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FOREWORD

The present study was undertaken by the Convair Division of General Dynamics under
NASA contract NAS9-14095 and this report covers work undertaken from 15 June 1974
through 15 June 1975. The contract monitor was Mr. Barney Roberts of 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 this
study. The OA82 test data used in this program was generated in the NASA Langley
Research Center CFHT hypersonic tunnel under the capable direction of Mr. Tom
Blackstock to whom we wish to express our appreciation for his interest in and
thorough efforts toward obtaining precise data required in this study.
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SUMMARY

This report is the final technical report and documents the work performed through
15 June 1975 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 effects 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 obiained in the NASA Langley Research Center
31 inch continuous flow hypersonic tunnel at a nominal Mach number of 10,3, The data
was obtained with a 0,01 scale force model with aft mounted RCS nozzles mounted on
the sting off 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 effect of number of nozzles was tested as were limited tests of combined controls.

The data shows that RCS nozzle exit momentum ratio is the primary correlating para-
meter for effects where the plume impinges on an adjacent surface and mass flow

ratio is the parameter where the plume interaction is primarily with the external stream,
An analytic model of aft mounted RCS units was developed in which the total reaction
comrol moments are the sum of thrust, impingement, interaction, and cross-coupling
terms,

OT FILMED
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1
INTRODUCTION

The space shuttle orbiter has two reaction controls systems (RCS), as show: in
Figure 1-1, which are used for orbital maneuvering . The rear RCS provides control
during eniry until the aerodynamic surfaces have sufficient effectiveness 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 study performed in reference 1 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 aramd the vehicle, These RCS - flow
interactions have acted in directions such that the net RCS system effectiveness is
much lower thah the thrust moments alone and it is critical to flight safety and per-
formance to know what the induced RCS - flow interaction momunts are caused by

and to develop methods to predict them, These are the basic purposes of this study
conducted under NASA contract NAS9-14095. This report is the final report of this
contract 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 test designated OA82 which was documented in the interim
technical report (reference 2) of this contract. These data were obtained from tests
conducted by Rockwell International personnel within NASA test facilities, primarily
the NASA-LRC 31 inch continuous flow hypersonic tunnel (CFHT) at a nominal Mach
number of 10.3. The data was obtained primarily with a 0,010 scale force model with
the RCS nozzles mounted on the sting of the force model balance. The plume simula~-
tions 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
cbtain (RT) ratio effects, The effect of number of nozzles was tested as were limited
tests of combined controls.

The thermal analysis task was also documented in the interim report (reference 2)
and will not be presented in this report, .

This report will concentrate primarily on the data analyses and analytic model develop~
ment and contains 5 parts:

a) Test Data Summary d) Representative Full Scale Results
b) Data Analysis e) Study Conclusions

c) Analytic Model Development

The data presented in this report is data for the aft RCS unit only. No test data has
been obtained on forward RCS unit effectiveness at the time of preparation of this

report,
1-1
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2
TEST SUMMARY

2.1 REAR MOUNTED RCS DATA BASE

Data from ail rear mounted RCS tests was provided to Convair by NASA~JSC for com-
pilation and analysis under this contract, This rear mounted RCS data base represents
10 tests as summarized in table 1, The PRR configuration data was obtained by
General Dynamics/ Convair in the test program reported in reference 1 and all of the
remaining test data has been obtained 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 for the shuttle. The OA82 test data
documented in reference 2 is the principal source of data used in this study.

2.2 TEST MODEL AND RCS NOZZLES

Figure 2-1 presents the 139B orbiter configuration used in these tests. The model
was a 0,010 scale model constructed from aluminum, The model was attached to a
force balance mounted on a sting up through the base of the model as shown in Figure
9-2, The plenum chamber and nozzle block assembly was also mounted on the sting
close to the base of the model but not attached to it. Thus the force balance measured
model forces and moments and the loads induced by RCS operation but not the RCS

jet moments. Grounding strips were mounted in the gap between the plenum and the
model to insure that the model did not ground on the nozzles during the tests.

A number of different nozzles were used throughout the tests and tables 2 to 4 present
the nozzle code numbers and a brief summary of the nozzle characteristics. All

nozzles were tested using 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 connected 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.

2.3 REFERENCE DIMENSIONS

All data used in the analysis was reduced to common reference dimensions using the
orbiter wing area as the reference area, the wing mean aerodynamics chord (C) as the
longitudinal reference length, and the wing span (b) as the lateral-directional reference
length, The model scale for all tests but OA73 was .010 and the scale dimensions are:

g =8 = 0.02499 Meters? (0.269 Ft2)
ref wing

Zref =¢= 12,06 cm (4,748 in)

b _=b= 23.79 cm (9,367 in)
ref

2-1
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The moment reference center used for all model data reduction is located at 65% of
the body length aft of the nose (full scale station 1076,7) on the fuselage reference line
(full scale waterline 400). In 010 model scale

XC Gr= 21,303 cm (8.387% in) from nose

YCG= 0

VA e = 10.160 cm (4. 0 in) from bottom reference plane

2,4 OA82 TEST PROGRAM SUMMARY

The aft RCS test designated OA82 was perfomed at the NASA Langley Research Center
Continous Flow Hypersonic Tunnel (CFHT) where it carried the test number CFHT113,
The test was performed at a nominal Mach number of 10,3 using a .01 scale model of

139B orbiter to obtain 6 component force and moment data using a cold gas simulation
of the RCS exhaust flow., The major tesi variables included:

a) tunnel dynamic pressure (q = 75, 100, 125, 150, 200 PSIA)

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

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

d) RCS control direction (pitch down Nyg, pitchup N 9? yaw N 5 4)

5
e) number of RCS nozzles

1 Pitch down 1,2,3
i Pitch up 1,2,3
m Yaw 2,4

All aerodynamic control surfaces were kept at zero degree deflection throughout the
test.

Reference 3 presents the error analysis performed on the PRR configuration data
generated in the Unitary Plan Wind Tunnel at NASA-Langley Research Center, This
data showed the advantages of obtaining repaat runs for the RCS off data in order to
obtain a mean value for computing induced jet effects. A similar approach was taken
during test OA82 where 6 repeat jet-off runs were obtained at a tunnel dynamic

pressure (q ) of 150 PSF and 4 repeat runs were obtained at q_ of 125 PSF, These

data were used to generate mean value jet-off coetficients for the two dynamic pressures
by selecting a base run and interpolating the 6 component data from all the other jet-off
repeat runs to the base run angle of attack, The mean values were then computed for
each force and moment component at each angle of attack.

2-2
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Reference 2 documents the error analysis based on the OA82 test data which showed
that there were systematic errors in the pitch axis jet off data at higher angles of attack
as well as the statistical random errors in all data. This systematic error was inter-
preted as being caused by differences in upper surface pressures acting on the wing

due to differences in the way the wing flow separates (reference 2), These data also
show that the total error in amplification factor (Figure 2-3) is less than 20% for all
moments except at the very lowest thrust coefficient tested and for normal force
amplification where it is never better than 20%.

2.5 OA82 DATA SUMMARY

2.5,1 DATA REDUCTION PROCEDURE - The measured balance data from test OA82
included the basic vehicle aerodynamic forces and moments plus an induced loads
resulting either from RCS jet impingement or from changes to the vehicle flow caused
by the RCS jet plumes. The RCS jets were mounted on the non-metric sting so direct
thrust forces were not measured on the balance. Therefore, the incremental induced
effects are computed by removing the basic vehicle characteristics from the jet-on
datas:

ACM_= CM, - CM 1)
i j 0
where AC. = induced force or moment increment
i
CM = measured force or moment coefficient with jet on
i
CM = measured force or moment coefficient with jet off
o

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,

ACM = CM - CM (2)
i 3 o]
where EM = mean value of jet off force or moment coefficient
o

Angle of attack differences between the jet-on data and the mean jet-off data were
accounted far by passing a 3rd degree polynominal through the jet-off mean 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. The interpolation of the mean
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value jet-off curves was done because it was assumed that these mean curves are
less likely to have scatter to fit the curve through and betfer difference curves would
result, Difference data was generated for all six aerodynamic components but axial
force difference data was not analyzed,

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 by

ACM =CM --CM -CM, o
interaction ) 0 impingement  (3)
where AC = induced force or moment resulting from RCS flow/
interaction flow field interactions
C = predictedforce ormoment due to plume impingement
impingement

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

Nozzle thrust was computed using the calibration data on the model nozzles while the
other nozzle flow parameters were computed using ideal nozzle equations,

2.,5,2 PITCH DOW JET INDUCED DATA - The pitch down jet data was generated
primarily with the nozzle set designated Nyg whose principal characteristics are defined
in table 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 one run 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 convention, The nominal values of the RCS thrust moments are tabu-
lated with the run symbols on each plot,

Figure 2-4 presents the effect of supply pressure for nozzle Nyq for freestream dynamic
pressures of 125 PSF, 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 2-4 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 the pitch down
jet incremental data shown in reference 2,

¥igure 2-5 shows that 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, '
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These data {ndicate that a better representation of the base region is needed for the
pitch down RCS simulation, The roll jet data Figure 2-6, shows that the norinal 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 incre-
ment as the sum of the single jet induced effects.

2.5.3 PITCH UP JET INDUCED DATA -~ The pitch-up RCS data was generated
primarily with the nozzle designated as N5g whose principal characteristics are defined
in Table 3. This nozzle block was mounted on the right side of the model and containg

a two nozzle set exhausting vertically upward past the vertical fin which is approxi-
mately 9 nozzle diameters laterally from the nozzle centerlines. Figure 2-7 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 but 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. Above this angle the induced effects become relatively in-
sensitive 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.

The only run of symmetric pitch up data obtained in the RCS test program to this time
is presented in Figure 2-8. No difference can be seen in the induced pitching moment
between the single side and the symmetric RCS cases in this figure,

2.5,4 YAW JET INDUCED DATA - The yaw jet data obtained in test OA82 was

obtained with the nozzle set designated Ng5 whose characteristics are defined in Table

4, These 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, This test concentrated on RCS pitch problems so that fewer yaw
runs were obtained, Figure 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 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,

2.5.5 PITCH UP PLUS YAW JET COMBINED CONTROL ~ One nozzle set designated

Ng4 was tested which contained both pitch-up and yaw nozzles. The nozzle character-
istics are similar to those of nozzles N5 and Ngg. This nozzle set was mounted on the
right side of the model firing upward and over the right wing, Figure 2-10showsthe effect

2-5
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of supply pressure on induced forces and moments, At angles of attack below 10 degrees
only the highest supply pressure shows any induced pitching moment but it is greater
than the comparable data for the pitch up jet alone while at angles of attack above 10
degrees the pitching moment data leoks quite close to the nearest comparable yaw jet
case, The rolling moment at high angles appears to be due primarily to the yaw jet
while at low angles it appears fo be due to the pitch up/roll jet. Thus it appears for

this combination ¢f RCS controls that the pitch up/roll nozzles effects dominate at

low angles of attack and yaw nozzle effects at high angles of attack,
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TABLE 1
RCS 'TESTS
Test Test Date
Number _Type Model Scale Facility Received Other
- Force + PRR .015 UPWT Tape Original PRR
Heat Trans- Data
fer
OAT70 Force 139B .015 UPWT Tape Yaw RCS Data
Only
OAT3 Force 139B .015 ARC 3,5 Tape
OA85 Force + 139B ,010 CFHT Tape Tabulated Press~
Limited sure Only
Press.,
OA105 Force " " " n
1A60 Force " " " " Orbiter + Tank
OA83  Press. " " ARC 3.5 Plots Plotted Data Only
LA25 Force " .010 CFHT Tape
OA82  Force " " CFHT Tape
OA99 Force + " .0175 Vacuum Report Vacuum Impinge-
Limited ment
Press.




TABLE 2
PITCH DOWN NOZZLES

CASD-NSC-75-002

: Expansion Exit Number Aft  Outboard ) Exit
Test Nozzle atio Diameter in Set  Angle Angle Side Angle
OAT3 N2 1 1.159 .144in 2 12° 20° Left 5°

N22 " 1" 1" 0 0 " "
1A 60 N4:9 4,43 . 141 2 12 20 Left 34,25
N 1" 1" 1" 1" 1" Right 141
50
0OA105 Same as IA 60
LA25 N31 1,155 . 0990 2 12 20 Left 5
N34 2,851 ,0878 " " " " 9
N35 1t 1t 1" 1" 1" Right 11"
N38 1" 1" 1" 30 11 1" 1
OAB85 N 49 4,43 .141 2 12 20 Left 34,25
N50 1" 1" 1 1" 11 Right "
N46 6.332 117 n n " Right n
N " 11 1" 1" 1" Left 1
47
N43 7' 697 o 129 1" 11 1" 1t 1t
N 1 1" 1 30 1" 1" 1"
45
N42 1" 11 " 1" 1" Right 1"t
N60 1" 1" 1" 12 A 1" "
OA82 N49 4,43 .141 2 12 20 Left "
N50 1" " " 11" 1" Right "
'N 1] " 1 " " Left 1"
79
N " 11" 3 11" 1" Left 1"
83




TABLE 3

PITCH UP NOZZLES

CASD-NSC-75~002

: Expansion Exit Number in Aft Outboard Exit
Test Nozzle Ratio Diam.  Set Angle  Angle Side Augle
OA73 N2 3 1.159 ,144 in 2 0° 0° Right 5°
1A60 N5 5 4,43 . 141 2 0 0 Right 34,25
0A105 Same as IA 60
LA25 N32 1,155 .099 2 0 0 Right 5

N36 2.851 . 0878 " " " Right 9
OA85 N52 4,43 141 2 0 0 Right 34.25
N48 6,332 117 n " n " n
N,, 7.697  .129 " " L " L
OAS82 N52 4,43 . 141 2 0 0 Right 34.25
N 81 " " " " " Left "
N82 " n 3 n " Right "
N78 " " 1 " " Right "
NSO " " 2. 12 20 Right "
N84 n " 242 Yaw 0 0 " "



TABLE 4
YAW NOZZLES

CASD-NSC-75-002

Test  Nozzl Expansion Exit Number in Aft Outboard Exit
est Nozzle  payio  Diam,  Set  Angle Amgle Side  Angle
OA70 N 19 10.81 144 2 0 0 Left 5°
OA73 Nl 9 10,81 144 2 0 0 Left 5
" " 1" 1" 1" 1"
N2 0 1.159
1A60 N5 1 4,43 .141 4 0 0 Left 34.25
OA105 Same as IA 60
LA25 N33 1,159 .099 2 0 0 Left 5
" " " "
N3|7 2.85 .0878 9
OA85 N51 4.43 .141 4 0 0 Left 34.25
" " 1" 1"
N61 7.697 .129 2
OA82 N5 1 4,43 .141 4 0 0 Left 34,25
" it " 1" n "
N 85 2
: N84 " " 2+2 Pitch " " Right "
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3. DATA ANALYSIS

3.1 SUMMARY OF PREVIOUS RESULTS

Reference 1 presents the final report analyzing the RCS data on the PRR configuration.
That analysis showed that any nozzle parameter which was directly related to nozzle
exit momentum ratio

@j '}’j P_j sz Aj
T (1)

was a good parameter with which to correlate the total induced effects of the RCS
controls. That study could not show which of all the nozzle parameters was the best
since only one nozzle shape was used to generate the data. In addition that data could
not answer questions concerning the effects of number of nozzles firing in a given
direction combining controls in other two directions, and the importance of gas
temperature ratio as a parameter. Thus the purpose of this study was to obtain data
on a more current orbiter base line configuration and to update the analytic models
to this configuration. In addition, data on the effects of temperature ratio,numbers
of nozzles, and combined control were to be obtained and added to the models.

Thayer's dimensional analysis model (Ref. 1) for jet interaction problems shows that
energy ratio

h, R, T, (2)

@

is a parameter for these types of flow interaction although he showed little effect if the
ratio is below 9. The applicability of cold gas simulation techniques to simulate RCS
effects and the extrapolation to full scale results depends on knowledge of how strong
a parameter the energy ratio is and helium/argon gas mixtures were tested during
test OA82 to vary the gas constant (R) in order to answer this question.

The data of Reference 1 were generated with two RCS nozzles being used in all control
planes and the model was developed on a unit area ratio basis

A=A, (3)

However, the Shuttle.control system determines the control requirements and uses
varying numbers of nozzles to obtain the desired control moment. Thus a major test
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parameter on test OA82 was to vary the number of nozzles in each control plane to
determine the addivity of numbers of nozzles. Also a limited amount of combined
control testing was performed to determine the cross-coupling effects on RCS flow-
interaction.

The analytic model developed in Reference 1 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 impinge~
ment of the RCS plumes on adjacent surfaces and an interaction term which is the
plume flow interacting with the external flow over the vehicle.

=C +C +C
CMtotal Mjet Mimpingement  Minteraction 4)
where
Cm = total control force or moment coefficient
total
Cw. = RCS force or moment coefficient
M]et
CMivrmi = force or moment coefficient due to plume impingement on
impingement .
adjacent surfaces
CwM. . = force or moment coefficient caused by plume interactions
interaction

with the flow over the vehicle

The reasons for dividing the RCS induced effects into an impingement and an interaction
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,
andvertical fin. The vacuum test data (Ref. 3) shows that there is plume impingement
on these surfaces; but, the total induced forces and moments are larger than that
which is predicted by plume impingement alone (Ref. 1), and this shows that there is

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 3 of Section 2.

The analysis of the data will be presented by the direction of the control *fizust and -
analysis includes the following topics:

3.2 Pitch Down/Roll RCS 3.5 Combined Control

3.3 Pitch Up/Roll RCS 3.6 Possible Sting Interference

3.4 Yaw RCS 3.7 Time Dependent Effects
3-2
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3.2 PITCH DOWN/ROLL RCS

Section 2. 5. 2 presents a summary of the left side, pitch down/roll jet data obtained
during test OA82 and Figure 3-1 presents typical pitching moment increments
obtained from these data. This figure shows that there appears to be little angle of
attack effects in the data and that it may be possible to treat the incremental data as
a function of nozzle flow parameters only., Figure 3-2 to 3-4 present comparisons of
data averaged at all angles- of attack with the data averaged in a high angle and a low
angle of attack range. These figures show that there is a difference in data
particularly at the lower momentum ratios and as a result a high/low range break-
down was selected for the pitch down data correlations in which 15 degrees angle of
attack is the crossover point between models.

3.2.1 HIGH ANGLE OF ATTACK CORRELATIONS. Having divided the data into two
groups above and below 15 degrees angle of attack, the data correlations for the high
angle of attack represent approximately 5 points per data run taken at 5 degree
intervals from 15 degrees to 35 degrees angle of attack., These data were treated as
a set containing no angle of attack effects.

These data showed some correlation with all nozzle parameters which are directly
related to nozzle momentum ratio (for a fixed nozzle geometry) such as jet exit
pressure ratio in Figure 3-5. This figure shows, however, that the number of
nozzles is a parameter which must be accounted for in some way. It was found that
by redefining momentum ratio (Equation 1) with wing area as A_ and the sum of the
nozzle exit areas as the equivalent nozzle area Aj was the best method for accounting
for numbers of nozzles: Thus, momentum ratio is defined as:

5 y. P M ZA
S I I
3

2
Yo Po Mg Swing

(8)

The breakdown of the total induced moments into an impingement component and an
interaetion component still remains the best model of accounting for the differences
between the flow in the base region of the model where the primary interactions should
be impingement and that part of the plume which impinges on and interacts with wing
flow. The plume impingement component of the pitch down data was generated using
the model presented in Section 4 and the data was analyzed to determine the interaction
term. Figure 3-6 presents the interaction pitching moment and rolling moment
increments for the left side only pitch down jet ratioed to total jet moment. This
data is very interesting because it shows that the interaction components are initially
very large relative to the jet moments but becomes a smaller effect compared to the
jet moment as jet moments increase, This is a new result compared to the PRR data
(Ref. 1) due in part to higher jet momentum ratios achieved in these tests compared
to the earlier results.
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Figure 3-7 through 3-12 present the interaction increments for the pitch down jets
firing on the left side only and these data show that the interaction terms increase
very rapidly at low momentum ratios but tend to reach a constant level at higher
momentum ratios. It was decided to develop the interaction model in terms of the
interaction increments shown in these figures by curve fitting the data on these
figures. The figures present average data for each run but the curve fits were
generated as least square polynominal fits through all of the data.

The question of the need to simulate the exhaust gas energy ratio in addition to
momentum ratio for the pitch down jets is answered by comparing Figure 3-9 with
3-8 where, for a fixed nozzle mass flow ratiois proportional to momentum ratio times
energy ratio.

. 1/2

m, %, . P; /Ro To
S R R I 4 5 T (6)
m,_ % AP\ Ry T

In Figure 3-8 the gas mixture data from helium (R = 386) to Argon (R = 38.6) agree
well with the air data based on momentum ratio whereas in Figure 3-9 the data form
a line which crosses the air data correlation. Thus, cold air simulations appear to
be adequate and momentum ratio is the parameter for pitch down RCS.

The normal force data whose averages are shown on Figure 3-7 were fit with a
2nd order least squares curve fit whose equation is

C ~ - 0.0021945 - 0.811385 (2, /3,) +4,51527 (3./8.)2 (1)
Ninteraction } 3

This curve has a minimum value at a momentum ratio of 0. 08985 and the minimum
value of incremental normal force is - 0.0386.

The incremental pitching moment (Figure 3-8) due to interaction curve fit is given by
the equation

2
= . . s @ bt » - @
ACony tornotion = Ot 004384 + 0.52205 (3/2,) - 3.37717 (@J/ o) (8)

and has a maximum value of 0.024562 at a momentum ratio of 0.07729. The rolling
moment data of Figure 3-10 curve fit is given by Equation 9

2
ACy, = -0.0017358 - 0.1628144 (%/3,) + 0.802611 (3j/2,)" (9)

“interaction
and this curve has a minimum value of -0.009993 at a momentum ratio of 0.1014.

The side force data (Figure 3-12) and yawing moment data (Figure 3-'11) have
different shapes than the previous curves and fourth order curve fits were made

3-4



CASD-NSC-75-002

through these data to get better representations of curve shape. The incremental
yawing moment due to interaction is given by Equation 10 while the side force data
was fit by Equation 11.

= . 0 - . . . ) 2
ACninteraction 0.00034372 - 0, 221604 (QJ/@E) + 8.022016 (@J/@m)

- 79.03936 (3;/3,)° + 246.3438 (3;/%, % (10)
ACy, 4 raction = O+ 0067507 +0.6925 @y/e.;) - 17. 07348 (/2 )
+157.52286 (/) - 477.5934 (& fo )t 1)

3.9.2 LOW ANGLE OF ATTACK CORRELATIONS. . The low angle of attack data was
analyzed in the same manner as the high angle data and the correlations are presented
in Figure 3-13 to 3-17. The normal force due to interaction curve fit is given by
Equation 12.

2
= 0. 0 4: - U Q. Q + 4, N @ [;
ACN;teraction 000406927 - 0.795865 (3;/2,) + 4. 1104 (zfzJ/ o) (12)

which has a minimum value of -0.03812 at a momentum ratio of 0.096811. The pitching
moment due to interaction equation is

2
N = 0,000 + 0, 8/ ) - 3. 3/% 13
Cminteraction 00999527 + 0.501729 ( J/ o) — 3.0783998 (j/ ) «(13)

and this curve has a maximum value of 0. 02144292 at a momentum ratio of 0, 08149,
Equation 14 defines the rolling moment due to interaction as

2 2
= -0.000033456 - 0.132110 (%;/8_ ) +0.569 /% l
C4 interaction (4/%) 691798 (3;/%,) (14)

and this equation has a minimum value of -0, 007 699 at a momentum ratio of 0.11605.
These maximum or minimum values show close agreement with the results of the high
angle of attack curve fits as was expected from Figure 3-3 and 3-4.

The side force and yawing moment increments due to pitch down jet RCS interaction at
low angles of attack are given by Equations 15 and 16.

14 . . i } . @' @

- 86.79901 (3/3, )3 + 265.0127 (@j/@m)‘l (15)

=~V . 3:/3 ) - 18. 3 (3./8 )2
BCY o aotion = ~ O 00017443 +0.754012 (3/8,) - 18.2713 (3;/3,)

+163.014 (3;/2, 3 - 481,427 (3/2, % (16)

Comparing these curves with the high angle of attack models at a momentum ratio of
0.1 shows
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high ¢ AC, = 0.0039982, ACy= 0.0089138
low o ACp = 0.0042811, /Cy = 0.0073851
a good agreement between curve fits.
3.- 3 PITCH UP/ROLL RCS

Section 2. 5. 3 presents a summary of the right side pitch up/roll jet data obtained
during test OA82 and Figure 3-18 presents the rolling moment increments obtained

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
pelow 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 supply pressure or some
other nozzle related parameters. The pitch up RCS data was broken into three parts
for analysis based on these observations which are

a) high angle of attack
b) peak values
¢) below peak values

3.3.1 HIGH ANGLE OF ATTACK CORRELATIONS, The division between the high

- angle of attack data and the other regions was arbitrarily chosen as 15 degrees.
There are approximately five data points on each tunnel run between 15 and 35 degrees
augle of attack which were analyzed as a set independent of angle of attack. 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 inter-
action term. A theoretically predicted impingement term was then subtracted from
the induced terms in order to define the interaction terms for correlation with nozzle
parameters., Tigure 3-19 shows that the interaction terms are large relative to the
thrust at low values of momentum ratio (and thrust) but decline in much the same way
as the pitch down data of Figure 3-4 did. '

Figure 3-20 to 3-23 present the incremental norrael foree and pitching raoment due to
interaction correlated to mass flow ratio and momentuz ratic respectively. The
scatter in these data makes it difficult to choose a correlating parameter but the case
is much clearer for the peak value which demonstrates what Figure 3-20 hints at,
that is that the energy ratio cannot be ignored as a parameter for these data and a3 a
result mass flow ratio is the better parameter. Least square polynominal curve {its
were made through the mass flow data and Equations 17 and 18 were obtained

' ] . L] L] 2
b = 0. - 0. - + 0. 051909 (1, 7
CNinteraction 0.008828 ~ 0, 156367 (mJ/mm) (mJ/mm) (17)

| 1
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L] L) . . 2
A = =0,00042 - 0.01686 . . 026 .
cmintemmion 0421898 ~ 0.0168642 (mJ/mm) +0,026014 (mJ/mm)

(18)

The normal force curve has a minimum value of -0. 118 at a mass flow ratio of 1.506
while the pitching moment curve has a maximum value of 0.021443 at a mass flow ratio
of 0. 3241 whicli is much closer to the actual range of the data. The normal force and
pitching moments due to interaction are not consistent with each other at low mass flow
ratios (i.e., a positive normal force increment and a negative moment increment) and
this must be laid to the relative inaccuracies of the data in this range. At low mass
flow ratios the impingement predictions were zero and did not add scatter to the
interaction data.

Figure 3-24 presents the rolling moment resulting from plume interaction correlated
against momentum ratio. The moment due to interaction is small at high angles of
attack and the correlation was weak with any parameter tried. The data was curve
fitted using momentum ratio as the parameter because the lower angle peak values
correlate better with this parameter and because plume impingement on the fin will
induce rolling moments. Equation 19 is the resulting curve fitted through the data of
Figure 3-24,

2
Cy = -0.0010188 - 0. 037801 (/&) = 0.147119 (%/2,)"  (19)

interaction
The side force and yawing moment correlations are presented in Figure 3-25 and 3-26.

These data were found to correlate but with momentum ratio and Equations 20 and 21
present the least square curve fit polynominals fitted through the data.

A = 0.00 +0.079588 (3:/3,) + 0.26561 (3;/3_)>2 ,
Coyreraction 0.0013671 + 0. 079588 (3j/ %) 26561 ( J/ ) (20)

2
=0, - 0. /& )y -0, 5./%
Achnteraction 0030983 - 0. 16962 (@J/ o) — 0.639818 ( J/ o) (21)
Equations 19 to 21 do not have maximum or minimum values for positive momentum
ratios unlike the pitch down data correlations and caution must be used in extending
{hese curves too far from the range of the fit.

3.3.2 PEAK VALUE CORRELATIONS. Figure 3-18 showed that the interaction data
exhibited a range of peak values at lower angles of attack which are dependent on nozzle
conditions as is the angle of attack at which the peak value occurred. Figure 3-27 and
3-28 present peak values of interaction rolling moment and yawing moment plotted
against the angles of attack at which they occur to show that there is a range of angles
of attack wheve the peak values of interaction moments occur and that the data at

angles of attack above the peak value lies on the same curve, No curve fitting

nor interpolating of data was used to determine peak values of the data and some scatter
must result because of the fixed angles of attack tested over this region of angles of
attack. The model for predicting the effects in the peak value region consists of the
following steps:
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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

and the discussion will proceed in this stepwise fashion.

Figure 3-29 to 3-32 present correlations of peak value data as functions of momentum
ratio. These data in general show very good correlation with momentum ratio with
the exception of the longitudinal data whereas Figure 3-33 shows the gas mixture data
shows better agreement when it is correlated on the basis of mass flow ratio. The
peak interaction data for the lateral/directional increments was curve fitted with
momentum ratio as the parameter and Equations 22 to 24 present the results.

ACy =-0.0005544 - 0. 2908833 (3/3_)+0, 4219384 (8;/3 )2 (22)
peak ) e ) T
= /B ) - . 2
ACnpeak_ 0. 0006995 + 0.5021707 . (@J/@m, 0.718513 (§J/§m) (23)
- - . 2
ACYpeak = 0.00113266 ~ 1, 1443836 (@j/ém) + 1. 868108 (éj/ém) (24)

These curves all have a maximum or minimum value reasonably close to the data
range; the rolling moment has a minimum value of -0. 05068797 at a momentum ratio
of 0.344699; the yawing moment peak has a maximum value of 0. 08844 at a momentum
ratio of 0. 34945; and the side force has a minimum value of -0. 174127 at a momentum
ratio of 0.306295. The agreement between the values of momentum ratio at the curve
maximums would indicate that the peak value curves are good fits of the data.

The normal force peak value data of Figure 3-32 and 3-33 clearly indicate that the energy
ratio is an important parameter and must be accounted for by using mass flow ratio
rather than momentum ratio as the curve fit parameter given in Equation 25.

Acheak = 0.008828114 - 0. 1563674 (im;/m,,) + 0. 0519091 (/T 2 (25)

and this curve has a minimum value of -0. 11817 at a mass flow ratio of 1,506. The
pitching moment peak values data was very erratic at low values of momentum ratio
»r mass flow ratio and while not an important term a curve fit (Equation 26) was made
chrough it for completeness of the model.

14 g ® b 2
Acmpe qc = 0- 00116665 + 0. 0073166 (mj/mm ) +0.114445 (fhy/m, )"  (26)

Equations 22 to 26 present curve fits which allow computation of the peak value of the
coefficients as a function of nozzlé parameters. The next step is to compute the angles
of attack at which these peak values occur and the shape of the peak value versus angle
of attack curve. Equations 27 to 31 were obtained by curve fitting the data of Figure
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3-27, 3-28 and similar data for the remaining peak increments.

DO g = ~0- 0435488 (@ + 13. 273)~1 + 0, 00081505 (@) - 0.0082231 @7)

BCp o = 0- 388341 (@ + 18. 9366)~1 + 0.000111737 (@) + 0. 0140611 28)

DOy, = ~6+06089 @+ 31. 8419)71 - 0.0017003 (@) + 0. 154756 (29)
= 42, ¢ - -1

BCN o) = 42+ 9197 (¢ - 91.8437)7" + 0.00822308 () + 0. 435187 (30)
= 0.0590783 (@ + 16.9382)~1 + 0.0 0.

ACrpeak 90783 (@ + 16.9382)~1 + 0. 000055711 (&) - 0.00208543  (31)

Equations 27 to 31 can be solved for the angle of attack of peak increments determined
from Equations 22 to 26 and if the vehicle angle of attack is higher than the peak angle
the value of the induced increment is computed from Equations 27 to 31 directly as a
function of vehicle angle of attack.

3.3.3 DATA AT ANGLES OF ATTACK BELOW PEAK VALUES. Figure 3-18 shows that
the data below the angle of attack where the peak value occurred decays to a reduced
level. A limited amount of analysis has been 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
significant. Figures 3-34 to 3-36 present typical results of these correlations. The
data is presented as ratios of the peak value plotted against angle of attack measured
from the peak value. These figures show the decline in the data below the peak value
very clearly, however the scatter in the data is large and is introduced by all of the
terms (¥, pegks Cvy» CYpeak' for example). A model has been tentatively selected
for this region which uses the peak value and assumes that the interaction increment
goes to zero at 20 degrees below the peak. Equation 32 presents the model

- Cv-apeak+20 2 :
CM:CMpeak {sm[é ( 20 ):I} (32)

Cum = pitch up force or moment coefficient

where

CMpe ak = peak pitch up force or moment coefficient

The value of 20 degrees below the peak was chosen because of the rolling moment data
(Figure 3-34) and is below the range of angles of attack of practical interest.
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3.4 YAW RCS

Figure 3-37 presents the induced yaw and roll data from the left side mounted yaw jets
of test OA82. The data shows differences between the values at high angles of attack
and those at low angles but within each range the variation with angle of attack is small
and a high angle/low angle model similar to the pitch down model of Section 3. 2 was
used at correlate this data. There was fewer yaw data runs on test CA82 than pitch
runs so that the models have fewer conditions to correlate against.

3.4.1 HIGH ANGLE OF ATTACK DATA. The high angle of attack range was defined
as angles of attack above 15 degrees and the data presented in Figure 3-38 to 3-44 are
averages of all the data above this angle of attack. Figures 3-39 and 3-41 present the
longitudinal data correlated to momentum ratio while Figures 3-38 and 3-40 show that
RT ratio is important and mass flow ratio is the better correlating parameter. This
result was true for all of the yaw RCS increments.

The least squares curve fits through the normal force and pitching moment are given
in Equations 33 and 34.

. . » . 2
I\ = 0, -0, . +0.4 . ,
CNinteraction 0.012030 - 0,443928 (mJ/mm) 0.423644 (mJ/mm) 133)
A = N . 2 . by ~ . . « 2
Cminteraction 0.00153551 + 0. 1525983 (m]/mm) 0.9910115 (m,/m)

(34)

The normal force curve fit has a minimum value of -0. 1042558 at a mass flow ratio of
0. 5239 while the pitching moment has a maximum value of 0.0074098 at a mass flow of
0.07699.

The lateral-directional interaction increments are shown in Figure 3-42 to 3-44. The
rolling moment increments showed the poorest correlation to any of the nozzle
parameters and more data is needed to refine this curve. Curves fitted through these
increments are given in Equations 35 to 37.

— - - . . . o 2
Clinteraction = ~0° 0017298 0.079945(nﬁ/&nm)—+0.575868(nL/n%)
(35)
- . . . . 2
Chyteraction 000034818 0.0193889(nﬁ/h%)44L09293470njﬁnm) (36)
L] i . L 2
A vl =U. . 3 “ Ve s
CY, eraction” 000273838 +0.157324 (xhj/th, ) - 0.920077 (m,/m,,) (37)

Each of these curves has a maximum within the range of the test data. The rolling
moment curve has a minimum value of -0. 004504 at a mass flow ratio of 0.069413;
the yawing moment has a minimum value of -0, 001359 at a mass flow ratio of 0.1043; '

and the side force curve has a maximum value of 0.009464 at a mass flow ratio of
0. 85495,
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3.4.2 LOW ANGLE OF ATTACK YAW DATA. Figure 3-45 to 3-49 present similar
data to that presented above with the exception that it is low angle of attack yaw data.
The trends are very similar to the high angle of attack data and mass flow ratio was

found to be the better parameter thus RT ratio simulation is important in the inter-

action. Equations 38 to 42 present the curve fits for these data:

ACy

— ' . . - - 2
interaction 0.00340516 -0.4768133 (mj/m‘m ) +3.8111191 (mj/maD ) (38)

A L] . L] L]
Cminteraction = 0.000219195389 + 0, 0251417 (ny/ti, ) - 0. 0637262 (i /mi,, )2

(39)
=- - . /B e 2
Mgy ioraction ~ O 00049126 - 0. 00860359 (/1 ) + 0. 0470322 (mj/mm)
“0)
L] . . » 2
= =0, 00017444 - 0. )
ACp.  toraction 017444 - 0. 07711317 (mj/mm) + 0.5407319 (mj/mm)
(41)
BCY, 4o raction O 00111215 + 0. 3044469 (mj/mm) - 2. 233286 (mj/mm) 42)

and the table presented below compares the peak values which result from these curves
with those of the high angle of attack models of Section 3.4.1

Low @ Curve High « Curve
Increment Peak Value :r'nj/fnm Peak Value Ihj/ﬁ’lw
ACx -0. 011507 0. 06255 -0. 1042558 0.5239
AC, 0.002772 0.19726 0.0074098 0, 0769911
AC -0. 0008847 0.09146 -0. 004504 0.069413
AC, -0.002924 0.07130 -0. 0013595 0. 10431
ACy 0.011488 0.06816 0. 0094636 0.0855

These peak values show that the high angle of attack yaw RCS data showed much
greater effects on the wing resulting in higher values of ACy, ACy, ACy while the
lower angle data shows greater effects on the side of the fuselage and possibly the fin.

3.5 COMBINED CONTROL

All of the data presented in Section 3 have been devoted to RCS controls operating on
a single side of the vehicle and not in combination with other controls. The possibility
of combined control interference was shown in References 1 and 2, and these effects
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must be accounted for in any model of RCS effects. A limited set of data was obtained
during test OA82 on certain control combinations which include:

a, Symmetric pitch down RCS
b. Symmetric pitch up RCS
c. Roll RCS

d. Combined right side pitch up and yaw RCS

Because the data set is limited the measured effects must be considered preliminary
only.

3.5.1 SYMMETRIC PITCH DOWN. Figure 2-5 presents the symmetric pitch down
data obtained in test OA82 and Figure 3-50 presents the ratio of the symmetric jet
data to that of a single side set. These data show that the symmetric pitch down RCS
effects are significantly greater than twice that of a single side firing and although
there is some scatter it does not appear to be related to isgle of attack. The inter-
action between the plumes must occur in the base region of the model between the body
flap and main propulsion engines and must be related primarily to the plume impinge-
ment component rather than the interaction component. The effect of the sting is
unknown (see Section 3. 6) in this plume/plume interaction but a preliminary model
has been made by averaging the data of Figure 3-50.

= 0.3(4Cy ACYN ) (43)

ACN . . . + :
cross coupling impingement interaction (1 side) -

=0.32 (4Cmp + AC (44)

C
Meross coupling impingement minteraction)(l side)

where Equations 43 and 44 are additional terms to be added to the basic Equation 1.

%.5.2 SYMMETRIC PITCH UP RCS. Figure 2-8 presented the symmetric pitch up
data obtained in test OA82 and this figure showed no difference in pitching moment
between the single side and symmetric firing data. The normal force increment
shows a very large difference in the range from zero angle of attack to 15° but a
reversal occurs at higher angles of attack. While more data is needed to better
define these effects, the pitching moment data should be more accurate and no effect
of symmetric pitch up cross-coupling has been modeled.

3.5.3 ROLL RCS CROSS-COUPLING. Figure 2-6 presented a comparison of the
roll jet increments with the two single side components which make up the roll jet
combination. Figure 3-51 presents the roll combined control ratioed to the sum of
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the individual components. There is large scatter in the normal force results at
higher angles of attack but an average value taken through the data below 15° shows
that there is a small increment

Y = 0,124 (£A
CNcross coupling 124 ( CN)components (45)
while the pitch data shows a slightly greater effect which is
=0, AC 46
ACmeross coupling 211 (2ACp) (46)

components

The rolling moment data shows that it is very close to the sum of the two components
(1. 057 £ A Cj) and no cross coupling term is used. '

In the data presented above the components from the left and right sides act in the
same direction and add together. The nozzles on opposite sides of the vehicle cause
induced effects which oppose each other in the case of side force and yawing moment.
Figure 3~51 shows that the resulting yawing moment is less than the difference of the
two values and the average cross coupling term is

= - 0.206 (ZAC) @47)

C .
N sross coupling components

The side force components from both sides almost completely cancel each other
except at the higher angles. Thus an average was taken for the data above 15° which
relates the cross coupling to the pitch up force only

= - 0.431 ( (48)

Ycross coupling ACYpitch up)

3.5.4 RIGHT SIDE PITCH UP COMBINED WITH RIGHT SIDE YAW. Figure 2-10
presents a comparison of the combined right side pitch-up and yaw RCS incremental
data compared with right side pitch up data and left side yaw data. There was no
right side yaw RCS data generated to make the comparison and thus the signs of the
yaw lateral-directional increments are reversed on this plot. The longitudinal data
(Figure 2-10a) shows that the normal force is close to the sum of the pitch up and yaw
components at angles of attack below 15° while the pitching moment shows very close
agreement with the yaw induced component. Thus the present cross coupling model
assumes no normal force effect and that the pitching moment cross coupling cancels
the pitch-up RCS increment.

= - 49
Cmcross coupling Acmpitch up (9

The side force and yawing moment increments should add to each other to obtain the
combined pitch up/yaw data, however, the data shows that these increments from the
3-13
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combined control follows the roll jet value at high angles and lies between the curves
at the lowest angles. Thus the yaw cross coupling models were taken to be

AC =~ AC a>0° 50
“Reross coupling Dyaw for (50)
=-0.6785Z(AC fora <Q° 51

. Cncross coupling 7 ( n)componeni:s (1)

and the side force models are

=~AC a>0° 52

CYcross coupling Yyaw (52)
=0 @< (53)

A CYcross coupling

The rolling moment induced effects should oppose each other, however, the data shows
that the combined control tends to follow the yaw jet induced increment at high angles
of attack and the pitch up jet increment at low angles. The models chosen give

Cy @ >15° (54)

C’?‘cross coupling - T pitch up

= o < ° 55
C’q‘cross coupling 0 15 (55)

3.6 POSSIBLE STING INTERFERENCE EFFECTS

All of the data presently available on rear RCS interference effects have been generated
using a sting mounted model. The sting passes up through the base region of the model
as is shown in Figure 2-2 with the nozzle block assembly used to simulate the RCS
mounted to it. The net result is that only part of two MPS engines and the body flap
were simulated and the sting and plenum act to restrict the plume flow across the
model to the area between the sting and flap. Very highly underexpanded plumes,

such as are needed for RCS simulation will expand to impinge on the sting and this
impingement could be a significant factor in the RCS data obtained to date. Figure 3-50
showed that the RCS induced effects for the symmetric pitch down case are greater than
twice the induced effect for a single side pitch down. This shows that there is plume-
plume interaction occurring in the base region of the model and the sting's presence
must influence this interaction. Other data presented in Reference 2 shows that the
symmetric firing of pitch down jets causes a high pressure across the body flap under
the sting. These data plus data on the effects of changing base geometry also given

in Reference 2 present a good case for possible sting interference effects and for the
need for a blade mounted model test.
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3.7 TIME DEPENDENT EFFECTS

All of the data presented in this report were obtained from steady-state RCS jet testing,
however, the RCS jets are not necessarily fired in this manner. The full scale vehicle
jets are fired in 2 pulsed fashion where the duration of a pulse is determined by the
vehicle response to the pulse and the minimum length pulse can be very short. The
question then can be asked whether these induced effects could be time dependent and
thus completely different for a rapidiy pulsing control.

The answer to this question can only be obtained indirectly since no data is presently
available to verify it. The interaction induced effects which use mass flow ratio as
the correlating parameter have had little or no impingement correction taken from
them so that it appears that they are caused by the plume acting on the external flow
over the vehicle. This being the case there will be essentially no time delay between
the rocket coming on and the interaction occurring. The forces and moments which
were correlated to mass flow ratio included all of the yaw RCS interaction effects and
the pitch up/roll RCS normal force. and pitching moment. In addition, the other pitch
up/roll RCS data had plume impingement corrections only at the highest nozzle
pressure ratios. This coupled with the non-linearity of the incremental interaction
data which shows a rapid increase in interaction at low values of jet momentum would
argue for interaction occurring during the start of the RCS engine.

At high momentum ratios, the data shows that impingement dominates the pitch down
data. The transit time of the RCS plume impinging on structure will be very short

and thus the impingement texms will follow the thrust rise with essentially no delay.

In conclusion, it is not expected that there will be any difference between the pulsing
control effectiveness and a steady state control.
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Figure 3-11. Left Side Pitch Down RCS Yawing Moment Interaction at
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Figure 3-16. Left Side Pitch Down RCS Interaction Yawing Moment at
Low Angles of Attack
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Figure 3-21. Right Side Pitch up RCS Interaction Normal Force Correlated to
Momentum Ratio
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Figure 3-23. Right Side Pitch Up RCS Interaction Pitching Moment Correlated
With Momentum Ratio
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Figure 3-24. Right Side Pitch Up RCS Interaction Rolling Moment at High Angles
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Figure 3-25. Right Side Pitch up RCS Interaction Yawing Moment at High Angles

of Attack
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Figure 3-26. Right Side Pitch Up R0CS Interaction Side Force at High Angles of
Attack
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Figure 3-27. Right Side Pitch Up RCS Peak Rolling Moment Correlation
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Figure 3-29. Rignt Side Pitch Up RCS Peak Rolling Moment Due to
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Figure 3-30. Right Side Pitch Up RCS Peak Yawing Moment Due to

Interaction
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Figure 3-31. Right Side Pitch Up RCS Peak Side Force Due to Interaction
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Figure 3-32. Right Side Pitch Up RCS Peak Normal Force Correlated With

Momentum Ratio

3-48




CASD-NSC-75-002

Symbo} Nozzlé Gas Run
Y N, Afr 14,29, 34,48, 49, 50, 51, 53, 54
55, 56, 57, 36
u NBZ Alr 24
N“ Alr 25
z st Helfum mixtures 67,73,79
(o]
st Angm 72
+040
.020
0
Ry Y
o 24,
g S
Z Y
o -,020 é Y
<]
Y
14
Y
Y
-, 040
\
.0 <2000

MASS FLOW RATIO

Figure 3-33. Right Side Pitch Up RCS Peak Normal Force Due to Interaction
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Figure 3-35. Right Side Pitch Up RCS Yawing Moment Correlation Below Peak
Values
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Figure 3-39. Left Side Yaw RCS Interaction Normal Force Correlation With
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Figure 3-41. Left Side Yaw RCS Interaction Pitching Moment Correlated
With Momentum Ratio
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Figure 3-43. Left Side Yaw RCS Interaction Yawing Moment at High Angles of Attack
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Figure 3-44. Lett Side Yaw RCS Interaction Side Force at High Angles of Attack
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Figure 3-46. Left Side Yaw RCS Interaction, Pitching Moment at Low Angles of Attack
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Figure 3-47. Left Side Yaw RCS Interaction Rolling Moment at Low Angles of Attack

3-63

+4000



Cninte raction

CASD-NSC-75-002

Symbol Nozzle Gas Run
) Ngy Alr 22
€ N85 Alr 16, 26, 28, 33, 37, 58
B Ns1 Helium Mixtures 68, 75, 18
(o] Ngy Argon 70 AVERAGED DATA
' a < 15°
«0
@a
--002 ‘
¢ .
L
=,004
«0 «2000
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Figure 3-49. Left Side Yaw RCS Interaction Side Force at Low Angles of Attack
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4

ANALYTIC MODEL DEVELOPMENT

4.1 GENERAL DESCRIPTION

The analysis presented in Section 3 provides the basis of the analytic model developed
in this study. 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.

= + + +
CMtotal CMthrust CMimpingement CMinteraction CMc ross coupling
(1)

where
Cy = 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

Km = C1\’Itotal/clvlthrust (2)

where
Ky = 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 control generated measurable data of the five vehicle
forces and moments correlated in this study and these components must be added
together on each axis to determine the total value of the induced moments. It is
desirable to relate these out of plane forces and moments to a thrust term in order to
generate an amplification factor which is a measure of RCS effectiveness. This is
done by relating the out of plane induced data to the control moment required to
compensate for it. For example, rolling moment caused by yaw jets

(c,)
Kb gy = 2 yaw (3)

yaw  Cy roll jet thrust

which is the same definition as Reference 3 . Since we wish to define amplifications
for arbitrary numbers and combinations of controls, however, another definition must
used for the thrust moment term. When an arbitrary combination of RCS controls is
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being used and one of combination generates a control moment in the same plane as

the induced moments, then that thrust moment is used in Equation 3. If none of the
control combinations has a thrust term in the plane of the interaction then a two jet

in plane control is used in Equation 3. For example for a single pitch up/roll nozzle
being fired, the rolling moment will be related to the jet thrust roll component whereas
for the rolling moment from a yaw jet firing will be related to a two jet roll nozzle
combination.

The thrust moments required in Equations 1 to 3 are easily solved knowing the RCS
nozzle characteristics, its location relative to the vehicle moment reference center
and the mounting angle of the nozzle relative to the vehicle axis system. The inter-
action and cross-coupling terms were derived in Section 3 and their application in the
analytic model will be described in Section 4.5. The sole remaining term which
needs to be defined then is the plume impingement term,

4.2 PLUME IMPINGEMENT INCREMENTS

Figure 2-1 shows a view of the space shuttle orbiter which emphasizes the closeness
of the rear RCS package to the base area of the vehicle. It is evident that the aft

RCS engines will impinge heavily on the vehicle wing, vertical tail, body flap, main
propulsion engine nozzles, and possible fuselage sides, depending on the nozzle set
fired and on the altitude and other flight conditions affecting plume size. Reference 1
showed that plume impingement was a sizeable term for the PRR configuration while
Reference 3 shows the same for the present configuration based on a vacuum chamber
test (Rockwell Test OA99) and impingement predictions for the vacuum case.

Two models of plume impingement effects were developed for this prediction method
and are included in the prediction computer program. The first is a vacuum data model
while the second is an analtyical plume prediction model.

4.3 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 3 can be used
directly from the thrust and thrust moments. Converting the data into coefficient form,
the impingement increments from the pitch up jets are given in Equations 4 to 10 in
body axis form:

= -0, 4

Nimpingement 0. 00086 CTPU ()
ACXimpingement = 0. 00246 CTPU (5)
CYimpingement = -0, 06238 CTpy (6)

4-2



. CASD-NSC-75-002

AC‘cimpingement = -0.130 CJtPU )
Acmimpingement = 0,00078 CmPU (8)
Acnimpmgement = 0.0593 Cp._ (9)
where
CTPU = (total thrust of pitch up engines)/(q Sref) (10)
C bpy = pitch up thrust rolling moment coefficient

CnY = yaw thrust yawing moment coefficient

C = pitch up thrust pitching moment coefficient

mpy

The pitch down jet impingement increments are given in Equations 11 to 16:

ACZimpingement = -0, 27389 CTPD (11)
ACXimpingement = 0. 10709 CTPD (12)
ACYimpingement = 0. 01837 CTPD (13)
AC‘e‘impi.ngement = -0.2312 CI‘PD (14)
Acmimpingement = -0.3018 CmPD (15)

Ch impingement = 0. 01657 Cn_Y (16)

where

CTPD= total pitch down thrust coefficient

Cy_ = pitch down thrust rolling moment coefficient
PD

Cm'PD= pitch down thrust pitching moment coefficient
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and the yaw impingement equations are:

AC7y vingement = O 01634 O (17)
DOy mpingement ~ O 00288 CTY (18)
CYympingement = % %77 CTY (19)
BC gy mpingement = O %3477 Chpy Cry/Cry (20)
ACmyingement = O 9873 Cmpy Cry/Cry (21)
Cnympingement = 0 0013 Cng (22)

where

CTY = total yaw RCS thrust coefficient

CTU = total pitch up RCS thrust coefficient

Cipy = pitch up thrust rolling moment coefficient

CmPU = pitch 'up thrust pitching moment coefficient

C, = yaw thrust yawing moment
Y

This model has its limitations in that it assumes that there will always be impingement,
that the amount of impingement is related only to thrust, and it cannot account for
nozzle or geometry variations. This last limitation was a large one because of the
need to generate plume impingement corrections for the OA82 wind tunnel data which
‘used much different nozzles and test gases than the vacuum chamber test.

This model is available in the prediction program to use if desired.
4,4 ANALYTIC PLUME IMPINGEMENT MODEL

The analytic plume impingement model of Reference 1 was compared against the
0OA99 vacuum chamber results and other test data and was found to underpredict the
plume impingement by a significant margin and was discarded early in the data
analysis and another method was sought which provided a better representation of the

plume characteristics. 4d
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Simon's, Reference 4 , modeled the flow field of the RCS engines as

. f (9 Bsec
m =217 — 5 (23)
T cm
where
r = radial distance from nozzle in inches
10
f(®) = cos™ (T6/250): 0 <@ <60° (24)
£(9) = 0. 0438 (e~0. 064(6-60°)). go° <g (25)

where

8 is angle from nozzle centerline in degrees

and a similar approach to the plume shape was sought for this analysis based on the
assumptions that at the flight conditions of highest importance and the RCS plumes
exhausting into the leeward flow over the wing at angle of attack or into the vehicle
base region that the external pressure will be close to vacuum. A modified vacuum
plume model would be the best representation of the RCS plume where the primary
modification is to limit the plume boundary to the limit turning angle of plume flow.

Computation of plumes expanding into a vacuum by methods of characteristics
(Reference 5) show that at large distances from the nozzle that the streamlines

appear to emanate as radial flow from a common source point at the nozzle exit.

Since the rate of mass flow through the nozzle is a constant, the mass flux pu in the

far field should vary inversely as x2. And, since the velocity in the far field approaches
the limiting velocity & = /2 hg, the density variation should approach p ~ x~2 as seen

in Figure 4-1. Thus, one should be able to express the density distribution along the
centerline f (8) = 1 in terms of the supply density as

-g- - B ®/d" 2 £ () (26)

o}

where B depends on the nozzle shape and the properties of the gas. Equation 23 has
this form for the centerline decay of the flow properties of the RCS engine plume but
a more generalized expression was sought so that the plumes from test OA82 could
also be treated in the same model. Thus Equation 26 was used where the value of B
was solved in Reference 5 by using characteristics calculations of density variation
along various nozzle centerlines and gas specific heats from 1.2 to 1.67.

A jet expanding into a vacuum (Figure 4-2) is bounded by a straight streamline at zero

pressure and M = «_, The location of this boundary, denoted as 8, in Figure 4-2, will
depend upon the nozzle exit lip angle €e, the area ratio of the nozzle Ag/A*, and the ¥
of the exhausting gas. This angle g_ may be determined from the Prandtl-Meyer
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Figure 4-1, Density Distribution Along the Plume Axis
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Figure 4-2. Schematic Drawing of a Jet Expanding Into a Vacuum
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expansion relationship and 8, as a function of area ratio. For other values of 8¢, the
value of 8, may be determined from the relationship

9 = (8a)g =0 * % (27)
e
The solid angle ¥_ corresponding to 6 _ is given by
§_ =2 (1-cos 8_) ‘ (28)

The flow boundary 8, , and thus the limiting solid angle §  with increasing area ratio at
a constant ¥, while at a given area ratio, 6 _ increases for decreasing value of v.

Reference 5 showed that for a family of nozzles having the same mass flow rate the
density decay along the nozzle axis is dependent upon the limiting flow angle 6_ as
shown in Figure 4-3. The variation of B with 8 _ for both the theoretical curves of
Reference ¢ and the characteristics calculations shown as symbols appear on this
figure,

B = constant _ 0.4 7
Vo Vo

(29)

where the value of the constant has been chosen to fit the data of Figure 4-3. This
expression assumed that the dependence of B upon specific heat ratio is small and
the characteristic solution data of Figure 4-3 was recomputed to derive a new
expression for B which is

B= (30)

and where K was defined from Figure 4-4 as
K =1.24 - 0.0040894 6_ (31)

In these expressions 0_ is defined by expanding the nozzle flow to the ambient pressure
of free stream or wind tunnel rather than to a vacuum angle. This approximation has
been shown to cause only small errors since most of the mass and momentum within

a plume are contained near the central core of the plume and truncating the vacuum
plume at the angle defined by ambient pressure results in very little loss of plume
mass (Ref. 7 ) in the conservation equations particularly where ambient pressures are
low.

Figure 4-1 showed that the square power decay law does not work at distances of less
than 10 to 15 throat diameters away from the nozzle exit and empirical fits were
generated to cover this region using the nozzle exit density ratio as a parameter:
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-1 -1/v.-1
A ]
% 2 )

If (X/d*) was greater than B/ (;‘Jj/po,) Equations 26 to 31 were used. If (X/d*) was less
than the square root of B/ (pj/ poj) tHen

p -0.5
f - ’(X) (€ (8)
—=(= (33)
Po Poj dax

and in between these two ends; two other expressions were used if (X/d*) were less
(Equation 34) or greater (Equation 35) than [B/(pj /po:i ) 1. 67,

. 0.5 -1
P X> +( X) ]f(e)
Po_J (X . (34)
po 2p0j [(d* d*
p -1 -2
p_1 _.J_(_’E +B(-§) ]fe 35
P, 2 [Poj d*) a* © (39)

In all these expressions, the variation [ f (9)] away from the plume centerline was ‘
taken from Simon's model (Equations 24 and 25). The plume Mach number, local
static pressure and local dynamic pressure at a point are defined from the density
ratio based on isentropic flow relations.

In the cases of the plumes firing upward past the fin (pitch up) and outward over the
wing (yaw) where the plume is likely to be interacting with the flow over the vehicle,
the plume is assumed to stop when the plume local dynamic pressure is less than the
free stream dynamic pressure. A further limitation is placed on the plume to
terminate the plume if the free stream impingement pressure coefficients are less
than zero,

Multiple sets of nozzles are handled by defining a single equivalent nozzle which has
the same geometric shape as the other nozzles but which has an exit area equal to the
sum of the exit areas of the nozzles in the cluster. Its location is chosen as the
center of the cluster. This representation of the plume from multiple sets of nozzles
has been found to be a good approximation (Reference 8 ) and changes plume character-
istics through the larger value of throat diameter in Equations 26 to 35.

4.4.1 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 undisturbed by a surface it may impinge until it is
close to the surface. A detached shock wave would be formed by the high Mach
number flow impinging on a surface with a region of subsonic flow between the strong
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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 that the surface pressure could
be predicted by a modified Newtonian pressure law because of the highplume Mach
numbers and large turning angles.

Y.
= i 2
Py, = 1.857 Pj, Mj, cos o, + Py, (36)

where

PWi = plume impingement pressure at ith point on body

Pji = plume ambient pressure at point i

M; i~ plume Mach number at point i
6; = local slope between plume flow and surface at point i

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 cofficients computed by applying the impingement pressure
across the area, and the total vehicle values obtained by summing the local values.
Figures 4-5 to 4-7 present the points representing the centroids of the areas used in
the determination of the plume impingement corrections to the wind tunnel data. 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.

Figure 4-8 presents a comparison of the computed impingement force and the
interaction increments for the left side pitch down jets which shows that the
impingement term does not become larger than the interaction term until well past
the peak interaction. Figure 4-9 presents a comparison of the impingement and
interaction increments of rolling moment caused by the right side jets exhausting
up past the vertical fin at high angles of attack. In this case the impingement
correction never exceeds the interactions increment but they tend to parallel each
other as thrust moment increases.
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This impingement model was checked against the method of characteristics vacuum
case solution as well as the vacuum chamber test (OA99) results of Reference 3 and
close agreement was obtained as shown in the table below.

p 0 y KmJlown Ktgown
Case 95 A/A¥* N j Ref. Computed Ref. Computed
0OA99 1000 6.2 10° 1.4 0.6982 0.6479 0. 6596 0.6671
Model psia
Vacuum 150 20 9 1.232 0.6713 0. 6888 0.7085 0.7035

Solution
4.5 INTERACTION AND CROSS COUPLING MODELS

Section 3 which presents the data analysis ¢ontains within it the curve fits derived from
that data analysis. These curve fits were used as the analytic model of interaction and
cross coupling terms with some limitations. The limitations were generally applied in
defining the upper limits of the curves. In general if a curve has a maximum or
minimum value (defined in Section 3) it was only used up to the maximum (Mminimum)
value and was assumed as a constant value beyond this mass flow or momentum ratio.
When a curve fit shape is such that it has no maximum or minimum value, an
arbitrary limit was applied and the data was assumed constant beyond this limit.

This limit was usually taken at or near the upper value of mass flow or momentum
ratio tested in test OA82.
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5

ANALYTIC COMPUTER PROGRAM

5.1 GENERAL DESCRIPTION

The model of RCS control effectiveness presented in sections 3 and 4 of this report
were programmed into a digital computer program named PRED which will predict
reaction control system effectiveness on a space shuttle type vehicle for any
combination of Rear RCS engines firing 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 as 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 probably invalidate some of
the models of interaction and cross coupling terms.

Figure 5~1 presents a flow diagram of the program which consists of a main program
and 17 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. INPUTT 7. MACH 13. QUAD
2. JET 8. THR 14, KABD
3. PARCEO 9. IMPINGE 15. AKABD
4, ATMOS 10, VACPLU 16, CCOUPL
5. EXPAN 11. INTER 17. AMPL
6. SCAL 12. QUART

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
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proceed to define the various components of total RCS effectiveness for each set of
equivalent nozzles fixing up, down, and sideways. These components must be
corrected for the symmetric firing sets and for the side that non-symmetric sets

are firing on, The cross coupling terms are then determined and all of the compo-
nents of data are summed into the 6 total RCS aerodynamic force and moment
coefficients and the amplification factors determined. When this occurs the program
returns 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 data is
corrected to the proper side of the vehicle or to symmetric firing by two input
parameters for each RCS direction, The RCS directions are upward firing designated
by a U as the last letter of a variable name in the listing, downward firing designated
by a D as the last letter, and side firing designated by 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. If the number of nozzles (NONOZU,
NONOZD, NONOZY) is zero those components are equal to zero, The axis system
used is a body axis system shown in Figure 5-2 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 interaction
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. A typical example of a variable name is CMIMU which is the pitching
moment induced by plume impingement of the upward firing nozzles.

Figure 5-3 shows that the program assumes that a downward firing set, an upward firing
set, and a side firing set exit 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.

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

both sides in a symmetric firing case,

The input data required for a first case is all of the data defining the vehicle, RCS
wnits, and flight conditions, however, once this has been defined only the parameters
which are to be changed need be input for additional cases.

5.3 COMPUTE JET EXIT MACH NUMBER(SUBROUTINES JET AND PARCEO)

After the program has received input defining the reaction control system engine in
5-3
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terms of nozzle expansion ratio (A/A*), chamber pressure (Poj), chamber tempera~
ture (Toj), and exhaust gas specific heat ratio (y), the subroutine JET is called to
determine the nozzle exit conditions for this engine. The exit conditions are exit
Mach number (Mj), static pressure (Pj) and static temperature (Tj).

Exit Mach number is computed by solving the Prandtl Meyer expansion ratio Mach
number relationship (Ref. 9).

Y. +1 'Y1 +1
2(Y; -1) 2(Y, - 1)
A Yi 41 V-1, )
A/A* = Mj (1 + Mj

JET solvesthis expression by computing expansion ratio for increasing jet Mach num-
bers 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 constants
which are related to specific heat ratio, pressure ratio, and thrust from the flow
through the nozzle throat for use in later routines.

PARCEQO 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 (DSTARU) downward, (DSTARD), and side (DSTARY) firing sets
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):

a) IOPT =1 altitude, Mach, and angle of attack specified

b) IOPT =2 altitude, velocity, aud 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

5-6
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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 a2 means of expressing an arbitrary flight condition from some 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 pregram 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_ =q = 0) is treated in a special way in the program to avoid
divisions by zero., A special note will be printed in the output and dynamic pressure
(q) Is set equal to 1 PSF. The interaction terms are not computed for the vacuum
case nor are cross coupling terms which are not related to impingement. The force
and moment coefficients printed are based on a q of 1 PSF while the amplification
factors are independent of q.

With the flight conditions defined, all the required data is in the program and the
RCS effectiveness computed. In order to do this the RCS nozzle parameters must be
computed,

5.5 COMPUTE SINGLE NOZZLE PARAMETERS (SUBROUTINES EXPAN, SCAL
MACH),

The nozzle parameters necessary to compute the RCS effectiveness include RCS
engine thrust coefficient (TCOEF), jet exit momentum ratio (RMFS), and jet mass
flow ratio (FMR), These are all computed for a single nozzle and then multiplied

by the number of nozzles in each set to obtain the parameters for the three directions
of firing.

Plume limit turning angle (TURN) is also required to define the plume decay charac-
teristics 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 freestream 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 Subroutine SCAL computes the nozzle exhaust scaling parameters of Pindzola
(reference 10) and Herron(reference 11) for the single nozzle while the Subroutine
Mach computes the Mach number of the fully expanded flow for SCAL. The
program prints the flight conditions as well as a large number of nozzle parameters
for the single RCS unit at this point in the main program winding up with the important
nozzle interaction parameters in the three RCS directions.

5-7



CASD-NSC~75-002

5.6 COMPUTE THRUST TERMS (SUBROUTINE THR)

The thrust for a single nozzle was computed as the theoretical thrust when the other
nozzle parameters were computed and the aerodynamic coefficients of thrust moment
for the three RCS directions are now computed using the subroutine THR, 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 the three
RCS firing directions 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 will be made further
on in the program. The nozzles are allowed an outboard and an aft cant angle

in the computation of direction cosines. These are defined in figure 5~4, The
direction cosines are the angles of a unit vector along the centerline of the plume in
the body axis system. The thrust moments are then computed about the body reference
moment center accounting for cant angles and vertical position.

5.7 COMPUTE IMPINGEMENT INCREMENTS (SUBROUTINES IMPING AND VACPLU)

The program now computes the plume impingement force and moment components
from three choices based on an input parameter (IIMP);

a) No impingement
b) Vacuum data from 0A99

¢) Predict plume impingement

The first option simply sets the impingement terms to zero and proceeds to the
interaction computation. The second choice is a computation still in the main program
which uses equations 4 to 22 in section 4 and computes the impingement increments

as a function of thrust coefficient.

The third choice causes the program to make its own prediction of plume impingement
by computing the pressures on the vehicle from the three direction plumes separately
and integrating each pressure distribution to obtain the 6 component impingement
increments. No plume/plume interaction is accounted for the three directions of
RCS firing. The subroutine IMPING is called three times to integrate the pressures
from each direction separately.

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 plare and the.
angle from the centerline as weli as the equivalent nozzle thrust size and the engine
operating characteristics, VACPLU then computes the plume local ambient
pressure, dynamic pressure, and Mach number from equations 24 to 35 of section

5-8
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4.4.1 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,

IMPING selects the correct dimensions for the nozzle set being used, zeros the total
coefficieiits 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 a modified
Newtonian pressure law and the local pressure is converted to a pressure coefficient
based on free stream 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 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 . The program
presently allows a total of 300 plates to represent the vehicle. Figures 4~5 to 4-7
show the spacing of one series 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 5-5. The direction cosines define the
local slope of the plate which combined with the angle of the plate to the nozzle deter-
mines the local slope of the surface to the flow and from equation 36 of section 4 the
pressure at that point from the Newtonian pressure law,

The program assumes that the plume cannot extend beyond the point where its
dynamic pressure is less than that of the free stream or where the plume induced
pressure is less than ambient free stream pressure.

5.8 COMPUTE INTERACTION INCREMENTS (SUBROUTINES INTER, QUART,
QUAD, KABD, ADABD).

As in the earlier terms, the program zeros the increments from a previous case

and then calls the interaction subroutine INTER to compute the interaction increments
for each RCS direction. The curve fit equations defined in section 3 (equations 5
through 41) are the basis of this model. The subroutine INTER contains all of the
coefficients of these curves as subscripted variables defined in data statements and

a namelist input option is available in the input subroutine to input changes to any or
all equations. This was done to add flexibility to the program. There are three
types of curves fitted to the data, a 4th power Polynominal, a 2nd power polynominal,
and a hyperbolic curve. The subroutine QUART is called to evaluate the fourth
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power polynominal and the subroutine QUAD is called to evaluate the second power
polynominal. These curves are fit through the interaction increments and are functions
either of mass flow ratio or momentum ratio depending on the increment and RCS
direction, The fourth coefficient and the sixth coefficients of the quadratic and quartic
equations are upper limits beyond which a constant value of incremental force or
moment is assumed. These constant values are specified as the last coefficients of

a given curve fit name.

The hyperbolic curve fit is used for the pitch up RCS peak value versus angle of
attack curves (section 3 equations 26 to 30) and these equations are solved by the
KABD subroutine, In addition it is necessary to solve the inverse of the peak value
curves and this is done by the AKABD routine,

The OA82 windtunnel data was computed in a normal force body axis system go 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
test OA82 and the lateral-directional increments must be reversed to the left side
convention used in this program,

5.9 CORRECT FOR SYMMETRIC FIRING AND/OR RIGHT SIDE LOCATION,

The program has the thrust terms, the impingement increments, and the interaction
increments for all nozzle sets based on one set of each on the left side of the vehicle
and at this point in the main program these data are corrected to represent the
actual nozzle locations, This is done by two input parameters. IBOTHA .and ISIDEA
for each nozzle firing direction (A = U, D, Y), with values of 0 or 1, IBOTHA ~ -

is the higher order parameter of the two and if it has a value of 1 then the set firing
in this direction has a symmetric set on the right side of the vehicle also. This
being the case the lateral/directional turns are set to zero and the longitudinal

turns are doubled. For example IBOTHU =1 results in

CLU =
CNU =0
CYU = 0
CLIMU = 0
CNIMU = 0
CYIMU = 0
CLINU =0
=0

0

C

!
(=4

CNINU =
CYINU =
CMU = 2.
CXU = 2
CZU =2, CZU
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CMIMU = 2. CMIMU
CXIMU = 2, CXIMU
CZIMU = 2, CZIMU
CMINU = 2, CMINU

CXINU = 2., CXINU
CZINU = 2, CZINU

If IBOTHA is set to 1, ISIDEA is ignored, but, if IBOTHA is set to zero, then this is
a non-symmetric set of nozzles and ISIDEA has meaning. If ISIDEA is set as zero
then this set up of nozzles is on the left side of the vehicle and no sign changes are
required. If ISIDEA is equal to 1 then this set of nozzles is on the right side of the
vehicle and the signs of the lateral directional components must be reversed,

5.10 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 the subroutine CCOUPL., This
subroutine has only limited models because data is not available of all possible
interactions between RCS units but the model is based on the models derived in
section 3.5 and given in equations 42 to 54 of that section.

5.11 SUM COMPONENTS AND COMPUTE AMPLIFICATION FACTORS
(SUBROUTINE AMPL)

The total RCS aerodynamic coefficients are computed as the sum of the increments
from all sets of nozzles and printed out by the main program. Since it is also
desirable to relate these total coefficients to RCS thrust the amplification factors

as defined by equations 2 and 3 of section 4.1 are computed in the Subrcutine AMPL.

Subroutine AMPL begins by computing the thrust moments for a two nozzle symmetric
pitch up set, a two nozzle symmetric pitch down set, a two nozzle yaw set, and a

two nozzle (one on each side) roll set by calling subroutine THR. These two nozzle
thrust moments are the thrust terms which are used to compute the out of plane a
amplification factors. For this reason the nozzle coordinates for all directions
must be specified even if no nozzles are being used in that direction, The program
will terminate if a set of nozzle specifications is missing and amplification factors
will not be computed. The subroutine then proceeds to determine which types of
control are being used of the twelve possible combinations:

a) symmetric pitch up
b) symmetric pitch down
c) yaw

d) pure roll

e) pitch up + Yaw
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f) pitch down + yaw

g) pitch up + roll

h) pitch down + roll

i) yaw + roll

j) pitch up + yaw + roll
k) pitch down + yaw + roll
1) symmetric yaw

and a decision is reached whether to use the actual thrust moment or the two jet
thrust moment to compute amplification factor, For example a yaw only case uses
actual thrust side force and yawing moment to compute side force amplification and
yawing moment amplification, This case, however, uses 2 jet pitch down to compute
normal force and pitching moment amplification and 2 jet roll to compute roll
amplification. A set of comments is printed to help clarify the definition of thrust
moments used, The thrust moments used to compute amplification are also printed
out and can be compared to the actual thrust moment table printed out previously.

Axial force amplification is not computed because there are no interaction or cross
coupling models of these effects.

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,

5.12 PROGRAM INPUT (SUBROUTINE INPUTT)

The preceding sections have givena 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 glven 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. Four types of data are
required for a full loading of the program:

a) vehicle surface plates

b) analytic model coefficients (namelist INCOF)
¢) nozzle definitions (mamelist IN)

d) flight conditions (mamelist FC)

When the program is first loaded or if INEXT=1 all of the input is required, When
INEXT = 2, nozzle defintions and flight conditions changes must be input, and if
INEXT = 3 only flight condition changes can be made.
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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, No input should be provided for the analytic
model coefficients unless changes are desired since the basic model developed in
this report is already specified in data declarations in the subroutines where they
are used.

Provisions have been made in INPUTT to rescale the flat plate vehicle surface data
if for example model computations are to be made. The input routine also computes
the direction cosines of the RCS nozzles including nozzle cant angles.

5.13 INPUT DATA DEFINITIONS

A new problem starts with first loading the vehicle flat plate surface data as formated
data at a maximum of 8 words per card with an F10,3 format,

Card Column Varijable Degcription
1 1-10 SCALE Scale factor for flat plate surface data

SCALE =1, if SCALE =0 card must be input

2 to N-1 flat plate surface cards one plate per card up to 300 allowed at least
one must be input

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

11-290 DNY(I) Y direction cosine of flat plate I
21-30 DNZ Q) Z direction cosine of flat plate I
31-40 X{d) X distance of centroid of plate I from

reference center, See figure 5-2 for
definition of axis system. Units are feet

41-50 Y(I) Y distance of centroid of plate I from moment
reference center. Units are feet
51-60 Z (1) Z distance of centroid of plate I from moment
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.
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The remaining input is by namelist rather than formated read and so no card can be
specified . A namelist specification 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 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 are three namelists within INPUTT having the names
INCOF, IN, and FC and they load in that order on a new job.

Namelist ZYariable Description
INCOF Unless changes to the analytic model are to be made, do not

input any data in INCOF and one card $ INCOF $ is sufficient.
INCOF *Quatratic curve fit coefficient arrays for downward firing jets (5 coefficients)
Y=Ca)+0@h<+cwn3
C@4) = limitx
C (56) = y value above limit x

INCOF CZIDL Normal force coefficient as a function of
momentum. ratio at low angles of attack (below
ALPHBK)

INCOF CMIDL Pitching moment coefficient as a function of
momentum ratio at low angles of attack (below
ALPHBK)

INCOF CLIDL Rolling moment coefficient as a function of
momentum ratio at low angles of attack (below
ALPHBK)

INCOF CZIDH Normal force coefficient as a function of momen-
tum ratio at high angles of attack (above ALPHBK)

INCOF CMIDH Pitching moment coefficient as a function of
momentuns ratlc at high angles of attack (Above
ALPHBK)

INCOF CLIDH Rolling moment coefficient a8 a function of
momentum ratio at high angles of attack (Ahove
ALPHBK)

INCOF *Quadratic curve fits coefficient arrays for upward firing jets

INCOF CZIupP Peak normal force coefficient as a function of
mass flow ratio at low angles of attack (Below
ALPHBK)
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Namelist Variable Description

INCOF CYIUP Peak side force coefficient as a function of momentum
ratio at low angles of attack (Below ALPHBK)

INCOF CMIUP Peak pitching moment coefficient as a function of
inass flow ratio at low angles of attack (Below
ALPHBK)

INCOF CNIUP Peak yawing moment coefficient as a function of
momentum ratio at low angles of attack (Below
ALPHBK)

INCOF CLIUP Peak rolling moment coefficient as a function of
momentum

INCOF CZIUH Normal force coefficient as a function of mass flow

ratio at high angles of attack (Above ALPHBK)

INCOF CYIUH Side force coefficient as a function of momentum
ratio at high angles of attack (Above ALPHBK)

INCOF CMIUH Pitching moment coefficient as a function of mass
flow ratio at high angles of attack (Above ALPHBK)

INCOF CNIUH Yawing moment coefficient as a function of
momentum ratio at high angles of attack (Above
ALPHBK)

INCOF CLIUH Rolling moment coefficient as a function of momen-

tum ratio at high angles of attack (Above ALPHBK)
INCOF * Quadratic curve fit coefficient arrays for side firing jets

INCOF CZIYL Normal force coefficient as a function of mass
flow ratio at low angles of attack (Below ALPHBK)

INCOF CMIYL Pitching moment coefficient as a function of mass
flow ratio at low angles of attack (Below ALPHEK)

INCOF CLTYL Rolling moment coefficient as a function of mass
flow ratio at low angles of attack (Below ALPHEK)

NCOF CZIYH Normal force coefficient as a function of mass flow
ratio at high angles of attack (Above ALPHBK)

INCOF CMIYH Pitching moment coefficient as a function of mass
flow ratio at high angles of attack (Above ALPHBK)

INCOF CLIYH Rolling moment coefficient as a function of mass
flow ratio at high angles of attack (Above ALPHBK)
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Namelist Variable Description

INCOF * Quartic - curve fit coefficient arrays for downward firing jets (7 coefficients)

3
Y = Cl)+C @)X +C (3)x2 +C @)X +C (5) x
C(6) = limit X
C(7) = Y value above limit X
INCOF CYTDL Side force coefficient as a function of momentum
ratio at low angles of attack (Below ALPHBK)

INCOF CNTDL Yawing moment coefficient as a function of momen-
tum ratio at low angles of attack (Below ALPHBK)

INCOF CYIDH Side force coefficient as a function of momentum
ratio at high angles of attack (Above ALPHBK)

INCOF CNIDH Yawing moment coefficient as a function of momentum
ratio at high angles of attack (Above ALPHBK)

INCOF * Quartic curve fit coefficient arrays for sideway firing jets
INCOF CYIYL Side force coefficient as a function of mass flow
ratio at low angles of attack (Below ALPHBK)

INCOF CNIYL Yawing moment coefficient as a function of mass
flow ratio at low angles of attack (Below ALPHBK)

INCOF CYIYH Side force coefficient as a function of mass flow
ratio at high angles of attack (Above ALPHBK)

INCOF CNIYH Yawing moment coefficient as a function of mass
flow ratio at high angles of attack (Above ALPHBK)

INCOF *KABD curve fit coefficient arrays for upward firing jets (6 coefficients)

Y c Q) C@3B) +C#)X
- X_C(z) + ( ) + ( )
C(5) - is the factor defining the proper root when computing the
inverse solution of the hyperholic curve fit (call to sub-
routine AKABD)

INCOF CZAUP Peak normal force coefficient as a function of angle
of attack at low angles of attack (Below ALPHBK)

INCOF CYAUP Peak side force coefficient as a function of angle
of attack at low angles of attack (Below ALPHBK)
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Namelist Variable Description

INCOF CMAUP Peak pitching moment coefficient as a function of
angle of attack at low angles of attack (Below
ALPHBK)

INCOF CNAUP Peak yawing moment coefficientas a function of angle
of attack at low angles of attack (Below ALPHBK)

INCOF CLAUP Peak rolling moment coefficient as a function of
angle of attack at low angles of attack (Below
ALPHBK)

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

Namelist Variable Desc1 iption
IN * There are no default values built in for the variables and all input must
be included in the first case of a run.
IN * RCS Engine Characteristics
IN XMJ Jet Mach number (not required, internally
calculated)
IN GJ Specific heat of jet
IN ARJ Expansion ratio of jet, exit area~to-throat area
IN AJE Jet exit area (sq. ft.)
IN POJ Chamber pressure of jet (PSIA)
IN RJ Jet gas constant (R Air = 53, 35)
IN TOJ Jet chamber temperature (Deg F)
IN DEXIT Jet exit diameter (Ft)
IN THETA Nozzle exit angle (angle of bell mouth nozzle wall)
‘ (Deg)
IN * Reference dimensions
IN SREF Reference area (Sq. Ft.) = wing area
IN ‘ C Mean aerodynamic chord (reference length) (ft)
IN B Wing span (reference length) (ft)
IN * o Nozzle locations (all sets must be input and left

side locations specified)
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Namelist Variable

IN XREU

IN YREU

IN ZREU

IN XRED, YRED,
ZRED

IN XREY,YREY,
ZREY

IN *

IN *

IN THAFTU

IN THAFTD

IN THAFTY

IN THOUTU

IN THOUTD

IN THOUTY

IN *

IN *

IN NONOZU

IN NONOQOZD

IN NONOZY

IN IBOTHU

CASD-NSC=-75-002

Descrigtion

X coordinate of upward firing nozzles exit plane
reference center (ft)

Y coordinate of upward firing nozzle exit from
moment reference center (ft) (always negative)

7 coordinate of upward firing nozzle exit from
moment reference center (ft)

Coordinates of downward firing jets from the
moment reference center

Coordinates of sideway firing jets from the
MRC (Ft)

Input values of location even if the number of
nozzles is zero, so that amplification factors can
be calculated

Nozzle angles see figure 5-4 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)

Input values of angles even if the number of nozzles
is zero, so that amplification factors can be calculated

Nozzle set definitions

Number of upward firing nozzles (causing pitch up)
operating in a set

Number of downward firing nozzles (causing pitch
down) operating in a set

Number of sideway firing nozzles (causing yaw)
operating in a set

Defines whether upward firing nozzles are operating
on one or both sides of the center of gravity,

= 0, Nozzles operating on one side only (set ISIDEU),
= 1, Nozzles operating on both sides
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Namelist Variable Description

IN IBOTHD Defines whether downward firing nozzles are operating
on one or both sides of the center of gravity,

= 0, Nozzles operating on one side only (set ISIDED),
=1, Nozzles operating on both sides

IN IBOTHY Defines whether sideway firing nozzles are operating
on one or both sides of the center of gravity,

=0, Nozzles operating on one side only (set ISIDEY),
=1, Nozzles operating on both sides

IN ISIDEU Defines side on which upward firing nozzles are
operating,

= 0, Operating nozzles are on the left,
=1, Operating nozzles are on the right,

IN ISIDED Defines side on which downward firing nozzles are
operating,

= 0, Operating nozzles are on the left,
=1, Operating nozzles are on the right,

IN ISIDEY Defines side on which sideway firing nozzles are
operating

= 0, Operating nozzles are on the left,
=1, Operating nozzles are on the right,
IN * Impingement Selector

2

IIMP Defines the type of mathematical model to be used,
=1, 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 flight conditions as well as a
indicator which determines the input options on multiple cases.
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Namelist Variable
FC IOPT

FC MINF
FC PINF

¥C TINF

FC QI

FC ALPH
¥C HI

FC VINF
¥C INEXT

CASD~-NSC~75-002

Description

Defines the flight conditions to be read

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

= 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.

Free stream Mach number

Free stream ambient pressiire (PSIA)
Free stream ambient temperature (Deg F)
Free stream dynamic pressure (PSF)
Angle of Attack (Deg)

Altitude (Ft)

Velocity (FPS)

Defines content of next set of data

=1, All data are to be read

= 2, Nozzle definitions and flight conditions (name-
lists IN AN": FC) must be read

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

=4, No more data will be read in, program stops
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5.14 OUTPUT DATA DEFINITIONS

The data printed out from a sample run is shown in figure 5-6. 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 a single RCS nozzle in lines 1 to 3.

Output

Line Word Description

1 Nozzle Characteristics single RCS nozzle data

2 EXIT DIA RCS nozzle exit diameter in feet
(input as DEXIT)

2 EXPANSION RATIO RCS nozzle exit to throat area ratio
(input as ARJ)

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

2 NOZZLE MACH Computed nozzle exit Mach mumber

3 THRUST Computed RCS nozzle thrust in pounds

3 CHAMBER PRESSURE RCS chamber pressure in PSIA
(input as POJ)

3 EXIT PRESS Computed static pressure at nozzle
exit plane in PSIA

3 EXHAUST GAMMA Specific heat ratio of nozzle gases

(input as GJ)
The freestream flight conditions are briefly described inlines 4 and 5
4 FREESTREAM CONDITIONS

5 P/INFINITY Ambient pressure at flight condition
' either input or defined by standard
atmosphere in PSIA (limited printout
resolution )

5 MACH INF freestream Mach number
5~-23
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(13) IMPINGTHENT FOPGES @
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Output
Line Word Description
5 GAMMA freestream specific heat ratio
5 ANGLE OF ATTACK Input angle of attack (ALPH) in degrees

Same single RCS nozzle scaling conditions are defined in lines 6 to 8.

6 PRESSURE RATIO Single RCS nozzle jet exit pressure
ratioed to freestream pressure (Pj/ P

6 MOMENTUM RATIO Single RCS Nozzle momentum ratio
(equation 5) ratioed using wing area as
reference. (/¢ )

J [+=]

6 THRUST COEFF Single RCS nozzle thrust ratioed by
dynamic pressure and wing area = T/qS

7 RT RATIO (RJ T. /R, Ts); RCS ambient temperature
at exit ratioed to freestream

7 POJ /PINF RCS chamber pressure (P ) ratioed to
freestream ambient pressure (P,)

7 FREESTREAM DYNAMIC
PRESSURE Q.= 0.7 P, Mf in PSF
8 (R*TOJ)/(R*TINF) (RJTOJ)/ (R Te);

RCS chamber temperature ratioed to
freestream ambient temperature -
Thayer's parameter

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 10, 14, 18, and 22); then pitch down
nozzles) lines 11, 15, 19 and 23) and finally yaw nozzle contributions (lines 12, 16, 20,
and 24). 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 moement terms by the appropriate reference length. Column A
presents rolling moment (C_), column B presents pitching moment (C_ ), Column

C presents yawing moment ), Column D presents body axis axial force (C_) ,
Column E presents side forc el\zC ) » and Column F presents vertical force (8;)
where figure 5-2 defines the sigry convention of the force and moment coefficients.
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The thrust terms are computed first and are presented first in lines 9 through 12,
These thrust terms have all nozzle cant angles included in their computation. The
plume impingement terms are presented in lines 13 through 16. If the input option
is. selected to ignore impingement a comment will be printed between lines 8 and 9.
The Interaction iterms are presented in lines 17 to 20 and the cross coupling terms
in lines 21 to 24. The summation of all components (equation 1 of section 4) listed
in lines 9 to 24 are then obtained and printed in lines 25 and 26.

The amplification factors are then computed as described in section 4.1 and lines

27 and 28 are always printed. If data does not exist to define all nozzle locations
the program will terminate at this point with a note defining this problem because the
amplification factors cannot be computed without the all nozzle locations. When all
nozzle locations have been defined the program goes through some logic to determine
the control moments to be used to define amplication factors (see Section 4.1) and
the control forces and moments used are defined inline 30. Line 29 is printed to
show that the pitch down jet thrust itself is being used to compute pitch amplification
Similar statements are printed if actual thrusts are used for pitch up, yaw and roll
cases. Line 30 prints the actaal thrust force and moment mumbers used to compute
the amplifications.

CZTH = control thrust vertical force coefficient
CYTH = control thrust side force coefficient
CLTH =  control thrust roll moment coefficient
CMTH =  control thrust pitch moment coefficient
CNTH =  control thrust yaw moment coefficient

The amplification factors then are the total data from line 26 divided by the thrust
terms defined in line 30. Note that where possible the actual thrust terms of lines
9 to 12 are used and only if no thrust term exists is the 2 jet assumed value used.
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REPRESENTATIVE FLIGHT PREDICTIONS

6.1 GENERAL

The space shuttle orbiter rear RCS packages shown in Figure 1-1 have three engines
for firing upward, three for firing downward, and four engines for yaw thrust on
each side of the vehicle and considering that the number of RCS engines firing can
be varied in addition to at least twelve combinations of combined control, the total
number of predictions required becomes a very large task. The purpose of this
section is rather to apply the analytic prediction method developed in this study to
representative cases to illustrate the results obtained from the method. Reference
1 showed that the symmetric pitch down RCS thrust case and a pure roll thrust case
were the most critical so they were chosex as representative cases. Two nozzles
were assumed to be firing on each side of the vehicle in each of these cases.

6.2 ENTRY TRAJECTORY RESULTS

A representative set of flight conditions along a space shuttle orbiter entry trajectory
were obtained and the flight conditions along a segment of it are shown in figure 6-1,
The vehicle starts re-entry at a high angle of attack and maintains this attitude

until a low Mach number transition is made. The segment shown here is at the start
of reentry and the high angle of attack is maintained throughout it. The rear RCS
control system starts as primary control in all axes at zero dynamic pressure and
maintains control functions wntil dynamic pressure is high enough for the aerodynamic
control surfaces to be used. Figure 1-2 shows a representative control schedule for
this transfer. The area of highest interest in RCS effectiveness is the region from
zero dynamic pressure to a q of 20 PSF. The single nozzle flow scaling parameters
are shown in Figure 6-1 also. Predicted Control amplification factors during entry for
pitch down control is shown in figures 6-2 to 6-3 while roll amplification is shown in
figure 6-4. Figure 6-2 shows that the adverse effect of interaction grows with increasing
dynamic pressure and causes a dec reasing control amplification even if no impingement
would be experienced. Figure 6-2 shows that the impingement term also causes a
reduction in control amplification at the lower dynamic pressures and the total control
moment at low q is very sensitive to the impingement model used. The analytic model
developed in this report gives a minimum value of control amplification of about 0.21
at dynamic pressures from 2 to 4 PSF. At this low effectiveness, the question arises
of how the inaccuracy in wind tunnel data will affect it. Figure 2-3 presented the
error in amplification factor resulting from the wind tunnel error analysis plotted as

a function of thrust coefficient. This data was applied to the pitch down and roll flight
data by computing flight thrust coefficients and Figures 6-3 and 6-4 present the error
envelopes on the flight predictions. Thrust coefficient increases with decreasing
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Figure 6-2. Pitch Down Control Amplification During Entry
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dynamic pressure so that the wind tunnel errors are only a small part of the total
amplification factor in the flight range below 20 PSF dynamic pressure.

6.3 RTLS Abort Trajectory Results

Under certain abort conditions during the Space Shuttle launch, a maneuver is
performed in which the orbiter jettisons the external tank and returns to the Launch
site (RTLS). One critical maneuver during this abort is to jettison the tank and
assume reentry attitude. The vehicle is pitched to zero angle of attack and maintains
this angle until the tank separates and a pitch maneuver is started to reentry angle.
Figure 6-5 present some of the flight conditions which occur during this maneuver.

The vehicle starts the maneuver at the highest dynamic pressure and pitches to

entry attitude at the end of the maneuver. This maneuver occurs at much lower altitude
than the same dynamic pressure range during entry shown in Figure 6-1 and the

Mach numbers and angles of attack are much lower,

The lower altitude effects change the plume conditions sufficiently so that much lower
control is available from either pitch down or roll RCS, Figure 6-6 shows that the roll
control amplification is nearly zero during the zero angle of attack portion of the
maneuver, This is because the peak value of the adverse roll interaction increment

on the vertical fin occurs in this range of angles. The lower altitude results in a
lower plume pressure ratio and a small plume turning angle and no plume impingement
occurs on the vertical fin. This lower plume turning angle, however, results in
higher plume pressures on the wing and more impingement than for the entry case.
When the wind tunnel error increment is applied as in section 6.2, the range of possible
roll amplifications goes through zero and the RCS roll control is non existent from

a 2 upfiring, 2 down firing combination, Some roll control could be obtained by

firing only the upward facing engines if the pitch up moment which also results could
be canceled by some other method.

The same problem of lack of control is also seen in the symmetric pitch down RCS
case shown in Figure 6-7, The wind tunnel error band gives a control amplification
of zero. Two terms in the the analytic model appear to dominate the adverse interaction
in this figure., The first and largest is the plume impingement term., The effect
of lower altitude is to reduce the plume turning angle and makes the area affected
by plume impingement smaller, however, the same term enters the plume decay
parameter and causes the plume to decay slower. The net result is high plume
impingement pressures over the smaller area and increased impingement increments.
The second term is related to plume impingement and that is the symmetric firing
cross coupling increment which is a function of impingement. Figure 6-7 shows that
control exists if there is no cross coupling and this term needs further definition
particularly because of the sting in the base of the wind tunnel model.
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CONCLUSIONS

The interaction between the aft mounted reaction control system plumes and flow
over the space shuttle orbiter vehicle is a very complex interaction and the adverse
forces and moments which result are large relative to the thrust terms. An analytic
model has been generated which 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 been written and is documented
in this report. ’

7.1 STUDY CONCLUSIONS

1.

The wind tunnel data accuracy was found to be good for all moments and the
error in resulting full scale amplification was small at low dynamic pressure.

The interaction increments resulting from plume flow toward a surface correlated
best with jet exit momentum ratio as the parameter.

The interaction increments resulting from plumes not flowing toward a surface
correlated best with jet mass flow as a parameter.

Temperature ratio (RT) effects are important for those terms correlating with
mass flow.

Additional yaw RCS simulation is desirable to improve the analytic model.

Combined control cross coupling is an important term and additional data is
desirable.

Pogsible sting interference effects need to be resolved in the pitch down data.
Symmetric pitch down cross coupling needs more data to refine the model.

The RTLS abort maneuver appears to provide the most adverse flight conditions
for RCS effectiveness.

19, Steady state simulation results are adequate for pulsing RCS controls.
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7.2 STUDY RECOMMENDATIONS

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

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

3. More wind tunnel tests be made to obtain the following data.

a) Yaw RCS

b) symmetric pitch down cross coupling

c) other nozzles to verify mass flow as a parameter
d) combined nozzles

e) control deflection effects
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APPENDIX A PROGRAM LISTING

PROGRAM PREU(INPUT »QUTPUT, TAPES=INPUT » TAPE6SOUTPUT » TAPEYS)
DIMENSTONSF(15)

REAL NONOZU»NONOZD s NONOZY
REAL MINF
COMMON/CONST/PIE,RADIAN,GIRI GO
COMMOIN/GRP2/DUNX (300) o DNY (300) +ONZ(300) »X(300) ¢ Y(300)¢Z(300) rSLOC(S
100) vy
COMMON/UP/NONOZU » xREU» YREU» ZREU» DXNOCZU» DYNOLU»DZNOZU» DSTARU
1e ISIDEU, IBOTHU » RMFSU» AEXU FMRU
COMMOh/bﬂN/NONOZDpXRED'YREDvZREDvDXNOZDlDYNOZDrDZNOZD'DSTARD
1o ISI0ED, [BOTHW» RMFSDy AEXD »FMRD
COMMUPN/STDE/NONUZY ¢ XREY r YREY ¢ ZREY »DXNOZY s DYNOZY » DZNOZY » DSTARY
Le ISIOEY » IBOTHY o RMFSY s AEXY y FMRY
COlmIL LT/ TNF s PINF o TINF o ALPHo IOPT QI o HI » VANF » THRUST » INEXT
COMmuUn/REF/SReF o CoBr SCALE » XRE » YRE ¢ ZRE » DXNOZ » DYNOZ »DZNOZ yDXNOZZ,
LYnug e 3ZN0LZ
CUmmUN/INOZ/ Xiidr GJr ARU» AJE s POJIRU» TOU» TURNY DSTAR ANt THETADEXIT,
1Iimp
COMMUN/A/POwWy POWL e PRT»T19PZT
CUmMMUn/ LMCOF /7 CZIDLAS)Y 2 CZTIDMH(S) o+ CYIDL(T7) 2 CYIDH(T) yCMIDL(S) »
CMIDH(L) »CNIDL(T7T) »CNIDH(7) o CLIDL(S) yCLIDH(5) o ALPHBK »
CZTUH(5) 2 CYTIUR(S) o CMIUM(5) s CNIUH{5) »CLIUH(B) »
CZIUP(9)»CYTIUP(S5) e CMIUP(S) 1 CNIUFP(5) 2 CLIUP(5) »
CZALP (S} »CYAUPR(5) » CMAUP(5) s CNAUR(5) 2 CLAUP(5) »
CZIYL(B)sCZIYH(S) o CYIYL(S) s CYLYH(S) pCMIVL(5)
CMIYH(L) s CNIYL(S) s CNIYH(5) »CLIYL(5)sCLIYHIS)
COMMO/ [MCOLF/ CXIMU»CZIMUICYTIMU»CMIMUPCNIMU»CLIMUPCXIMDyCZIMD,
CYIMD:CMIMD!CNIMD'CLIMD'CXIMY'CZIMY’CYIMYpCMIMYp
CNIMY,CLIMY
COMMOIN/ LNCOCF/ CXINUPCZLNUrCYINU»CMINU S CNINUY CLINUPCXIND CZIND,

C U & el =

N

1 CYINDsCMINDYCNIND»CLINDs CXINY o CZINY »CYINY»CMINY,
2 CMINYsCLINY

COMMON/ THCOCF/Z CXUrCZUr CYU» CMU» CNUD CLU P CXDp CZOrCYDr CMD s CND e CLD»
1 CXYsCZYPCYYCMYPCNYICLY :

COMMON/TOCOEF/ CXTrC2ToCYTsCMTICNTPCLT

GINFZ)ou

RINF = 5343

PIE = 3,1415926

RI:Dan

vl=l.4

RADLAN=ST7.2958

UU=32.1 7404y

oiBlsy .,

TLAl:Jo

1N=bH

PINZL ORIGHVAL'

160 CUNI LUk op Pog PAGE-
CALL LPUTT(LIN) R ) 4
TiNTa

101 COnTinde
CALLLGPUTTELIND
My 2 7o DEXITx%2
CAatl. VET (BJrARJYPOJIPIr TOJr TUr XMU e AN)

AEXUSAN&ISONOQZU
AEXUSANRNONQZD
AEXYZailxNONGZY
Bl ARUZSUWRT (44 /PTEXAEXU/ZARY)
NS TARUZSURT (4. /PIEXAEXD/ARY)
DOTARY=SURT (L /PLIEXAEXY/ARJ)

Al
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ILi=a
1 COivtintie

Prlwi 4uvu
400U FORMAT (1h1)
CALLawPUTT (LI

GC TV (obr&7+sb8r5:9) » [OPT
o6 CONT LU
Chali ATMOS(HIrTT'PINFtRH'SOS'Aﬂvlﬂﬂ.rDUMlvAMiAAvGoGO'TSoTLAT'OBC)
PiNpSFInF/l44,
TiNEETI
VinFzmLINF*S0S
SU Tu Ay
67 Culiiinuk .
CALu ATMOS(nlvTToPINFoRHvSOSoAu'VINFaMINF'AMoANthGUoTSoTLAT;OBC)
FINFZRINF/1ug,
MInFay[NF/SuS
Tivr=y 7
STV Y IS
[T CUI\IILWUL ’
T UhkL nlmUS(HI'vaPINFoRHvSCS'AQvloo.'DUMIOAN:AAvG'GOoTS'TLAToOBC)
PLFr [/ 1ah, ’
WIZwl/144.
LN ZL T WL/ (0 74P INF))
TihrziT -
o3 CUlliwe
IZUe re L4 e kP INFRMINF R %2
Tu=y
lF“(&.l.Ew-U.)Ld:l
IF(UL.L\Juoc)NI:lQ
Caleeabnil CourPOJrPINF»XMU» THETA» TURN)
PRIEPU/PLNF
MRESZPR
JET iuUsitaTuv vaT L0
KMFb:UJJPJ*Amd**Z*AH/GINF/PINF/MINF/MINF/SR;F
Reik ouziivis0Zu s RUFS
RMP"bUZl‘Ju!'IOZQ*KI'iF‘J
RMFSY2NGnO0Z Y kRMFS
THRUSTZR LT A (PJ=P L HE)
TCORF <THRUS f /7wl /SREF
FRLivi Aduvo
PR LT Juub
PR 1 4oul
4001 FORWAT(LMOr 23 NOZZLE CHARACTERISTICS)
PRINI4UU2 0 DEXIT ARy THETA » XM
LUU2 FORWAI{LHO r9H EXIT DIAWF12.4916H EXPANSTON RATIONF12,.4911H EXIT AN
LGLEsFi2.4915H NOZZLE MACH (F15.4)
PRLai40udr THRUSTYPCJ e PJr GJ
4003 FORWGATILHO P 74 THRUSTrF12el 0 144 CHAMBER PRESS»F12.4¢11+ EXIT PRESS
1Flzegrlun EXHAUST GAMMAIF12.4)
FRINT 4u06
PRLNT 4y04 :
40Ud FOREAT(1H0» 23H FREE STREAM CUHDITIONS)
PRINTHOUD e PINF e MINF » GINF o ALPH
qUyb FOrmAL (LHOe211H P INFINITY F13,5¢9H MACH INFeF1I2.406H GAMMAIF12.4y
115HANGLE OF ATTHCKeF12.4)
PRLI4006ePRIRMES, TCOEF
4006 FORisn] (1HO» L4HPRESSURE RATIOWF12.4915H MOMENTUM RATIOsF12,4913H TH
LRUST COEFFeFLl244)
RivAISRIXTI/ (RIXTINF)
RTURTAZTOJ*RTRAT /T
POJUPIN=POJ/PINF
PRINTGOUT o RTRATV»POJPINS QI
4007 FORMAT(10HO R1T RATIO(F13e5019H POJ/PINFIFL13,5/925HFREE STREAM DYNAMI
1C PrESS,F13,5)
A2

-~
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PRINTGUUBPRTORTL
4UU8 FURMAF(LTHO(R®TOJ)/Z (R*TINF)F134b)
0L 1b IF=1r12
CALL SCAL(PU»GIr XMUr ANs TUPRUPPINFeGLoaMINF o SREF» TINFeRI
LIF »ANS)
SF{LF) = ANy
PRIniGUUY IF s SFLIF)
4002 FURMA|(1A0»15,5F20.0)
10 CulviinlUt
C JET MAsS FLOW RAYIO
£ MR =z SF(3)
FrRU NOWOLU*FMR
FMRU NONOZD*FMR
FMRY = NOWOZY*FMR
PRINT 3yub
C COMPUTE THRUST MOMENTS
CLuzu,
CLu=U.
CLY=u,.
Cduzy,
Crlu=d,
CMY=u,
CNU:Uo
CHI=U
caY=u,
CXUZU,
CAUZU,
Crt2y.,
CYU=U,
CYUSU,
CYvzu.
CeU=U,
CZY=u.,
DO7iiT=103
CALL THROITICXToCYTHCLT 1 CLTCMT #CNT)
GO 10 (742759761917
74 CLuSCLT
CrivaeinT
Cr=CiT
CXu=CaT
CYyusChyT
Ciuzeel
GO v 7/
75 Cusee T
Cotid=Cin T
CHD=ORT
CALZCAT
cYusuyT
C2EUET
GO U 77
76 CLY=CLT
CMY=CwT
CNYZUNT
CXYSCAT

Lyy=eyT .
C2Y=sT ORIGINAL PAGE 15
77 CONIInNUE : : d

C  COWMPUIL PLUME IMPINGEMENT MOMENTS JOR QUALI’I’Y/
CLimuz0,
CLlmuz=0,
CLImY=0,
CHLiuz0,
CMImu=0,
CMXMY:O.
CN1WMU=0,

11l

A3



170

1860
4010

1ub

1ot

1u7

lud

1873
190

CNLituz=y,

CHLMYZO,

C )(II‘AU-:.U .

(XTI,

CXEmy=0,

CYimu<l.

CYlpmu=zo,

CYLMY=U,

CZIMU=0.

CZImu=0Q,

CZIP‘” S0,

GO 10 (L70,180,185)11IMP
CONT INUE

CNEMUZ+U « 0D9FRCNY
CMlMuz+0»00078%xCMU
CLIMUZ=U+13%CLU )
CZImUy==U+00086%TCOEFANONOZL)
Calru=+u.00266%TCOEF &«NOwUZL
CrlpU==0+00238%xTCOEF*NONOZY)
CNIpD=+U o 01 0LE7%CHNY
CilMiun= e 30L8%CMD
Chlmuc=ye312%CLD
CXTmU=+y+10703%xTCCEF*NONOZD
CYLMmO=+u+01837%«TCCEF*NONMOZD
CllMuz==(+27339%1COEFxNONOZD
CNimY=+uU«0013%CiNY

CipmY=+U+ 00073 TCOEF®NONOZY®XREU/C

CLIMY=+U 0347 7% TCOLF 4NONOZYXYREU/B

CXIMY=U,u0288%xTCOEFxNONGLY
Crimy=+y.00077%71COLF*NONOZY
Colmyz~ueUlo34xTCOEFRNONOZY
GO U 1vwU

PRINI 4010

FORMAT (28H0 [MPINGEMENT FORCE IGNORED )

Gu fu 19U
Cuii L
TOl1sdLT=103

CALL IMPLIRG(LT»CXToCYToCZT»CLTPCMTPCNT)

S tu (1800 1870138),17

Climu=CLT
CrtMu=Cl
Gl senT
CXiMuz=CXxT
Cvlvu=CyT
Czimuz=CeT
GU Tu 1oY
Cliviu=Cu ¥t
Citmo=Ci
Civniww=CNT
CxLmuz=CX T
Crimu=CcyT
C2lmuzCe T
Gd 1Y 1uY
CLtmyzul T
C“'lll"¢Y—C|”lT
Cinvlmyz=CnT
CXIwy=CxT
CYLay=CYT
C2lmraCeT
CON iU

CONT 1wk,

Culivu=uy,

CLinu-y,

Cllivyzy,

Chitasi,

Cvlivuzis,

A4
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C

CiminY~y,
Cilnuzu.
CNLHU=U .
CNINY:U .
CXInuaQ,
CXInuzU,
Crlmwy=u,
CY.\HU:U .
Cytuuzy,
CYIny=U.,
CZinuz=0.
CZINQJ:O .
CZlny=u,

CUMPUTE FLUME  INITEZRACTION MOMENTS

1200

201

20e

204
20k

IF(iuw,Euel}u0 1O 204
o2u3ii=1e3

CALL 1 TERUITICXB,CYB,CZBCLBICHH o Clurs)
GU v (2UUrzULr202) 0 LT
CulivdzCiLd

CMliu=Cwmy

Cinu=CNB

CxbwusCxhis

Crlw=Cyo

CZLlnu=Cen

bo v £dud

Celinwazory

Cvifinu=Cbs

CNInND=Ciib

Cxrlow=tau

Crladztynd

CLLNU-’—C(_[’S

CO v 209

CLiwyt=Cui

CMlpy=Cmd

CNLiy=CNB

CXLNF=UXB

Criny=Cib

CZiiny=C¢d

CONTLnUL

CONI iUt
IF(LlEUTRHUCEQ, 1) 60 TO 205
IFLLSINEUCLTLL)IG0 T 206
CLu==CLU

UNUz=LNY

CYuz==(LYU

CLimu==ClIMy
CinlmMu==CHIMY
CYiMuz==CYIMY
CLinuz=CiINY
Chiliwz=CnNINU
CrIinuzey ¥ INY

GO 10 zuo

5 CONT iUk

CLU=U .,
CHU=U .
CYU=g,
CLIMU=0,
cNimu=n,
CYImMU=ZU,
CLINUL=D,
CHINUZU .
CYimnuzu,
CHMUZZ  ®xCMU
Chuz=2 , #CAU
CZuze L2V
CMimu=2,*CMIMU

A5
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<yt

2U8

Lalriuze o ¥UX 14U
Clliuad, pC7 10U
CW LUy g ®Civgily
Carmun? *LX 111
Cllmu=:, ¥CZinU
LU e

IF(louwindebsd s L)L0O TU 207
[Fliniucdelia )0 TO 208

[P IR RY]

Ciluz =L

CYUS =LY
Chlbiym=CLIMY
Chlmbz=-CNIMY
CY L=l YIMU
Cllvuz=CiINU
CiitWz=CNIND
ZYInwuz=CY Ity
CU 11U 2u8

CONT LiwUE
cLuzu,

IS S IR

(DR S ICTTIN
Cilwwall,
Cdmi=G,
Lrlo=u,
CLiviiz(y,
Chilavust,

o) ST TIN

Cinuiie oL 4
LAUE LKL
Celimig o ¥L LU
Cedlinoe2 o kCLig L
CAbmuz=2, «CXimb
CZlmusg . +CZ MU
Ll v =gl o #Ciwg v
CXLisbzy, #CX1wv
L2, ¥CZ Ly
CO i Livue

IF(LplTHY«Ewl. 1100 Tu 209
IFtlneretie GO TO 210

CLY==LLY
CHlYze Y
Cyv=eLYY
ClalmYamor Iy
CiHlmfz=CiNIMY
Crimyz==CyYIMY
CLinys=CLINY
CbNyzZ=vadlily
CYLuYa=CLYINY
(U v 21U
Conlinle
CLY=zu,
CNYZG,
CYYSG,
LhimYal g
CimirT=U,
CYimra,
CLliny=u,
CNINY=U,
CYdinwy=y,
CMYZz o ¥ Y
CXY=eo kCKY
C2Yac, . %L 2Y
C-'|l|".l'2'-‘2.*CMIMY

Celriy=2 . 2Czivy

CMInY=2  xCHMLINY
CREtY <2 *CX LT

CASD-NSC-75-002



21C

Celivrzg#C21LNY

CoManle

C COMPUTL wmulll IPLE AXeS CROSSCOUPLING TERMS

ell

C COXPUTE

3001

wlue

S003
K10
ouUb
wbub

Juu’7

3008

5009

CXCluzii,
Callu=u,
CxCurz=u,
CZ,L"U:-U .
CzCiu=u,
ClluLryz=u,
CHCLu=n 'y
CdcLw=y,
Calli=d,
Calvuzy,
CcalLway,
Cinbey=u,
Chicday,
Criliiai,
Clylrzu,
CALL LCuutl

(£9rLACCDyCZCCDICYCCO,CMCCDCNCCD,CLCCD)

IFlleLueldoe TU 211

CALL JCuuPL,
CAut. LLuUulPL
Coii Liande,

{1runllurC2CCUICYCCU CMCCUCNCCU s CLECY)
(orLcCUY P CZCCY s LYCCY»CMLCY P CNCCY pCLCCY)

IuThAL FORCES Miu MOMENTS

CASD-NSC-75-002

CATZLXUF CALTCRIACXTMU+CALIMN+CX TMY+C X INUHCKIND+CXINY+CXCCU+

1CALLu+CxeCY

CYT=L U+ CrOrCYYHC Y LAU+CY TMMHCYIMY+C Y INUHCY TND+CYINY+CYCCU+

LCYClu+yelyY

CLIE0u+L 2D+ Y +CZ Ly+ CLIMUHCZIMY+CLINUACZIND+CZINY+C2ZCCU+

1CLCL+CLLCY

Co M=20nurCLDFCLY+CLIMU+CLIMMN+CLImY+CLINU+CL IND+CLINY+CLCCU+

1CLCLuwrCLLCY

CUTZCU+CMD+ LY+ IMUHCHIMD+CMINY +CM INUFCMITD+CMINY +CMCCU+

Ll #CMCCY

CHT2L UL CNUFCHRY + CHTMUFCNIMD+CNIMY +CHINU+CNIND+CNINY +CNCCU+

LCHCLud L CyY
PRINT syul
FORrma ) { L 4H0
PRINE syu2

[HRUST TERMS)

FORML (LMD 29R2HCL» LOX&HCMr 16X2HCN» 16X2HCX » 16 X2HCY ¢ 16X2HC2)

PiRIwt 3uu3s
PRLGE sulity
PRINT au0by
Fukial (L4hR0
FOrRmA T ( L 4HO
FURMAT (1 4HO
PRI Syuo

CLJCMU» CNUWCXUICYUsC2U
CLU,CHMip CiiD o CXDHCYD L C2ZD
CLY CMY»CNY 2 CXY P CYYPC2Y

PIiCH UP r6F L848)
PITCH DOwlt roFldes)
Y A 16F1846)

FORMA T (BBRDARXKAXXXKXKXXXHXKXXXXXXXK XXX XKXK KKK XXEXXKX XK XK KX XKXXXKXX )

PRIWT 3007
FURMAT (21HO
FRINT Suu2
PRINT 350U3y
PInT syl
PRINT 3u05

PRE{NT 3yub
PRIMI 3uuB
FORMAT (19H0
PRINI SuU2
PRI 3uldy

PRING Sudb
PRING 3uuby
PRI 3uu6
PRIN] s5uu9

IMPINGEMENT FORCES )

CLIMUy CMIMU» CNIMUPCXIMUPCYIMU P CZIMU
CLINMDy CMIMDy CNIMO»CXIMDyCYIMDICLIMD
CLIMY s CMIMY P CNIMY 2 CXIMY o CYIMY 2 CZLMY

LATLRACTION TERMS)
CLINUy CMINU» CMINUPCXINU» CYINU» CZINU

CLLHD» CMIND s CNTHD CXIND» CYTND» C2 IND
CLINY»CmINY»CHINY »CXINY»CYLNY»CLINY

FORmAY (22Hu CROSS COUPLING TERMS)

Pl syud

AT

ORIGINAL PAGE IS
OF POOR QUALITY
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Prlafl 3u03r CLCCUrCMCLUICNCCU CACCUPCYCCU P CZCLU
PRLuE 3ulbs CLCCO»CMCCDYCNCCDrCXCCUrCYCCOrCZCLD
PPRAvg 3005 CLCCLY»CMCCY s CNCCY s CXCCY s CYCCY P C2ZCEY
It sude
el duld

SU10 FORMALT(LHHD TUTAL VALUES)
Fala .SUUZ
FRIGT 3ulle CLToCMToCNTICXT»CYTC2T

3011 FORMAL (1HDP13X»OF18.6)
PRINT 3uué
PRINI4LuY

4100 FORmal (1HU» ¥ THRUST WMOMENTS USED FOR AMPLIFICATION FACTORS ARE DEP
LENUENT ON CuNTROL USED*)
CALLULATE AMPLIFICATION FACTORS

IF THE WUMBER OF NO4ZLES IN ANY SET Is INPUT AS 2ERO, THE THRUST
COEFF JCLENTS FOR THAT SET TO CALCULATE AMPLIFICATION FACTORS ARE
CHIPU L FOR AN ASSUMED TWO NOZZLES. NOZZLE COORDINATES MUST,
HOweveRs BE LWPUT FOR ALL THREE SETS,
ik amPe (Ly AKXU» AKZU 2 AKYLI, AKMU » AKNU ¢ AKLU )
Prinl sule

oUls Furiaail (231¢ AMPLIFICATION FACTORS)
PR 2uld

QULS FORMAL L 1RO 2IX2HKL » LOX2HKMr 16X2HKN s 16 X2HKX » 16X2HKY » 16 X2HKZ)
PRI Su<de ARLUAKMU S AKNU AKXU» AKYU AKZU

2043 Fuimal (4ride 2 AMPLIFICATION®:10X06F18,7)
FRIwt 3uVU€
TinNz L EXT
GOt (Lu0e101rleel) s IIi

ol CALLEAL

Cidw

[eXeXeXs BKR

SUBRUUTINE PARCEO(Y»ueCOEF)
DIAENSTION Y{(3)» D(3)s COEF(3)
CommnnBiVes COEFFICIENTS FUR A PARABOLIC FIT

XL = v(1)

xe = ()

X3 = v(3)

D1 = u(1)

D2 = ©(2)

0y = uiy)

FACIUIR T = X2¥X3%X3 = X2%X2%X3 = X1%X3%kX3 + X1%X2%X2 + X1xX1%X3
x - X1xX1%X2

Al = X2RXIAXI = X2%X2%X%3

A2 = OX3RXLRX1 = X1xX3*)NS

ny S OX1AX2%X2 = X2%X1%*X}

1 = XekX2 -~ X3%X3

t-2 = X3%kX3 = X1xX1

B3 = Xlexl = X2=xX2

Ci = X3 - X2

c2 = X1 = X3

C3 = L2 = X1

Cotr (L) = (01*xA1 + D2%A2 + D3xA3)/ FACTOR
Cub)(2) = (u1*B1l + D2*B2 + 03%83) / FACTOR
Cubr (o) = (u1xCl + LU2*C2 + DI*C3) / FACTOR
RETUR

ENU

A8



e
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SuUBruuTINE JET (GAMM, ARNy PONOZ »PINOZ» TEE » TEX ¢ MNOZ » AN)
GIMenslun PrM(S)Ye2ZMI3) ¢t COE(3)
COMMU/ A/POW Y POWL P PRT T1oP2T
KEAL mNUZ
pMiL)=1,
Paler=l,
Ahilirz=l,
anile) =1,
1540251 v
M=l
POWZ(GAMN+1-)/(2.*(bAMN-l.))
NO111iF=1,140
wNOZZMNUZ DM
AASI=( LuAMN+14) /2. ) #xP0w
AASY:AA:T*MNOAI((1-+U.5*(GAMN-1-)*MNOZ**Z)**POW)
AAS Tz /AAST
ZM\l):zM(Z)wZM(Z):Zm(5)$ZM(3)=MN02
PM(11=PM(2)
Pule)=Prn{3)
PM{3)2AAST
IF (AALT JGE«ARMIGO TO 112

111 CONTInue

11 CALL rARCEO (P il CORD
w0220 (1) #COE (2) % ARN+COE( 3) #ARN»*2
AASTZ((eaMN+1.)/72.) % «POW
AAS I EAAS TRMN0Z/ (LU 5x {GAMN=1 o ) *MNOZ%%2 ) $%POW)
AADIEL /ARSI
PNUA;HUHQZ/K(l.+0.5*(GAMN-l.)*MNUZ**Z)**(GAMN/(GAMN—i.)))
POwSd, #F0W
Puwlzttamiv=1.)/70AMH
Pz Pl 7 PUNUZY 4 %xPOWL
PRIZL =PRT
Tl=((¢./(GAmN+l.))**POW)*?.*GAMN**Z/(GAMN-l.)
P21=ai/AASTRPONUZ #Sui 1 (T14PRT I %144,
iiA:rLL/(l.+u.b*(GAMN-1.)*MHOZ*MNOZ)
e T
iy

Sunhuil g A'f!“lUS(ZpTT'P'RHO'C'Q'\/;Al"lpAMU'ANU'G'GOUTS’THETOOBC)
LATEsl CUMPILATION LATED o=27=72

Vebe STANDARD ATMOSPHERE» 1902

AT ADe U

ABARS=5, 0B5462E-04

GBARE ] L2 BUE-] )

CHA‘(z‘l.bl-’t-l? 1

GRAVIIATLONAL FORCE UETERMINED FROM SMITHSOWIAN POLYNOMIAL

IF tGuse) 10,20010

10 THEIP=9y.0=THaT

THE IRz { HET/57,29578
GO=3bd.u05*(1.0-.0026370*Cﬁ5(2.U*THETPR)+.0000059*(C05(2.0*THETPR)
1) 4%z}

UBARZ=2 ,2TE=07

ESARZ] JuE=13

FHARSo,UE~2Y

3T 0l LABARHDBARKCOS (2, U*THETPR) ) #ZM+ (BBAR+EBAR#COS5 (2, 0xTHETPR
1)) bcimaxp+ (COARFFBAR®COS (2,0 THETPR) ) %ZM%%x3)

cu Y 3u

2U G0 = v0%50.48

A9
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G=UeULe (GUHABARKZNHTLBAR*ZI¥ ZM+CBAR®ZMxZNMi®ZM)
%0 HMZ (oUw 2MHAZ AR%ZM4 2/ 24 U+BBAR K ZMKZM# ZM/ 34 0+CBAR®ZMk ZMeZM£2ZM/4,0) /6
10 '
GUEZGU/ 30 lo
ANOZ20 . 9004
l\'s"';ﬁ'blusa
IF (i=21000.0) 40040950
40 Pn=1Ji3.25
L4=HM
[AZZo64 L0
DIlJi“z"bcb
v TO 190
50 IF (he=20000.0) 6010070
ol i’A:édUooa
TA=2loe0bd
DivrH=y .U
LHEHM=1 500040
30 To 190
749 IF (Hiie 52000.u) 80000990
89 PaEoL . TuBT
TASzloe0b
DTUHS1e U
CImEpmersguiitey
591U L9l
9 IF {(Ha=u7uf0.y) L0G,100,110
100 PAZvecuib
TaZ2en 0l
TUH<Ze 0
UiErim= 320N
LY v 1vb
1 IF Gne=0200040) 12091200130
120 PAZL,1uvdd
TaZ27ve.00
[RERPIE ST IAN]
I rti=g 7400 0
Ul o awl
130 Ir Gie=ul0%yau) 140,140,150
14U PAZuendyul0d
Ti‘\:d?UnUb
Ltie=g U
NiZiee, 2300 ey
GU v 190
150 IF Gs=7900tUu.0) 1000160170
lolt Ph<y,. 1dcub9
Thzebee®
DTha=tp g U
D= ma g 000 U
GO v L9y
170 IF (rr=o874%a,u) 1609180,230
160 PASY .Ul ETT
fH=10U 0D
CTun=da.v
DH=rt=79000, 0
GO U 19U ’
190 CONT 4L N
TMS a1 DH¥pH/1000.0
IF (UIVF) 21092000210
20U PPAZc AP (=GO<AMOXDH/ (100000, 0%xRSMxTA) )
GU Ju 2eU
210 PPAS(TA/THM) xx (GO*AMO/ (100, 0xRSMXDTDH) )
220 COMY gL
TeS el o d
NN
§) 7e3U25E=07
[ PhePPA%2 , 0865468
A= am0*P/ (1545, 31 % GOE*TE)

H o1

Al10



230
240

2by
pAR1Y)

270
281

29l
300

a10
320

330
340

350
3ev

AmU=ZDLATE**1 ¢ 5/ (198, 72+TE) /G0
AUz Amyg/HO
C=SUhf(1e4x1545,31%G0EXTE/ANO)
Awp = v/0

= U (EPHAINRAM

TS = (4.26E+16%SART (RHO/0,00238)*(V/26000.

BTG/ UL SULE

GU = YO/30.48

e TURN

1F (Zm=~100000.0) 24002400250
TMU=160.65

ALmZg.U

June9u. 0

PuM = 1,6438E-~03

AMB=Z28,9644

Gz =, 00844

SV v 4u0

IF (Zim=1100U040) 26002600270
TMHZ 210, 05

ALMZY 4V

bR lUU,L U

PANMZo UL THE=04

AMBZ el b8

GM:- . Ub‘

GO U YU

IE (£i=22000040) 2800280290
Muszul 65

ALMZiueu

ZBR=1iU.Y

PR 304HE=~UD

A B=Zoebo

ahis—-, Uty

[E1 IRV AV

IF (4li=150000.0) 3003009310
Til3=duU « 65

AlthZe0e 0

VALY PR Pt

PBIEL e 5 1TE=0b

AMBZ 26 eu 7

CMT—, U55333Q

G0 Tu #yu

IF (&ni=s00000.0) 32003200330
THo=aYul b

ALrizib,u

ZUR=150.U

PBHSL,0b17E=UD

AMBIZ2e. vy

GMoe— 20U

GO 10 4yd

IF 4m=170000.0) 34093400350
iMB=1,10.05

ALMZ1ly.U

ZBRE LG .

PEMIL HY4SE=a

AMURZ0 400

GM==,ucb

GO v 4yt

IF (¢m=190000.0) 36003600370
TMB=1210.65

ALM=T7 .0

ZHK=170,0

PBM=ZL, 7TY26E~0b

AMBZ 20 . 4

GMzZ=,y275

GO TO 400

iAlL

OF
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&0
380

Lyt

410

IF (Ziv=ed30000.0) 38ue3300390
Tl"iH:l .')5U «65

ALMZ5 .U

Z2BK=190,0

PEM=1 . 00852E-00b

AMB=Z25 .85

CM==, 02575

5V U 4ud

CuniinNUE

W Ueu

P 040

O w/0.30480

G0 = GO/3UVe48

RE Tur

CONI T

COMPUTE KINETIC TEMPERATURE
ZK=£M/100000

AMKATZ ( (AMBHGN* (ZK=Z8K) ) /28 ,9644)

TMOLS | Mis+ALMA (ZK=28K)
TT=imvL*2AMRA [ *1,80

CONt Ll

COMPUTE STATIC PRESSURE

. APS(TMmi/ALM) =£BK

k30

440

PAR[AZ{LK=ZbK) ¥ (4 62DE=0L* (ZK+2ZBK ) =+ 1L25E~05%AP=,00325)

CASD-NSC-75-002

PARTLZ(, 125 =054AP*AP+,00325%AP+9,818) *xALOG( (ZK+AP) / (ZBK+AP) )

AMUZ20 . 9004

RSTARSH, 31432

COEF = «ALMxRSTAR/AMO
PRLUL= (PARTA+PAKTEB) /COEF
P2 e U3BL4B8*PRIGAEXP (PRLOG)

i COMI e
COMPUILE ULENSITY, SPEED OF SOUND.
FRHUO = PxAMRAT*#28,5044/(1545,31*TT*60L)

C=9unT (L e 4*P/RAO)
UL o 04RAOAY 4y
Cut i vl

ComPuILE MACH NUMBER,» GRAVITATIONAL FORCE.

Avzvse

(32 (Ue12DE=UD) RZKE K=o UU325H%ZK+9,818

PETA = 7.3025E=07
Suld = 198672

AMU = SLTA*SQRT(TT*43,0) /(TT+SUTH)

AliuznmUy/zRHO/ZGOE
Ait)= AU/ 0OE

DYNAMIC PRESSURE

VISCOSITY + KIN, VISC'TY

TS = (4, DOFE+16%SQRT(KHO/ 0, DU238) #(V/26000.0) %%3,15) %%0.25

GZG/0.5ulB
GO = L0/50.48
RETUrG

FORMAT (o2t UPPER ALTLTUGDe LIMIT EXCEEDED)

£l

SUBKOUTLNE ZXPAN(GYPTyPIT XMy THETNO» TURN)

IF(PT,LtePIT)G0 TO 300
TUHN:U 3

Gl=({U~1,)/G
G2Z2,/(4=1.)
GI=ouRT({G+1,)/(G=1,))
G4=ouR T ((G=14)/7(G+1,))
IFtPL el )GO TO b

XMEZHGRT (G2% ((PT/PIT)#¥51=1,))

RIZ5URT(XME*42-1,)

TURNZLHT7 , 2958% (GI+ATAN(GU*X1 ) =ATANIX1))

VU
TURHMZGY) s (G3=1,)
Canpanmtie
TURL=TURN
A S X

Al2
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X1sounT(XMEx%g=1,)
TURINEDT . 2958% (G3*kATAN(GU*X1) =ATAN(X1))
FURIZ TURNL=J URN+THETNO
Rtldnu
300 TURN=THETNO
RETURIN
40U FORWAT (1HO»5F20,5)
£ Ny

SUBRUUT INE SCAL (PJ.GJ'XMJ.AJ.TJ.RJrPI'510XM11A1'TI'RI'I'ANS)
GU 10 (LUv20'30'“0'50060070v8009001000110'1207130)vI
10 ANS = PU/PIXGJI/GI*AI/AT* ( (XMJ/XMT ) *%2)
RETUKI
20 ANS = AU ((PU/ZPI) #(Le+GU*XMUI%k#¥2)=14)/ (AIXGIRXMI*%2)
R RVINT
30 ANS = GU/GI#RI/ZRJIATI/TI* ((PURXMIRAJS)/ (PTRXMI*AL) ) %%x2
ANSS5WRT (ANS)
RETURIN
40 ANS = GJ/GI#RJ/RI#ATJI/TIx(XMU/XMI) %*2
RETURIN
50 ANS = GU/GIxRJ/RI*TI/TI*(GI=14)/(CJ=1,)
RETURNN
b0 CONTINUE
TUL = AMI*XMI=i,
IF (TblelTels) TMI = =TMI
TMJ = XMJ¥Xmde=1,
IF (TmdoLTeUe) Tid = =TMJY
ANS = Pu/PI*GJ/GI*(XMJ/KMI)**2*SQRT(TMI)/(SURT(TMJ))
RETURY
70 CONI il
TMJ = XMU*Xifu=1,
IF (imdeTelae) TMY = =T
ANS = SURT(IMJ) /GJ/XMI/XMIx (L, =l 1/PJ))
RETURWN
60 ANS = Pl*Ad*(GJ**Q)*(XMJ**B)*((RJ*TJ)**Q)/(tGI**Z-S)*((RI*TI)**B.S
1))
RETURw
g0 ANS =-Pu/Fl
RET U
100 ANS = PU/{eoxol*xPI¥AMI*22)
RE .4Ui“|
110 ANS = PU/PI*{{le + «5%(GJ = Lo ) XMJIx%2) ¥k (GJ/ (GU=1+e)))
RETURIS
120 PUJSFU4(let D (GU=1,) ¥ XMI**2) k¥ (GJ/ (GJ=14))
CALL wACHTPUOJrPIGJr ANS)
ANSZANS/UJ
130 RETURWN
Cedd

SuUBrOUT INE MACH (PO PLsGoXM)
A= (u=le)/0
AM=bUmT\(2./(G-1.))*((PO/PI)**A-l.))
IF {xMoLTel) xM = =4000.
RE FTURN
Enid

ORIGINAL PAGE IS
O POOR QUALITY,
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SUdNQbrLNE4.Hﬂ(1OCXDCY'CZOCL!CMICN)
SOngu;rE;5MINF'PINF'TINFvALPH'IOPT!QI.HIOVINF;THRUST:INEXT
LOUSMUL/ REF/9REF o Co B0 SCALE » XKE YRE » ZKE » DXNOZ
LoymnsnEr ’ ’ ’ +DYNOZ+DZNOZ»DXNOZ2Z,

COMMUH/UP/NONOZU'xR&UOYREU'ZREU'D*NULU DYNOZU» D2 ; \
Loloi0eU» IBOTHU»RMFSU» AEXU ' DENOZULBSTARY

CUMNUN/uWN/NONOZDOKKLUOYRED!ZRED'DXNOZD DYNOZ NOZ
1, 15000y LBOTHD Y RMFS50, AEXD ’ OrDZNOZDrDSTARD

LUJMUn/bIUE/NUNOZYDXREY!YREY!ZREY'DXNOZY DYNOZ Y
Lolsiony, IEOTHY»RMFSY » AEXY ' Y+ DZNUZY, DSTARY

lgi':;::j%/woz’xmm(ado ARJIAJEIPQJIRI» TOU» TURNI DSTAR » AN» THETA» DEXIT,
REAL NONVZU ) NONUZD » NONOZY
CTLI=1RRUST/ZQI/SREF
GO 10 (1r203)01
1 1F{0HULUGER,UL)G0 TU 5
LT=u ) L#ivONOLU
DASUANOLU
S PY=LYNOZU
1122w sineu
X=akelu
Y=YReJ
PE-TALT V)
GV v 4
2 IFNULULD eEwela )30 TU B
CT=C) 1«n0NOLL:
MXZunaleu
sY=uYale)
[VER-TSPAMPAY
ATARCL
Yoyt
Z2s4ntd
av v 4
3 IF(aunueoEwa)e )60 Tu S
CI=Ll LenvihsZy
DXZORIDLY
OY=uYoLY
D220y
ASAREY
Yayney
LZLREN
G4 CXZ=CixuX
CYa=Ul&UY
Ces=( 14l
CLE(Leay=CYag) /B
CMz=({Cnxs~CZ2Xx)/C ,
CN=(L 1 & X=CXxy ) /15
ReTuiki,
CX=0,
CY=U.
CL=ua.
CL=u.
Crisu,
CN=u o
REFURN
Enb

&2

‘Al4-
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INTIETIVIVE (| T li‘iG(LlCXBcCYB'CZB'CL89CMBOCNB)

COMmUu/pJNSI/PIE'RADIANOGIvHI'GO
COMMUN/NUZ/XMJvGJ'ARJoAdE'POJ'RJpTOJOTURN!DSTAR'ANITHETAODEXITO

rilve

CQMmu“/uP/NONOZUvXREUvYREU!ZREUoDXNOZUvDYNOZUrDZNOZUcESTARU

1r1510Us IBOTHU P RMESU» AEXU»FMRU

CUmmuie/ GWHZHUNO LD » XRED Y Y RED » ZRED » DXNOZD e DYNOZD» DZNOLD » DSTARD

1, 15aueys IBOTHU P RMFSD e AEXD, FMRD

;unmun/:lDE/NONOZYoXREYOYREYvZREY'DXNOZY'DYNOZY'DZNOZY'DSTARY

LelsiucYe IBOTHY P RMFSY ¢ AEXY ) FMRY

cummu“/uhPZ/UdX(BOO)oDNY(BOU)vDNZ(300)oX(300)oY(300)02(300)'SL0C(3

1hu)ew

COMmUn/FLT/Zm TR o PINF p TIINF o ALPH»IOPT ¢uIpHI ¢ VINF THRUST » INEXT
CUMMUA/HLF/bNtFoCuH'SCALE'YKE'YRE'ZREoDXNOZ:DYNOZvDZHOZ'DXNOZZv

1uYNULg'uANOL&

S0 U (ie2ed) 0Ll
lP(NvHULU-Ed.U.)GO 10 2900
ManSAntu

YREZTREU
AN =V AIURY)

OXne Lz anNC2)

nyY lL/(_:LJl-«IOZU

DenivezllenlzZu

Dot arz=hy TARV

AJlSnL AU

NENR VY R-5

DVisue =L

UL ez==1

GO v g

TF(nundzZDeEw,Ue)G0 TO 2000
NZive el

YL S ke

SR L=L e

AdesS AL XY

NG R 2)sTARY

Geuemiign0Zu

nYmuez NOZy

L XMuL=UANUAY

AREZa U

LR P ANV

THlL=Yntu

[V V)

I oY ebusua i 2O 1O 2000
LFARIY VA Y

LYINVLLS ) e

AL LT g e

HJELSHALEXY

soTnRzDSTARY

Jlnuez=pgNOZY

"= YNOZY

DXPOLZDIXNOZY

VAT =VAINCH §

‘(mé-'Yi\‘EY ORIGINAL PAGE )
XEZAIE | \
Cuni Lot OE POOR Qum
CaBal,

CYU:U-

Cevu,

CLhiu.

Chivad,

Ciu=t),

CEGLn CALCULATIUNS OF COEFFICIENTS AND DERIVATIVES

Alb
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Mlanulu=lso

630 ) = 1u
YQ = v(i}
Uy = wiwy tI)

660 Xiv = Ala) / b
“C= (1) /sC
Y3=yu /03
28=¢4(1) /b
FAR-FEA NS WAV
SRATLUESLOC (L) /SREF
JAZAL L) =XRE
UYSru-yYik
LZ=e (1) =ZRE
Uistzuun F (MX&x24+DYxa24D2%%2)

1F(L)l.‘)l‘ot".‘)tUn)Go TC 1150
IF(L}L.\'?L.U.)GU TO o]
IF(‘JLII&)L‘.{.G]I(}.)‘JO TO 11.50
GJ v 7
b IFlhawvedslt. 160 TU 1150
7 CUbBy Lvt it
OXTUT=DA/CIST
DYTulzy Z/LIST
NDZTui=e/D1oT
CETASULX uT*OXNOZHDYTO1RXLYHDZANDZTUT*ULNOL
THE 1 2ACUS(Ca i A)*RADIAN
IF{THeTaBE« 1UR) =0 TO 1150
BXTU L =~pXTO|
YUt <=JYTO
VA RVN =NV R N
CETAZUX TUT*UNX{1)+DYTOTxDNA+D2TOT*DINZ( L)
Pl in,LEsued) b0 TO 115U
CALL VALPLUITHE »DIST o« XMPLUNMPLOCQLOC)
CPRLULZ(oUT S ) {1 ) % (L a2, / {XMPLUMX 2% (GJ+3,) ) ) %*C TAX%2
I lebovl LTewl JUO TO 1150
CRLUL - (LPLOU wul.OC+PLOC=-PINF) /G 1
IF(LPLOLelEbe) B0 Tu 1100
DLLUP 2= PLICKSRATIO
LUUS DELCAZORLCP#UNR{T)
Dl Oy Nk CPxL
MU LOP&UHZ(T)
bzl 22yB=DELCY 28
pelimz)eLCAa =0l C2exC
DLLCHSNLCY xxd3=DELCAxYB
CadmeAd+dBELUX
[P0 APV ATE N I IS 4
Cldziin+VELC
el s+t JELeL
Cubdseid+UEL LM
Ciibzuwo+DEL L
1150 CoMfinUE
rein Ut
2000 Cas=u.
Cridcu,
Cenzu,
Clnzy.,
Ciis=u,
CNH=U,
RETURN
Eiv

Al6
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100

101
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CASD-NSC-75-002

SUUBROUTINE VACPLU(THET »RAD XMP»PLOC,QLOC)
COMMUN/NOZ/ Xmdr ods ARJP AJESPOJrRUy TOJ» TURNe DSTAR Y AN» THETA» DEXIT,
11Imp

IFCIHET 6T TURNIGO TO 100

PORZCJ* 184,

PIE=3,14159

DS TARZSURT (AJE/ZARU*4 , /PIE)

RHURHEZ( (1o +#{GJ=1,) /2 kXMI%kx2) %% (=1 s/ (GU=]10e) ) )
EGJFS 110 28=0, 0040894%xTURN) /(2% (GJ**2) % (14=~COS{TURN/57,2958)))
XUL LM2zu6JF /RHORHE

XOLIm3=SERT (XDLIM2)

XOL Iz XULIM2% 40 4667
FTHETS(COS(PIEXTHET/2504 ) )%%10.
IF((HETLEec(.)G0 TO S

FIHE [20,0423724EXP (=0, 064*%(THET=60.1)

ConTINUE

POW:Q.

DCLINE=RAD/USTAR

IF(UCLINE .G XDLIM2)GO TO 1u
c IF(UCLINE LE JXDLIM3)GO TO 6
IF(ULLINE oL e XDLIM)YGO TO 7

RHOKAT=F THET#0 ¢ 5% { RHORHE/DCL INE+BGJF/DCLINE*%2)
50 10 1)

COn Linlie

PUW:U .5

i GJF zrHeRHE

GO 1L U
RuOnA|=ndORHE*FTHET*0.5*(1./(SQRT(DCLINE))+l./DCLINE)
60 (u 1l

CUNTINUE

RHORAT:bGJF*(UCLINE**(-POW))*FTHET
IF(RhORAT.GT.RHORHE)RHONAT=RHORHE

XMPZSUT (267 (6d=1,) % { {(RHORAT®%(1,=6J) )=1.))
PLOCSPOH*( (L +{GJ=14) /2% XMP*#2} %% (GJ/ (Le=Gd)))
QLOLZ LU/ 2 e ¥PLOCHXMP &% 2 N
O Tu 1ul

XMP=0,

PLOC=U.

QLOC=u.

RHORA= .

CONTINUE

RETUKi

FORMAT (1LHO»BF15.7)

ENU

SUBRUUTINE AMPL (I,AKX»AKZ,AKY»AKM)AKN¢AKL)
CALCULATES AMPLIFICATION FACTORS

REAL NONUZU» NORNOZD» NONOZY
COMMON/UP/NuNUZUrXREU:YREU;LREU:DXNOZU:DYNOZUvDZNOZUrDSTARU
1, ISIuEU, IBOTHU P RMFSU s AEXUFMRU
COMMON/DWN/NONOZDvXRED'YREDrZREDvDXNOZD!DYNOZD'DZNOZD'DSTARD
1-ISlUtD'IBOTHDvRMFSD:AEXDvFMRD
COMMOh/SIDE/NONOZYvXREYrYREYpZREYoDXNOZY'DYNOZYoDZNOZYoDSTARY
1+ ISIULYs IBOTHY 1 RMFSY  AEXY 1 FMRY

COMMOI/ THCORF/ CXUvCLU!CYU'CMUvCNU;CLU;CXD:CZU:CYD.CMD!CNDvCLDo
1 CXYPrC2ZYPCYYrCMY P CNYPCLY
COMMUN/TOCOEFR/ CXTsC2TeCYTPCMTPCNTPCLT

ORIGINAL PAGE IS
caar OR POOR QUALITY




AnA - OQU
N = 00
ART = Oeu
ARM = Qeu
AnN = Geu
AnL = 0.9

CASD-NBC-75-002

C COMPUIE INRGST MGMENTS FUR ALL CONTROLS USING 2 NOZZLE FOR EACH SIDE

15 1F (AREULEQ,0 .U, AND,YREU.ER,0,0,AND.ZREU,EQ,0,0)
sSaviue = NONOZY
NONULUTY
CALL ik (LyCXTHICYTHeCLTHeCLTHr CMTH CNTH)
Coilpu=CmTH
CelfauzCeik
CLTNU=CLTH/ 4,
HUNVZL = SAVNOZ
25 IF (xr‘EU.EQ.O.O.AND.YRED.EQ.UcUQAND.ZREUOEQcOQO)
SAV. = NOR0ZD
N VIRLYPRY]-TN
CALL THR {29 CXTHoCYIH CZTHI CLTHs CMTH2 CNTH)
CiTrin=tmTH
CLinaleTH
CLTrwsCL {H/4,
CLTHI=CLTHD=CLTHU
f[OWueL = SAVNOZ
3% IF (ANE[oEQ-UoU.ANDoYREY-Ean.DcAND.ZREY.EQ.0.0)
SAVUL = NOuZY
NQHUL[:H.
CALL THR (BoCATHvCfTHrCZTHvCLTHvCMTHOCNTH)
Cifrnr=CrTH/2,
CitnvaCisib/z,
SONUEY = SAVIOZ
LHluwr =1,
HSI0He=1,
SIGNL;lo
SIlonm=l,
SIon=1,
PRINI .24
POy T aiilh o Do ) STENYSCYT/ZABSICYT)
IF L ok e D ) SIGNZZCZTZABSICZT)
IF (oLt ok o 00 ) SIGNLECLTZABS(CLT)
IFt Ml ok e 04 ) IGNM=CMT/ABS (CMT)
IF (L) o nEe 0 ) STGNNSCNT/ABS (ENT)
CeTr=C2THD*S Lo
CMTHZOM T HIC® > LuivM
CLTnaCLl i TSTGNL
CNTH=ONTHY %5 LGNNI
CYTnaeY i HY #516NY
C IF REAL Yna 022LES EXIST USE YAW THRUST TERMS
IFUlbuTHY s NEeu) 00 TO 18
IFLLLYeEwaua ) G0 10 18
Pﬂld’cﬂg
Crifnzunty
CYlmaery
18 Corl lyuk
LR UhOIUEDGER,0.) GO TO 20
IF\NVHULU-EN.UO)GO T 30
C PITU Jr Anvw PIVCH DOWN COMBINATIONS
CLTH=CLu+CLU
IF(IbIUtU-NE.ISIDED.AND.NONOZU.EQ.NONOZD)GO TO0 40
PRInIZ2S ’
Cern=czu+CzZu
CMInz=LMu+CMy
GU v Ty
20 IF{nUNWOLZUEW,04)G0 TO 70
C PURE YAw bLRANCHES 1O 70

4A18

GO TO 100

GO0 70 100

GO TO 100



CASD-NSC-75~002

C PITCH ur Jel ONLY COMBIMNATIONS

PRIl
Celin=csy
Cllp=Cay
IFlinuiUeNLU)GO TO 70
Clitizeiou
PRl een
30 v Tu

33U CZirzisl
C PITCH uuwiy obtT unLY COMBINATIONS
CMII=CLy
PRINTe27
[F(io0THW.NE,J) 6O TO 70
AriluTeds
CLTr=cluw
SO fu 7o
4 PRIy
C PURE KULL CASE
70 CUNIInue
PRL 120y r CZTHeCYTHACLTHI CMTH P CNTH
200 FOrani tari0raC2TH = #9F10e7raCYTH = #0F159.79%CLTH = % rF15.79%CMTH
1Z ®eb Lo, ToXUNIH = %,F15,7)
IF (CaTHONELB.0) AKZ = C2T/CZTH
IF (CileNEG0,0)  ARY = CYT/T(TH
IF (LinTheNE4QsU)  AKM = CMT/CMTH

i

IF (LiaimeivEL,0,0) ARN CNT/CNTH
Ir (LL‘HONEnU-U) A"\L CLT/CLTH
A ude
10y PRINT 1ubr AREJy YREU ZREU)XRED» YRED » ZRED ¢ XRLY ) YREY ¢ ZREY
1Ub Fukmal (DAHU sxackexxxir NOZZLE COORDINATES NOT INPUT, IMPOSSIRLE
491TU CALCULATE AMPILIFICATION FACTORS xwdktxsksik/ TXUHXREU,
IXLYEREU» 7X4HZREU» TXGHXRED » 7X4HYRED » 7 X0 HZRE Uy TXUHXREY ,
TXBRYREY ¢ TXU4HZREY/9F L1l 4 /)
Cale Xl
2282 Fummat {(JHOrxYAY AMPLIFICATION HASED ON ACTUAL NOZZLES*)
223 Furemal{1n0e* PITCH AND OLL AMPLIFICATION BASED ON SUM OF PITCH UP
1 FPouS DUWN NOZZLLES «)
224% Furteint (LHOrxUNLESS OTHERWISE WOTEDR AMPLIFICATION IS 3ASED ON 2 ASS
1UMEL e ZLES I EACH CONTROL*)
5 FOial (a0 eaPITCH AMPLIFICATION BASED ON PITCH UP NUZZLESH)
6 FurRMAL (LHO» ¥ROLL AMP BASED ON PITCH UP NOZZLESH)
227 FURea) (Lr0exPITCH AMP BASED ON PITCH DOWN JETS*)
€28 FORmat ( LHU»«ROLL AMP BASED ON PITCH DOwN JET DATA*)
223 FORMAT (10 *¥PURE ROLL PITCH AMP BASED ON 2 JETS PITCH DOWNxX)

Efiu

G v =

SUBRUUTINE INTER(IT,CXB,CYR,CZ8,CLBCMB,CNB)
C COMPUTES PLUME IMTERACTION COEFFICIENTS

HEAL WONUZU» NUNOZD s NONOZY

COmi0n/ LONS L /PIEyRADIANS GI ¢RI GO

COMviui/A/POWIPOWI s PRT» TLP2T

COMAVI/NOL/ AMUP GJ » ARJP AJE 1 POJPRU» TOU» TURNY DSTAR 1 AN» THETA DEXIT)
Lilmr
CUMmun/UP/NUNOZU » XREU» YREU» ZREU » DXNOZU » DYNO2U » DZNOZU» DSTARU
1 [S10LU £B0THUYRMESU AEXU ), FMRU

CU-alie/ NN/ INONOZD » XRED s YRED ¢ ZRED » DXNOZU» DYNUZU» DZNOZD » DSTARD
1o loi0eD e IBOTHO» RMFSD » AEXD » FMRD

COMMU/ S IDE/HONOZY » XREY » YREY » ZREY s DXNOZY» DYNOZY ¢+ DZNOZY ¢ DSTARY
15 1S1LEY s IBOTHY P RMFSY » AEXY » FMRY

Al9.



coaococon

CASD-NSC-75-002

COMMOW/r LT/ LINF o PINE s TINF o ALPHe TOPT o QT o 4TI o VINF » THRUST » INEXT
COMMUI/ aNCOr /7 CZIDLAD) v CZIDH(S) s CYIVL (7)o CYIDH(T) o CMIDL(S) »

CUC+FO0NKP

CMILHS) pCNICL(T7) 2 CNIDH{7) 2 CLIDL(5) +CLIDH(5) » ALPHEBK
CZIUM () p CYTIUH(S) 2 CHMIUH (%) o CNIUH(S) o CLIUH(S) ¢
CZIUP(n)}»CYTUP(5) s CMIUP(S) s CNLIUP (D) #CLIUP{S) s

CZAUP (5) 9y CYAUP (5) » CMAUP (5} o CNAUP (5) » CLAUP(S) »
CZIYLA(S)»CZIYH(B) 1 CYIYL (% 9 CYIYH(5) o CMIYL(S)
CMIYH(S) »CNIYL(S) 2 CNIYH(S) 2 CLLIYL(S) s CLIYH(S)

Cummu i/ ANGLES/ AFKUNM» APKUL

DATA

-

GCRr ¥FECONOUF GiNRE

CEON
~-

Dala

1/

oL on

DALA

CF M

DATA

CEUNDE
-

DATA

CFEFLNP

UATA

L2IDH/=0e21945036E=02¢~(,81138B462E+00r0.45152689E4+01
UeUH98489¢-0,0386/2C2TDL/U0406Y2691E=039=0,79586561
e l10802590.090012r=0.0381174/CMIDL/0,99952761L~03:v0,50172873
=5, 07839989 0.08149010,02144292/+vCMIDH/0,43873837E~02
Ve Ny Y0b,=3,37717299040772909,0.024502/
CLIDL/=0e334563/8E~04r~0413211043+0.56917984+0,1160533
U JUTOYY38/ 9 CLLDH/ =041 735783E=02,=0+1628143690.,80264121+
LeLUlUE78r=0.0099926/1CNIDL/04DT77UH228E=U41~0.2589785
Y Ub1892Yr=86,799011v265.01274¢0.110.0042811/
CALDHZ0e 343721 L0E=03+=0.2216043398,0220101r-79,03936¢
4t U384 UL rU. 0039982/ 0CYIDL/ =0+ 1THY254BE=03+0,75401156»
182710039 103.01410v=481.4272+0.1¢0.0073851/
\aY‘.UH/ )Qb/brj?d'ﬁl&"US' 0.69250011"‘17.075“6' 157052286'
=47 Te993479 (1. 1¢0.0080138/
CZiUHZ0 608231 301E=021=0612636744, (405190907691 .506¢~0,118166
Y LUH/ =0 3098201 1E~U29=0,16961923+=0:63981797¢0.1+~0,0202618/
CMIUHZ =0 421E69836E=03r=0.016864188/+0.026014049/,0.324136,
v U184 526/ CMIUH/U1367T1134E~0200.079588176¢0,26560878+041»
Uell1962/9CLIUM/=0e101067792E~02+=0.037601275¢=0.14711948+0,1¢
-y lH27ul/
LZLUP/ =D 1407424 3E=021=0.28175654 1046205899 030451+=0.044366
LYaUP/ZU411026641E=U29r=1,1443836¢1.,8681083+0.30029476¢
~(1, 178124079 CHIUP/0.116664BUE=02,0,73166148E=0200.,11444519
Ve dUGB L U ulLU0LT/r  CNIUP/G.6Y952445E=0300.50217076
Ue 718510ULrUes4945 0. 88U/ CLIUP/=055440213E=03,
~)e2905138251 04219383510 3446988y=0.U506L797/
CANUP/ 491974491, 64365700, 435187120,0082230815:+1,0/
CYAUP/ =0 00023937 9=31.°41858¢0.154755839=0,0017003331,~1.0/
CMAUP/Z 0 Ub9UT782719~160.938204+=0.002005428995.571072E=5¢+1.0/
CHAUP/Z U 08334094 1= 18 ,9500r=0,014061089=1,1173604E=04r+1,0/¢
CLAUP/ =0 Ut 38640701 =13.273002r=0,0UB82230757+8.1505091E=04,

-1 nO/
CZLIYL/ U405 1025E=02r=ued476081320793.81111912,0.06255+=0.011607/
CYLYLZUe£11215326=02 10 30U4UE6Tr=2.25328610.0081612
UeullUs78606/9CMIYL/0,290195389E=~03,0,02014168/,=0,063726203,
vel9720310,0027717/CMIYL/=01T44U160E~03¢~0.077113171»
UeD4U73191004071304439y=0.002923696/+CLITL/=0+49126038E~03
=) e BB03598TE=02r 0 GHT70321859 0409140498, 0.000884723/
CZLIYR/Z0.012040164r=0,8439206400.42364454,0,52394,«0,1042558/»
CYLYHZ0 273837 (4E=0200,157324099=0,.920u7718+0.085495,
UsUUIHDIHE/ s CALYH/ 0 15355063E=02)14.152596831,=-0,99101152+
Je 76091641 0,0735273/+CNIYH/=0.34818231E-03+-0.019388966,
UeU92954 706400+ 404315 ~000135946/9CLIYH/=0e17297994E~02
=0, 0799452479 0.575867C2,0.06941279r=0,0045044/
ALPHBK/ 1b. 0/

APKUN ANULE OF ATTACK AT PEAK YAwWING MOMENT COEFFICIENT FOR THE

APRUL

ANGLE OF AT1ACK AT PEAK ROLLji:vv MOMENT COEFFICIENT FOR

RMF S0 MOMENTUM RATIO FOR DOWNWARD FIRING JETS
RMFSU MOMENTUM RAT10 FOR UPWARD FIRING JETS

RSy

FMrD
FMRu
kY

MOMENTUM RATIO FOR SIDEwWAY FIRING JETS
MASS FLOW RATIO FOR DOWNWARD FIRING JETS
MASS FLOW RATIO FOR UPWARD FIRING JETS
MASS FLOW KATIO FOR SIDEWAY FIRING JETS



10

15

2h
50

39
40

45
50

bb

U

wh

70

GO 1O (1UerbueTh) IT

IF (nunudUelc«UaU) 00 10 &%
IF (ALPH.GT.ALPHBK) GO TO oU
CALL wUal (FURUPCZIUPCLP)
CALL wUAY (RMFSUYCYIUFCYF)
CALL WwUAD (FMRUy CMIUPCHP)
CALL wUAD (RMFSU»CNIUPPCNP)
CALL GUAD (RMFSUrCLIUP.CLP)
CALL HKABD (CZP»CZAUP(APKUZ)
CALL AKABD (CYP,CYAUP,)APKUY)
Cal. AKABD (CMP o CMAUP, APKUM)
CALL. AKABD (CWP,CNAUP ¢ APKUN)
CALL AKABD (CLP,CLAUP,APKUL)
IF (ALPHJLT.APKUZ) &0 10 15
CALL nABD (ALPH,CZAUPCLR)
GO Tu 2V

Cat = CZP4SIN(PIE/2+U* (ALPH-APKUZ+204,0}/20,0)%%2,0

IF (mPH.LTLAPKUY) GO TO 25
CALL ®ABD (ALPH,CYAUP,CYB)
GO (U 3y

Cro = CYPxSIN(PIE/24.0* (ALPH=APKUY+20.,0)/20.0)%%2,0

IF (ALPHJLTLAPKUM) 60 TO 35
CALL KABD (ALPH»CMAUP,CMB)
o0 TO uy

Cy = CMP*SIN(PIE/2¢0% (ALPH=-APKUM+20,0)/20,0) %*%2,0

TF (RLPHLTWAPKUN) 60 TO 45
CALL rAcD (ALPH,CNAUP,CB)
G0 Tu 5y

Cis = CNP*SIN(PIC/24 0% (ALPH=-APKUN+20,0) /20, U)%*2,0

TF vaLPH«LToAPKUL) G0 TO 8%
CALL KAED (ALPH,CLAUF,CLD)

59 10 Yy
L S CLP+SIN(RPIE/2. 0% (ALPH=APKUL+20,0)/20,0)%%*2,0
GO Tu Mu

Cake «uUpD (FMRUC2TIUHICLP)
CALL JUAD (RiFSU»CYIURCYR)
CALL wUAD (FeiRU,CHMIur,CMP)
CALL wUAD (RMFSUyCNIUHP CNP)
CALL wUAD (RMFSU»CLIUHYCLP)
GO v Ju

1F (NUNUZG.LE.0L0) ©w0 TO 8%
1F (ALPH+GTJALPHBK) GO TO 7U
CALL wUAD (RMFSD,CZIDLC2ZB)
CAt.L QUART {(KMFSD.CYiDL,CYR)
CALL WUAD (KMFSD,CMIDLCMB)
CALL wUART (RMFSDyCNIDLCNB)
CALL wUAD (RMFSU,CLIDLCLR)
[CION WV TT)

CALL wUAD (RMFSD»CZIDHICZB)
CALL wUART (KMFSD,CY]IDH,CYR)
Chne WAl (KESU,CMIDH,CMB)
CALL wUsRT (RMFSDCNIDHeCNB)
CALL WUAD (RMFSDsCLIDHeCLB)
GU 1v 9y

IF (wududY.utZa0,0) GO TO 85
IF (ALPRH.GT.ALPHBK) GO T0 80
CALL wuaD (rRMFSY,CZIyLeC2ZB)
CALL wUAD (rMFSY»CYIYLCYB)
CALL Guhad (RMFSY,CMIYLCMB)
CALL wuUAD (RMFSY»CNIYLCNB)
CALL wUAD (RMFSY CLIYLWCLB)
WU U 9y

CASD-NSC-75-002
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80 CALL WUAD (KMFSU»CZ1YHsC2ZB)
CALL wUAD (RMFSUPCYIYHICYB)
CALL WUAD (RMFSU,CMIYHsCMB)
CALL QUAU (RMFSU»CNIYH»CNR)
CALL wUAD (RMFSUCLIYHsCLB)

RETURN

GO 1V 9y
85 Cris = 0.0
(W45) =z 0.0
CMis = 0.0
CNL = 0.0
(W = 0.y
90 (xd = Oe
C THE FOLLOWING DATA MUST BE KEVERSED IN SIGN SO AS TO CORRECTLY
C CURRELATE THE SUILT=IN CURVE FIT COEFFICIENT DATA (BASED ON WIND
C TUNNEL (EST OATA) WITH BODY AXES CONVENTION,
cezg = ~Cet
TFOLT JHE o 1) icE TURI
Cyd = =Cyyid
Cabs = =Cii3
CLn s =CLi3
RETUKI
ENG
SUBRUUTINE QUAD (XsChY)
C EVALUATES AN ARRAY OF QUADRATIC CURVE FIT COEFFICIENTS AND
C COMPUIES ¥ = CLLI+C(2)*X+C(3) xx#%x2
DIMEnsION C(1)
C X GIVEN INGEPCi{DENT FARAMETER
C C ARRAY OF QUADRATIC CURVE FLT COEFFICIENTS» THE FOURTH OF
C WHICH (C(4)) IS Tl UPPER LIMIT OF X FOR WHICH THE
C COLFFICIENTS APPLY, THE FIFfH (C(5)) BEIMG THE Y VALUE AT
C GRenTER X VALUES
C Y CALCULATED UEPENDFT PARAMETER
IF ( x.uTeC{4)) GO TO 10
Y S ClLI+C(2) %X +C(3) x*X
G0 10 2u
10 v = C(5)
20 RETURI
ENU
SUBRUUTLIHE AKABD (YeCeX)
Cc EVALUATES An ARRAY OF HYPERBOLIC CUKVE FIT COEFFICIENTS AND
C COMPUTES THE INVERSE SOLUTION, L1eEer
C WHERE Y = COLI/(X=CL2))4C(3)+X*C(4) » CALCULATES THE VALUE OF X FOR
C A Given VALUE OF Y
DimensIuN C(1)
| C Y GIVEN INDEPENDENT PARAMETER _
, C C ARKAY OF HYPERBOLIC CURVE FIT COEFFICIENTS, THE FIFTH OF
o WHICH (C(S)) IS THE FACTOR DEFINING THE PRUPER ROOT 10O
C BE uUSED
C X CALCULATED DEPENDENT PARAMETER
1 DISC = (Y-C(2)*C(4)-C(3))**Z-Q.O*C(M)*C(l}
E IF (U1SCWLT.0.0) GO TO 19
[ A S Cly)=Cl2)%C(y) =Y
: B = =2,0%C(4)
' X = (A+C(5)*SQRT(DISC) ) /B
i
F
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PRIini 11v YoC ,

FORMAT (//4SH=sussesuss ERROR===IMAGINARY ROOTS IN SUBROUTINE

1570 LOHAKABD #&ssxkaxxx/10X3IHY SeE14.7/10X3HC =24E15,7//)
[OR *

END

SUBROUTINE KABD (XsChY)

EVALUATES AN ARRAY OF MYPERBOLIC CURVE FIT COEFFICIENTS AND
COMPUTES ¥ = C(1)/(X=C(2))+C(3)+XxC(4)

DIMENSION C(1)
GIVEN INDEPENDENT PARAMETER

X
C ARRAY OF HYPERBOLIC CURVE FIT COEFFICIENTS
Y CALCULATED OEPENDENT PARAMETER

Y = C(3)+X=C(4)

IF (XeNE«CL2)) Y = Y+C(L)/(X=C(2))
RETUruy

END

SUBRJUTIHE QUART (XsCoY)

EVALUATES Al ARRAY OF QUARTIC CURVE FIT CCOEFFICIENTSs AND COMPUTES
Y S CilI+CL2)aX+C(I)ax#024C(4) xXx%3+C(5) s X2 al

DIMEnSTON C{1)

X GIVEN INDEPENDENT PARAMETER

c ARRAY OF QUARTIC CURVE FIT COEFFICLENTS, ThE SIXTH OF
WHICH (C{6)) IS THEZ UPPER LIMIT OF X FOR WhICH THE
COEFFICIENTS APPLY, THE SEVENTH (C(7)) BEING THE Y VALUE
AT GREATER X VALUES

Y CALCULATED DEPENDEMNT PARAMETER

IF ( x.0T.C(6)) GO TO 10

Y S ClLI+C(2)xX +C(3)exsxXx +C(4)s xx&3+C(5) % x“"@

M cin O%I’BIGWAL Py
RETURR “ POg Gy
END ﬁﬂ‘?lr zs

SUBROUT (HE CCOUPL {IT)CXCoCZC,CYC,CHMCHCNCCLC)
CALCULATES CROSS COUPLING NOZZLE INTERACTION COEFFICIENTS

REAL NONOZU,NONOZDNONOZY
COMMON/UP/NONOZUoXREU-YREU!ZREU!DXNOZUvDYNOZUoDZNOZUoCSTARU
1, ISIGEU, IBOTHU»RMFSU» AEXU » FMRU
EOMMOH/&WN/NONOZD.XRED.YRED'ZRED'DXHOZDcDYNOZDoDZNOLDnDSTARD
1+1SIDED, IBOTHD » RAFSD» AEXD » FMRD
éOMMOh/élDE/NONOZY-XREYuYREYvZREYoDXNOZYvDYuO&Y:DZNOZY.DSTARY
1, ISIDEY» IBOTHY »RMFSY s AEXY o FMRY
COMMOI/ ANGLESZ APKUN» APKUL
COMMON/FLT/MINF.PINF:T!NF:ALPH:IOPT-UIaHIoVINFoTHRUSTrINEXT
COMMON/ 1 MCOEF/ CXIMUOCZIMU.CYIMUvCMIMUoCNlMUvCLlﬂuoquMD'C?IMDv
CYIMDtCMIMDOCNIMDrCLIMDOCXIMYvCZIMYrCYXMYvC41MY¢
CNIMY,CLIMY - . . '
COMMON/ INCOEF/ CXINUoCZINUICYXNUoCMINUOCNXNUvCLlNUvLXIND'CZINDv
CYINDIC"KND'CNINDDCLINDoCXINYoCZINY'CYXNYoCMlNYO

CNINYoCLINY

N D



10

20

30
35

40
45

50

60

76

GO v (10+5Us00) IT

IF (NUWUZUoLE+0s0.ORJNONOZYLELO, 0) GO TO b0

IF ({o0irUe0T«0.0R, IBOTHY.GT.0) GO TO 20
IF (IsIUEULGTO) GO 70 15

IF (ISIDEYeLT0) GO TO 60

GO 10 2u

IF (ISIDEY.6T.0) GO TO 20

GO TO 6V

CxC = 0.0

czc = 0,0

cyC = 0.0

IF (ALPHGT,.0,0) CYC = =CYINY
CcMC = =CMINY

IF (ALPH.GTLAPKUN) 60 TO 25
CivC = 0405215+ (CHINUHCNINY)
50 TO 39 ’ -

IF (ALPH.GT.15.0) GO TO 31
CNC = =0.5%(CNINU=CNINY)

GO Ju 35

ciicC = =CiINY

+* LALPH.GE.APKUL) GO TO &9
cLC = 0.32149:(CL1NU)

GO U 4%

cLe = 0.5-(CL1NU+CLINY)
COUNI Liue

GO 10 70 .

1F (NuNOZD.Lg.u 0) GO TO 6
IF (loOTHC.cW.0) GO TO 60
CxcC = 0.0

cycC =z 0.0

Tl = 0.141645(C2IMD+C2TND)
CmC = 0415818=(CMIMD+CMIND)
CHNC = 0.y

CLy = 0.0

GO 10 70

CXC = 0aU

CZ‘. - 000

cyYc = 0.0

CmC i 0e0

CiNC = 0.0

cLC = 0.0

PETURWN

END

SUBROUTINE ANPUTT(IL)
READS LiWPUT DATA

REAL NOWNOZU,»NUNUZD ) NONOZY
REAL MIWF
COMQN/CONST/PLIE,RADIAN,GIVRI,»GO

CASD-NSC-75-002

COMMOUIN/GRP2/7DNX(300) »DNY (30U) 2DNZ(300) o X(300) e Y(300)¢Z(300)¢SLOC(3
100) 4
COMMON/UP/NONOZU » XREU» YREU» ZREU» DXNOZU »DYNOLZU»DZNO2U DS TARY)
19 ISIDEU, IBOTHUsRMFSU) AEXU,FMRY
CQMMON/UNN/NONOZD'XRED'YREDDZREDODXNOZD'OYNOZDODZNOZDODSTARD
Lo ISIVED IBOTHD s RMFSD » AEXD # FMRD
COMMOIN/SIDE/NONOZY » XREY » YREY s ZREY s DXNOZYYDYNOZY #DZNGZY » DSTARY
1o ISIDEY» IBOTHY s RMFSY s AEXY s FHRY
COMMON/FLTZMINF o PINF » TINF:ALPH!lOPT:QIvHItVINFyTHRUST'!NEXT

COMMON/REF/SREFrCrBrSCALE s XRE» YRE» ZRE » DXMOZ»DYNOZ»DZNOZ v DXNO22Z»
1DYNOZ¢»02ZNO2Z2Z

COMMON/A/POWsPOWNLIPRT»T1P2T

COMMON/NOZ/XMIe GJr ARJr AJE 1POJsRUs TOU» TURNIDSTAR P ANs THETASDEXITy
11IMP

A24
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CUiMmuii/ INCOF/ CAICLAS) vCZITHIST o CYILL (7)o LYIDHIT) »CMICL(S)
CMIDH(5) s CNIDLU7}»CHIDH(7) o CLIDL(S) »CLICH{S) s ALPHBK ¢
CZIUH(S) »CYIUH(S) o CMIUHIS) »CNIUH(S) » CLIUH(S) »
CZIUP(S) »CYTIUP(S) e CMIUP{S) s CNIULP(S) r CLIUP(S),
CZAUP(S) s CYAUP(S) ¢+ CMAUP (53 s CNAUP(S) » CLAUP(S)»
CZIYLAS)I »CZIYH(S) 1 CYIYL(S) »CYLIYH(S) 1 CMIYL(S)»

6 ' CMIYH(S) s CNIYL(S5) yCNIYH(5)»CLIYL(5)»CLIYH{S)
NAMELIST/ZIN/XiMJsGJr ARJPAJE sPOJeRU» TOJ» NONCZU » XREU» YREU ¢ ZREU»
1HOMGLT» THAFTU» THOUTU» IBOTHU» ISTDEU» XRED» YREL » ZRED » THAFTD» THOUTO s
RIBOTHL e WEXIT»NONOZY s XREY ¢ YREY » ZREY s THAFTY » THOUTY » IBCTHY » ISIGEY,
JSREFsCroeo I1MPeTHETA LSIDED
NAMELIST/FC/ MINFePINFeTINFoALPH)IOPTyQIoHI/VIMF INEXT
MAMELIST/INCOF/ CZIDL»CZIDH,CYIOL CYIDHCMIUL +CHMIDHCHIDLCHNIDH,
CLICL»CLIDH CZIUHSCYIURCMIUHCNIUHCLIUH»CZIUR,
CYIUP»CMIUP)CHIUP»CLIUPLICZAUPsCYAUP»CMAUP»CNAUR
CLAUP»CZIYL:CZIYHsCYLIYL»CrIYHsCMIYL,CMIYH)CNIYH,
CNIYH CLITL CLIYH»ALPHON

INPUT DEFINITIONS QR GWAD PAap
o R KRR KK T@(}R QUZM’I{?

FORMATTED INPUT -

N EFEGN -

FON =

SCALE SCRLE FACTOR FOR THE FLAT PLATE SIHMULATION DATA
DNKe CNye DinZ ARRAY- OF DIRECTION COS{NES UF THE FLAT PLATE
. SIMULATION AREAS
Xe Yo 2 ARRAY OF CENTROIDS OF THE FLAT PLATE SIMULATION AREAS
- FRUM THZ CENTER OF GRAVITY, X POSITIVE FORWARD:»
Y POSITIVE TO THE RIGHT» Z POSITIVE uOWHWAKRD
SLOC ARRAY OF LOCAL FLAT, PLATE SIMULATIUVi¢ AREAS (SQ FT)

NAMELIST INCOF (PLUME INTERACTION COEFFICIENTS)
NOTE===CURVE FIT DATA IS CONTAIMED In DATA STATEMENTS [N
SUBROUTINE INTER, THAT DATA (BASEL ON WINu TUNNEL TESTS)
FREQICTS COEFFICIENTS FOR CZ» CY» Chy AND (L OPPOSITE IN
SIGN TO THE BODY AXES CONVEWTION USED HERELN. THE
INTERACTION COEFFICIENTS ARk THEN CORRECTEL {SEE .
SUSROUTINE INTER). THUSs IF INPUTTING NEW DATAr» ARRANGE
ACCORDINGLY,

QUADRATIC CURVE FIT COEFFICIENT ARRAYS
(FOR DOWNWARD FIRING JETS) :

Clluv NORMAL FORCE COEFFICIENT AS A FUNCTION OF mMOMENTUM RATIO
‘AT LOW ANGLES OF ATTACK (BELOW ALPHBK)

CMiuL PITCHING MOMENT COEFFICIENT AS A FUNCTION OF MOMENTUM
RATIO AT LOW ANGLES OF ATTACK (BELOUW ALPHBK)

cLIul ROLLING MOMENT CCEFFICIENT AS A FUNCTION OF MOMENTUM
RAFIO AT LOW ANGLES OF ATTACK (BELOW ALPHBA)

CcZIoH NORMAL FORCE COEFFICIENT AS A FUNCTION CF MONENTUM RATIO
AT HIGH ANGLES OF ATTACK, (ABOVE ALPHBK)

CMIOn PITCHING MOMENY COEFFICIENT AS A FUNCTION OF MOMENTUM
RATIO AT HIGH ANGLES OF ATTACK (ABOVE ALPHBK)

CLIDH ROLLING MOMENT COEFFICIENT AS A FUNCTION OF NOMENTUM
RATIO AT HIGH ANGLES OF ATTACK (ABOVE ALPHBK)

(FOR UPWARD FIRING JETS)

CZIupP PEAK NORMAL FORCE.GCOEFFICIENT AS A FUNCTION OF MASS FLOW
RATIO AT LOw ANGLES OF ATTACK (BELOW ALPHBK)

CYIuP PEAK SIDE FORCE COEFFICLENT AS A FUNCTION OF MOMENTUM
RATIO AT LOw ANGLES OF ATTACK (BELOw ALPHBK)

CMIuP PEAR PITCHING MOMENT CCEFFICIENT AS A FUNCTICON OF MASS
FLOW RATIO AT LOW ANGLES OF ATTACK (BELOW ALPHBK)

CNIUP PEAK YAWING MOMENT COEFFICIENT AS A FUNTION OF MOMENTUM
RATIO AT L& ANGLES OF ATTACK (BELUW ALPHBK)

A28
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CLIuvP
CZiun
CY1uh

cMIun

CNIUH

CLLiUM

cZive
CMivYL
CLIrL
CZIYH
cMIiYR
CLItH

WHERE
c..o‘“’

Coveld)

cYliuk
CulfuL
cYlion

CNIVH

SYIYL

ChIvL -

CYIYH

CNIVH

WwHERE
Ceoelb)

Ceoel?)
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PEAK ROLLING MOMENT COEFFICIENT AS A FUNCTION OF MOMENTUM
RATIO AT LGW ANGLES OF ATTACK (BELOW ALPHBK)

NORMAL FORCE COEFFICIENT AS A FUNCTION OF MASS FLOW RATIO
AT HIGH ANGLES OF ATTACK (ABOVE ALPHBK)

SIUE FORCE COEFFICIENT.AS A FUNCTION OF MOMENTUM RATIO

AT HIGH ANGLES OF ATTACK (ABOVE ALPHUK)

PITCHING MUMENT COEFFICIENT AS A FUNCTION UF MASS FLOW
RATIO® AT HIGH ANGLES OF ATTACK (ABUVE ALPHEK)

YAwING MOMENT COEFFICIENT AS A FUNCTION OF MOMEMTUM RATIO
AT HIGH ANGLES OF ATTACK (ABOvVEc ALPHBK)

ROLLING MOMENT COEFFICIENT AS A FUNCTION OF MOMENTUM
RATIO AT HIGH ANGLES OF ATTACK (ABOVE ALPHUK)

(FOR SIDEWAY FIRING JETS)

NORMAL FORCE COEFFICIEZNT AS A FUNCTION OF MASS FLOW RATIO
AT LOW ANGLES OF ATTACK (BELOW ALPHBK)

PITCHING MOMENT COEFFICIENT AS A FUNCTION OF MASS FLOW
RATIO AT LOw ANGLES OF ATTACK (BELUw ALPHREK)

ROLLING MOMENT COEFFICIENT AS A FUNLCTION OF MASS FLOW
RATIO AT LOW ANGLES OF ATTACK (BELuUW ALPHBR) L
NORMAL FORCE COEFFICIENT AS A FUNCTili ‘OF ~ASS FLOW RATIO
AT HIGH ANGLES OF ATTACK (AJSOVE ALPHBK) :

PITCHING MOMENT COEFFICIENT AS A'FUNCTION OF MASS FLOW
RATIO AT HIGH ANGLES OF ATTACK (ABOVE ALPHGSK)

ROLLING MOMENT COEFFICIENT AS A FUNCTION OF MASS FLOW
RATIO AT HIGH ANGLES OF ATTACK (ABGVE ALPHBK)

IS THE MAXIWUM VALUE OF THE MOMENTUM RATIO FCR WHICH THE
COEFFICIENTS Caesll) THRU Ceool3) APPLY

THE VALUE OF THE PARAMETER (COMNSTANT) AT VALUES OF
MOMENTUM RATIO ABOVE Ceaofllt)

QUARTIC CURVE FIT COEFFICIENT ARRAYS
(Fur ODOWNWARD FIRING JETS)

SIUE FORCE COEFFICIENT AS A FUNCTICN OF MOMENTUM RATIO

AT LOW ANGLES OF ATTACK {(BELOW ALPhBK)

YAwING MOMENT COEFFICIENT AS A FUNCTION OF MOMENTUM RATIO
AT LOW ANGLES OF ATTACK (BtlLOw ALPHBK)

SIUE FORCE COEFFICIENT AS A FUNCTICH OF MOMENTUM RATIO

AT HIGH ANGLES OF ATTACK (AJOVE ALPHGEK)

YA ING MOMENT COEFFICIENT AS A FUNCTIOW OF MOMENTUM RATIO
AT HIGH ANGLES OF ATTACK (ASOVE ALPHBEK)

(FOR SIDEWAY FIRING JETS)

SIDE FORCE COEFFICIENT AS A FUNCTION OF MASS FLOW RATIO
AT LOW ANGLES OF ATTACK (BELOW ALPHBK)

YAWING MOMENT COEFFICIENT AS A FUNCTION OF MASS FLOW
RATIO AT LOw ANGLES OF ATTACK (BELOW ALPHBK)

SINE FORCE COEFFICIENT AS A FUNCTIUN OF MASS FLOW RATIO
AT HIGH ANGLES OF ATTACK (ABOVE ALPHBK)

YAWING MOMENT COEFFICIENT AS A FUNCTION OF MASS FLOW
RATIO AT HIGH ANGLES OF ATTACK (ABOVE ALPHUK)

IS THE MAXIMUM VALUE OF THE MOMENTUM RATIO FOR WHICH THE
COEFFICIENTS Caeell) THRU C.ooel5) APPLY

THE VALUE OF THE PARAMETER (CONSTANT) AT VALUES OF
MOMENTUM RATI0 ABOVE C..sfl0)
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KAsD CURVE FIT COEFFICIENT ARRAYS
(FOR UPWARL FIRING JETS)

CLAUP PEAK NORMAL FORCE COEFFICIENT AS A FUNCTION OF ANGLE OF
ATTACK AT LOW ANGLES OF ATTACK (BELOW ALPHBK)

CYAUP PEAK SIDE FOKCE COEFFICIENT AS A FUNCTION OF ANGLE OF
ATTACK AT LOW ANGLES OF ATTACK (BELOW ALPHBK)

CHIAUF PEAK PITCHING MOMENT COEFFICIENT AS A FUNCTION OF ANGLE
OF ATTACK AT LOW ANGLES OF ATTACK (BELOW ALPHBK)

Chiaup PEAK YAWING MOMENT COEFFICIENT AS A FUNCTION OF ANGLE OF
ATTACK AT LOW ANGLES OF ATTACK (BELOW ALPHBK)

CLAuUP PEAR ROLLING MOMENT COEFFICIENT AS A FUNCTION OF ANGLE OF
ATFACK AT LUW ANGLES OF ATTACK (BELOW ALPHBK)

LWHisIKE

C.o-\a) IS [HE FACTUR DEFINING THE PROPER ROOT WHEN COMPUTING THE
INVERSE SOLUTION OF THE HYPERBOLIC CURVE FIT (CALL TO
SULROUTINE- AKABD)

WAMELTST Ifi (NOZZLE DESCRIPTIONS)

.NUhucu WUMBER OF UPWARD FIRING NOZZLES (CAUSING PITCH UP)

UPERATING IN A SET
VIRV NUVMGER OF DUWNWARD FIRING NOZZLES (CAUSING PITCH DOWN)
OPLRATING IN A SET '
NOMUL NUMBER OF SIDEwAY FIRING NOZZLES (CAUSING YAW)
OPERATING IN A SET

AW JET MACH NUWMBER (NOT REGUIRED» INTERNALLY CALCULATED)
Gd SPECIFIC HEAT OF JET

AlKJ EXPANSION RATIO OF JET» EXIT AREA=TO-THROAT AREA

AJE © JET EXIT AREA (SQ FT)

Fod CHAMBER PRESSURE OF JET (PSIA)

RdJ JET ©AS CONSTANT (R AIR = 53,35)

TO0J JE1 CHAMBERx TEMPERATURE (DEG F)

XKkUr YREU» ZREU COORDINATES OF UPWARD FIRING JETS FROM THE
’ CENTER OF GRAVITY (FT)
INPUT VALUES EVEN IF THE NUMBER OF NOZZLES IS ZEROs SO
THAT AMPLIFICATION FACTORS CAN BE CALCULATED
XREu» YREDe ZRED COORDIMATES OF DOWNWARD FIRING JETS FROM THE
CENTER OF GRAVITY (FT)
INPUT VALUES EVEN IF THE NUMBER OF NOZZLES IS ZERO» SO
THAT AMPLIFICATION FACTORS CAN BE CALCULATED
XREYe YREY» ZREY COORDINATES OF SIDEWAY FIRING JETS FROM THE
CENTER OF GRAVITY (FT)
INFUF VALUES EVEN IF THE NUMBER OF NOZZLES IS ZERO: SO
THAT AMPLIFICATION FACTORS CAN BE CALCULATED

NEXRLY JET EXIT DIAMETER (FT)

SREF REFERENCE AREA (SQ FT)

C MEAN AERODYNAMIC CHORD (REFERENCE LFNGTH) (FT)

6 WING SPAN (REFERENCE LENGTH) (FT)

THETA NOZZLE EXIT ANGLE (ANGLE OF BELL MOUTH NOZZLE WALL) (DEG)
TIwmP CEF INES THE TYPE OF MATHEMATICAL MODEL TO BE USED»

1, USE THE EMPIRICAL IMPINGMENT MODEL,

& RO IMPINGMENT MODEL USED»

3» USE THE SEMI=EMPIRICAL IMPINGMENT MODEL (MODIFIED
NEWTONIAN PRESSURES PLUS VACUUM PLUME MODEL) '

FHAF v AFTWARD CANT ANGLE OF UPWARD FIRING NOZZLE (DEG)

THAFTY AFTWARD CANT ANGLE OF DOWNWARD FIRING NOZZLE (DEG)

THAF1Y AFTWARD CANT ANGLE OF SIDEWAY FIRING NOZZLE (DEG)

THOUI U OUTWARD CANT ANGLE OF UPWARD FIRING NOZZLE (DEG)
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CONT1nwUE
READ (He2UB80)SCALE
FORMAT (BEL0. 3)
IF(SUALEJEW UL ) SCALESL,
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POs1 ) IVE NOZZLE CANTED TO THE LEFT

OUT &ARD CANT ANGLE OF DOWNwARD FIRING NO2ZLE (DEG)
POSIiIVE NOZZLE CANTED TO THE LEFT

UPwiiD CANT ANGLE OF SIDEWAY FIRING NOZZLE (DEG)
CEFINES WHETHER UPWARD FIRLING NOZZLES ARE OPERATING ON
ONe UR HBOTH SIDES OF IHE CENTER OF GRAVITY,

Ov WOZZLES OPERATING Ci ONE SIDE ONLY (SET ISIDEU)»

1o 1i0Z¢lLES OPERATING ON BOTh SIDES

DEFLWES WHETHER DOWNWARY FIRING NOZZLES ARE OPERATING ON
ONe UK BOTH SIDES OF THE CENTER OF GRAVITY.

Or NUZZLES OPERATING ON ONE SIDE ONLY (SEY ISIDED)»

1v NUZZLES OPERATILG ON BOTH SIDES

DEF INES WHE THER STDEWAY FIRING NOZZLES ARE OPERATING ON
ONi- OR B0TH SIUES uF THE CENTER OF GRAVITY.

De NUZZLES OPERATING ON ONE SIDE OWLY (SET ISIDEY)s

1v WUZZLES UPERATILG ON HOTH SIDES

DEFLINES SIDE O WIICH UPWARD FIRING NOZZLES ARE
OPERATING,

0 OPERATING NUZZLES ARE ON THE LEFT,

1e UPERATLiG NUZZICS ARE ON THE RIGHT,

CEFINES SiDe On JHICH DOWNWARD FIR1ING NOZZLES ARE
OPCATING,

Or DPERATING NUZZLES AKE O THE LEFTe

1v OPERATING NUZZLLS ARE ON THE RIGHT)

CEFINES SIDE O WHICH SIGEWAY FIRING NOZZLES ARE
OPLRATIMNC

Ur OPERATTIING NUZZLES AKE ON THE LEFTy - !

1 UPERATING MOZZLES ARE On THE RIGHT.

NAMELEST FC (FLIGHT CONDITIONS)

DEFINES THE #FL2OHT CONDITIUNS BEING IHPUTTED,

1y MACH WUmER, ANGLE OF ATTACK {(Dk«i} AND ALTITUDE (FT)
ARE INPUITEUD

2r VELOCITY (FI'S)» ALTITUDE (FT)e AND ANGLE OF A1TACK
(LEG)  ARE INPUTIEDe

3y DYNAMIC PRESSUPE (PSF)e ALTITUDL (FT)e Al ANbLE OoF
ALTACK (DeG) ARE INPUTTED»

Gy ANMBIENT PRELSSURE (PSF)r TEMPERATURE (DEG F)e MACH
NUMGER AND ANGLe OF ATTACK (DEG) ARE IMPUTTED

FRUE STREAM MACH NUMBER

FRet STREAM AMbIEN| PRESSURE (FSIA)

FReE SIREAM AMBIEMT TEMPERATURE (DEG F)

FREES STREAM DYNAMIC PRESSURE (PSF)

ANuiLE CF AT ({ACK (DEG)

ALTETULE (FT)

VELUCLITY (FPS)

DEFINES CONTENT OF NEXT SET OF DATA,

1r ALL TYPES OF DATA ARE TO BE INPUTTED.

2¢ NUZZLE DEFINITIONS AND FLIGHT CONDITIONS (MAMELISTS IN
AN FC) ARE TO LE INPUTILD»

3 FLIGHT CONDITIONS ONLY (NAMELIST FC) ARE TO BE
INPUTTEU»

G4y NO MORE DATA WILL BE READ IN » PROGRAM STOPS

1 3)ell
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120

CASD-NSC-76-002

J=0

J=J+l

=J

REAU (5,2080) DNXCI) pONYCTY +ONZTUTI Yo X(I) e Y(X)p2(1)»SLOCIY)
X010 (L) %SCALE
Y{ii=v(1)*SCALE
2(1)=2(1)*SCALE
SLOC (1) =SLOC (1) %SCALE*SCALE
IF(UNA(LY o LTo141)G0 'TO 120
J=d=1
READ (5, INCOF)

WRITE (o» INCOF)
RETUR

CONTTIWE

REAU (9 LN)

IF(LIMP.LE«O) IIMP=3
IFCLIMP 5T e3) IIMP=3
WRITE (69 IN)

TATAF I=TAN(THAFTU/RADIAN)
TATOUT=TAN(THOUTU/RADIAN)

"DZNUZz=L «¥CUSIATAN(SGRT(TATAFT#%2+TATOUT#42)))

DAMUCE=1 s ¥DLHOZXTATAFT
DYNULT=1 « XDZNOZ%TATOUT
DAlJeUSDXNOZ

QY iHuZUsuYNOZL
D21wéeuzuZNOL
TATRET=1ANCTHAFTD/RADIAN)
TATOU =1 AN THOUTD/RADIAR)
DzNUL;+1.*COS&ATAN(SQRT(TATAFT**2+TATOUTt*2)))
OANULw+1 o ¥DZHNUZXTATAFT
DYNUL=+1 « *DZNOZLXTATOUT
DAatvZL=uXNOg
DYnULLU=LYNOLZ
UziNuduzuZi0L

TATHF =T AN THAFTY /RADTAWN)
TATui=TANCTHOUTY ZIRADTAR)
DYNOL=-L-*C05(A1Ah(SuRT(TATAFT**2+TATOUT**2)))
DXIUE =l o XD YHUZATATAFT
NZMNuea~i « ¥*DYHOZ+TATOUT
XU YL XNOe
DYIVLYEDTNOL
LERVLY=LLit0e

RE UK

CONT LUt

FEALLEC)
IFCIneAT « LEJ ) INEXT=4
TFCINEA ] o GT o) INEXTZn
IF{LUrT JLE 0 ) LUPTSG
IFCLUrTGE« &) 10PT=4
aKIIE(GFC)

i T ok

(M2}
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