=ATANIX]))
GO TV b
TURNZY) , ¥ (G 3=t , )
CONTiiwt

TURNL=TURN

XMEZXin
XL=SURT (XMExw2=l,)

TURNSH 7 s 29504 {G3#ATAN(GY* X1 }=ATAN(X]))
TURNZTURNL® TURN+ THETNO

RETURN
TURNZ [HE TNO
RE TURIy
FORMA ) (1HO»HF20,5)

END
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SUUROUTIHE THRIE,CXsCYrCZoCLICMI(N)
COMMOIN/ZERROR/STIGISIGH{206)sSIBIN(310) 1 5181M(3+6) ¢SIGTH(306)
COMMUILZUP/MOLOZU» NONOZUL + NOMOZUR » NS TARUR » OS FARIIL » AEXUL » AEXUR y
1RPMESUL s RMFSUIR 1 OXMOZU, DYNOZU) , 0 2ZMNO2ZU»
2XREUL s XKEUR » YREUL » YREUR» 2REUL  ZREYR
COMMOK/Z/UWN/INONOZD » HOIWOZDL + NONOZDR ¢ DS TARDL » DS TARDR s AEXDL » AEXDR »
LRMFSUL » RMFSUR 1 IXHOZ20 s HYHNOZD» 0ZNO2ZD
2XREDL » XKELR» YREDL s YREDR 2REDL, , ZREDR
COMMUN/ 9 LDE/NONOZY » HOMOZYL s NONOZYR 1 OUSTARYL Yy USTARYR s AEXYL s AEXYR
1 FMRYL ) FMRYR» DXNOZY 1 DYMOLY »DZNOZY,
2XREYL » xREYR» YREYL ) YREYR) ZREYL , ZREYR
COMMONSELT/MILR s PINF » TINK o ALPH JOPT» QT o HI » VINF, THRUST ) INEXT
COMMUIN/KREF/SREF »Cob o SCALE 1 XRE » YRE ¢ ZRE » DXNOZ» DYNOZ »DZNOZ » DXMOZ 20
1DYNULL P 200LL
COMMUN/NOZ/ AMIrGJ s ARV AJE»POUIRI» TOJ» THRN DSTAR AN THETASOFEXNIT,
11IMPLCUEF
REAL WOKOZU» LiONOZD » NONDZY » MONOZUL + NONOZUR » HUNO20L » MONOZDR » MONO 274 o
LHONOZ TR
REAL MINF
9 DO 7 Uzmie2
CTISTHRUST/WI/SREF
IFtLaiik 1160 TO 2
IFtJsev.RM40 TO 111
11 NONOZU=NONOZUL
XEXREUL
ysyrbul
222REUL
60 TO 11l
111 MONUZuUSHONOLUR
X2ARELUR
YEYREUR
22ZREUR
1111 IF(NOLLUER.0,) GO TO 8
CT=CT [ +HONOLU
DAzLX10cY
0Y=0Y1.0eU
N2=0210eV
GO TO 4
2 IF{1.e0.3)6u TO 3
IFtJdet, 2160 TO 222
22 MONOZL=NONOZLL
XSXRELL
Y=YREWLL
2=2reui.
G0 1o 2222
222 MONULZLENOMOLZUR
XS XRELR
=YREUR
222REUR
2222 IFINUNOCL.EQ,V.) GO TO &
CT=CT1«1ONOLD
DX=0Xr0)
DY=DYNOLD
DZ=02i0eD
GO 10 o
3 IFtJ.el.2)G0 TO 333
33 NONOZY=NONOLYL
X=XRETL
YSYREYL
Z=2REYL
GO 10 3333
333 NONUZY=NONOZYR
X=XRE YR
YSYREYR
752RE TR
3333 IF{NOLO¢YEw.0.) GO TO 5
CT=CTLeNONOLY
DXBUXNI0CY

A=-12
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NY=0YWOLY
0EsV2NoeY
CxX=al | oLX
CYs=CivuY

ClueL sl
CLE(L ey +CYS2) /b
CMSLLAke+C2aX)/CH1=1,)
CH=tLYax=CXaY)/B
GO TL &

CX=20,

cY=0.

C2=0,

CL=0,

CM=0,

CII=U.

IF(J.C‘.".Z’ w0 O &b
Cx1sCx

Cri=Qy

Clizte

CLi=CL

cMLiz(M

CNisCiv

GO 10 ?
CX2CXL+LX
CY=Cyl=LyY
Céntitd
CLaClLl=Ll

CM=CMy +0H

CHN=CH )=l

CONT e,

RETURN

f2ND
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RIGINAL PAGE
OF POOR QUALITY

SUBROUTIHE [MPINGIL/CXByCYR,C213¢ CLA ¢ LMH,CNA)

COMMOI/CONS f /PTE ) RADIANY GL o RL 160
1337M3N/bNP2/uNX(500IonNY(lno)oDNZ(SuU)ox(JOU)oY(SDO)-Z¢300)o5LOC(3
’
COMMOI/ERROR/SIG1 SIGMI206) 1SIGIN(3r6) ) SIBIMI306/1ST6THI306)
COMMUI/UP/NUNUZU» NONOZUL » 1IDNOZUIR 4 NSTARIIR» DS T ARYL » AFXUL » AEXIIR
LRMESUL » RMF SUIL DXNO 2L s DYNOZY , 0ZNO 21 s
2XHEUL + XKEUR Y YREUL ¢ YREUR » ZRF UL » ZREUR
COMMOIY/LWN/1ONOZD  NONOZDL + ONOZDR + DS TARDL ¢ DS TARUR » AEXDL » AEXOR
LRMESUL s KMFSDR 1 DXNOZD s DYNOZN 4 NZMOZD
2XREDL ¢ AREDR s YREDL » YREDR ¢ ZREDL » REDR
COMMOII/S [GE/HONOZY » HONOZYL s NONOZYR 1 DSTARYL s USTARYR ¢ AEXYL s AEXYR
1 FAR YL o FMRYI DXNOZY s DYNOZY s DZNN2Y
2XRETL ) XKEYR ¢ YREYL ) YREYR) ZRE YLy ZREYR
COMMOI/FLTZMINF ¢ PINF o TINF » ALPHY TOPT 4 QT oHT ¢ VINF  THRUST  THEXT
COMMUIN/REF ZSKEF ¢ €+ By SCALE s XRE » YRE » ZRE » DXNOZ, DYNOZ » D2HOZ 1 DXMO22
10YNOLL»UZNDLZZ
COMMON/NOZ/ XMJ s GJ s ARJY AUE 1POJsRU» TOJ» TURN/ DSTAR ¢+ AN» THETADEXIT
L1IMPYUCUEF
COMMOIY/LONTH/DELTER ) DELTEL + XELV ZELV XFLAI ZFLA,
1DELY

REAL NONOZU»NOUZD » HONOZY » NOWOZUL » NUNOZUR » MONOZDL » NOHOZ DR ¢ NONOZ YL
1HONOZ YR » HONGZ
DATAXFLAYEFLA/=37,9419,427 ¢ XELV e ZELV/=25,8%58¢11,554/7,CCC/,.N915172/
1900 FORMAT(110025508F14,6)
00 18001u=1,2
IF(LLMP NE,1)GO TO 180
C VACUUM pLyME IMPINGEMENT MODEL
GFACT=L,=01/20,
IF(UFACL.LEL0Q.)GO TO 2000
A DYMAMIC PRESSURE DECAY IS FACTORED IN 50 THAT THERE 1S5 NO IMP IF @
IS GREATER [HAN 20 PSF ON THE VACUUM MODEL
170 TCO=STHRUST/SREF/QI*GFACT
IF(L,E,L)1GO TO 1720
C PITCH UP NU¢ZLE MODEL
171 IF(IU,Eu.2)60 TO 1718
IF (NUWOZUL » s 0, ) GO TO 2000
YRESYREUL
XRESXKEUL
C2T=rCO*MNONOZUL
60 TO 1712
1711 IF(NURODLZUR.We0,.)GO TO 2000
YRESYREUR
XRE=XREUR
CZT=TLOxNONUZUR
1712 C2u=+,0yu864C2T
CXB=,00cbb®L 2T
CMBz=,000784C2T*XRE/C
CLbz=,13#CZ214YRE/B
CYB=+,002368%C4T
CHUB=+,0593«C2T*XRE/B
60 TO 1700
1720 IF(L.2.,3)6G0 TO 173
172 IF(10,Eues2)60 TO 1721
C PITCH Duwiv NO2ZLE MODEL
IF {NUNOcUL oW D, )GO TO 2000
YRESXREUL
YRESYHEUR
C2T==1COXNONOZLL
’ GO 10 1722
1721 IF(NOROZUFR Q0,160 O 2000
XRESXREUR
YRE=SYREUR
C2T3=1CUxMNONOZDR
1722 CiB==,27389%CZT
CXHz=,10709802T
Cru=w,01837+CLT

(2% ¢]
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CMHEZ+, Julbx 2TeXRE/C
CLUS», 20 2% 2T&YRE/
CHBz=, N 1u%T»CLTeXRE/S
GO 10 1700
L73 IFULIU,EWeR)00 TO 1751
C  YAW NOZewt MOfng,
IFENOWUCYL w1, )60 TO 2000
XRESKKEYL
ZRESINE YL
C2Ta=[CusNOIIOLYL
GO TV 17352
1731 IF(NONOZYR 00,160 TO 2000
XREIXKEY I
ZREZZKE TR
CLTs=|CUHONVLYR
1732 CXf3ze,D026H2L2T
Cebs=,U1nd4aC2T
CYUZ=,Yu0774CLT
CLHZ+,03477«C2T+2RE/bB
CMUS+,00873#C2T+«XRE/C
CNUS=, (1Y L34 ZT*XRE/ZU
GO 10 1700
180 IF(1IMP(NE.2)GO TO 185
C NO IMPINGEMENT COMPUTED
&0 10 2uul
185 CONTUL
C NEWTONIAN IMPACT IMPINGEMENT MODEL
IF(L ek, 1)GO TO 2
1 CONTINUG
DXNOZ=DANOZU
NYNOZL=DYNOZU
DZNOZ=13ENOZU
DaNOsc=l
NYNQZe=1,
NENOLL==1,
XRESXREUL
YRESYREUL
ZRESZHEUL
DSTAR=DS FARUL
AJESAEXUL
DELTAL=LELTLL
HONOZ=NUNOQZUL,
IF(lu.LT+2) GO TO &
XREZXKREUR
YRESYREUR
ZRERIREUK
AJEZhE XUR
D5TARZUS TARYR
DELTAL=UELTLR
[ONY e 2HUHWOZUR
GO TO 4
2 IFIL.£23)60 TO 8
D2NVLe=t
NDYNULs=1
DXNVZe=L .
DENOZ= 070
DYNOL=DYNOZU
DANUL=D&HOZ0
XRESXRE L.
YRESYRE UL
2RE=ZrEUL
AJEzAL XL
DSTAR=DSTARUL
NELTAL=UELTLL
NONOZzNONOZUL
IFllu,L1e2) G0 TO 4
XRESXREDR
YRE=YREUR
2REZZHEDR
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AJbSAg AUR
OSTARSDS TARUR
NELTALSULLTER
HONUZ=NUNG2UR
30 10 u
3 CONThwk
DANOLe=L s
DYNOZLSL .
DXNQ“:I .
DENU2DeNO2Y
DYNu£=DYNOZY
DXNQZ=DANOZY
XRESXKEYL
YRESYREYL
2REZZIEYL
AJEzALXYL
DSTAKSDS TARTYL
NELIALSLELTEL
HONOZ=NUNO2YL
IE (LU, L1+2) GO TO &
XREZXHETR
YRESYRIEYR
ZRESLRETR
AJESALXYR
DS TAKSDSTARYR
DELTAL=DELTER
MONGZSNUIIOZ YR
4 IF(NOROZ.LE,0,)G0 TO 2000
AJE=AJE/SGR | {NONOZ)
cxH=o,
Cyu=u,
CeH=o,
cLu=0,
s,
ChB=0,
C HEGIN CALCULATIONS OF COEFFICIENTS AND DERIVATIVES
P SREYTR{VES V)
630 I = 1u
XXIX2x(1)*SCALE
YYLYSY (1) *SLALE
¢ CURRECTION TO Niw VERTICAL CG
2212224 1)1 =¢,uB333)+SCALE
SLOCCz  SLOL(I)«SCALE*SCALE
ONXXLAZUNX (1)
DRZele=ungtl)
IF(IU.GI 23160 TO 28
IF(IUGE19)6V TO 19
C ELEVON UbFLECTION CORRECTION
IF(DELTALEWw.0.)60 TO 23
DELESLEL TAE/ 97,2950
HC=XELV4SCALE
EHCS(LELVHCLC®  YULIU) )»SCALE
GV Tu 2¢
C BODY FLAP CurRECTLION
19 IF(ULLUFEQ.0.)G0 TU 23
DELESVELUBF/57.29%4
XHCSAPLASSCALL
2ZHCRZ2FLAKSCALE
22 DHLESYRTUC  XOLU)*SCALE=XHC) %24 ( 2 (IU) «SCALE=~ZHC I %% 2}
XXLIX&AHC=NHL *COS(DELE)
L2127 +OnL»SIN(DELE)
C CORRECTION 10 New VERTICAL CG
22122e014~2,0B33345CALE
DNXXIXZDNX I TU) *COS(DELE ) +NNZ{1U) ST NELE)
INZLLe=UNZ LY =COSIOELE Y =PMX LIV xSTN(NELE)
23 CONTLlLJE
YWSYYLY
PG = HDNYL(T)
660 XB = xxlX / o

.':\,"16

CABD=-NS8C~77-003



CASD~NSC-77-003

XC2XX1X/0
yBsyw /i
ABSLLL2/Y
2C=¢l)2/¢
SHATIU=5LOCL /SREF
DXSXXLXwXRE
DYZYUmYRE
Dé=d212=2RE
DISTRHURTIDAx224DY %8 24D2¢¥2)
IF(OILT,60.0,)60 TO 11%0
IFtDL R0 )LO TO 6
IF(DU20e24G1,0,)G0 Ty 1150
GO0 TLO 7

6 IF(D2N0ZZ.LT,0,)GO TU 1150

7 CONTIhUL
DXTOT=0X/D157
DYTUT=DY/CIST
DETOT=4/0 5T
CLTASLXTOTrUXNOZ+DYTOTXDYNDZ4+0ZTOTHOZNOZ
THE [SACUS{Ce TA) *RADIAN
IF{THET GE + FURN)IGO TO 11%0
CALL VALPLU (THET+DIST» XMPLUMPLOC)QLOC» THAT)
DXTUTH = =bXTOT
DYTOTP «~DYTOT
D2TOTP = =04TO0T
IF (THAT.EQ,THET) 60 TO 1In

FINO LIKGCTIUN COSINES OF NEW JET FLOW DIRECTION

X1 = 0Xu02

Yl = DYwOZ

21 = D21oL

e = 1.0/CETA

Xe = DRxDXTOT

Y2 = D2»)YTOT

22 = Da2s0270T

S = SORTU(X2=XL)*(X2=X1) #(Y2=Y1)&(Y2=Y[)+(22«71)%(22=71))
Dxs = (Xe=X1)/S

pYs = (Y2eY1)/S

DZs = (Z2¢=23)/5

53 = TAW(THAT/RAUIAN)

X35, 2 X14S320XS

Y3 = Y1+53%DYS

23 = 214435025

n3 2 1.,u/COS{THAT/RADIAN)
DXTOTH = =X&/03

DYTOTr = =Ys/03

DLTOTE = «25/03

10 CETAZ2 = UXI0TPaDMXXEX+OYTOTP*ONGHDNZTOTP*DNZZ12

PLZF=r LwF*14y,
lF(Ch]A‘.LE.U.)GO TO 1050
CPLOC = (GU+3,0)/7(6U+1,0)#(1,0=2,0/(XMPLUM«XMPLUM¥{GU+3.0)) )¢
1 CETA2xCETA2
60 TO tusl

1050 CPLUCSCETAZ2/ XMPLUM/XMPLUM/ 1218

1051 CUNT Wb
PTJJSFLLCHALOC
PTINFzPLLF+YL
IF(PTIJJLLT.PTINFIGO TO L1150
IF (WLOLWLT.140) GO TO 1150
CPLUCS(CPLOC«ULOC+PLOC=-PIZF) /Q1
IF{CPLOC.LE.0)4)G0 TO 1150
DELLP ==L PLOCXSRATIO

L1008 DELCA=DELCP4DIIXXIX
DELCY=DELCPADNQ
DELCZ=DELCPRDNZZIZ
DELCL=DELCZ+YB=DELCY*2B
DELCMzDELCX#Z2C=DELC2%XC

A-17



1150
1500

<luo

1700 IF4EIG,GT.1) GO TO 1750
C LEFT SllUe UATA LAVED

DELULNEDELCY 4 XB=DELCX+YB

CxszLxn+UELCX
cYBECYH+UELLY
C2uaten+VELLZ
cLBsCL3+DELCL
CMHsUMH+UELLM
CHEsCHLB+DELLN
CONT Ll

CONT Lt

GO TO L1790
CXH=0,

cyHzu,

Cinv=0,

CLB=U,

cMB2Y,

chh=0 .

CXBLSLXE
CYBLl=(YY
(F 13 14T
CLBisLb
CMB LML
CHNH 13l
60 TO 140L0

1750 CONTLaIk

C LEFT SE0E AUDED 10 RIGT SI1DE NATA

1800

CxB=LARL+CX
cydstyny=Cyn
CZHSC L1 +C 2
cLB=CLH)=CLY
CMU R int) #CMY
ChB=CivH ) =CNy
CONT UL

RETURN
EWY
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SUBKOUTIHE NPUTTLEL)
REAUS INPUT DATA

DIMENSIUN KHOZ(OH) o TOCIR) v ETDUIN) yFK (50 ) o XM 54 )
REAL 1WONVZV ) HONOZD Yy NONOZY 1 HOHOZUL » HONOZUR » HIONO ZDL « NONOZDIR # HHONOZ YL »
1HONUYR
REAL MInF
COMMOIi/CONST/PIE/RAULIAN,GI )R] 460
CUMMUN/GRP2/7UNX (300) »DNYL3IDN0) »ONZ(30U) o XE3NU) 2 ¥ (300} 2(300) ,SLOCI2
100)+0
COMMULIZUR/ZHONUZY e NONOZUL » HONO Z21LIR ¢ DSTARUR» OSTARUL » AEXUL + AEXLIR »
LRMESUL o RMFSUR 2 DXNO2U» DYNOZU» U ZNOQZULy
2XREUL » XREUR » YREUL » YREUR » 2RFUL » ZREUR
COMMON/ZUWN/IONOZD o HONOZDL 1 NOHOZDR ¢ DS TARDL » DSTARDR » AEXCI. ¢t AEXOR »
1RMFSUL » KMFSUR 1 OXNOZD »DYNOZD DZNO LDy
2XREUL ¢ XKEDR ¢ YREDL » YREDR» ZREUL » ZREDR .
+ COMMOW/S EDE /NONOZ2Y » HUNOZYL ¢ NONOZYR s DSTARYLIUSTARYR e AEXYL » AEX YR
1 FRYL o FMRYRy DXHOZYDYNO2Y»O2NOLY
RXREYL o XKE YR YREYL o YREYR» ZPEYL 2 ZREYR
COMMOLIZELT/ZMINE s RPIHE y TINF o ALPH TOPT (3] o HI o VINF , THRUIST » TNEXT
COMMOIy/IEF 75REF »Co By SCALE ¢ XRE » YRE ¢ 7RE o DXNOZ , DYNOZ ¢ DZNO2 »HXNOZ2»
LOYNUZ 1 LENOLL
COMMUL/ZH0Z/ AMJ 1 GJ e ARJP AJE 2 POUSRUS TOU» TURN I DSTAR AN+ THETA DEXIT
L1IMPUCVEF
COMMOIV/A/POW FOWL s PRT I TLP2ZT
ggMM:N/LONTN/UELTER'OELTELvXﬁLVbZELV:XFLﬁtzPLAQ
1NELY
HAMELLST/ZIN/GJr ARJIRJI TOJ1DCOEF s UEX Qs THETA,SCALE »PUUSAy
LTHAF TU THAFTO» THAFTY s THOUTU THOUTD » THOUTY » 1 IMP,
2NINVZUL, r XREUMe YREUM ¢ ZREUM» MONOZUR » XREUS » YREUS » ZREUS »
3NUNGZUL » XREUM» YREDM ) ZRELMMOMOZDR ¢ XREDS » YREUS » ZREDS »
BHONOZYL » XREYMs YREYMs ZREYMo HONOZ YR ¢ XREYS » YREYS ¢ ZHEYS « NOZNOD
NAMELAST/FC/MINFsPINF s TINFoALPH IOPT O LyHE s VINE » INEXT
1yOELTER Y UELTEL»DELOF
DATA RHOZ/310329 3303403503690 37138+60¢61 043048046, 47988,)49,50952)
1 519459820 78¢79¢98:99:82/+839B1985054+10009699799%5/
DATA TD/Z3%0,09281h%0,082:7%0,0U651440,06712%0.n06%5910%0,N67,
1 3»0,u3071/
DATA D/ 3%0,0999530,087814%0,12993%0.11704¢0,10n1302%0,129,

1 10%0,1813,3%0,136A/
DATA FK/5*0,00792) 0,00266H0000627,0.00261+0,003»
1 Ge0027+04002490,0022190,002550,00245,0,00222,2¢0,00237,
2 UeNUUOe0,104L200,0086¢0,00%05,0,002090,00237:0,00u4%,
3 2%0,00460 0, 0085, 840,00852,0,0084300,00u52

4 ,0013Lubr00012258,,001647/
DATA aM/2%1,46691,47215%2.584 423,635 3%3.U42b0423,047+2¢3,A35,
1 1083, UlT7 el 172081720001 72/
DATALU/ L« 370 TOW/UBT I,/ 1 PUJSAZLIBR2,/0ARUZ224/ 1 THETA/ L2/ DEXTO/,R013
170 THARTUZU /s THOUTU/Z 0o/ s THAFTO/ =124 /9 THOUTD /=204 /¢ TRAFTY/Z0 4/ » THOUT
2Y/04/ 1 XREUM/ =387 69/ ¢ XREUS/=~57, 0971 YREMNM/=37,69/ ¢ XREDNS /=37 .69/
AYREUM/ =114/ 1 YREUS/ =11 ./ YREDM/ =0 ,25/7 9 YRENS/=0,25/ 1 YREYM/=12 ., U46P% /7,
BYREYS/=1248625/ 1 2REUM/ =G4 Bbh/ 2 ZRELIS/ =0, 865/ 1 ZREDM/=H,U17/27RENS/ =K
Settl7/712KREYN/ 27,003/ 14REYS/~T,003/¢RJZ7%47 1 XREYN/ =37 ,69/ 1 XREYS /=37,
669/
DATAULLTERSDELTEL »OELBF/040 0,00,/
DATASKHIF 1C00130/2690,9 39,579 7B, 01535/
DATA UCUEF/1.0/
NATANLZNO/ O/
T L T T Y T IMPUT DEFINITIONS FAFRYPE KR RRE A REARAKRERSF R R NR S
ALL GEUMeTKY DATA MUST BE INPUHT [N FULL SCALE wiTH UNITS OF FEET
ALL DATA % SPECIFIED TO A MOMENT REFERENCE CEMTER ATy
XCG = 1076.7
YCCG = 1,
2CG = 375,
FRUM THE CENTER OF GRAVITY, X PCSITIVE FORWARD.
Y PGSITIVE TO THE RIGHT, 2 POSITIVE DOWNWARD
ALL DATA HAS SIGhS FOR LEFT SINE RECAUSE THE PRUGRAM DOES ALL COMPUTATIONS
ON THIS 51Uk ANu CORRECTY TO FIGMT SIDE
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CARBUBOESRSALASINAEAEERRRASRNSRIERP RN R PP NRB RO RO R UBRR g d e RP RN PP RN NAR AR ABINES
FORMATTED LINPUT

c DNXy CHY» Diid ARRAY OF NIRECTION COSIMES QF THE FLAT PLATE
c SIMULATION AHEAS

< Ar Yo 2 ARKAY OF CENTROIDS OF THE FLAT PLATE SIMULATIAN AREAS
C SLOL ARRAY OF LUCAL FLAT PLATE SIMULATIUN AREAS (51 FT)

C NOTE THe UNUER UF FLAT PLATES IS INPORTANT THE FIRST 1A ARE LEFT ELEVON
C UPPER SURFALL
C THE NEXT & ARE UPPER LEFT SUFFACE OF THE HODY FLAP

oy R A T T AR Ry Y TR S P LR S A R T 2T 1
NAMELIST [ (NOZZLE DESCRIPTIONS)

PUJSA
Ry
QCVEF

nHun

HOMNOZU

NONQZu

HONULZ Y

SCALE
1impe

L2 XL AL L X4

ALPH
MINF
PINF
TINF
al

HI

VINF

OO0OOO0ONCCNO00 AGAONAONANOOOCOaOa0NACOONACCOOAOANOOOOOOO0N

10T

XREUM
XREUM
ARE M
YREUM
YREUM
YREYHM
ZREUM
EREDM
2REYM

NOZ2LE  DeSCRIPTION

DEXIO = FULL SCALE EXIT DIA IM FT #& DEFAULT VALUC = .8013 FT
MY = NULZLE EXPANSION RATIOQ *& DEFAULT VALUE = 22,
THETA = (O¢2LE EAIT ANGLE IN DEG 4% DEFAILT VALUE = 12, NES
6J = EXIT GAS SPECIFIC HEAT RATIOs* DEFAULT VALUE = 1,3

100 = NOg TOTAL TEMP, IN DEG RAHKINE QEFAULT VALUE = 4A73,
¢ TOTAL PRESSURE IH PSIA DEFAULT VALUE =1%¢.
LXHAUST GAS GAS CONSTANT #x DeFAULT VALUR = 7%,
wd¢ DISCHARGE COEFF PDEFAULT VALUR = 1,00n
HOZZLES CAMT ANGLES IN Xe2 PLANE ARE THAFTH FOR U NOZ » THAFTD FOR NOWN NNZ

AND THARTY FOK YAw hOZ2

NOZ2LE CANT  ANGLES Il Y=2 PLANE ARE THOUTU» THOUTD. THOUTY
ALt DEFAULT VALUES ARE 0., EXCEPT FOR THAFTI) = =12, AND THOUTD = =20,
NOZZLE LOCALLION DATA IS GIVEN BY THE VARIABLES XREas«  YREww)ZREww

THE FIRST = 1% U FOR UP » D FOR DOWM OR Y FOR YAy

THE SBLUHD = [S
DEFAULT VALUES

M FOR LEFT SIVUE DATA AND % FOR RIGHT SIDE DATA
SXREUS = =37,69

AREDS = «37,69
XREYS = =37,69
YREUS = =11,
YREUS = =9,25
TREYS = «12,4625

ZREUS ==9,A64
ZREDS 2«5,417
2PEYS 2=7,003

Ut uunniy

HUWMUBER OF UPWARD FIRING NNZZLFS (CAUSING PLTCH )
OPLKATING I[N A SFT

NQNOZUL = LEFT SIDE  HNONOZ2UR = RIGHT SlbLe

MUMHER OF UOWNWARD FIRIMNG MUZZLES (CAUSING PITCH NOWM)
OPLRATING IN A SFT

HONOZDLS LEFT S510E

NONOZLUR = RIGHT $10k

NiHER OF SIDEwAY FIHING MGLZLES (CAUSTNHG YAw)
UPERATING IN A SET

HOHOZYL = LEFT SILE NOMOZYR = RIOHT S10E

SCALE FACTUR FUR THE FLAT wLATE STMULATION DATA
CEFINES THE TYPE OF MATHEMATICAL MUDEL TO BE YSEDs

nun

1y USE THE EMPIRICAL IMPINGMEMT MOUEL,
29 NO IMPINGMEWT MODEL USED,
3¢ USE THE SEMI=EMPIRICAL IMPINGMENT MONFL (MODIFIED

NEWTONIAN PRESSURES PLUS VACUUM PLUME MODEL)

NOZNO S NOZ.LE CODE NUMBER IF WT TEST RESULTS ARE TO PE COMPUTED

B R Iy e N M LTI
NAMELIST FC (FLIGHT COMNDITIONS)
ANGLE OF ATTACK (NEG)

FRek
FRLE
FREE
FRLE

STREAM MACH MUMHBER

STREAM AMBIENT PRESSURE (PSIA)
STREAM AMBIENT TEMPERATURE (DEG R)
STREAM DYNAMIC PRESSURE (PSF)

ALTLITUGE (FT)
VELOCITY (FPS)

DELTER = RIGHT ELEVON DEFLECTIO =~ TRAILIMG eDGE 4P
DELTEL = LEFT ELEVON DEFLECTION =~ TRAILING EDGE UP
DELUF = £0UY FLAP DEFLECTION = TRAILING EDGE UP

DEFINES THE FLIGHT COMDITIONS BEING INPUTTED,
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c
c
C
¢
c
C
[
c
¢
c
c
C
c
C
C

CASD-NSC=~77-003

2 Lr MACH NUMBER, ANGLE OF ATFACK (DEG) AND ALTITUDE (FT)
ARE, IMPUTTED.

2 2» vELOCITY (FPS), ALTITUDE (FT)s AND ANGLE OF ATTACK
(LEG) ARE INPUTTED,

3 UYHAMIC PRESSURE (PSF)» ALTITUCE (FT)s AND ANGLE OF
ATTACK (DEG) ARE INPUTTED,

by AMUIENT PHESSIRE (PSI)y TE“RPERATURFE (DEG R) s MACH
NUMKBER AND ANGLE OF ATTACK (NEJ) ARE INPUTTEND

TEXY LEF INES CONTENT OF MNEXT SET OF DATA,

1o ALL TYPES OF DATA ARE TU RE INPUTTED,

?» NOZ2LE DEFINITIONS AND FLINGHT CUNDITIONS (MAMELLISTS IN
A FC) ARE TO BE INPUTTEN,

3¢ FLIGHT CONDITIONS ONLY (NAMELIST FC) ARE TO HE
SHPUTTED,

= He NO MORE OATA WILL HE READ IN » PROGRAM STOPS

"N [1}

{3

CARBNURRRBR AR AP RE RS ERR RN S IR ERRNB SRR R AR AN G g AR RN CE kbR kS e R e SRR ER

1

4080
120

IFCIlMEeddw0 TO 2
CONTLvE

FORMAT (BE1D.)

J=0

J2J+)

1=J

READ (5920R8y) DNXUIYoDNYUI)Y pONZEI) o X (D)oY (L) e 2(1)»SLOCIT)
IF(ONACL) 28 T4141)G0 TO 120

NENES]

RE TURN

IFLL1L.Ewedlu0 TO 3

PEAD (G IN)

IF(IIMP LE.0) LIMPZ)

IFLLIMP,GT  3) IIMPES

IF{SCaALL,EQ,U,)SCALESS,

TATAR | =TAN(THAF TU/RALIAN)
TATOQUTSTANCTHOUTU/RADIAN)

DENULEw] o *CUSTATAHISQRT(TATARTH# 24+ TATOLI[4%2) ) )
DANUZLzw L s *OLNOZ*TATAFT

DYNULE=) » *DeNUZS TATOUT

DXHUZU=LXNOZ

DYNOZU=DYNOZ

NeNOLuzLLNOL

TATAR {=TALUTHAFTO/RADTIAN)

TATOUT=TAN{THOUTD/RADIAN)

DENULL 1 o *COSIATANISURT(TATAFT*224TATOUTA22)))
DXNOZ=+L o #DLNOZ#TATAFRT

NYNOgz+L o $DcNOZRTATOUT

NXNOZu=LXNO

UYNUZLU=DYNOZ

D2ZNO2L=UZNO¢

TATAF AN THAFTY/RAQIAN)

TATOUI=TAN(THOUTY /RADIAN)

DYNOZ=wl s #COSIATAN(SURTITATAR T3 2+ TATOUT®*2)) )
DXNUL==) , $DYNOZRTATAFT

NZNULz=) +*OYNOZRTATQUT

DaNOZY=LXNOZ

DYNUZYSDYHOZ

NZNOL y=ULNOE

GHASGY

IF(NULIIVLEN,0)G0 TO 2222

HaNGLHO

C COMPUTE ULSLHARLE COEF FOR TEST NOZZLES

100

XMIsMEtF

POJZPLJSA

MO100K=1, 30

K2sK

IFINLLURNOLIK) GG TO 200
CONTInUE

cr=i,

GO0 T 2222

QU0 IF(PLULEN,)POY=164.43

A-21



CASD~N8C~77-003

GJ 2 1w

F 2 2:U80JGI/ (GJY=L1,0)

Fi 2 (2,07106041,0))80{(GJ+L,0)/7(GU=1.0))
[»}3 s TD(KQ)

;] 3 & ED(Ke)

FK1 3 FKi{x2)

XMy = XMng)

AY 2 07854307 #DY

AY S Ve 78042DESOE

(4T S POUS{L,08{GUm1,0)/2,08xPJaXM ) ndlm] 0/ (GJ=1,0))
Fe S LoU=(PN/POJ) #n( (GUm],N) /BJ)

FS s BURTIFsFLeFQ)

lF‘XHLQLUQDO’lesloo
Pl Q1/G1#2,0/XM]/7XMLZ104,0
lF(Hl.LU 0s)PI2,N28336

ct 2 (FRI=AJ/POJE(PN=PT 1))/ (AT+FS)
2222 CONTinlik
DCURFECY
lF(ULutr.LE.u.)DCOEF-l.
GNRLSA

C ADJUST CHAMUER PRESSURE FOR DISCHARGE COEFFICIENT
PUOJEPUJSARDLUEF

C ALL DATA ;9 HESCALED TO MODEL SCALE

c SREF REFLRENMCE AREA (SA FT)

SR&F:5R0F¢59ALLwSCAL&
Wline SPAN (REFERFEMCE LEHGTH) (FT)

P:uUtbCALE

[ MEAII AERODYNAMIC CHORD (RFFERENCE LENSBTHMY (FT)
C=C0ayCALE
DEXLIT=0uXI0esCALE
AREULSXKEUMaSCALE
XREURSXRENSaSCALE
XHEOLSXREOMASCALE
XREDRSXHENS+SCALE
XREYL=XREYMaSCALE
XREYHESXREYS+SCALE
YREULZYREUMxLCALE
YREURSYREUSeSCALE
YREDL=YRECMayCALF
YREURZYREDS«SCALE
YREYLEYhEYMaSCALE
YREYRSYREYS#SCALE
ZREUL=ZZREUMAGCALE
ZREUKSZREUS*SCALE
CREDLAZKEDMOGCALE
ZREURSZHEL S~ CALE
b viLzAntYd LCALE
ZREYREZKEYL#SCALE

33 CUNT Lt
AJES 754 +DEniTen2
RE TURE

3 CONTINUGL

. REAU(neFC)

IFCINEXT sLEJO) INEXTSY
TFCINEXT oOT ou ) INEXTEG
IFCIVRT LE0) IOPT=G
IFCIORTE ) LOPTSY
Wit TE (e §N)
ARITE (Ao FC)
RETURN
EillD

[ B o ]



SUMKOUTINE LUTERETT X80 CYR,C 200 CLA, LM, E1R
¢ COMPUIES PLiE INTERACTION COEFFICIata

DIMENSTON RATIO(3)

COMMUIN/F LTS/ CZIDLALYUS ) oCATOLILO,T7) sCH v
L CHIUL 110070 CYIDLELUS7Yr CLIVE 1RV 7] o CATYLL Lo y)cEptb tmame
e LLHLHWH.CMVLHWN’CYIYL(M)J)oC)lUH(unﬂot'Awuun.n,
3c83$?g(;?'7loCLlUH(IUO?)oCNlUH(;D,?),cy[nHllu,y),
*
COMMULZUEFLECT/ZCLP 30N, 7)o C2ZPID AN T »CMPIU L0 T 1 CAPBO( L0, 7Y,
CZPIUCL0s 7)o CLRLOCLIO 7o CMPIN(INIT) s CAPLO(L00 7 CMPR(10,?
RY1CLPBLIUI T CMYLOC L0 TIaCAYLG L0 7)o C2YL0(L02 7D CLYLIOILIN,7)
3C2YIVLLV» 7Y HCAYIOCL007)2CLYIVCLUTICMYIDLIY7)
CUMMUH/ZLOMP/ I1C o LC» ARAT ) RMFSDy FMRY
COMMOI/CUNST/PLE»RADIANIGTR]I GO
COMMOI/ERROK/S1Ge SIGMIRe6) o SIGINEZ10) 1SIGIN(IIR) 1 STGTH{306)
COMMULIZELTZUINF yPIHF » TINF e ALPH JOPT»wl oMo VINF , THRUST » INEXT
COMMOI/IVL/ AMJ 1 GJ 0 ARV AJUE 1 PO Ry TOUy THHM s DSTAR S AH e THETACDEXITT
LIIMPLCLTF
COMMUI/ZA/POR ) POWL s PRTI T4 P2
COMMULI/ZCONTR/ZVELTER 2 DELTEL s XELV e LELV o XFLA ZF LA,
LDELBF
COMMUI/UP/NONUZU ) HOHOZUL ¢ HONOZUR ¢ DSTARDRp DSTARL » AEXUL » AEYUR
1RMFSUL » RIFSUIYUXNOZU» OYHOZU» OZNOZL
RQUREUL » AKEUR) YREUL » YREUR» ZRFUL » ZREUR
COMMOI/ZUWN/NONOZD » NONOZDL » MONOZUR Y DS TAROL » DS TARDR » AEXDL » AEXDR
LRMF SUL » KMFSUR P DXHOZD » DYNOZD, DZNO 2Dy
2XREVL ¢ XHEDR ) YREDL » YREDR ¢ ZRF DL, 0 ZREDR
COMMOII/S TDE/NUNOZY ¢ NUNOZYL NONOZYR 2 NDSTARYL  DSTARYP s AEX YLy AEXYR
} FMRYL o MRYRy DXNOZY DYMOZY» D2HOZY
2XREYL s XHEYR) YREYL o YREYR ) ZHEYL » ZHE YR
REAL NONOZU ¢ NONOZD » iWONOZY s HONOZUL » HOIHO ZUR « MUNO 70L » NONO2DR » HOHOZ YL ¢
LHONOZYR
REAL MINF
et LwesDL I[85 PITCH DOWN LEFT SIDE CURVE FITS
keenk PITLH DOwiy LHDEPENQENT PARAMETER !S5 MOMENTUM RATIO
sannrkasnar (oeyH 1S PITCH UP RIGHT 7% £ DATA CURYE FITS
kkkkk PITLH UP [NDEPENDENT PARAMETER 15 MOMEMTUM RATIO
apkknannse  Ceeyl IS YAW OATA LEFT SIDE CURVE FITS
*uakn YAW LHNDEPeNUENT PARAMETFR IS MASS FLOW RATILO
Bkt Cmmwmn(lr)) TO Comse(f,4) ARE COEFFICIEMNT S O A CUBIC CURVE
CronanComme(],5) 15 MAX VALUE OF X FOR FIT
Ceanex Cllev) 15 MIN VALUE OF X FOR FIT
Coxvin Cmema([r7) [S STC DEV OF FIT
C ALL CURVES ARE FITTED IN % DEG INCREMEMTS
C #ux%s LINEAR INTERPOLATION IS DONE ON ALPHA
DATACL2I0LEL» 1)1 ISL0 7)1 /240035781785, +1,3252434,1,R262287¢040
1 150041000721/
DATALCALIDLIL 1) »IZ197)/,008119224,=,572819489¢2,255%h6392,052706¢
L oilssQlbreundl7?/
DATACCMIULLL L) o 1280 7) /= N02616T76400 979602799 =3,RB577R3004 ¢
1 12600, 40035239/
DATACLLIDLIL L) v IS17)/7.00804506))=,106050000r=,862314,11.8A1382,
1 10,0050 ,000866/
DATA(LNIDLH'I)H:lc7)/-.000-“0.0().'0.'.1010.!.000965/
DATACCYIOLILo1) o I=1+7)7,0020493900+.59%50R919,=3,35693275¢0.4+
1 00900.00005000“/
DATACLZIDLIZs D) o 1280 7)/=a 00091270279 =),1969597+1.170573%,0,,
1 o1300,9.000081/
DATA(CALIDLEZ 1) 2124071/ ,006759338311=,5785186¢2,6AN685751.546073R0,
L o Jie 2020 e 02732/
NATACCMILUL Gy 1) o E=14 20 /= 00170707110 s RUULI96879=3.090861710.s
1 ol.')vu.s.ﬂﬂdsb?/
DATALCLIOLIZ) [ o I2207)/7,000202%3820=,13077100=1,25U691917,81R271
1 -10'.0025' .U()Uba‘!/
DATALCHIDL(ep 1) o133 7)/=o 002500, 00040100040 ,0NNAUYL/
DATACLYIOLEQ ) 2123, 7)/7.,0081703501 6273020769 ~1,502553340,9
1 09y, 00cy82/
DATALLZIOLLS 2 1) o 120 71 /= eBN3UL180T750e, 737010 ] 4= OOTHAT 64, GUTQA2U
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aL PAGE B
O oo, QUALITY

1 1380000007/

DATACCALIULEIS 110121070/ .006059158)%,20FubY99 3,uuT76039=2,4259449h
1 J1le,uidrevuendl/

DATAILCALUL IS L) s 12807} /72 ONEUBAST TS o TGLIDRGZ s s TB02DU 700100
1 s13000e0e0UQUUS/

DATACLLIDLGao ) 21200 7) /=0 000099087037 )=, 3797 19A0 0 632218100040
1L 340y, 000708/

DATALGIHIDL (30 £) 01230 7)/72,00130227640=,u0403910000 43100883300,
1 +0ur0yre00vONBBY

DATALLYIULES)£) o 1200 7) /7400409155500 210717791502 ,5291951N0 0040
1 s1cou,r U090/

CATALLZIVLEns 1) o300 7)7,000059088 )= ,04%0800,=0,505167)43.737769
1 olcruared0B3VS/

DATACLALUL 4o §) 131071/ 4006352837+%i2110206002,079227492,4R22579
1 L1000 UlSre0ugdUY

CATACLALUL (4o b ) s 1210 7) /=0 00UT390uTR21 0 7186097 =2, 30442300,
1 lbgrUer e 00109/

DATA(LLIWLGG» 1) 2012010 7)/=,0080200480w,125609709=,0%50961137,+4,309143
20020040 00UY 34/

DATACUNIOL (e 1) 0 15307)/7=00032290902,=,022937711¢41217897240,0
L JLlUrU 1o U0ULATY

DATACLYIVL LG L) 1210 7)/740080304130607 4270407590 =, 459058541049
1 JléruersOLu2?/

DATALLZIULID 1) 01310 7)/7=,00201811+=:5659981=5,1390405)36,014229,
1 1&drUeroUNDRDG/

DATA(LALDLID D) #1230 7)74001508U9, =, 58329, ,3347143010,74809,
4 U9 LU eOUI00Y/

DATALLMIULIS s E) 21280 7) /700107426387 ,034430721=2,6484171+040
1 0’2'0-0000‘10“/

DATALCLIOLIL 89 12207)/=000109389=03077901,278171=2,6..3793»
1 sleruer e U0UTVY/

DATALLHIULED 1) 0128, 7) /2400050734931 =,076025901,5124891=9,0837746,
1 «04suyre0NUT1R/

DATALLIIVLID 1) 412007074 00403908T7000 424 18AB0L 1= UDBL30L2040
1 Jl2ruer 00079/

DATA(LZIDL 0o 8) 2200 7) /=4 001091599~ ,862021r=,1472361418.8158400,
1 J120u,0 4007080/

DATALCALDL o 1) o I2107)/=0000€70283520=,4415001512,0930306+0,,
1 +1U00U, 0003015/

DATACCHMAOL (oo £) 11510 7)7,001228603879,767972731=3,725938000)44
1 Jd0ruere0GcoUR/

DATA(LLIOL Gs L) 11210 7)/7=,001105803539=,22933375,1,3295553904¢
1 0900, 0000705/

DATALLNIVL e 1) 21210 7) /= 0000AUT360=,1035783+2,0792968,-12,055484,
1 «0%eU,re00UBY9/

DATACLYIUL el Y o 12307) 7400302984200 , 31232898 0=1 ,5U44569300 40
1 JlUry,rUflcdun/

DATAILZIDLIT7 1) o 121,71 /74000993839=1,01156105).4592628+25.100138)
1 oillruereUivgly/

DATACLALUL (70 0)012107)/=40010409700=:412010391,255279:5,7304101 3
1 +1Ueu, 04002500/

DATACCHMIDLET701) 21210 7)/=00012751u669,6881630189=4,2850108904¢
1 210100 r 0022308/

DATAGLLIDLIT7 0 1) 901210 7)/7=,000811731290=,2537053001,4591H24049
1 nuglUQOIOOUI‘)l/

DATACUNIDLG7 9 3) 01239 7) /=0 D00UL32361 0= 103201212,027771=11,610U639,
1 +0490u,0e00102%/

DATALLYLIOLET7 o 1) 21200 7)/7400337070260,333457381=1.01590871049
1 nlUlUcllUU‘ébu/

DATALLZIOL L L) o IS107)/7.00209837349=1,037177001,1600121/919,727744,
1 12rusrellugio/

DATACCAILL Lo 1) 0121471 /% 0N1038L721=.4L08219+1,706198,3,833255,
1 JlUe0er00c1BYL/
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URLALLHRUL G e L) g E2Le £) /750Nt TOLA0US S s o 190ABHRUSrml 1 T SENTri e

1 41000es 00110/

DATACLLIDLLG 1) o 121071 /=0 0003700660 = 300714492 ,43285R8061=6,R46879
1 120040000739/

DATAICCHIDL Cop L) o 121971 /= o O0UDG123667 0=, J296327+12.516G21=14,102086,
L o04r0er0012008/

NDATACCYLIDLIS 1) 91210 7) /7400299633530 ¢ JQAREIRFL1=2,4RT 37670040

1 0% ruersU0NQULLY

DATALLEIULI s} 91204 7) /=4 0N0GENBEIr = HOUBRAS ) =8, B0230672A3,41719s
1 +09500,0401889%/

DATACLALDLIY 1) o 1219 7)/=,0022301001r=0512603093,54090R¢r=7,7873735
1 .12e0,0 0002638/

DATAULMIDL (99 0) 0125020/ .0N08616677619.971287709=4,%3099%60004¢

1 4109904 2.002Uu72/

DATALCLIOL Yy L) o 1219 7)/=40006685U65¢=,287001602,109604,=5,.080RAR23,
1 s120U40 4 00UB2UY

DATACLIIIDLEYs L) s 1230 7)/7,000138920,=,150833612,7970658,)~14,702663»
1 .UZ:U.HUOL&Z&/

DATA(LYLIDLEY [} g 122072 /7,002U5420231 445R3A3IBr=2,5668342:040

1 «090U,r,0023522/

DATAILZINLLLO» D) o I=097) /=4 000560136878,y =,98676705:004237R887+04+

1 012'Uo'c"20755/

DATACLALDLLLO D) o 1387} /=0 00185607 9=,4006227:1,847751,2,1262R78,
1 1000404002307/

DATACLMINDLILO P L) 1121971/ ,00055591734,93723010,=6,1921034+0,,

1 .1100.:-0021b$/

DATACLLIOLELY L) 9o IZL e 7) /=0 NO0BUTEIT 1=,293641892,0105139=4,%545006,
L 1250404000672/

DATACCHIDLULO» 1) #1210 7) /= 00UNN1YSS»=,19391003,3558U31=17,116039,
1 s0200,0 001331/

DATA(CYIOLOLUP L) »12107)/,00252203131.5280L84U,=3,171814990,»

1 .UﬁcU.o.ﬂOddel

DATACCZIYLIL D) 91210 7)/7.0032702000=3,4358005012,A06984+0,0

1 «0600,0,012259/

DATA(LALYLUL 1) 01210 7)/.00333887620,027432974+=2,0489098+0.¢

1 2 059¢0,2,002578/

DATACCHIYLIL 1) o219 7)1/7,000063570804,, 19699183,=1,3005R21,N,

1 J0bru, 002753/

DATACCLIYLIL D) 91219 7)/7,000U4964U201 =, 18B258694+.571051880N0,

1 060040001090/

DATACLHEYLIL e D) pI3L+7)/7.0000675088)¢=,14366809,1,4157199+0,9

1 00000000000577/

DATACCLYLYLIL o D) o E2L07)/=i0024513299,,8HB000880,=7,017686000,9

1 069041 .000692/7

DATACC2LYL(20 1) 01219 7)/,00U1H000U3+=1,4000787213.206927+040

1 +0600,sr.0Lu0l9/ .

DATACCALRYLLZ L) 2128070 /7000303692460 =,0H3236282,=,63857132+0,0

1 J0900420002013/

DATACCHMIYLIZ ) 11219 7) /00204000 r0ereUfv0er 02141/

DATACCLIYL 2o 1) 92229 7)/0090,90400424060042.000652/ i
DATACCHITLUZo L2 12107)7.00018724701»=,20731584,2,0280340+04»

1 060040000981/

DATACCYIYL(Z2s1) 91519 7)/=4N003B1063799,70259959,=7.0662573+0.

1 J0beu.r0N3Y90/

DATALLZIYLLS» 1) 212107)/,008237087Rr=1,3338312931.13079%,0,9

1 «Doru, 007848/

DATACCALYLUSp L) 21210 7) /4000211160660 4025275694 9=1,8870190+0.»

1 0500, .002164/
DATALCMEIYL{Sp D) o I=007)/0erioeDarQurol}6r040 0021959/

DATALLLIYLI3 ) 1) p 1210 7) /=0 00016250169 ,u3B8748113, 334671529049

1 ,06000,2,00060R/

DATACCHLIYLIS 1) » 1210 7)/=e 00012702867 »,2308217792.836519490, 0

1 00“5'”.'00005‘4&/
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URIGINAL PAGE 18
OF POOR QU

DATALLYIYLU3o 1) o IS0 7) /=0 000863396300 ,67321891,=7,100376R10,,
1 s04500,0002705/7

DATACCZIYLG 1) IS0 7)/2,0N0382160050%,9259010656,209343890,,
1 06U, 0NGLYYY/

DATALCALYLLG 1) ¢ 120070 /7+44N0199080379 4031489239 ,=1,732977%90,
1 J0unr0.0e00g172/
DATA‘LMIYL‘UIl)0131'7’/00lOc'Oo'00'006'0.'0002091/
DATALCLIYLIU,1)»121,7)/«400072107788s=,073978808¢1,0%6N60100,¢
1 03%,0, 0000858/

DATACCHEYLAu 1) s 15107} /=,0001090 18860 =,21307900,1,9920371,0,,
1 40500, 4000850/
DATA(CYIYL(Q'I’vl:lo7)/.0006100“20“i065106053'~6-55993“6'001
1 050U, 002032/

DATALCZEIYLLG, D)o 128071 /,000308791031=,62650797,2,839R293904¢
1 0600, 1.0000%2/ ’
DATACCALYLID, 1) 1219 7)/7.00015003235/ 281863389 =18,950500

1 266,307600.04590,9,002018/

DATALCMIYLID 1) w]l=3+7)7,0033500081r=,0%938%419,1,566R71210.+
L 0600400002039/

DATACCLITL D0 1) o I5107)/=00081278657 =, 12337784 1,NB57623004»
1 2UDru.r 001234/

DATAILHETLLG D) 1 12147)/,000193662690=,173532271,7849972404
1 +04s0.9.0009887 .

DATACLYIYLIS D) 21310 7)/,00062267197, 465518182, =7,147173500,9
1 0050000.002669/

DATACCZIYLIOI L) 11200 7)/=o007LUEB5460.96431099172,633196+

1 B27,264210,050,019,007573/

DATACLALYL or LI 118971 /=, 0022047408 ¢ .2R069745,~1%,964A851

1 184,430400,045¢,014,002031/

DATALLMIYLLL L) 1 E2147)/,00236692800 428855677 91m2. 114158140,

1 !00'00'.003203/

DATALCLIYLIL s £) 2 121,7)/=40NDBRR978B7 1=, 279R0258¢2,5155903¢0,
1 +05540,0.001534/

DATALLNIYL oo 1) 1 12197)7,00029592129,=, 11654946, ,8046555,

1 =,96759009,,03550,,,000548/
DATALLYLIYLIOr]) 1 123+7)/,00100225925,51011814/9=5,51%960%90,/

1 sU90040.00589%/

DATALLZAIYLIT 1) o121+ 7)/=,0087101578:1,8493792,=112,7819%,

1 1277,39269,052,01v,010872/
DATACCALIYLIT»I) 2119 7)/~,0020497229¢.071553360,=7,3647172,

1 9240508004059 40059.,00L713/

DATACCMIYLIT 1) o I28+7)/,00175339979,0236R11b0=0 6631665100

1 «06r0.94002309/ .

DATALCLIYLIT L) o I2197)/=,00056H330821=,3237463392, 796874190,
1 00l s 0DLEOBY/
DATA(LHIYL(7II"121'7’/o000159307".0“3820”56'-0570213ﬁ5'

1 20,6488391,035¢049,000287/
OATA(LYIYL(701)012117)/.0012620695'.“Q"757270~40193587a'ﬂ.1

1 +0beu,» 001798/
DATA(LZI{L(C’OI)OI=107)/00'0¢'00’QQ'uUﬁlUc"Uiu77"‘/
OATA(LAI\’L‘(‘JOI,l[-’:.lv7’/‘.00169"03556";(lb73700.§‘?l‘3.“1528080
1 56,342bb00 051049 ,001856/
DATA(CMIYL(U'I)OI=107)/'0n1521”b78'059ﬁ92937"b02n622“5700'

1 +05590,.r.002286/7
DATA(LLIYL(BUI,01'—'1'7’/-.0004“359690'*-337745“‘?'2.“61“(13'40‘).'
1 nUb'Uu'tonlégg/
DATAILNIYL‘G'J)pI=1t73/.0001292730ul‘.000257"1787!*2.&21&2120
1 37.7947050 404590, ,000283/

OATACCYIYLILY L) 11219 70/,00098977196 4158618 =3 42082050,
1 0020, 0019235/
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DATALCZIYLIG s 1) o 12307V /0610400400, 0406000r 021512/
DATACCALYLIDe 1) 21212 7) /= NOLBURO2OU,y (06T LISLOLRY =7 ,HOBOSHU

1 125:051581 ,UG5¢0,9,002099/

NDATALLALIYL (Y D) 21219 71/7,00129172405 ,40u59572+4,5215123»

1 =93,323708,,05%90,9.002700/

OATALLLIYLIY 1) p 1210 7) /=0 0N00BBLOUTGr =, 32564390402, 488218690,

1 0600, 00LGH2L,

DATACLHIYL (D L) ISL07) /74 0N024515912,=,02019015%,«1 ,u389104,

1 12,89597He 0060 (0075 ,000358/

DATA(LYIYLLY, 1) 41280 7)7,00070630006+ 4A1855L3¢=4,19986R3004)

1 00000001906/
[)ATA(LIIYL(!UO“'!=lt7)/0n00ul)uﬁanOh-O.o.021653/
DATACCALYL(L0v L) 0 IS0 7)/=40020593017,08070203801=346662950)

1 31.02277B2,04550,0,002003/

DATACMEYLLLO2 L) 21210 7) /400457849039 ,27141860¢:,.2202993:

L =90.c2476169,06s0,0,002226/

DATACLIYL(L02 L) 0 ISL» 71 /=0 00034787615, ~,0310825604,.2899613¢04¢

1 40500492 .001553/

DATACCHLIYL (LU 1) »I2207)/7,000210311920=,055138734,~.44508055,

1 949956416+ 060,005, ,000355/

DATA(CYLYL (300 L0189 7) /7000286915364 ,57002019,~5,485844A N,

1 05U e 13032112/

DATA  ZIUH(L, 1) 21=8e7)/=e0101992469=,250048108,=2,BRB9OLS,

1 Oers LoUer 0DAB1LY/

DATA(CATIUH(Lp 1) 9121070 /7.00332063019=,189102071=,38758593,

1 NDersl2re01b,004884/

DATA(CMIUN(L, 1)y 12147)/,00206916960 078414997, ,25098217

1 Uerel2eDer 002352/

DATACCLAUHCL 1) o 121,7)/=00031379249,=,0507399271=,54467691

1 QeralrUsre00UBS0N/

DATALCNIUHUL 1) »121,7)/74.0016783900/¢ 083783238, ,88916133,

1 GeralrlersDVID26/

DATACCYLUHTIL 1) ¢ 121,7)/=,0036263451+~,20951531,=,97696A021,

1 Deralruer 02503/

DATALCZIURGE) 1) o 121+7)/=.0021597353,,67917598,2,2030149,

1 0ersl20002,005710/

DATA(CALIUHLZ 1) ¢ 151970 /,000844677171=,11785086/,-~,20560750,

L 0vrol2004r.0038287
DATA{CMIUH(Z2,) 000220 7)/0e¢D0rDarDer 1210450 ,003061/
DATALLLIUHIZ2, 1) o 121071 /=4 0013664026r=,049018007»=439853918,

L GaroelruereQLUBTL/

CATA(LNIUH(2¢ 1)1 121,7)/,0020467295¢ 410582929, ,6484T7448,

L QereloOersU0Ll00OL/

DATACCYIUH(R 1) IS19 7)1 /= 0043876172+ =,27230722,=,85583024,

L Osrelrtorelu2s01/
DATACCZIUMIS,1)¢128,7)/,0009556918F¢=,R39754633,5949048,

1 Qeral200er,005623/ e
DATALCALUH(S, 1) » 1210 7)/=400141781260,019088997,-1,0550313,

L Uerel2r.01,,003U033/

DATALCHIUHI3,1) 21219 7) /=0 00182907800=,0010959327+=,29746119

1 0srsl12¢00r,0010352/

DATALLLIUH(S, 1) o ISLo 7)1 /=0 000689878121 =,07U8577360=,11617501»

L Verelruer s QULOIB/

DATA(CNLIUHES, 1) »I2197)/7,00130629073» 13651789 44586858,

1 00!01'0.’000107“/

DATACCYLUHC S L1121 7) /=4 0030605811 ,~, 32308172,«.89652576,

1 0.5.1;0-0.()02‘050/

DATALLZIUNHIG L) 1200 7)/-.00088203725r~, 500503061, 1749284810,

1 Uuvrol2eUe? e 00DO77/

DATACCALIUHCU 1) 1 I21¢7) /7400177230531 =,068057909,=,13636109,
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L Uerol2r402,,003556/

DATA(LMIUHTG 1) p 1220 7)/=,00038581272+=,01739043A¢=,3073A6G,
1 Oseal2olsr, 00LL3%/

DATACLLEUHCG 1) 9 122 e 71 /=0 000123063959 ,0R2109773r~,15834AG0,
L OoroalvOor s DUUHHT/

DATACCNEUHLU 1) »12197)/7,00051078035, 14588312y ,43107917

1 Oeveletere3N9L3/

DATA(CYIUHIG» 1) o [2107)/=400159195601 =, 341677R2,=,55079590,

L OerelotUera0UR077/

DATA(CZIUHLS 1) pI2327)/7.,00004173140,=, 10718584 ,=2,R07U166

1 Qurslerler 00636L/ )

DATACCALUH(S 1) 912897174003 2059290,=,0R7115893,,0581793R1,

1 Gerailre01r 003033/

DATALCMIUNCS L) o 1219 7) /=, 00272H0361 9=, 04A9LUB60» 097267140,
L Derel2/Ver, 001000/

DATACLLIUH S 1) 2 121471/,00N023803320,=,081991477»=,371750%2,
1 Ledbun9blsaierl,r,000582/

DATA(CNIUHIS 1) o 122,7)/,00013393436,.13628298,,71300937,

1 =,570052960 410049 00UG05/

DATACLYLUH(S 1) 912247)/7,00073074507~,27243329,=2,R394416,

1 14,1486810,100,9,003962/

DATALLCZIUHIG 1) »12107)/7,00051939765,.20847718r=1R,913730

1 140.58075¢.089,02,,0070317

DATA(CALUHLG 1) ¢ 121+7) /=, 0000660715049, =,0082030530,=1,8698173
1 10,9 ~d839,1200e0 002171/

DATALLMLUH(G)p 1) o I2107)/=o0011051556,=,11603867,.713622481,

1 OeraUp0er)0L1U47%/

DATACCZIUMIT, 1) ¢123+7)/,00025117901,3890426631=22,149902,

1 10B,0860562,080,02%5¢,009566/

DATACCALUH(7 4 £) 41214 7)/=4000283489791=,0881996AFr=, 19822264,
1 OeselrUoroulBls/

DATALLMEUNEZ 1) 21210 7)/=.0000079891442) ,02043584T4r»=2,439H543)
1 19,087992¢.08¢,015,,0023R2/

DATA(CZIUHGa s D) 2 I2207)/70000000,00,040190,0.012899/
DATA(CAIUNIB [ 1 IS197)/=,00068327005+=,121R7716+.N586108769
} JerelrUer 001680/
DATACCHAIUNHGBo L) o IZ1e7) /8000400000474 90,0,00088L1/
DATALCZEUHTD 1) s 121 7)/0ee 0,9 00r 0,080 0,0.016L74/
DATA(CATUHCY [} 9 I=107)/=00D071967288,r=, 11083831 ,=,011504RT77,
1 Uerelete?eD02006/

DATACCMIUHI9 1) 912107370400, 000r00rsloDere0ULIDT/
DATACCZIUHILO eI 11210 7)/00000 e rBereirloroulBsle/
OATACLALUNCLO L) o 1210 7)/=,00080582253,~,085743772»~,050942977,
1 derelrOer 2383/

DATALCMIUHIL0» D) 9121071/ 4000090986°88y~,0610261371,28931719,
L Qerele0ore015H0/

OATACCUPH Sy L) 1219 7)/1,038182, 0808114251 =4,0901599E=3)
1=,894y111E=4,0,9=1R.904/
DATACLOPBL2,)8) 2 12107)/1,03671269,05025877»=,175184QE=2,
1=,987080E=tr Qs r=2040U+/

DATACCURUI30 1) o I=197)/1.02h0617+,03919h,=,1825657F =<y
1"09“7256E-“’000"20l 10/
OATALLUPHIL 7101219 3)/7,136060.14238, 181578/

DATA ALPHUK/1%,0/

HRMF SV MOWENTUM RATIO FOR DOWHWARD FIRING JETS
RMFSU MOMENTUM RATIO FOR UPWARD FIRING JuT$

RMFSY MOMENTUM RATIO FOR SIDEWAY FIRIMG oETS
FMRU MAGS FLOW RATIO FOR DOWNWARD FIRING JETS
FMRY MASS FLOV, RATIO FOKk UPWARD FIRING JET9
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¢ Pl
10

13

C LOw

16
17

30

FMRY MASS FLOW RATIO FNOR SIDEWAY FIRING JETS
N0 99 tuslre

Cap=0,

crfizo,

ciuz=y,

cLu=0,

CMB=0,

CNu=0Q,

X1CZ{ALMHT (51 /7%,

1ICS)FIX{XIC)

XICS FLUATLIL) #5,=7,0

JC=21C+8

IFLILuT.10)1C2t0

IFCIC.LE0) LU=

LCRIL+)

IFlLLL,6T.10)LC210

ARATZ (ALPH=~XIC} /S,

DELTL=DELTEL
IF(IQ,Ewe.2)UELTESOELTER
IF(11,iE,1)00 TO o8
TCH UP DATA

MONU2USNONOLUL

RMFSUSRMFSUL

IF (lu,LTe2) GO TO 13
NONOZUSNOMNO LUR

RMF SUSRMFESUR

IFINONOZULLE . 0.) 6O TO 85
XIC=laLPH=17,5)/%,

JCSLFIX(XIC)

XIC= FLUAT(UC)*S,+17,5

JCEJGC 4+

IF(JL,LT.1)uC=l

IF(JC,6T.5)YuCss

KC=JC+}

IF(KC 6T 51KC=D

ARAL= (ALPH=X1C) /S,

IF (ALPH.GT,ALPHIIK) GO TO 60
ANGLE OF ATTACK

CALL lEwT(2,RMFSU)CNBrALPEAK s ALPH)
SIGM(1Qs4)=516

CALL WEwT{1sRMFSU,CLE» ALPEAK ) ALPH)
SIGMLL,H)=516

IF(ALPHLLT 104958160 TO 16

CALL CUBICIRMFSUCYIUHICYR)JCKC 1 ARAL)
60 TO 17

CONTINUL

CALL wEWT{3/RMFSU.CYB,ALPEAK ) ALPH)
CONT e

SIGM{LQ16ISHI6

IF(ALFH, 0T ALPEAKY GO TO &8
XALPHZALPH=ALPEAK

D03011=1+3

IF(XALPHWLT CUPH(11,6) ) XALPHZCUPH(IL,e)
IFIXALPHGTCUPBLTT 5} I XALPHICUPR(T],»5)

CASD-NSC=-77-003

RATIO(IL)=CUPH (I 1)+XALPH* (CUPB(11,2) +XALPH# (CUPR{1T+3) +XALPHYE

1CUPBLLIT 4 )

CONT It

SIGMELU P H)IZSRRTHICUPB(L» TIFCLA) %4245 [G¥%2)
SIGMLIG DI ZSGRTIICUPB(20 TI#CHI) w245 1C4a2)
SIGMILQ ) SSURT((CUPLIZe 7 #CYB) %3 2+5]6Gx32)
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85
ol

CLUSCLA#RATL0O(YL)

CHNBZLIARATIOR)

CYBICYUARATIOS)

CONTIMIE

CONT Livue

CALL LULIC (HMFSUCAIUHICYA, ICLC/ARAT)
SIGM(LLe L)=510

CALL CULLIC (RMFSU»CZIUHICZB, ICILC/ARAT)
SIGM(19e2)2510

CALL LUBIC (HMFSULCMIUH)CMRICILC/ARAT)
SIGM{1us 3)S5]06

IF(ALFH,LE ALPHEK) GO TO 40

CALL LUbIC (KMFSU»CNIUH CNBJCIKC ARAL)
SIGMULG 425106

CALL CUBIC (RMFSU,CYIUH,CYR,JCIHCARAL)
SIGM(1Iys6) =516

CALL CUBIC (RMFSU,CLIUH,CLByJCIKC,ARAL)
SIGM(INIHIZSL6

60 U Yu

C PITCH DOwly ANALYSIS

b4
65

66

IF(IT,Ewe3)u0 TO 75

NONOZL=NONO DL

RMFSD=RMFSDL

IFUIQEWed) GO TO 66

HONOZL=NUNOZUR

RMFSL=RMFSDR

IF(NOWOeD sk, 0s) GO TO 85

CALL CULICIRMFSDCAIDL/CXByICILCIARAT)
SIGMILO,1)2S16

CALL LULECIRMFSDYC2IDL2C2Py 1CLCIARAT)
SIGM(LQs2)5516

CALL CUBICIRMFSDICMIDLICMR) IC LG ) ARAT)
SIGMI LW 3)SHI6

CALL CUHICIRMESUCHIDLICNR,ICILCHARAT)Y
SIGMILN,8)2510

CALL CUBICInMFSUICLIDLICLRYIC,LC)ARAT)
SIGMUIeDISSTU

CALL LB LCIMFSDICYIDLICYRYICILCHARAT)
SIGML L) BH16

C CONTROL QuFLECTION CORRECTIONS

CALL WEFL(IT)DELHFr0sCXQrCYQrC2Q9CLOICMOICNYIDFQ)

C BODY FLAP CUKRECTION

CALL ULEFL(T1+DELTE»2¢CXCrCYCIC2C,CLLCMC,CNC,ODFL)

C ELEVATOR CORRECTION

C YAw
75

76

CAB=UX+ULXCADFL+CXQxUFQ
CYB=CYH+CYCxDFL+CYN*DFQ
CZB=CLB+C2CHUFLICZO+DFQ
CLUB=CLR+CLCAUFL+CLOXDFQ
CMBSUMB+CMC+DFL+CMO*OFQ
CHB=CHH+CNC «DFL+CNQ»0OF 0
GO U QU

ANALYSILS

FMRY=FMKYL
HOMO2Yy=NONOZYL
IFLIV,Ewel) 6O TO 7o
EMRYZF MR YR
MONQZY=HOND YR
IFINONOGT e ) GO TO BS
CALL LUBLIC (FMRY,C2LITLeC2L o IC/)LC)ARAT)
SIGM{[0s2) =510
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CALL LUBIC (FMRY)CALYL»CXPY IC,LC)ARAT)
SIGM(IU,1)=916 B
CALL CULLIC (FMRYCMIYLPCMIB,IC)LC)ARAT)
SIGM(EQs S0

CALL CUBIC (FMRY)CLIYLICLR,IC,LC)ARAT)
SIGMULNIDIEHL6

CALL CULIC (FMRY,CNIYLICNR)IC»LCyARAT)
SIGMLINIB)=HIG

CALL LUBIC (FMRYCYIYL CYRyICILCHARAT)
SIGMIIWs0) =516

C CONTHOL DEFLECTIUN CORRECTIONS

OO0

85

8s5b
90

97

94

993
99

CALL LEFLUITIUELTE »29CXCoCYCHCZ2C CLCICMCCMC I LFL)
CXB=CXxB+CXC+OFL

CYH=CYB+CYC#UFL

C2B=Ce+C2CHUFL

CLB=CLB+CLCxDFL

CMBaCME+CMCxDFL

CHH=CHII+CNC xOF L

60 10 9

cys
czy
CMH
CNB
cLy
cxg=o,
Do8s5181=1r0
SIGM(ins IST) =1,
CONT INUE

Oy
0.0
Osu
040
0.0

CASD~NSC~-77-003

ORIGINAL PAGE IS
OF POOR QUALITY

THE FULLOWING DATA MUST BE REVERSED IN SIGN SO AS TO CNORREC3LSB
CORRELATE THE BUILT-IN CURVE FIT COEFFICIEMT UATA (BASED ON WIND

TUNNEL TEST DATA) WITH 800Y AXES CONVENTION,
cay = «Cet
CXBa~L Xt

IF(IT,NELL) 60 TO 97
cys -CYH

CNB =Ciyt3

cLB -CLB
IFtIQ.GT.1) GO TO 98
CxX1=Catd

crl=Cy#

C21sC.ls

cLi=CLB

cMLI=CMB

CNL=ClB

GO TO 9y

CXBICa1+CXB
CydsCyl=-CYH
CeB=Ce1+C20
CLHB=CL1=CLB
CME=Cmi+CMB
CHNuzClhl=-CNB
009Y91si=lre
SIGIN(IT/ISL)SSORT(SIGMIL IS ) v%24SIGM (20 IS] ) #+2)
CONT niUt.

RETURN

ENV
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SUURUUTLEHE Wl (Je X YMAX s XA ALPHAY
COMMOLI/LRROR/SIGISIOMI296) s SIGINI316) 1 SIGIM(306)1STIOGTH 306)
PIMENSIUN Clae?)
Cl1s1)SPEAK ROLLING MOMENT AS A FUMCTION OF MOMelTUM RATIO
DATACLILI I eISL06) /=, 80311266E=02,~,4028187,5,ui07hU4,
1=9.5495816041200,/
Cl2y1)=PEAK  YAWING MOMLENT AS A FUYNCTION OF MOMENTUM RAYIO
NATACLLZr ) 0 120106) /L0831 70E=02, ,6719102¢=1,L4H89908,
17.28901422+1200,/
C(3r1)=PRAK SINg FNRCE AS A FUNCTION OF MOMENTIM RATIO
DATA(C{Se 1) 0 I=196)/=,2206176E~021=1,1893A5:=0,483Q9178,
190, 006411 s LUDDL 0./
Clu, 1)=PEAR ROLLING MOMENT AS A FUNCTION 0OF ALPHA
DATA(L 4o 1)1 15106)/7=,010003765,109000UE=N21=,425RU04E=NU, 4827789
119E=UpeUsr 17,4148/
CiseI)=PEAK  YAWIHG MOMENT AS A FUNCTION OF ALPHA
DATACCIY D) v [2206) /7,01 T76T71920 )=, 1902 NT4E~NLy JARIUDITUE=OU
1#,91208UU3E=0000,¢ 16,6353/
Closl)zPLAK SNk FORCE AS A FUNCTION OF ALPHA
DATA(L Le I) 1151961 /=,038418188) 490358E=021=,170847hE=NJ,
10,32170623E=05r0.1r 10,9583/
DATALC{Le7) 0121461 /7,0019976, 0010699005389 ,001417¢,002300,00824/
COMPUTE PEAK VALUE
IFIXeuTClIe5)IX2CTJs5)
YMAXZL(Jo L) +XR{C{Jr2) X% (C (e 3)+XeClJeU}))
siuvsCiJe 7
1Fldeitk, 216GV TO 20
YAWING MOMENT CURVE IS USED TO COMPUTE ANGLE OF ATTACK UF PEAK VALIIE
BY NEwTUN=RAPHSON ITERATION SO JU = 2 IS DOMNE FIRST
COMPUTE PLAKR ALPHA
ICNT=y
XASQ,
ERROR=z,y01
K2J+d
GUESS={ rMAX=C(Ks1))/C(K»2)
5 AIXA+QUESS
IFLALUE LK 6))GUESSSIC(KiH)=XA) /2,
ICNT= . CnT+)
XAZXA+GULSS
GUESSS (YMAX=(CIKs 1) 4+XAR(CIK 21 +XASLCIK) I+ XALCIK U INYYY/
1(C(K ) +2*CIKI3) 2 XA+Z,4C (K4 ) ¢XARXA)
IF(ABS (GUESS) WG TLERRORIGO TO &
IFCICHTBE.LOU)IGO TO 18
IF(XAGTClnip) IXASC (K10}

[FEALFIHALLE ¢ XAYRETURN
GU 19 248
19 PRINTznut e TLHT XA
<000 FORMAL (4 LHD [TROUBLE IN PEAK VALUE TTERAIION IN NEWT,1E,F20,7)
xAzly,
RETURNL .

C COMPUTE PrAn VALUE AS A FUNCTION OF ANGLE OF ATIACK RECAUSE ANGLE IS
C ABOVE PraAkr valUdo

20 IF(ALFHAGLE « XA)RETURN

21 K=J+d
YMAXSL (R LY +ALPHAR (CLK22) +ALPHAS {C(K ¢ 3) +ALPHASC (K e84} ) )
KETURIy
MO
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SUBROUTLINE DEFL(TsDEL» IFLAPCXoeCYoC2oCL1CM LN OFL)
COMMOII/LUMP/ZLCILC + ARAT$RMFS( FMRY
CUMMUN/UEFLECTZCLPINI10:,7)902ZP30110, ) 2CMPIU(L0+ 7)o CAPANLLNIT)
1 C2P10L10, 7)o CLPINCL0s 7)) 2 CMPLATL02 7)o CAPLOLL0,7)sCMPR(10+7
2)0C2FLEIU 7Y )CMYLNLL0e 7)o CAYIOC10:7) 0 CZYLU(LU 7)o CLYLIO(LNGT)
3CLY30CLUs 7)o CAYIOUL027)2CLYIV(LU»7)9CMY30(1007)
¢ L==PB Al LULY FLAP DATA
DATA(L:‘-IPqul)0l=1a7)/0.'ﬂuu.00.nllvo.'ﬂ./
DATACLHIB{2¢ 1) s 1107070, 0= 030BLR305,70904%0,,,0RR:,0%0 1),/
DATACLMPULI L) 0 1S107)/000,00361391402076600,04088004004/
DATALCAPBlG) L) 01210707009 :0089919,89%000 0001 4 UBAIT 00/
DATACCMPE{S o L) 1122023700003 277087940032090040¢ 41188004904/
DATALLARBRGI 1) o IS0 7} /7040, 13867139=:3002740Us¢ ,0BR0,00,/
DATACLHMPBLT 1) 0 I=10 7070400 .08345969=.526711004¢,08R00420,4/
NDATACCHERIB L) o 1280 2)/04 2008093390946 78200,4,088:00,00,/
DATA(CMPHI9 T =10 70/040,036875301,1975320U40,08R00400,/
DATACLMPUL IO 1) o 1210 73 /700040802330¢59337A00,0,118800400,/
DATACCZEFE e R o120 207000000001 0eredR900004/
DATALLZPBALZ2) 1001219 70/70000400000, 0082004000/
DATALLZESI30 1) 01219707000 0000 0geslleltgele/
DATACLZPUCG o L1080 7) /7009000 *er0arellrllyrDe/
NDATALLZPBIS» 1)) 1230 7)/70, 0= J409HB,URLOUT 1=30,014231 4030600490,/
DATALCZPULAIL) 01230 7)/040=0597559 70430259 =18,81R0 0820004204/
NDATACLZPBCT o 110 E=80 7070, 1= 55 7HO81A 58RI » =25, 1H0U ,042390,00,/
NDATALLZPEIB 1) 1219 7) /704 0=s381370248U6R3Te=)0, 72770 eUN790400,/
DATALLZ2FBL9p 1) 0 I20e7) /009 = BU6397,12.1AL1=AS, 1729408310040 04,/
DATALLZPHEIO L) oISt T /700r= 81U527 1=, RAH2GT 040 DARY 0,20,/
C (=Pew ARL PITCH DOWNW RCS DATA
C Cw=10 ARL +10 ULEG ELEVATOR DATA
DATACLZRLOGLs D)2 IS8 e 7)1 /700 0 sb062H833A =l ;olblub?nen, 1 ,0RBTs0,00,/
DATAILZFL0(22 1) 21235717050 ,030200s=2,85%9623000,10.7703004000,/
DATA(LZFLO(S) ) 1280 2) /000  UDORGA2 8, 578300 r=R4, 4979 ,0RHB, 0,90,/
DATALC2PLO0Cu e 1) o120 70/70000evUuntlyral2¢00eN,/
DATA(LZRLOLDr 1) o 122070 /050=,85808710.903562R1=30401420,N6H9N,20,7
DATALLZPLIO (e 1) o I=107)/0ar=,17397901, 000“991!*18.“18“:.Dbrﬂ.'O /
DATA(LZPLOC? 2 1) 00220 7070000000000 022004000,/
DATALL, plo‘u'l)'l "7)/00‘0"00'00'OlZ'Ol'n /
DA'A(L‘P‘O(“)'["I’-I' ’)/00'”.'0.’”.'01?000'01/
DATACLZRPL0CLO Y o 1200707000000 000002 0i200arthe/
CATA(CLPLULL s L) o120 7) /000406010309 ,4024273,=11,A61389.0%¢0,40,/
DATALLLELOG, D) p 1200707000 =,001900691,2250129=13,318270.0520,00,/
DATACLLPLO(S» 1) 0020070 /70400,00000,008200400,/
DATACCLPLOt4r 1) v 1210 7)/00r=,07003501,02029939=4,3091Uy,08Rv0,+0,/
DATACLLPLO(S e 1) 0122071 /00r=,06083080=,02727392,A8379¢.0RBs0,0¢0,/
DATACLLPLO 0 L) v IS0 7)/0402,0302000 2, 1654150 0,94NRR 0,004/
DATACLLIPLOL70 B s IS207)/700e=,0202350=,233684,0,,:00R00,490.7
DATACLLIPL0Gos L) o I=207) /00040170329 =1,2193290.806M01,0R89,02210,/
DATALCLPLOtY e 1) 2 1210 7) /00> 00636300 =, 750064 ,5,080NRR) 0RB104r 0,/
DATA(LLPIO‘IU'I)ol=1v7)/0u~-l)00. D el290000,/
DATA(LARIO(L e 1Y 01219 7) /04 0= 377200605, TOUD6 0,4, NULsD 20,/
DATALCMP LU, 1)1 p 1230 7)/000=,30H668. 1118280 04¢,037500490./
DATACUIARLO(Sp L) o 1ZL92)/00+=020377302,895U275 0,5 403582206400,/
DATALCMPLO(U s E) 23220 7)/000060040e040,1200,00,/
DATACLMPLOGY 1) o 1210707040 0096229 7676931040 .088¢0,00,7
DATA(LMPLO(oo L) 0132071 /0e0 08037711 4ANLI176:0.,.08890,:0./
DATACLMPLOUT701) 0120070 /000=,301365973,328115+0,,.08R¢,015¢0,./
DA'A(LMPIO(C,'I) vl=lc7)/0.00.00.00.0.12'0. '00/
DArA(LMPIU“JII'OI=1'7)/0l'0| X1 'O.l.IZ’vu.'ﬂ'/
DATACCAPI00102 1) 2 2200 7Y/0erUsrVUerDerolZ2r00rua/
C  Cww3) ARL =30 UES ELEVATOR DATA
NATAGCLIPSOCL D)o IS o 7370004112958 1.7762220~11,.8613R9,08890,40,7/
DATALLLPI0(2y 1) o 1210 7) /06008051159 .92R726¢=13,31R27,,088,0,40./
DATACLLIFI0(S9 1) o 1210717040 ¢12087041=,R61A83390,9.N88:0,00./
DATACCLIPI0(U s D)o I2207) /70400 U3URGE21 , 217507000 =0,309189,.088¢0G,+0,./
DATALLLIPI0 D 1) 9 S107)/700040526021=,69059792,6837939,0RB904¢0,/
DATALCLIP S0 0 1) v I2807) /7060 o DT1IN4220= . 4h0A98:0,,y,0R8¢0.+0,./
DATALCLIF30C(T o 1Y 012107170410 409075651=,579512¢0,4,N8R:0.90./
DATA(CLPIOIB» 1) » 1210707000 013U459121=1,U46h61810,846Bb),0R8,0,¢0,/7
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DATAICLPI0(Y s 1) 21200 7)/040011B0679=¢96130595.0R088¢.08+0,90,/
NDATAILLPA0(L0eT) 11210 7)/0,0 412002521, T6RO 4 HuSL9 070,00,/
DATA(LZPI0(L s 1) 0 k3890 7) /000490578040 =5,811825¢0,041004904/
DATALZE 30 1) a 121071 /7040482072671=0,03R810000,001004094/
DATALCZFIULS e L) o120 T) /7000438907080 7.691250=64,497%0,1¢0,00,/
DATA(LZFI0 (1) 01200707009 43039108205.6098101=43,737769).1¢0490,/
DATA(LZPIOIS ) 1) o 1280 7)7000=011021506,10112719=36,014239409¢0,40,/
DATA(L2HA0C0o L) s I=L 0 7) /7040405360820 2,50097 118,880,090 0,00,/
DATACLZEI0CT7 L) o100 7)/7000433635120 5857807 1=25.100149,0990,+0,/
DATALCZFIO(B 1) o IS207) /7000 ¢597206922,91258671=19:,7277Us N9 04¢0,/
DATAICLPE0(Gs 1) p 151 7) /000 0U3I0I2308.4RIVIU,=83,88719+,0910400,/
DATALLLFSOCLUv L) 03200 7)/0,0 37549889 =3,470606590e24US00,00,/
DATALLHRIOLL s L) 2128070 /70,5 0=,5524307+14,1661R190,9409¢0,400,/
DATA(LMPI0(2+1) 01280701 /000=eb0004U1204,09533539000e0Neru,/
DATALLHESO(A) 1) o120 2)/7000=,4103084903,82070710,0,N990,00,/
DATAILARP S0 4 1) 21200 7)/009=,2008261392,3301214,0,04U09¢0,00,./
DATALCARPS0 S 1) 20210 7)/00r= 87036201 ,75R293598,040sURSs 040N/
DATACLMPS0 L eI o 1210 7) /7001 =019540A2%012,12108309904240900,90,/
DATACCHAP S0 79 1) s 121071700 0=,2778082001,9974379790.42.0%0 0,040,/
DATACLMPI0(Bs 1) 1121071 /000 UB264B11 14 .0059704 10000090400,/
DATALCMPIOY» 1) p 1220 7) /0 er=,355522121245261230000 000,00,/
DATACCMPI0(L02 1) #3300 7) /70,00, 27300927 +1,2353697990,9,09e0,00,/
DATACLARPSULL 1} 912007070600, 000t100 41200000,/
DATACLARIO(Zo 1) 21210707000 040000 001200400,/
DATACLAP SO, 1) 02l o 7Y /000N gr0erliqral20000N,/
DATACLARZ0C(4, 1) o T=107)/0000,00. parel200e0 D,/
UDATACLARIOUD 1) e 12107} /000=o L735R80 02, 3097H00e1 0, 74809 100,00,/
DATALCARP SO (o 1) 21210 7) /0, 0= o 182004168, 1, 153831 r0.0,100,00,/
DATA(CARI0(7o 1) o 121071700 9=,20017801.90790 0=, 73816101 ,100400,/
DATATCAPSO(L»I) 0122070 /000015049920, 1,14R5491,=3,83325594100400.7
DATALCAP SN (v 1) o 133071 /0401=,10263361=,83891469,7.7R7378941¢0490,4/
DATACCARIO(L) e 1) p IS0 7) /0,0, 27U47607101.3246952,=2,126208¢,110,90,./
C CwY== ARt YAW RCS DATA
DATACCLYLIO0(L ) D) 212107070459 400512170=1,9363501 49405203340,/
DATACCLYL0(2o D)0 IS107) /001 =,027222%¢=,H9BU637+0,1,0500,00)4/
OATALLLYL0(3s 1) 21220 7)/069=,01813789=,38125675+0e940520,00,./
DATACCLYLO0(U L) 91209 7)/00r=002975549,13628305104940500,00,/
DATACCLYIO e L) 2280 7)/C0er=, 06301321 =,14A019890,+,05¢0,¢0./
DATA(LLYLO0(oo 1) o 12L971/0,04000052201793308404+40%0.003+0,/
DATA(CLYLIO0(79 1) 2 =19 7)/009=,01262221=1,251N029¢04+.0b5¢0420,/
DATACCLYIO0 (o 1) o IS107)/000=,01733U8y=,7R38%92+0402405¢0600,/
DATALCLYLIO(9 1) 2121077009 =,0514681r=.0720%33¢0400,05¢0,00,/
CATACCLYLOCL00I)oI2107)/049,025%33330=1.254912¢04040br 2404/
DATACLMYL0(2o1)01=197)/0000 0000041 ,0500600,/
DATACCIYL0029 L) o I=197) /0000400000 ,r 0590400,/
DATALLMY L0301 212107)/00040676109=0287687T 1049050 04eN,./
DATACCMYLO(h o) o 1220707000 .30682221=4,62708870049,033190,400,/
DATACLMY LUt 1) v I2197)/040437661991=3,29%20d90,940500,004/
DATA(CLMYL10Co0 1) v I2107)/06¢942335307 1= 8RUSBL,0,920500400,/
DATA(LMYLO(79L) 21200 7)/04¢,0000269711,A5579110,/940500,+0,/
DATALCATLIO s 1) s 121070 /000=,073554703,7278%50044.08¢.0197911,/
DATALCMYLO0(90 L) o 121072 /040430091719=7,83R520193,3237¢,1590400./
DATA(LMYLO0(10021) 01210707049 ,22357819=7,360298990,20762¢.03¢04906.7/
DATACCAYL0(1,1)212107)/041=,135835+=1,6009645+0,0405¢040047/
DATACCAYLO0(2e1) o IS0 7)/000=,303152%9,09179022¢060¢05004¢00./
DATAICAYL0(S59 1) 0 12107)/040=,205854891,2000805¢040405¢0,00,7/
DATA(LAYLO0(4» ) IZ107)/00r=,28010779¢3.276026490.9e083390,00,./
DATACCAYLI0(S9 1) 9022970 /000=,555291120,027407791=206,34761,02+10.10,4/
DATACCAYL0 (oo k) 11210 7)/009=,6029302/1R,390013+=1806,436¢.02500,00./
DATACCAYLO(7» 1) o I=197) 704 r=,35201358+9,31968591=92,4661,025¢0,10,/
DATALCAYLOtE 1) 0121070 /00 r=,1403738+14,223209U9=56,34261,03¢0400,4/
DATACCAYLUUG 1) s 120970 /0091 =0319136209,5508059=123,63160.0300,9047
DATACCAYL0(L0e ) o IZL9o7)/000=277105614,8528959=31,6227R+.0%10490./
DATACCZYLO0UL 1) 2210 7)/00049610367r=13,5291530040:035404004/
DATACLZYL0(20 1) 01210 7)/040,697B167A1=11,5633015+0,.040302+04¢0,/
DATACCZYLIO0(0 L) o 1220 7)/0000,00,00,7.0500,00,/
DATACCZYLI0 U L) ¢ 1200 7)/00r=,1805058)=1,80706484,,0¢.05:0,004/
DATA(CZYL0(0 1) ¢ 12197)/049>,593327393,.7516572¢1,0 40500400,/
DATAGLZYLI0 0o D) s IS107)/7040=2,238U30976,70235=R27.201,02510,00,/
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DATALLZYLO0 T o0 0 =00 71 /04022, 78992%00 L N6 OAY2+1 1277399 ,021000N¢/
DATAILZYLV B D) 120070700 0% 8875938650 =1 7270372400 0005100004/
DATA(CZYL0(9o 1) 121071 /049=)s06088Li=11,95358, ,0es0h010e00./
OATALCZYLOLL0e L) o IS0 7) /000 d7AHBTNT s =28, 38 1310,9,0500,00,/
DATALLZYS0(L o L) o823 07)/000,4065306e=eANBO36Y: 0,90N%00,40./
PATACCZYI0420 110120070 /009,59U2169% =8, 9172002/ 000,033%00,00,/
DATALLZY S0 1) o210 7)/7000 4 7067THOL1=1%,2808704,0,0,0230¢00,004/
PATACCZY IO U L) o 12307070000 00,0000 ,0%0 000/
DATALLZY IO 1) o LS50 /1 /0, 0=, U03TIRR 13 6350001101 00900400,/
DATALLZY 30 oo 1) o 1200 7)/000=L,6UTHTASIT2,4b9419=827,2601.01%00e00,/
DATACL2YSULT e 1) o IS20 707001201930 103,664%1=1277,399,01%11143004/
DATACCZYSO( 1) o 128070 /000020083250 =10.703%900,040%00,¢04/
DATACLZYS0( ) 1) p 1219 7)/00 0o HLLB0UGKI=25,018200869009e0500,00,7/
DATALL2YI0(1008) 21210 7)/7040,36425039=21,8030100,9.0000,00,/
DATACLAYI0UL, 1) o 12107)/000=,10270R31=,25530714040e0590,400,/
DATALCAY 20 (o ) o X280 7)1 /00000000040 4US0(ee,/
DATACCAYIOCS o) 0128970 /040=,239997213,/730053004040327¢0,490,/
DATACCAYSU Ul e I210 7070004 2991008R854,9136785,0,9,035690,00,/
DATACLAYA0( (D9 1) 2 IRL07)/000%,57H255022,582039=206423759 ,N1%90,40,/
DATACCAY 0 oa 1) o IR0 7) /700 0= 5333965019, 74591 »=18H4,4369,02,0,,0,/
DATALCAYSO(7y 1) 1580 7)/000=e353379¢10,5322%=92,4669.02+s80,00,/
DATACCAYIO0 (U)o 1200 T) /000000000040 ,U%20400,/
DATAICAYIO(Y L) 0121070700000 0000,0,08500000,/
DATACCAYSO0UL02 1) 21220 7)/009=02287U0L)r3,H271000=31,622R¢40590,¢0,./
DATAGCLYSOUL, 1) o l28073/0000,00000,040500400,/
DATALCL Y302, 1) 028071 /000065021369 =1,36392800,9,024190,90,/
DATALLLYSO0(Is D) o I=107)/70000159206029=2,6356227+0404U030200,004/
DATALLLYI0 L) o122 e7)/7000018161U661=3,065180:00¢029690,00,4/
DATACCLYIOUL D) o I=L07) /0004119358010 =2,7%4887890494021300400,/
DATACCLYSO(La D) o I8 o7 /000 o iD7829291=3,140928080010000232¢0,¢0,/
DATACCLYSO(T9 D) s I=107)/040 4 LU5HLHNA =2,77372500404N26890,¢0,/
DATAILLY30 oel) 2 1=1e7)/001r0150335,=2,576349+10,,5403¢0,¢N,/
DATACLLYS0CY )y 1210 7)/0000330791820~1 8B75U66904¢.0346¢0,,3,/
DATALCLYS0UL1001) 921073 /049,3298U3390=1,2310626G00,¢40590,¢N,/
DATALCHYS0(L )T o I=L07)/7000=01583872002749330¢0,940%004¢0,/
DATALCMYS0(2) 1) o I2197) /00 0= 4120916307 .277837¢00000¢B210,004/
DATACLMY SO S I) v I=197)/0002,35526026:6.039063290.7402%400,00,/
DATACCIAY S0 (U D)o I=197)/000=e1428915712,1862377000,1,035300420./
DATALLMY30(Lel) p12327)/7009.050802189,605941179,00,05¢0400047/
DATACLMY30(OrI) o IR207)/700204004004240500400,/
DATACLMYS0U720)oI2007) /060 =,217628203,18117849049.0342,0,¢0,4/
DATACCHMYI0(E L) o I=207)/00 9=, 20H1HR%)3,9219R900,1.0316¢0490.7
DATACCMY30(9 1) o189 7)/000=,1237619126,19500093,320¢,05+0400,/
DATACCMYSOCLOv L) v k=00 7)/040,00002029=9,99L185¢2042476040%¢0,20./
DFL=0,
Cx=0,
cy=g,
cz=0,
cL=zo0,.
cMz=0,
CNz=u,
IF(Llaivk 2160 TO 190

PITCH DOwiv CORPLLATION

IFLAP = 0 15 BOLY FLAP COMPUTATION

IFLAP = 2 15 ELevON COMPUTATION

100 IF(LIFLARPGT,1)G0 TO 150

BODY FLAP CURRECTIONS FUR -~ DEFLECTIONS OMLY
IF(UEL sGE T, JRETURN
DFLE(UEL/(=1u.25) ) %, 75
IFIDFL, LT 1, YUFL2L,
CALL LUBIC (HMFSD,CAPBCZrIC/LECPARAT)
CALL CUBIC (RMFSD,CMPBCMY IC LCsARAT)
RETURN

150 IF{uEL) 10003000275

ELEVATOR UEFLECIION CORRECTIONS

160 DFLEUELZ(=50,) ) %%, 7
IFtUFL.Gl.1.)DFL2Y,

TRAILING eDGE UP CORRECTION
CALL CUBLICIRMFSDCZPINsC20TIC/LEPARAT)
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CALL LUBICIRMESDCARSDICX2TC LLIARAT)
CALL LHUICIRMESD2CIPI0sCMeTLILCIARAL)
CALL VUBICIRMESDCLIPI0PCLICILCARAT)
RE TUM

17% CUNTIIUL
TRAILING LOUE Dywd

190
200
YAw

210

NFLE(UEL/L10,) 9, 7Y
IFLDFL Tl JUFL2Y,

CALL LB ICIRMFSDYCZPL10¢CLrICILCIARAT)
CALL CULIC(RMFSDICMPLOICMeICILCIARAT)
CALL Lt ICIRMESD CLPLOSCLIICILCIARAT)
PE Uy

IF{Laik s 3)1GO TO 300

CORKECLTIUN FOR ELEVON ONLY
IF(LDEL 2100 300025%0

OFLE(LEL/ (=30,) )89, 7h
IFtDFLuTa 1 DFLEY,

TRAILING Lhue UP CORRECTIONS

250

CALL GUBICIFMRY 1 CZY301C2¢ 1C,L.CoARAT)
CALL LUBICIFMRY yCAYIUICX e IC LCrARAT)
CALL CUBICIFMARY »CMYIUsCMy IC,LCIARAT)
CALL CUBICIEMRY »CLYIUCLe 1CLCIARAT)
RE TURi4

DFLE(LEL/ZLD,) #»,75
IF(DFL, LT 1) 0FLEY,

TRAILING LDGE DOwN CORRECTIONS

300

CALL CUBICUIFMRY,,C2ZYL0,C22ICLCIARAT)
CALL CUBLICIEMRY CMYLQsCMy IC,L.CoARAT)
CALL CUUBICIFMRY)CAYL0+CXeICoLCrARAT)
CALL CUBIC(FMRY CLYLO(CLICL.CrARAT)
RETURIN

END
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SUBROUTEINE CCOURPL (ETeCXCIC2C,LYCMCHENCHCLE)

CALCULAILS LKrUSS COUPLING MO2ZLE INTERACTION COEFFICIENTS

REAL U0 2U s HONOZ2E » HUNOLZY » HUNOZUL » HONO 2UR s NONO 2DL » NONOZOR » MIOND2YL.»
1MOMLL TR
COMMUIZUR/NUNUZU# HICNO2UL s NONOZUR y NS TARUR ¢ US TARLIL » AEXUL 1 AEXHHIK
LRMESUL s RMFSUR» OXNOZU»DYNOZL) 2 DZNO 2t
2XREUL s KREUR s YRE UL » YREUR » ZREUL » 2ZREUR

COMMOLIZUWN/Z130H0 20 ¢ NOHOZOL +MHOIOZOR $ NS TARGL + DSTARUR s AL XCL o AEXUR
LRMESUL ) KMFSUR»DXNOZD » DYNOZN,,DZNO 2Dy
2XREDL » XRECR s YREQL » YREDR » ZRFDL s ZREDR

COMMUI/S LDE/NOMDZY » HONOZ YL s HONDZYR yUSTARYL 1 DSTARYR » AEX YL s AF X YR,
1 FMRYL e FMRYRsDXNOZY»DYNOZY s D2NOLY
2XAREYL o XKEYR e YREYL ) YREYR» ZREYL » ZREYR

lF(H.Nr..Z’bO TO 60

C PITCH + vaw CUMH HAVYF HO COUPRLING
C PITCH UP + PLITCH UUWN ( SYMM ROLL ) HAVE MO COURLING

50

CUNT L1t
IFINOIUCUL 1w e 041, OR NONOZNR EN, 0,160 TO 60
RMF s (KMFSUL +RMFSDR) /2,

C SYMM PLILH LDUWM HAS COUPRLIMG

00

70

cyczy,

CNC:‘-D.

cLesy,

XMRERWFSY
IF(XMI,L,GT N, 03I XMR2, U3
CACZm 4096321 *XMR
€=, 3997826 XMR
LMC=, 3471 34 XMR
CXCa=( XL

GO TU v

cxe = Ul

czc = Ueld

Cye 2 0.9

(o 1T s 0.0

CHG = 0.0

GLC = 0.0
RETURN

EnD
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SUBRUUTINE AMPL (1o ARXsAKZ o AKY 2 AKM)y AKM ¢ AKL )

CALLULATES AMPLIFICATION FACTORY

COMMUN/REF 79REF 1 Cordo GUALE ¢ XKE s YiE ¢ ZRE s 1XNOZ o DY1IO7 ¢ 2ENG2 IXNO2 2y
10YNUZ L DENOCZ

COMMULI/Z THCOLFZ CALH CLU CYUy CMU CHU  CLUUXD» L 20, CYD o (ML CHDH LD
1 CXY2C2Y2CYYCMY s CHY P LLY
CUMMUL/ZTOCORE/Z CXToCLToCYToCMTICNTICLT
LLY 1IN
AK YsU .
AK2zu,
AkL =y,
AKMzy,
AkNzY,
PRINTLIOOY
LU00 FORMAT{HSHNAMPLIFICATION IS COMPUTED FNR THRUST COMPONMFHNTS ONLY )
PRINTLVVE
1001 FORMA[(obH0+] IS HO AMPLIFICATION N IS THRYST CANCELLATION )
PHRINTIOUR
1002 FORMA) (LSHOTHERE ARE 22 POSSIBLE RCy CONTROL COMATHATINNS )
CMPzUM MDD
CMTEST=, UB09RCMY
CMAZALS (CMP)
IF(CMA,LE.CMTESTIGO TO 10U
CLP2CU+C20
PRINTIOUS
1003 FORMAT(LHHOTHIS COMBINATION INCLUDES A PITCH up OR DOWH COMPOMENT)
AKZ=CZTsC2P
AKMSLMT 7 CMP
PRINTLOUY » AKZ 0 AKM
1004 FORMAY (QUHANURMAL FORCE AMP = ()F1%5.8917HPITCHING MOM AMP ,F15,A)
GO 0 1)
10 CONTIRUL »
PRINTLINUD
100% FORMAI(55HO NOU PITCH COMPONENT IS CONTAINED IN THIS COMBINATION )
11 CLPaCLU+CLD
CLIk5i=,0809xCLY
CLAZABS (CLP)
IF(CLALE.CLTESTIGO TO 12
PRINTLICOUG
L0066 FORMAF(5HHNTIHES COMBIMNATION INCLUDES A ROLL LEFT OR RIGHT COMP )
AKLz=CLT/CLP
PRINTLOUT7 v AKL
1007 FORMAT(25H0 RULL AMPLIFICATION = ,F15,8)
60 O 14
12 CONTInUe
PRINTLIOUS
1008 FORMA (95H0 NO ROLL COMPOMENT IS INCLUDED IN THIS COMRINATION )
13 CHNPsCivY
CHAZALS (CNP)
CHTES TS~ 08YG*CHMD/22C
IF(CNALLE.CNTESTIGO TO 14
cYPaLyyY
1009 FORMAT (55HOTHLS COMBINATION INCLUDES A YAW LEFT OR RIGHT COMPOMET)
PRINTIO0U9
AKN2CHT /CNP
AKYSCYT/CYR
PRINTLOL1eARY»AKN
1011 FORMAT(1BHO S10E FORCE AMP Z ) F15.80 loHYAW MUMENT AMP =,F1%.8)
GO TO 1%
14 COMTINUE
1010 FORMA) {55H00 YAW COMPONEMT IN THIS CAMBINATIOHN. )
PRINTL0OLO
15 COMNTLiwe
RETUKI
£HD
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SUURVUTINE ATMOS(ZeTTPoRHOICHO9VoAMIAMU»AMNU G GO TS» THET » NBC)
LATEST COMPILATION DLATED b2 T=72
UeSe GTANDARD ATMOSPHERE (1962
PAEPAITICYIT S, ]
AUARZ=3, 00544 CE=04
bBARZ7,2bHE=] )
CBARZwl (H17k=17 ’
GRAVITATIONAL FORCE ULTERMINED FROM SMITHSONIAMN POLYNOMIAL
IF (upt) 10y20,80
10 THETP=9U0=[HET
THETPRSTHETH/%7,20578
1?0=:uu.uob*(lou-.0030376tC05(2.0#THETPR)+.0u0005°*(COS(P.DOTHETPR)
*2)
DBARS =2 27F=07
EBAR=1,uk=10
FBARZo,E=20
G201 (LU (AHAREDBARRCOS(2, 0% THETFR) ) £2M+ {BUARSERARSCOS (2, N« THETRR
1)) 4£Mav2 +H{CHARHFBARKCOS (2,04 THETPR) ) #2Me % 3)
60 10 3u
20 GO = LU=30.4b
620,01+ G0+ABARXZMEBUARY ZME2M+C AR ZMA ZMAZM)
30 MM LG IrcMFABARSZMAZM/2, Q+HRAR ¥ ZMEZMELM/ 3, 0 FCOBARRZMEZMEZME2M/U ,0) /G
10
GUES( /7408y
AMOZl 0, yob b
RSM=y, 51432
IF (Hm=)1000,0) 40)40+50
40 PAz1013,e2F
DH=EHM
TASZ2Bu, Lb

NIDHE=D Y
GO TV 1y0,
50 IF (Hh=2000),0) A0r60070
b0 PASZ20.9¢
TAZZ1L 00
DTOMH=V .U
DH2HM=11000,0
GO TU tyu
70 IF tim=32000,0) BOs80»90
80 PASSHw, 7487 :
TAZZ2lu.0H
OTOH=1 .0
NHZHM=20 000, 0
G0 TLU 1wl
90 IF (Hri=47000,0) 100,100,110
100 PASY,pHU M
TAZ22B.00
DIDH= . 8
DHZHM= 32000, 0
50 Tu 190 .
110 IF iHli=52000,0) 12041209130
120 PAz1,L09u5
TASZ270.05
NTOH=Y U
DH=HM=87u00 .0
60 TO 19y
130 IF (Hiw=pl000,0) 140,140,150
140 PAS0.59u4005
TAZR27y.0D
DILHZ=2 U
DHEHM=5%2000,0
GO T 190
150 IF (Him=79000,0) 1601600170
le0 PA=0.1H2099
TAZ252.05
NTUHZ=4 , U
NDHZHM=51000,0
60 TO 19U
170 IF (Hh-uB74S,40) 180,180,230
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180

190

<200

210
220

230
240

250
260

270
280

299
300

310
320

330
349

PAZ0,010377

TAZ1BU, 0D

DTOHSULY
NDHEHM=75000,)

GO TO 19V

CONY1lE
TMETAD{UH*UH/L10G00. Y
IF (DIUKH) 231002000230

PPAZE AR ( «GO4AMORDH/ { 105Y00  QAREMETA) )

GO O 2¢0

PPAS({TA/TM) 22 (GOXAMU/ (100, N&RSMEOTNH) )

CONT UL

TE=TMa) 8

TT= 1t

B3 7.3025E=07

P = PiasbPARZ,0B85468
RHOSAMO#P/ {1545, 31 «GUE*TE)
AMUSH»TL**1,5/ (198, 72+TE) /GOE
ANUZAmU/KHO

CISURT (Lo Hy b, 3L ¥GURETE/AMO)

AM 3 y/C
Q = 0,7P%AMSAM

CASD-NBC~77~003

TS 2 (heD6E+L16XSORT(RHO/0,N0R23R) % (V/26000,0)%%3,1%)4%0,25

6GIG/Y, 3046

GO = (0/730,48

RETURIMN

IF (2in=}00000.0) 280+240,250
TMHI 180,65

ALM=z4,0

ZBK=90,

PBM = 1,6U30E~03

ABZ2b 96448

GMZem , lsbls

G0 TO ugU

IF (dm=11000040) 26092609270
TME=210,65

M.M:S.U

ZBK=100,0

PBM23,u07bE~04

AMH=20, 58

GM= =, 032

GO TO yyv

IF (2M=120000.0) 280:2800290
TMBZ200 405

ALMZ10,0

2BK=110,0

PBME7 ,3544E=)5

AMB=2U, b6

GMz3~=, by

GO TO 40U

IF (Lw=l50000.0) 30030092330
TMB=30h, 65 )

ALM=20.,v

ZBK=120,40

PBM=2,5217E=05

AMIBE20,07

GM=w, 0383338

GO TO ayu

IF (cvi=t60000.0) 32043200330
TMEE900, 65

ALM=15.0

ZBK=1u0D .0

PBMSY Ml 7E=06

AMB=Z206,92

GM==, 20

60 TU 40

IF (Z2M=*'"00u0.0) 344,380 350
TME=Z1110.65

A-40
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ALMziu,U
ZUKE=100,
PBMZY .94 IE=06
AMBE20,00
GM2=,u26

GO 10 wuv

ggg ;:Béfz;t?gguu.m 361, 03609 370 ORIGINAL PAGE I8
ALMS7 .0 OF POOR QUALITY

LBREL70,0
PUM=2, 7926E~(b
AMBZ20 .4
OMEw 2275
GO TO uuy

370 IF (Z2Mez30000.,0) 380,3R00390

380 TMH=1350.68
ALM=Y,0
2B%=190,0
PHn 2§ 6452606
Aldid 2%, 85
GM e, 28795
GO 10 uyv

Jor LONTiLUE
Q= u,0
P = 0.0
3= b/”.dﬁ“u
GO = 90/300“6
RETURW

400 CONT Livit
COMPUTE KINETIC TEMPERATURFE
ZK=ZM/10U0,0
AMRAT S ( { AMBHLME (ZK=ZBK) )1 /28,9644)
TMOLSTHU FALM% ( ZK=2BK )
TTSIMULAMRAT XY ,80

%410 CONT LHE
COMPUTIE STATIC PRESSURE '
APZ( 1B/ ALM) mZ1K
PARTAZ (LK=ZBK ) % { s 02DHE=N6% (2K+2DK )=, 1 25E=05H*AP=,00325)
PARTR=(, 125 «05%AP£AP+,00325%AP+0,818) «ALOG( (ZK+AP)/ (ZRK+AP) )
AMOS 2y, yoht
R5TARSY, 31432
COEF = «ALM®RSTAR/AMO
PRLOG=(FARTA+PARTR ) /COEF
P2, 0u8bH684PBMEXP (PRLOG)

420 CONTINUE

. COMPUTE DENSITY, SPEED OF SOUND» DYNAMIC PRESSURE
RHO = PxAMRAT#28.,9644/11545,31+TT*60k)
CIOURT (L U%P/RHO)
020 H7RHO*V*Y

430 CONTILIUE
COMPUTE MACH NIUMBER, GRAVITATIOMAL FORCEe VISCHSITY + KIM, VISC'TY
AMZV /¢
G T (Us125E~05)#2K42ZK=,0032542K+9,818
HETA = 7.3025E~07
SUTH = 198,72
AMU = HETARSURT(TT*43,0) /7 (TT+SUTH)
ANUZAMU/RHO/GUE
AMUZ AN/ GOE
TS S (4,56E+104SUGRT(RHO/0.00238)%(V/26000,0)+#%3,15) 440,25
62G/0,3048
GO = LI/80.u8
RE TURW

B0 FORMAT (32HO UPPER ALTITUDE LIMIT EXCEEDEND)
END

A-41



APPENDIX B

CASD-NSC=-77-003

URIGINAL PAGE I3
OF POOR QUALITH

SAMPLE INPUT

R
»g e 207E=0] 3, 1USE=y2=9,700L=N1~3,086E+(1=1.,203E+40} 9,501E400 6.137E4+00
=2 UB0E=0] 4,98UE~03=0, 7B8LE=0Ll=,2495+01=1,105E+N]) 9,871E+00 6,575E+00
=2e332Fm01 S IBTE=2=9,70E=01=3,072E+01=1 . 454E+0) 9,416E+00 4,121F4+00
“2+208E=01 4, H2E=03=9,753E~01=3,226E+01=1,394E+N]1 9,7ASE+00 4,353E+00
=2 s 233E=01mg UIBE =2~ TULE (1=, Q4 7E+(1=L . TOLE+OL 9,359E+400 5.739E+N0
e s JIE=D1o0  UTTE=0I3=9, 72uL=01~3,197E+01=1.610E+04 9, 700E+N0 5,992E4n0
“2el6YE=0] 2,78LlE=03=9,762E=01=3,QUTE+DL1=2,014E+0) 9,273F+00 6.,546E+00
=2 e 234E=01 9,893E=03=9,747E=01=3,155E+01=1.9N3E+N) 9,615E+00 6.993F+00
2o JIOFEw0Llw] HIIE=02=9, 777E=01=2,970E+01=2, 358E+0} 9.2165+pu 6.413E+00
=Zs 169E=U1=7,956E=05=9, 7H2E~01=3,1U6E+01=2.,242E+0) 9,501E+00 6.8R2E+00
=2 (1OYE=01 ¢, YTUE~02=9,7B1E=01=2(9IIE+01~2,731E+O]L 9, 07UE+N0 6.,3R6E+NO
meoUIUE=DL 3,258E=02=9,773E=01=3,001E+01=2,6N3E+N]L 9,3R7E+00 7.NU2E+00
~Lle789E=0] 5,83IE=Q3=Q,83YE=~0L=P HBETE+01=3,L21E+N] 8,900E+00 5.,618E+N0
=20 U00E=01 2,351E=02=9,7083E=01=3.,007E+01=2,990E+0) 9,160E+00 6.506E+00
=1 ,6UYE=DL=], ISIE=(2~9,86IE=01=2,BS0E+N]1=3,462FE+01 8,B4TE+0D 4,098E+00
) s 7BYE=QLl=g U1 TE=(05=9,83YE=N1=2.993E+01=3,3576+01 9,017E+00 4.519€+00
2o 249E=01 },922E=03=0, 7TUUE=01=2,80HE+(1=3,7RYE+N] 8,818C+00 3.7R9E+00
“) J6UIE=OL=ue S T0E=02=9,8506E~01=2,904E+01=3,678E+N] B,989E+00 4,321E+00
1.b22E~01 0, =9 833E=01=,066E+01=5.366E+00 B,192E400 6,760E+00
L.8422E=01 ¢, =9, 833L~01~4,066E+01=0.36HE+OU 8,192E+00 ., 76VE+N0
1.822E~01 u. =9, 833E=01=U,0LLE4+01=7.37LE+0Y B8,192E+00 6. 'HLE+NO
1,822E-01 v, “9,833E=01=4,066E+01=-8.374E+0y 8,192E+00 6,760E+00
1.822E=01 v, “Qy53SE=01=3,954E+01=9.501E+00 8,192E+00 6.328E+00
=1e703E=01=9,035E=0]1 2,U4BLE«01=2,465E+01=1,0H7E+00=1,075E+01 2.NABE+00
=D e H(GE=02=y, YUSE~)]1 9, 0UBE=02=3,180E+01=1.209E+00=1,075E+01 6.5A9E+N0
ReH6T7E=(1l=7,706E~03=9,665E-01=U.104E+01~5,984FE+00~0,B224 U LOEUEFDC
Se068E=ULl=]l ,065E=01=Y,371E=01=4,088E+01=0.499C+00=0, 7272 4 U6HEHND
SeHUGE=UL 3,181lE=01=8,792L~01=41,20 =5.,517 =(,54 U.46U4E+ND
S 0BBE=01 1.,005E=01~9,371E~01=41,04 “5+008 -},7272 4,464LE+00
SeblpF=01=3,181F~01=8,792E~01=4.,072E+01~6.990E+00~0,54 U UBUE+ND
SeOHBE=01=y H78E«(1=7 QU T7E~01~L,05RE+01 =7, 41H2E+0U~0,266 U uAUE+QO
34986E~01 4,578E=(01=7,947L-01~41,34 =5, N6S ~-0),266 $L.UAUE+OD
44 376E=01=b,813E=01=6,800E=01~8,0UnE+01~7,8L3E+000,n87 4, URUE+ND
4e376E=01 H.813E=01=6.600E=-01~U1,46 =4 6hAY N.087 U, 46UE+ND
4o 703E=01=0 BB0E=01=5,565E=01=8,035E+01=8,179E+000,506 4,46UE+00
4+703E=01 b aDUE=Yl=5,565E=01=1,57 -4,338 0506 4. 46LE+Q0
He9STE=0l=7,050E=0l=t, 100E=01~U,027E+01=8,4UQE+NQ0,08L b, 4A4E+NQ
$e9S7E~01 7.,656E=01=4,]100E~01=41,65 =4.,077 0.981 4,464E+00
Del131E=01l=03.LUBE~0L=2,5L1E=0L=4,021E+01=8.619E+001,496 4,46UE+00
54131E=01 8.,208E=01-2,51)E~01~41,71 =3.A98 1,496 4,U464E+ND
5e219Em( et 4HBE=(1=8,USHE=02=4,018E+01=8,710E+002.,036 U, 4hUE+ND
He2190 =01t 4HBE=01 B, U455E~02=H,U1BE+01=8.710E+OU2,584 Y4, 864E+00
De21YE=D]l 1, 488E~(1=8,455E~02=01,74 =3.807 24036 4. 46UE+ND
Del3lE=01lety, 208E=01 2,51 1E~01=U,021E+01~8,/19E+002,584 4,464F+00
44703E=01=¢ BH0E=YL Ho565E=01=U,035E+01=8.179E+N0U, 114 4,464E+00
4 e957E=0L=7.050E=01 U.100E=D1~U,027E+N1=B.8U0E+003,63D 4. 464E+00
Be376E=01"5H,813E~01 6.860L=01=,046E+01=~7.,AU3E+00H,533 4, 46UE+NQ
3e986E=01=4,57BE=0L 7,947t =01=U,058E+01=7,4U42E+0yu4 . 28RS 4,464E+00
2+567E=01=7,706E=00 9.665HE=01=U4,104E+01=5,9R4E+045,442 4.464E+00
5e068LE=01=1,005E=0]1 9.371E=NL1~U,08BE+1~6,499E D05, 347 U4,4”4E+00
e HUBE=01=3,l8LlE~(U] B.792E~01~U,(72E40)1=b.Q00E+005.,16 4,4ALE+ND
LoeBI9E=01=2 ,4D6E=~2=9,A20k~01=3,60HE+Y1=8. I3HE+Nu=10,73 1.,160E+400
2ol 18Ewi=] HITE=O1=%,528E=01=3,001E+01=A,540E+NU=11.663 1.160E+00
’ Zt9715'01'5-5555-01'3o940&-01‘300535401‘6075%5*00'10-an 1.1RNE+ND
S34UH0E=0L=4,7048E=01=8,080L~01=3e646E+01=b.QU2E+0Y=1(1.4H6R 1.160E+00
3e930E=01~5H,992E=(01=0:2379E=01"3,6U0E+01=Y, 10YF+N=111,319 1.1A0E+0D
$e308E~01=7,USIE=01=5,058L=N1=F,030E+01=9,.208E+00~10,182 1.160E400
bebU2E~01=7,838E=yl=t,16Y9E=01=3,651E+01~0.3K7E+Ny~3,041 1. 1A0E+N0
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G eB04E=OLmty, $91IE=01w2,853E=01"3,02AE+01=4,431E+0U~9,724 1.,160E+00
He9VOE=01=t) s b 72E=) 1 =8 597E=02=3,027E+Ni%g, 4GYE+DY=9 496 1.160E+00
$4906E=0Lmy 6 72E~0]1 H,597E=02"3,027F +0)1=3UAGF+NY=~9,265 1,160E+00
GoBUYE=N L=t SYLIE=0] 2,553E=01=3,620E+U0L"9431E+NU=9,037 1.,160E+00
$0602Ew01=7,638E=01 4,169E=01=3,631E+01=9,357E+Ny=-8,811 1,160E+00
4+ 50862017, USLE=0L 5,658E=01=3,035E401~9,208E+00~8,619 1.160E4+00
3¢930E=01=h,9Y92E=0) 6.979E=D1=3,0U0E+01-9,10YF+DU=5, 402 1.160E+00
Se4B0E=D Loy, 7DUE=UL H,0B0E~01~3.046E+01=8,9u2E+00Y~8,293 1.160E+00
€e971E=01=3,355E=01 B, QHQE=DL1=3,6D3E+)] =8, 7S54E+IU~B,177 1.1/0E4n0
2r418E=01=1,u37E=1 9.528E=01=3,601E+0i~H,549E+00~8,09A 1.160€+00
1eHIOE=D1=2  4DBE=02 9,826E~01=3,66RE+01=8,335E+00~8,057 1.160E+00
VI @l UNOE+0D 0. =7,680E+00=8.192F4+00 5,063E+400 2.1A85F+01
Ue =]l UN0E+00 O, =3, 4 13E+00~H,192E+00 5,926E+400 1,311E+0}
U =1, UU0E+0U 0. «7+680E+00=8,192E+00 2,102E+00 2.,075E+01
U ) UO0E+D0 0, =3s413E+00=8,192E+400 1,0B1E+00 2,075F+0}
U Y YBAEw )Ll , 757E=02=7,080E+00=H, 164E+NU=5,97UE=N1 1,14BE+N]
(1 =9, Y8OE =)Ly, 757E=02~3 41 3E+00=8.135F+00~1,195E+00 1,148E+0}
U, ) HRUE=(l=3, 048E=01=7,680E+)0=~7,A7TIE+NVU=2,503E+00 1. 43UHE+O]L
Ue “), H2UR=01=3, JUBE=~01=3,413E400=7,652C+0U«=3,214E+00 1.,434E401
De »7L0BE=) =0 5I6E=01=7680E+U0=6, BAYE+ND=4 ,551E+00 1,5R8F+01
v w7, D08E=) 164 536E=01=3413E+00=6,3U3E+NU=5,1777+00 1,5RRE+N]
U 20 U TE=L1=7,T2TE=01=7.680E+00=5.NN6E+0U=6,457E+00 1,979F+01
Us w3, S TE«QL =7 727E=01 =3, 413E+NN=4, 2 UE+NQ=T7,L11E+0D 1,979E+N1Y
Ue w2, 195E=(11=9, 7H56E=01=7,680E+1)0=2,270E+00=8,022E+00 2,239F+01
Oe 2o 195F=)1=9,750E=01=3,413E+00~1,13BE+D0=8,27RE+Q0 2.239E+01
Leb52E=02=9,978E=041 0. =1, 715E+01=d.534E+00 6,941EC+00 3,2R4E+400
0s052E~02=9,978E=01 0, =1 459E+01~8.363E+00 5,517€400 1,314E+NY
©e652E=02=9,978E=QL 0. =1 .7TISE+01=8.534E+00 5,006E1+00 5,912E8+00
0e652E=02=9,978E=01 0. «1,459€+01=8,3»3E+00 2,788E+00 1,248BE+01
0.652E=02=9,978E~yl 0. ] s TISE+01=8.53G4E+N0 2,475E+00 1.084E+01
D4 225E=02=9,9Y75F =01=ite 7TSUE=02~]1,459E+01~8,335F+00 1,707E~N1 6,879E+00
T 754E=02=9,970E=01 0, =1 715E+01=8.505E+00 3,129E=0) 7.231E4n0
=1 s 3ITE=02=9,523E=(1=3,047E=0L=1,459E+01~8,079E+0(0=1,764E+Q0 R.6N3IE+00
T e hBUE=02=yY LU TE=GLl=1,575E=01=1,7156+01=8,164E+00=]),735E+0D B,320VE+0D
$.900E=0 =7 H46E=0]1 U4.533E~01=1.715E+01=7,908E+0U=3,726E+00 1,012E+nN}
B,016E=01=8,7YBE=(GL 1.135E«01~1,715E+01~8.420E+00=5,262E+00 1,155E+n1
4,708E=01=0,55% =01=2,140E=01~1,715E+yl=8.306E+6U=7,0552+00 1,225E+01
Ue()JIE=01~54020E=12=0, 108E~D1=1,715E+01~7 . LUOE+00=8,022E+00 1,1R7E+nN1
L10238E~01=9,8TUE~Y L= B7UE~N2=2, 3THE+01=9,246E+00 7,851E+400 2.618E+00

1 e258E~01=y.92lE~0L Q. «2,173E+01=B,9A0E+00 7,258E+00 2.6N6E+0N0
1e1276=01»9,9U2E«01=6:252E=02=2,37SE+01=9,160E+0U 6,599E+00 6.266E+00
98126E=02=9,952E~0L1 Q. =24173E401=8,904E+00 L,774E+00 B.676E+00
94538E=02=Y YU TE~01=3,826L=02=23TSE+01=9¢NTUE+NY 4,6A5K+00 6,7S7E+00
B U21E=02=9,964E~01 0. =2,173E+01-B.R75E+00 3,5RUE+00 R,562E+00
7e692E=02=9,900E=01=4,527E~02=2.375E+01=9.017E+00) 2,361K+00 S.710E+00
700250-02=9,975E=01 0. =2.173E+n1=8,R4T7E+00 1,394E+00 S5.7N2E+00

50853E=02~9,959E=(1~6,B868E~02=2,375E+01=8.,932E+00 2,845E=01 7,528E+00
7¢930E=02=9,843E=01=1,575E~01=2,173E+01=8,670E+N0=7,68NE=0] 6.566E+00
10379E=01=0,605E=01 4,536E~01=2.575E+N1=9,245E+00=2,19NE+00 F.689E+00
LoU51E=01=5,495E=0)1 5,171E=N1=2,173E+N)=Y 4uUE+Ny=3,072F4+00 7.000E+NQ
1:314E=01=y, 721E=01 1,98UL=01=2.375E+01=1,030E+01=4,637E+00 7.979E+0N
1:636E=01=y, 764E=0] 1,26cE=01=2,173E+01~1.013E+01=5,u62F¢00 B.121E+NQ
1,530E=01=9,085E=01~3,866E=01=24375E+01~1.001E+01~=7,.700E+400 1.,338E+0]
SolhSTE«02=9 b8 TE~D1=2,422E=01=2 173E+01=9, 4UL4E+NY=8 ,59LE+ON B.HUOE+0D
24165E=01=1, THOE=UL1=9,60bE«01=2,375E+01=T7.965E+N0U=1,0LRT+01 L.1R4E+N]
2s873E=01~, 795E=02=9,561E=01=2,173E+01=T7(2AE+0Y~9,785E+00 A, C23E+ND
3e271E=01 4,589E=01-8,261E=01=2,375E4+01=4,75VE+0U=9,8R0E+00 1.127E+N1
Lef4I7E=01=9, T06E=01=1,582E~01=7,970E+01=1.016E+01 H,420E+00 U,BABE+D(Q
104270 =01=9 BUBE=(11=9,£48E-02=2, 773 +N1=9. 7HBE+0Y 7,8797+00 2,551E+n0
1o429E=01l=Y,bbIE=0i=8.219L=02=7,970E+01~9. 3RYE+0y 0,9120400 A L1UE+DO
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oF, pooB GUATET

10429 =0Lmy,utdEwl=fl  21YE=N2%2, 7737 411wy, AIIE+NU H, 2307400 6,1 1LF+N0
Lot 33E=0 1=y, g8 e el RO0E=N2=2 ,970E +111=9, R42E+00 4, ,B0TE+)0 H,HNHE400
1o433E=01ewty, st w1=3,B04E=02=2,TTIE+)1~9.579E400 4 ,06RE+00 6,605E+00
1o833E=01=9,087E=)1=0,4904E=02%2,Y7NE+(1=9,757E+N0 2,702E+00 5,591F+00
Lol33E=01=g BB TEw) Lkt y4OUE=NR222, 7TTIE+UL=9 HULE+IU 2,077F+D0 5,591E400
1oU31E=01=y, b 7U4E=)1=6+B09E=02=2,9T0E+01=Y,683E+00 b,258F=01 7.379E400
10831E=01=y BT4E=(l=b.80Yt=02=2,773E+01=9, 3n2E+N)=1 ,991E=N] 7,379E+Nn0
1:278E=01=y,BL7E=01 4,542E=01=2,970E+01=1.001E+YL=1,963E400 9,404E+NO
10E78E=01=0,0)7E=0] 4,5042E=01=2,773E+01~1.021F+01=2,901£+400 F,404E+00
LebD76=01=9, 708E=0] {,0Uct«01=2,970E+01=1 1 15E+N =0, 600400 7,764F+00
Le4U7E =0 oy, 7UBE=) 1,9U2E=01=2,773E40]1=1,300E+01=5,5477 400 7.764E+00
16322E=0129, 121 Em(t=3 ,8B8LL=01=?,970E+N1~1,NA2E+01=7,737E+00 1,295E+0})
1,322Ew01=y, 1 2lE=yl=3, A0 E=01=2,773E+01=1 . ORTE+D1=9,NTHE+(0 1,206E+0)
Cr711E=02=1 B 70E~01=9,H20E=01=2,970E+011=B,59LE+NU=1,064E+01 1.N75E+01
30110E=02=1,7HBE=01=9,834E=01=2,773E+01=~7,055E+00=1,0B7E+01 1.124E401
=L bTUHE=D2 3, 8IBE=01=9,210E«04n2,970E+01=U4,779E+0y~1,052E+0) 1.309E+n)
Us HeBDOE=( =8 TURE=NL1=2, 773E+01=3,413E+00=9,95E+00 1.,035E+01
S0018E=02=y, 909 =(1=3,12 E=02=3,41AE+01=1.NATE+NL 9, QHAFE+00 S5,1338+00
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