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FOREWORD

This report was prepared by MITHRAS, a division of sanders associates
inc., for the National Aeronautics and Space Administration, Liquid Rocket
Research and Technology Branch, Washington, D. C. Mr. Hartwell Long of the
Jet Propulsion Laboratory, California Institute of Technology was the
Technical Manager.

The investigations whose results are reported here represent the work
accomplished during Phase II of Contract NAS 7-576 during the period 1 June 1968
to 1 February 1970. Phase I of this contract was completed on 1 June 1968 and
is documented in the report entitled '"Propulsive Re-Entry Aerodynamics"l by
P. 0. Jarvinen, R. W. Luce and E. Wachsler. Analytical methods were developed
during Phase I to predict the flow field in the immediate vicinity of a planetary
entry system composed of an aeroshell with a single retrorocket which exhausts
into a subsonic or supersonic counter-flowing planetary atmosphere. In Phase II,
a digital computer program was developed for the analytical solutions, and an
experimental wind tunnel test program was conducted to explore, in a general
manner, single and multiple retrorocket~free stream interactions and to obtain,
in particular, experimental results to test the analytical model developed in
Phase I.

The research reported here was performed in the Aeroscience Department of
MITHRAS under the direction of the department manager, Mr. J. A. F. Hill. Mr. P.
0. Jarvinen was project engineer and wrote the final report. The authors
would like to acknowledge the valuable suggestions and comments made by J. A.F.
Hill, Head of the AeroSciences Department of MITHRAS, during the planning and
performance of this work. The authors would like to thank Mr. J. Wilson for
designing the wind tunnel models, Df. H. Dyner for implementing the theoretical
analysis fdr the computer and lMr. E. Wachsler for generating the computer program.

The esperimental wind tunhel test program was performed in the NASA Ames
6' x 6' supersonic wind tunnel which was operated by ARO Inc. personnel.

We would like especially to acknowledge the assistance of Mr. T. Barrington,

the ARO project engineer, during the test program.
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ABSTRACT

Analytical and experimental phases of the subject investigation are
described. The analytical program for the single jet determines the
terminal shock location, the jet boundary, the interface profile, the bow
shock profile, the shear layer growth and the dead air region pressure.

The experimental program described was conducted over the range of M_ = 0.4

to M 2.0 at angles—of-attack up to 18° and at thrusting coefficients up

]

to CT T/qooAm = 30. Variables investigated included aeroshell angle,

number of nozzles, engine thrust, size of nozzles, nozzle throttling and

gas composition. The influence of these variables on the aeroshell stability,
drag, and loads was determined by integrating pressure measurements on the
aeroshell. The total system forces consist of components due to pure thrust
and components due to pressures on the aeroshell arising from the jet-free
Stream interaction. Shadowgraphs provided flow field geometries which

proved to be within 10% of those predicted analytically.
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1. INTRODUCTION AND SUMMARY

Intense interest has been generated recently in various techniques for
the aerodynamic and propulsive deceleration of planetary lander vehicles.
One of the more promising systems that has been proposed consists of a
large-angled conical aeroshell augmented with a retrorocket(s). This system
operates in supersonic, transonic and subsonic flight regimes during landing
and has a retrorocket(s) which furnishes high thrusting coefficients (i.e.,
CT > 1.0 at Mg = 2.0, increasing to CT > 40 at Mes = 0.3) for deceleration

and operates in the presence of a large angle conical aeroshell shape.

The advancement of such a system, however, has been stymied due to the
lack of an adequate definition of the interaction of the retrorocket
exhaust(s) with the counterflowing atmosphere and the subsequent effects on
the aerodynamic characteristics of the aeroshell. Specifically the effects
of aeroshell angle, number of nozzles, engine thrust, size of nozzles,
nozzle throttling and exhaust gas composition on the aerodynamic loads,
stability and drag are required.

To define this interaction, NASA Office of Advanced Research and
Technology sponsored an analytical and experimental investigation of the
flow field about aeroshell-retrorocket systems in a counterflowing atmosphere.
Analytical methodsl were developed during the first year to predict the flow
field in the immediate vicinity of an aeroshell with a single retrorocket
exhausting into an oncoming supersonic flow. In the second year a digital
computer program was developed for the analytical solution and a general
experimental investigation of the interaction was undertaken which recovered
both subsonic and supersonic free stream conditions. Comparisons were made
between experimental and analytical results. These results provide a basis
for understanding the flow field about planetary lander vehicles with
retrorocket systems.

In this report, the results of an exploratory experimental wind tunnel
test program, performed in the NASA Ames 6' x 6' supersonic wind tunnel, are

described. This test program has provided, for the first time, many of the



answers necessary to determine the effects of various retrorocket configura-
tions on the system stability and drag. In addition, a comparison is made
between the theoretical predictions of Reference 1 and the experimental
results for the locations of the jet terminal shock, jet boundary, interface
and bow shock wave in the flow field of a single centrally mounted engine,
The existing literature on the effects of retrorockets projected up-
stream from the nose of bodies in supersonic flows is considerable, dating
back at least 15 years. Howevef, not all previous work has beeﬁ dedicated
to the use of forward facing jets for deceleration and the bulk of the
material published is limited to supersonic free stream Mach numbers,
single jets centrally mounted, low thrusting coefficients (CT < 0.5) and to
flow exhausting from tubes or flat faced cylindrical bodies. A review of

previous work is contained in Reference 1.

Only a limited amount of experimental data is available on multiple
engine—aeroshell combinations. Keyes and Hefner? tested a three jet con-
figuration on a sixty degree half angle cone and a flat faced model at

= 1.2 and a free stream Mach number of six,
3

thrusting coefficients up to C

M

T
& = 6.0, Peterson and McKenzie

made experimental measurements of the
forces and moments on a semi-ellipsoid body shape which had four simulated
retrorockets on the forward flat face which operated countercurrent to sub-
sonic and supersonic airstreams. Experiments were performed at free stream
Mach numbers ranging from 0.25 to 1.90 and total thrusting coefficients up

to 10.

The present experiments were performed over a free stream Mach number
range from Mg = 0.4 to Meg = 2.0. The wind tunnel models consisted of a
single jet 459 aeroshell pressure model and single and three jet 60° aero-
shell presgure models (Figure 1) and air and helium were used to simulate
the exhaust gas. Three air nozzle sizes and one helium nozzle size were
tested in conjunction with the singie engine aeroshell models. A single
air nozzle size and a single helium nozzle size were tested on the three
engine aercshell. The three engine, 60° aeroshell-air nozzle combination
as well as one of the single air nozzle- 45° and 60° aeroshell combinations
simulated a representative Mars lander vehicle. A brief summary of the
experimental results were published previously in Reference 15. A theory
for jets exhausting counter to subsonic free streams may be found in

Reference 16.
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2. EXPERIMENTAL METHOD

2.1 Scaling Parameters

One of the considerations in the wind tunnel test program was to simulate
the retrorocket-free stream interaction of representative Mars lander vehicle
(Table 1, p. 5) using different fluids for the retrorocket exhaust and atmosphere

in the simulation. It has been shown before ’

that proper simulation of

the exhaust flow may be accomplished if the nozzle exit to ambient pressure

ratio, Pe, / Pd’ as well as the pressure sensitivity of the exhaust flow with
J

respect to flow direction P_l g%~ are matched. In the present investigation

total simulation is accomplished by matching the engine scaling parameter,

free stream Mach number, thrusting coefficient and plume sensitivity parameter.

The primary parameter which characterizes the interaction of a retrojet
with a countercurrent stream is the thrusting coefficient

- T 2T (1)

= 2
T quB Yo M. P, AB

The thrust, T, may be written as

2
T =PA, I+ vy, M) (2)
" therefore,
2 Pe Ae 2
C,= —=—— ¢ — = (1+yYM") (3)
T Yay@z P AB e e
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It also follows that the flow geometry will depend on the ratio of the
nozzle exit pressure to the local dead air region pressure, Pe/Pd’ since
this parameter controls the expansion of the exhaust gases and the location
of the jet boundary. Since Pd « P_, the expansion of the jet gases and
location of the jet boundary will be simulated if the ratio of Pe/Poo is

matched. From equation (3) we see that Pe/Poo varies lineraly with M ~ C

T
for a given nozzle configuration.
Rewriting equation (3) in the form |
Pe - Yoo AB
M 2 P C 20 (1L + vy M 2) (4)
© T T e e e

we see that the right hand of the above expression is only dependent on the

nozzle paramters and 7y, _. This will be termed the engine scaling parameter.

Finally, the difference in ratios of specific heats must be accounted

for in order to properly simulate the rocket retro-plume with a model

utilizing air. In particular, compensation is required for the differences
in the variation of flow turning angle with pressure ratio. This may be
done by matthing the vehicle and model exhaust gas pressure sensitivity

with respect to flow direction, 1/P %%-. Rewriting this condition, we
obtain dP/P « dv, so that we plot P vs. Vv on semilog paper for the hot
rocket exhaust CYe = 1.28) and the cold air jet (Ye = 1.4), overlay the
curves and translate the axes until a best fit is found. The point at which
the model clarve is superimposed upon the one for the hot rocket exhaust will
yield the obtimum model exit Mach number, Me. This procedure was also

followed for the helium nozzle.

In sumhary, the scaling parameters which were matched in the tests are
M
[s.
CT
Yoy ‘
5 (Engine Scaling Parameter)
ZAe (1 + yéMe )
Pe/POO
5
1/P dp/dv (5)




.~ 2.2 -Model Nozzle Design

The model nozzle design was based upon a hypothetical Mars lander
consisting of an aeroshell with retrorockets (Reference 1)." This lander

was assumed to have the following engine characteristics, .

A*/AB = 3,31 x 10_4 (total for three engines)
% =
Ae/A< 40
M = 4.73
e
Yo = 1.28

The specific heat ratio of the Martian atmosphere was taken as 1.304.

To simulate this engine the first procedure was to match 1/P dP/dv.
~ ~This resulted in an air nozzle exit Mach number of Me = 4,30 (Ae/A* =-13.95)
and a helium nozzle exit Mach number of 3.2 (Ae/A* = 3.41) to achieve a

good turning angle match up to pressure ratios of 1000,

The Mars lander nozzle scaling parameter is

Yoo 23
= 1.664 (6)

2
2Ae (l + YeMe )

From this, the ratio of the model base area to the nozzle exit area, Am/Ae,
and thus the throat area to model base area ratio A*/Am of the model could
be determined. For instance, for air nozzle 2 which simulates the
representative Mars lander vehicle, it was found that the model throat area
ratio was A*/Am = 11.16 x lO_4 (Total for three engines) which fixed the

basic scaled model nozzle design.

In addition to the basic scaled model air nozzle, two other air nozzle
sizes were selected such that the nbzzle scaling parameter could be made a
factor of fwo larger and smaller. The purpose of this was to provide

informatiori as to the influence of the engine size on the retro flow field.



A helium nozzle was also selected which simulated the representative
Mars lander vehicle. Helium nozzle flow was utilized to determine if
changes in exhaust gas composition, which effect the mixing between the
free stream and exhaust gases, cause changes in the aerodynamic characteristics

of aeroshell vehicles with retrorockets.

The model nozzle configurations used in the test are summarized in
Table I along with the Mars lander nozzle. Note that the nozzle designated
air nozzle 2 simulates the Mars lander nozzle. This nozzle was the only air
nozzle tested on the three engine 60° aeroshell. The column labeled
(d*/dm)eff is the diameter ratio of a single equivalent nozzle. The

diameter ratio for each nozzle of the three engine configuration is equal

to (@*/d ) ../ V3.

2.3 Wind Tunnel Models

The configurations tested in the Ames 6' x 6' Supersonic Wind Tunnel
were
a) a forty five degree (45°) half angle conical

aeroshell with a single engine,

b) a sixty degree (600) half angle conical aeroshell

with a single engine,

c) a sixty degree (600) half angle conical aeroshell

with three engines, spaced 120° apart (Figure 1).

The models were 4.0 inches in diaméter and were sting mounted in the wind
tunnel. The retrorockets were supblied by a high pressure source of dry

air and helium which was piped to the model plenum chamber through a

hollow stireamlined strut and sting. The nose radius and corner radius of

all aeroshells were twenty percent and six percent respectively of the

model base radius. Three ailr engine sizes and one helium engine size were
tested in the single jet model and one air and one heliuﬁ size were tested in
the three engine configuration. All nozzles used had conical diverging

. . . . o}
sections with semivertex angles of fifteen (157) degrees.




Details of the single>engine models are shown in Figures 2 through 5.
Pitching moment data is referenced to the virtual nose of the aeroshell
vehicles. The single engine 60° and 45° aeroshells were instrumented with
thirty (30) pressure taps of .028 inch inside diameter installed flush with
the model surface. The locations of the pressure taps are noted in
Figures 3 and 4 and pressure taps numbered 129 and 130 were used to measure
the base pressure. The pressure taps on the forward surface of the aeroshell
were located on seven concentric circles. The aximuthal angle, ¢, and the
radius ratio for each pressure tap are noted in Table II, P. 1l4. The geometric
features of the three air nozzles and the helium nozzle tested with the

single engine aeroshell vehicles are noted in Figure 5.

The three nozzle 60° aeroshell model was instrumented (Figure 6) with
forty five (45) pressure taps of which there was one edge tap (343) and two
base pressure taps (344 and 345). The geometric features of the three
engine air and helium nozzles are shown in Figure 7. Each engine was scarfed
at an angle of thirty degrees (30°) so the nozzle exit plane would be flush
with the aeroshell surface. The aximuthal angle, ¢, and the radius ratio

for each of the three engine aeroshell pressure taps are noted in Table III, P. 17.

In the three engine case, all nozzles were connected to a common mani-
fold located behind the aeroshell (Figure 8). The gas was then conducted
to each engine through spearate engine tubes. Uniform flow properties were
preserved by placing a flow straightener in each engine tube. The engine
circle was at .8 of the aeroshell radius for the multiple jet configuration.
The multiple engines were scarfed at an angle of thirty degrees (30°) so
their exit planes would be flush with the aeroshell surface. The retrorockets,
designated air nozzle 2 (d*/dm = 0.0334) and helium nozzle, simulated the
Mars lander vehicle retrorockdt and were tested on the three engine aeroshell
model as well as on both the 45° and 60° single engine aeroshell models.
Enginé throttling on the multiple engine model was accomplished by placing
the proper orifice plug in each engine tube on the supply-side of the flow
straightener. A photograph of the three engine model installed (¢ = 30%) in

the Ames 6' x 6' Wind Tunnel is shown in Figure 9.



"sTre3aq TPPON 7 9Indtd

TT3IHSOH3V .09 TIIHSOH3V oS

)

431N3D Y3LIN3D
3ON3Y343y , JONIYI 43
INIWNOW IN3INOW
ONIHOL1d

09 SNIHDLId el .

10



‘[[eysoasy sutduy o18ulsg ooo - suorgedorT deJ, sanssoad ¢ 2In3ig

821 dvl uoom/

».l

{
§
% MIINID
v 3ONIY3IAZY
09 LININWOW
°© . ONIHOLid
\ %\
N prand
- . _ P —
,000 v =%p \

¥ NOLLD3S




-[Ioysoaey outduy °[8UlS G - SUOI3Ed07] de] sansssad san31 g
<l ¥

82! dvl 3903

|
i

H3LN3D
30N3¥343d
ANINOW
ONIHOLld

1

000 = wp

Wi 900

;

'
¥ NOILO3S

12



*so1zzoN 2uidus o[8uls g 2an3dig

31ZZON WNIN3H ¢ 3ITZZON dIv
i
!

; 1

w So.o“ev\%

» 8040
1
i

v NOI103S v NOILO3S
o

2 3ITZZON div b 37ZZON div
i i
t i
v v

- t@ﬁ $60°0:,P

PEE00=Mp/P

H 3

9€20°0=1p/p

]
¥ NOWLO3S VvV NOLLD3S



w

0°T = a/x ﬁoowﬁ = ¢ azopTnoys Topow uo pa3iedoT gzl del :@310N
0zT 0TT 0E - S¥E
TeT 11T 0T 0 - ,0€€
k4 T 08 = JTTE
€CT LTT 0 - 04T
<zT 0 - 05T
(eseqg) O€T 0€ — 6T
9T 70T 0 - 08T
50T ,0€ - 69T
90T 0 - J0ST
LOT 08 - JTET
' 0 - 0TI
8TT €TT 80T €0T 0 = 06
(1T Ot - 8%
9TT 0 = ,0¢
STT (esed) 67T 0 - 9T
[TT 71T 60T T0T 0
0L6° SL06 0%8” STSL” 0989° 0587 SzTE”
/ Moy 9 Moy ¢ Moy 7 MOy ¢ moyg 7 hoy T mnoy
& “
.H\H
STHJOW HANIONA HTONIS — SNOILVIOT dVI HMINSSH¥d °IT HTIIVL

14



*II9Ysoaay auiduy 991yl ,09 - suoned0] deJ, sanssaxd 9 2anldtd

gv¢ dV1l 3903

JYNSSIHd

000 % =4p

¥31INIO
JON3HIL3N
LNINOW
ONIHOLId

i

Lol

o



Note:

NOZZILES MOUNTED FLUSH
WITH MODEL SURFACE

d*/dm=0.0334

3'
1
|
]

o
]
i
|
1

AIR NOZZLE 2

d%/dm =0.0825

?

booooeng
,}-—-—--l\

!

HELIUM NOZZLE 4

Figure 7 Three Engine 60° Aeroshell Nozzles.
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TABLE III. PRESSURE TAP LOCATIONS - THREE ENGINE MODELS ~

Tap 344 located on model base
Tap 345 located on model base

17

r/rm
0 .1535 .3780 .6250 .8750

0 301 305 313

10 325
30 314 326
45 306

50 327
60 302 315

70 328
90 307 316 329
1110 330
120 317

130 331
135 308

150 318 332
170 333
180 303 309 319

190 334
210 320 335
225 310

230 336
240 321

250 337
270 311 322 338
290 339
300 304 323

310 340
315 312

330 324 341
350 342
Note: Tap 343 located on model shoulder ¢31800, r/rm=l.0

¢m14°-30‘,r/rm=.6375

$=1807,

r/r_=.5750
m
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¢ = 30°.

Figure 9 Three-Nozzle Model Installed in Wind Tunnel
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2.4 Instrumentation

The single nozzle 45° and 60° aeroshell models were instrumented with
thirty (30) pressure taps of .028 inch inside diameter installed flush with
the model surface. The thirty pressure taps included one edge tap on the
shoulder of the model and two base pressure taps. The three nozzle 60° aero-
shell model was instrumented with forty five (45) pressure taps of which
there was one edge tap and two base pressure taps. Surface pressures were
measured with one bank of 3-24 port scanivalve modules. Model surface
pressure taps were connected to the scanivalve ports with stainless steel

tubing.

The total plenum chamber pressure and total temperature were measured
on single nozzle models. For the three jet case, the plenum chamber total
pressure for each nozzle was measured in addition to the main supply variables.

The engine and supply pressures were measured with high pressure transducers.

Shadowgraphs were taken at each data point.

2.5 Range of Test Variables

The tests were conducted at free-stream Mach Number of 0.40, 0.60, 0.80,
1.05, 1.5 and 2.0. Free stream total pressure was set at 2 psia for all free
stream Mach numbers. Angle of attack data was taken at free stream Mach
numbers of 0.6, 1.05 and 2.0 with an angle-of-attack range from +9° to -18°.
The plenum air chamber pressure was varied up to 2700 psia. A summary run

schedule of the experimental investigation is presented in Table IV, Pages 21-22.

The range of thrusting coefficients obtained during the wind tunnel
test is shown in Figure 10. Air nozzle 3 covered the same range of thrusting
coefficients as air nozzle 2 as well as the shaded areas. The variation of
thrusting coefficient with free stream Mach number, M, for the typical
terminal lander of Reference 1 is noted. This lander is assumed to have a
vehicle ballistic coefficientB of 0.5 slugs/ft2 down to a retrorocket
ignition altitude of 5 kilometers. Adequate simulation of the representative

Mars lander vehicle was achieved in the present experiment.
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TABLE 1IV.

SUMMARY RUN SCHEDULE

Model Nozzle Mach Angle-of-Attack Cp
Configuration Configuration Number Range - o Range
45° single jet Air-2 0.4 0 0-25
0.6 ~18° to +9° 0-10
0.8 0 0-6
1.05 -18° to +9° 0-5
1.5 0 0-4
2.0 -18° to +9° 0-4
60° single jet Air-2 0.4 0 0-20
0.6 -18° to +9° 0-12
0.8 0 0-8
1.05 ~18° to +9° 0-6
1.5 0 0-6
2.0 -18° to +9° 0-6
60° single jet Air-1 0.6 0 1-6
.05 1-4
2.0 0 0.1-4
60° single jet Air-3 0.6 0 1-27
1.05 0 1-14
1.5 0 1-14
2.0 0 0.1-14
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TABLE IV. SUMMARY RUN SCHEDULE (CONTINUED)
Model Nozzle Mach Angle-of-Attack Crp
Configuration Configuration Number Range -~ a Range
60° single jet Helium 0.4 0 4-40
0.6 0 2-30
0.8 0 1-10
1.05 0 1-5
1. 0 0.5-4
2.0 0 0.5-4
60° three jet Air-2 0.4 0 0-20
0.6 -18° to +9° 0-12
0.8 0 0-8
1.05 -18° to +9° 0-6
1. 0 0-6
2. -18° to +9° 0-6
60° three jet Air-2 with one 0.6 0 to 13° 2-12
engine throttled 1/2 1.05 0 to 13° 1-6
2.0 0 to 13° 1-6
60° three jet Air-2 with one 2.0 0 to 13° 1-6
engine throttled 1/4
60° three jet Air-2 with two 0.6 0 to -13° 2-4
rolled 30° engines throttled 1/2 1.05 0 to -13° 1-2
2.0 0 to -13° 1-2
60° three jet Air-2 with two .6 0 to -13° -
rolled 30° engines throttled 1/4 .05 0 to -13° 1-
2.0 0 to ~-13° 1-2
60° three jet Helium 0.6 0 2-8
.5 1-4
2.0 1-4
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T/Qon Am ~ THRUSTING COEFFICIENT
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i T
20t TYPICAL TERMINAL LANDING PHASE
2\ AEROSHELL- RETROROROCKET COMBINATION
{Ref. 1)
i
7 % ,
/ 7 7 AIR NOZZLE 3
" | 4 ®/q..20.0472
N Ag/A¥*=13.95
8r )
6 L.
I AIR NOZZLE 2
4t s 4%/d,,=0.0334
B go/A¥ =13.95
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l = ool Szt
0.8}
0.6}
0.4}
0.2+
. 1 !
Ol5 | 2

Mo, ~ FREE STREAM MACH NUMBER

Figure "0 Thrusting Coefficients Obtained During Wind Tunnel Tests.



2.6 Data Reduction

Pressure coefficients were computed from the individual pressure
measurements made on the model surface. Force and moment coefficients
for the aeroshell models were obtained from integrations of the pressure
coefficients over the model face excluding the nozzle exits. The total
axial force coefficients were obtained from a summation of the model fore-
body axial force coefficient and the nozzle thrusting coefficients. The
pitching moment coefficients for all aeroshells are referenced to the aero-~
shell virtual nose and are based on the model base area and diameter and
the retrothrust (thrusting) coefficient is based on free stream dynamic

pressure and model base area.

PRESSURE COEFFICIENT
Cp = P - By /a4
FOREBODY AXTAL FORCE COEFFICIENT

CAf = X/q”Am = _JJ‘(Pf - P”) sin © dA/q',° Am

THRUSTING COEFFICIENT
= A
CT T/%D m
TOTAL AXIAL FORCE COEFFICIENT

C = C + C,, (THREE ENGINES)
ATOTAL Af E

PITCHING MOMENT COEFFICIENT

CM = m/quaAm d_

The pressure coefficients and the forebody axial force coefficients
are evaluated assuming that free stream static pressure acts on the model
base. No corrections have been made to the experimental data to reflect
actual measured base pressures. With this assumption, pressure coefficients
will be negative when the measured pressure falls below free stream static

pressure. Negative axial force coefficients may also occur.
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3.1 Single Engine Aeroshell Models

3.1.1 Forebody Axial Force Coefficient
Without Retrothrust

The variation of the forebody axial force coefficient with Mach
number for the forty-five degree and sixty degree aeroshell models without
retrothrust (CT = p) was compareg with experimental data from previous wind
tunnel tests performed by I\LﬁxSéém{5 and J?Lg and was in very close agreement
over the complete range of Mach Numbers investigated (Figure 11). The use of
a corner to base radius ratio of rc/rm = (0.06 in the present test caused a
reduction in the axial force coefficient of about five (5) percent below the
sharp cornered cone data. A similar effect was observed previouslylo at
Mpy = 3.0 (Figure 12).

3.1.2 Shadowgraphs of Retrorocket-
Freestream Interaction

A series of shadowgraphs of the flow field about the single
nozzle 60° aeroshell, as the thrusting coefficient is increased, is shown in

Figures 13 through 15. This series shows the typical behavior that is

observed for supersonic free stream Mach numbers. At low thrusting coefficients,

the jet penetrates into the oncoming flow, the flow is unsteady and the bow
shock is far upstream from the model (Figure 13). Line drawings are shown in

Figures 13 through 15 to aid in interpretation of the photos. For this case,

the total head of exhaust flow decays by mixing. The flow field collapses when

the thrusting coefficient is increased further (Figure 14) and a steady blunt
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flow interaction forms closer to the aeroshell. The geometrical features of
the flow field such as the terminal shock, jet boundary, interface and bow
shock wave are discernible. 'The'features'in the flowyfiéld grow in size as
the thrusting coefficient is increased still furthur but the geometfy stays

nearly similar (Figure 15). 1In Figures 14 and 15, the total head of the

exhaust flow decays by passing through the terminal shock wave. The aero-

shell surface pressure data corresponding to the conditions illustrated in N
Figure 14 indicates that flow reattachment to the forward surface of the U
aeroshell is occurring. At M = 1.5 and CT = 6.0 (Figure 15), the pressure . i
data indicates that the aeroshell is immersed in a constant pressure region

which 1s typical of a wake type flow region.

In both Figure 14 and 15, the retrojet issues into a region of

separated flow and expands laterally to a maximum diameter determined by the
ratio of the jet exit pressure to separated (dead air) flow pressure. The
upstream extent of the retrojet is bounded by a terminal or jet shock which
adjusts its pitot pressure to balance that of the free stream. The free i
stagnation point at which the pitot pressures are actually balanced is some- |
what upstream of the terminal shock, and defines the apex of the interface
between the jet and atmospheric gases. The location of the jet boundary is
dependent on the ratio of the jet exit pressure Pe to the dead air pressure

Pd' An interface separates the free stream gas from the jet gases. The free

stream gas which passes through the bow shock wave turns and flows outward
between the bow shoék wave and interface while the jet flow which passes
through thé jet terminal shock flows outward between the jet terminal shock
and interfhce. Mixing between the free stream gases and the jet gases may
occur along the interface if properties such as the velocity and density of
the two fluids are different. Mixing may occur in the region which separates
the free stream-jet layer from the dead air region (recirculation region) as

well as along the jet boundary.

At subsonic speeds and for all thrusting coefficients tested, the
single engine exhaust flow penetrates far upstream into the oncoming flow and
the flow is unsteady. The flow field is much like that shown in Figure 13, with-
out the bow shock wave. The total head of the jet decays through a mixing
process and the penetration of the jet ceases when the jet and the free stream

total heads become equal.
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3.1.3 Bow Shock Location

Shadowgraphs such as those shown in Figures 13 through 15 were
analyzed to determine the location of the bow shock wave as a function of
thrusting coefficient. The bow shock location for single engine aeroshells is shown
in Figure 16 for M_ = 2.0 and the nozzle simulating the Mars lander. Data is
shown for both the 45° and 60° single engine aeroshells. The transition from
jet penetration to blunt flow regimes occurs sharply at a thrusfing coefficient
near unity (1). The bow shock location is independent of aeroshell shape.

At thrusting coefficients below one, the jet shock may be as many as six body
diameters forward of the model. The flow field is of the blunt flow inter-
action type at thrusting coefficients above one. In this region, the scale
of the jet-free stream interaction increases with increases in thrusting
coefficient but the geometric features of the interaction remain invariant.

At lower supersonic Mach numbers, the transition from jet penetration

to blunt flow interaction occurs at a higher thrusting coefficient (Figure 17).

3.1.4 Transition from Jet Penetration to
Blunt Flow Interaction

Transition from jet penetration to blunt flow was found to occur
at the same nozzle exit to free stream pressure ratio indepéndent of engine
scaling parameter (Figure 18). Data for three air nozzle sizes and two super-
sonic free stream Mach numbers are shown. It should be noted that, since
transition occurs at the same pressure ratio, a change in engine size will
cause trangition to occur at a different thrusting coefficient. Transition
occurs at lower thrusting coefficients for smaller nozzles and at larger

coefficients for bigger nozzles.
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3.1.5 Flow Field Geometry

The shadowgraph pictures of the flow field in the blunt flow
regime were analyzed for the locations of the bow shock, interface and
terminal shock wave. Flow field geometry for air nozzle 2, which simulates

the representative Mars lander vehicle, is shown in Figures 19 and 20 for

]

free stream Mach numbers of M_ = 1.5 and M 2.0 respectively. The inter-
action geometry is independent of aeroshell angle (Figure 20). Data for air
nozzle 1 at M = 2.0 is shown in Figure 21. A comparison of this data with
that for air nozzle 2 (Figure 20) indicates that the distances to the flow
field features are less for the smaller nozzle as was expected. The experi-
mental data indicates that the distance to the terminal shock wave varies
as (CT)I/2 in agreement with the theoretical predictions of Reference 1.
(See equation 42, page 39).

3.1.6 Aeroshell Surface Pressure Distributions

The change in surface pressure distribution on the forebody of the
‘sixty degree single engine aeroshell as the retrorocket thrusting coefficient

is increased is noted in Figures 22 through 25. Retrothrust coefficients of

i

C. =0, 3.8, and 12.7 are considered at M_ = 0.60 in Figure 22. Data at

T
M

0

1

0.60 and thrusting coefficients of CT = 1,96, 5.59 and 9.02 is shown in
Figure 23. The pressure acting on the aeroshell forebody decreases with in-
creasing thrusting coefficients. Pressure distributions at M_ = 2.0 are shown
in Figures 24 and 25. This data indicates that at high thrusting coefficients,
CT = 4,04 (Figure 25) and CT = 7.0 (Figure 24), the pressure acting on the
outer portion of the forebody surface is constant. Base pressure measurements,
for these cases, show that the base pressure is also equal to the pressure
acting on the forebody surface. We tonclude from these facts that the aero-
shell is immersed in a constant pressure reglon and wake type flow exists.

The increasd in surface pressure nea% the aeroshell shoulder, CT = 2.0

(Figure 24); is interpreted as indicating that reattachment of the interface

shear layer to the aeroshell is occutrring at this thrusting coefficient.
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3.1.7 Forebody and Base Pressure Variations
with Thrusting Coefficient

The average aeroshell frontal surface and base pressures are
plotted as a function of thrusting coefficient in Figures 26 through 29.
Data for 45° and 60° aeroshell vehicles are superimposed and indicates little
effect of aeroshell angle on the resulting pressures. At M= 0.60 (Figure 26)
and M_ = 1.05 (Figure 27), the average frontal pressure remains higher than
the base pressure, for thrusting coefficients considered in the present
experiment. At supersonic speeds of M= 1.5 (Figure 28) and M = 2.0
(Figure 29), the average frontal pressure decreases with increases in thrusting
coefficient and becomes equal to the base pressure at the larger thrusting

coefficients.

3.1.8 Transition from Flow Reattachment
to Wake Type Flow

Transition from shear layer reattachment type flow to wake type
flow is assumed to occur at supersonic speeds when the average frontal surface
pressure becomes equal to the base pressure. The thrusting coefficient
magnitude for transition from flow reattachment to wake type flow is noted in

Figure 30 for free stream Mach numbers of M_ = 1.5 and 2.0.

3.1.9 Universal Base Pressure Correlation

The universal base pressure correlation shown in Figure 31 is
based on the experimental data recorded for all single engine aeroshell models
utilizing air exhaust flow and provides results within 10% of any of the

experimental data.
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Figure 31 Average Base Pressure Correlation, Single Nozzle
Aeroshell Models with Retorthrust.
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3.1.10 Forebody Axial Force Coefficiént with Retrothrust

The application of retrothrust from a single centrally mounted
engine was shown to cause the pressure on the forebody surface to decrease
substantially below the no-retrothrust case, (Figures 22 through 25). The
corresponding decreases in forebody axial force coefficient with increases
in retrothrust coefficient are shown in Figures 32 through 36. Application
of retrothrust results in a sharp decrease in forebody axial force coefficient
at all Mach numbers (Figure 32). The axial force coefficients for the 60O
single aeroshell, utilizing air nozzle 2 which simulates the representative
Mars lander vehicle are shown in Figures 32 and 33. For thrusting coefficients
above two, there is little difference between the total axial force coefficient
(i.e. sum of forebody axial force coefficient and thrusting coefficient) and
the thrusting coefficient of the retrorocket alone. The forebody axial force
coefficients were obtained by integrating the pressure data over the surface
of the aeroshell and assume that the base pressure acting on the aeroshell is
"the free stream static pressure. No correction was made to the data to account

for the actual, experimentally measured base pressures,

Forebody axial foi¥ce coefficients for 60° single engine aeroshells
utilizing 2ir nozzle 1 and air nozzle 3 are shown in Figures 34 and 35
tespectively. Data for the 45° single engine aeroshell using air nozzle 2 is

noted in Figure 36.

3.1.11 Aeroshell Stability

The variation of pitching moment and normal force coefficients
with angle-of-attack for the 45° and 60° single engine aeroshells is linear
to six degrees angle-of-attack for all Mach numbers tested, with and without
retrothurs. The magnitude of the pitching moment and normal force slopes
agree quite well with other NASA and JPL experiments for the case of no
retrothrust (CT = 0). The change of pitching moment slope, normal force slope
and aerodynamic center location with application of retrothrust is shown in

Figures 37 through 39 for the 60° aeroshell and Figures 40 through 42 for the
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45° aeroshell. The pitching moment coefficient is referred to the virtual
nose of the aeroshell. The pitching moment slope increases substantially

as the thrusting coefficient is increased to unity (Figure 37). The pitching
moment slope decreases from this level with further increases in thrusting
coefficient. The pitching moment slope with retrothrust is greater than the
no retrothrust case at all Mach numbers for thrusting coefficients up to

CT = 2.5. The normal force slope shows the same variation with thrusting
coefficient as the pitching moment slope (Figure 38). The aerodynamic center
location remains essentially unchanged (Figure 39) with application of retro-
thrust. The aerodynamic center is about one half a base diameter behind the
base of the 60° aeroshell (Figure 39). The variation of pitching moment
slope, normal force slope and aerodynamic center location with retrothrust
for the 45° aeroshell (Figures 40, 41, and 42 respectively) is quite similar
to that observed for the 60° single engine aeroshell. However, the aero-
dynamic center of this configuration is located nearer to the vehicle base
(Figure 42).

3.1.12 Aerodynamic Characteristics with
Helium Exhaust Flow

A portion of the experimental testing was performed with helium
retrorocket exhaust flow. A previous theoretical analysisl indicated that the
speed of sound ratio across the interface, which separates the shocked free
stream gases from the retrorocket exhaust gases, has an important effect on

mixing in the interface shear layer. (See Figure 15). In the case of the

representative Mars lander vehicle, the speed of sound ratio arises from
the substantial difference in temperature between the shocked free stream
and exhaust gases and differences in specific heat ratio and gas constant
of the two streams. The exhaust gases are about nine times hotter than
the free stream gases. The helium exhaust flow was used to test experi-
mentally the effect of changing the speed of sound ratio on the mixing and

its subsequent effect on the akroshell aerodynamic characteristics.
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Tests were performed at helium thrusting coefficients up to
about CT = 11.0 at subsonic (M_ = 0.80) and transonic (MCo = 1.05) speeds and

up to about C., = 4.0 at supersonic speeds. The location of the bow shock

T
wave at supersonic free stream velocities, for the single engine 60° aero-
shell with the helium nozzle is ghown in Figure 43. The characteristics of
the helium nozzle are noted in Table 1 and were chosen to simulate the
representative Mars lander wvehicle. The helium jet penetrated further

forward into the oncoming air free stream flow than the air jet from air
nozzle 2, when both nozzles operated at the same thrusting coefficient. The
bow shock wave location for the helium jet could not be photographed above
thrusting coefficients of CT = (.6 because it passed from the:field of view

of the shadowgraph system. The aeroshell-wind tunnel window geometry was such
that the window edge was about six and one half base diameters upstream from
the aeroshell nozzle exit plane. Shadowgraph pictures were taken of the
exhaust plume in field of view of shadowgraph at thrusting coefficients up
to‘CT = 4,0 at M_ = 2.0. The flow pattern observed was always that of long
jet penetration. Tests were not performed at higher thrusting coefficients

in order to minimize the amount of helium consumed and therefore, it is not
possible to say whether transition to a blunt flow interaction would have
occurred, as with air exhaust flow, when the nozzle to free stream pressure
ratio reached Pe, /P, ~ 7.0.

J

The pressure distributions with retrothrust and helium exhaust

flow are shown in Figure 44 for M_ = 0.60 and C_ = 1.68, 6.76 and 13.91.

T
Pressure distributions for M_ = 2.0 and thrusting coefficients up to 3.6 are

shown in Figure 45.

The effect of rettrothrust on the forebody axial force coefficient
for helium exhaust flow is noted in Figure 46. A comparison of the helium data
with air nozzle 2 data (Figured 32 znd 33) indicates that the forebody axial
force coefficients with helium flow are significantly different than those

with air nozzle flow at all Mach numbers tested.

Wt
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3.1.13 Flow Field at Angle of Attack

A shadowgraph of the flow field about a 60° single engine.

aeroshell at minus 16.7 degrees angle of attack and M = 2.0 is shown in
N S [ee)

Figure 47.

3.2 Three Engine Aeroshell Data

3.2.1 Shadowgraphs of Retrorocket -
Free Streams Interactions

shadowgraph of the flow field about the three engine 60° aero-

o=

il

shell at M_ = 0.60 and a thrusting coefficient of 3.9 is shown in Figure 48.
The model has been rolled on the sting (¢ = 300) so that the flow from each
engine is visible. At all subsonic Mach numbers, the jet flow penetrates far
upstream from the model and the total head of a jet decays through mixing.

A shadowgraph of the flow field at M= 2.0 and a thrusting coefficient of
1.02 is shown in Figure 49. 1In this case, each of the engine exhausts is
bent outward by the oncoming free stream flow and the total head of the jet

istill decays through mixing. The pressure distribution on the face of the
three engine 60° aeroshell, for these conditions, shows that the aeroshell
surface, inboard of the engines, is covered with a region of nearly uniform
high pressure air with the pressure at the center of the aeroshell being
equal to the free stream pitot pressure. The shock wave which is visible in
Figure 49 rnear the nose of the aeroshell, sustains the high pressure levels.

The pressure distribution data is discussed more fully in Section 3.2.5

» A shadowgraph of the flow field about the three engine 60° aero-
shell vehicle at M_ = 2.0 and CT = 4,05 is shown in Figure 50. The character
of the flow field is changed when the thrusting coefficient is increased to
CT = 4,05 {Figure 50). WNow the total head of the retrorocket exhaust flow
decays by passing through a terminal shock wave instead of through a mixing
process. Features such as the terminal shock wave and jet boundaries are
readily visible. The individual jets interact directly with each other. The

exhaust~free stream interaction appears to have local instabilities which

affect the bow shock wave slope.
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Figure 47 Shadowgraph of Flow Field at Angle of Attack -60° Single Engine
Aeroshell ¢ = -16.7°, M_ = 2.0, C_ = 2.03.
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FRONT VIEW

Mgy =2.0 Crgra,” 405

60°AEROSHELL AIR NOZZLE 2
d%/dpm=0.0334

7, 7135 Cy,,%1.35 Cy 135

Figure 50 Flow Field of Three Engine, 60° Aeroshell - Equal Engine Thrusts

= . - = . = o
M, = 2.0; CTpppag = 405 ¢ = 0°.
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3.2.2 Bow and Terminal Shock Locations

Shadowgraphs such as that shown in Figure 49 were scaled to
determine the average location of the bow shock wave along the centerline
of the flow and the location of the terminal shock waves with respect to the
model base. The flow field geometry for the three engine 60° aeroshell with
air exhaust flow at M o= 1.5 and M = 2.0 are noted in Figures 51 and 52

respectively.

3.2.3 Three Engine Aeroshell Forebody
Axial Force Coefficients

The variations of the forebody axial force coefficient with thrusting
coefficient for the three engine 60° aeroshell is shown in Figures 53 through 55.
The forebody axial force coefficient decreases substantially with the application
of retrothrust at subsonic Mach numbers (Figures 53 and 54). A different
behavior occurs at supersonic speeds (Figure 535). In this case, the forebody
axial force coefficient remains at its no retrothrust (CT = 0) value for low
retrothrust coefficients and then decreases sharply with further increases in

retrothrust.

The forebody axial force coefficient for the single engine 60°
aeroshell at M_ = 0.6 is shown for comparison in Figure 54. The data is
plotted undér the assumption that the single and three engine configurations
operate at the same total thrusting coefficient. Subsonically, the three jet
forebody axial force coefficient decreases more rapidly with retrothrust than

the single engine case.

The forebody axial force coefficient for the three engine 60°
aeroshell at supersonic free stream conditioms, M_ = 2.0, is shown in Figure 55
along with that for the single engine aeroshell. At supersonic speeds, the
forebody axial force coefficient of the three engine aeroshell configuration
remains subBtantially higher thHan the single engine aeroshell up to thrusting

coefficients of CT = 2,0,
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The effect of retrothrust on the aerodynamic cﬁaracteristics of
three engine-aeroshell configurations is more evident when the total axial
force coefficient is considered. The total axial fcrce ceoefficient is defined
as the sum of the forebody axial force coefficient and the total thrusting

coefficient., (See data reduction-Section 2.6).

The variation of total axial force coefficient with thrusting
coefficient is illustrated in Figure 56 for the three engine, sixty degree
aeroshell at M_ = 2.0. The total axial force coefficient acting on a single
engine sixty degree aeroshell is shown for comparison. The total axial force
coefficient for the three engine aeroshell is substantially above the no
retrothrust axial force coefficient (CT = 0) and above the single engine
values for thrusting coefficients up to two (2). At higher thrusting
coefficients, the total axial force coefficients for both configurations are

nearly equal to the thrusting coefficients alone.

All previous experimental investigations, with the exception of
Keyes and Hefnerz, observed results characterized by the single engine data
(i.e. a substantial decrease in axial force coefficient with application of
low thrusting coefficients, -followed by an increase in total force coefficient

whose magnitude remained nearly equal to the thrusting coefficient alone).

Keyes and Hefner found in their tests, which were conducted at

M_= 6.0 with thrusting coefficients up to C, = 1.2, that the aerodynamic

T
drag of blunt configurations can be increased by using forward facing jets

located near the periphery of the body.

The present investigation shows that there is a range of thrusting
cdefficients over which the three engine configuration with retrorockets
mounted near the periphery of the aeroshell provides substantially more
déceleration than a single centrally mounted engine operating at the same
total thrusting coefficient. The behavior of the three engine aeroshell with

retrothrust at different free stream Mach numbers is shown in Figure 57.




60° AEROSHELL a=0°

THREE ENGINES

SINGLE ENGINE

CATOTAL= CAf+CT~ TOTAL AXIAL FORCE COEFFICIENT

/ ’<\AXIAL FORCE COEFFICIENT

/ EQUAL TO THRUSTING
J COEFFICIENT

0 3 ; 1
0 | 2 3

CT~ THRUSTING COEFFICIENT

Figure 56 Comparison of Total Axial Force Coefficients of Single and
Three Engine 60° Aeroshells; Moo = 2.0.
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Data for free stream Mach rumbers of M_= 0.6, 0.8, 1.05, 1.5 and 2.0 are
displayed. Total force amplification is present for free stream Mach
numbers from M_ = 2.0 to M= 0.60, though the amount of amplification

decreases with decreasing free stream Mach number.

3.2.4 Effect of Angle-of-Attack on Forebody
Axial Force Coefficients with Retrothrust

The variation of the forebody axialAforce coefficiént'with
angle-of-attack is shown for M_ = 0.6, 1.05 and 2.0 in Figures 58, 59, and 60
respectively. Angle-of-attack has little effect on the forebody axial force
coefficient at all Mach numbers and thrusting coefficients tested, for angles
between minus six and plus six degrees, »60;3 o i_+60, The data indicates

that angle-of-attack effects may become significant outside of this range.

3.2.5 Surface Pressure Distributions

The variation and distribution of pressure over the surface of
the three engine 60° aeroshell will now be considered. Surface pressure
profiles along radial dirvections will be considered first. Circumferential
pressure distributions at constant radial distance will be considered next.

Surface pressure profiles at ¢ = 0, 90° and 180° (¢ defined in Figure 6)
are displayed in Figures 61 through 69. The radial pressure cut at ¢ = 0°
intersects engine 1 while radical cuts at ¢ = 90° and 180° pass between
engines 1 and 2 and engines 2 and 3 respectively. Pressure data at M_ = 0.60
is presented in Figures 61 through 65 for thrusting coefficients of CT = 0.0,
1.9, 3.8, 5.8, and 13.6. The base pressure coefficient CP , for each
thrusting coefficient is noted on the ordinate, though theBdata was actually
measured at a given radius ratio. The pressure forces acting on the aero~
shell surface, when retrothurst is applied at subsonic speeds, increase with
distance from the aseroshell centerline (Figures 62 through 65). The base
pressure with retroth rust is higher than without. The pressure acting at the

center of the forward surface of the aeroshell and the base pressure level

o
[o%}




are about equal for thrusting coefficients equal to or greater than CT = 3.8
(Figures 63 through 65). The change in forebody surface pressure with radial

distance increases with increasing thrusting coefficient.

Surface pressure profiles at M _ = 2.0 and thrusting coefficients
of CT = 1.0, 1.7, 4.1 and 7.1 are shown in Figures 66 through 69 respectively.
The pressure increases along the ¢ = 0° cut in the vicinity of engine 1 for
thrusting coefficients from 1.0 to 4.1. The pressure decreases with radial
distance along cuts (¢ = 90° and 1800) that pass between the engines for

thrusting coefficients from 1.0 to 4.1.

The surface pressure profiles, in each of the radial directions
(¢ = OO, 90° and 1800), have the same shape for CT = 7.1 (Figure 69) and the
surface pressure coefficients at non~dimensional radial distances greater
than r/rm = .35 are equal to the base pressure coefficients. This indicates
that the aeroshell body is immersed in a constant pressure region. The
regién of increased pressure near the center of the aeroshell forebody surface
is due to the recirculation region formed between the interacting exhaust

plumes.

The circumferential pressure distributions with retrothrust, at
M_=0.6 and M_ = 2.0 are shown in Figures 70 through 73. At M_ = 0.6, the
circumferential pressure distributions at various radial distances (r/rm = 0.154,
0.378, 0.625 and 0.875) are about the same (Figures 70 and 71). The influence

of the engines on the local pressure distribution is quite evident in Figure 71.

The pressure distributions at M_ = 2.0 and thrusting coefficients
of CT = 1,0 and 1.66 are plotted in Figures 72 and 73 respectively. For
CT = 1.0, the aeroshell surface, inboard of the engines is covered with a
region of nearly uniform, high pressure. The pressure level is independent
of azimuth angle for r/rm = 0,154 and 0.378. At r/rm = 0.625, the pressure
iticreases in front of each engine. Further outboard at r/rm = (0.875, the
pressure is nearly constant over a substantial portion of the region between
engines but decreases sharply close to the engines. At CT = 1.66, the

circumferential pressure distribution is similar in many ways to what was

observed at CT = 1,0 but the pressure level has been reduced (Figure 73).
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3.2.6 Aerodynamic Stability of Three Engine
Aeroshell Models

The pitch stability of the three engine,60O aeroshell at M_ = 0.60,
1.05, and 2.0 is shown in Figures 74 through 79. Pitching moment and normal
force coefficients at M_ = 0.6 and CT = 0.0, 1.95 and 3.75 are shown in
Figures 74 and 75 respectively. Figures 76 and 77 depict the behavior at
M, =1.05 and C, = 0.0, 1.0 and 1.9. The pitching moment and normal force

T
at M_ = 2.0 and G, = 0.0, 1.04 and 1.66 are plotted in Figures 78 and 79,

T
The overientation of the three engine configuration as viewed from head on
is noted in the upper right hand corner of Figure 74. The pitch plane was
in a vertical plane passing through the uppermost engine. The angle-of- attack

is positive, nose up.

The pitching moment and normal force coefficient variation with
angle-of-attack for the three engine aeroshell with retrothrust is not
linear with angle-of-attack as was observed on the single engine aeroshell
and the nonlinearity increases with increasing Mach numbers. The thrust
coefficients noted in the figures are the sum of the individual and equal
nozzle thrust coefficients. At M_ = 0.60, the variation of pitching moment and
normal force coefficient with angle-of-attack is different for plus and minus
angles-of-attack (Figures 79 and 74). In addition, the variation of pitching
moment and normal force coefficient with angle-of-attack is different for

different magnitudes of thrusting coefficient.

At transonic free stream conditions, M_ = 1.05, substantial non-
linearities appear, in the pitching moment and normal force coefficients
variation with angle-of-attack, at negative angles-of-attack (Figures 76 and 77).
At supersonic velocities, the fionlinearities at negative angles-of-attack
become quite sever (Figures 78 and 79). At negative angles—of-attack, the

pitching moment decreases nearly to zero for C_ = 1.04 énd 1.06 at M_ = 2.0

T
(Figure 78). The normal force coefficient shows the same nonlinear behavior

(Figure 79). A region of pitch instability exists at negative angles-of-attack.
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The yawing moment and side force coefficients measured during
pitch angle—~of-attack runs are displayed in Figures 80 and 8i. The yawing
moment and side force coefficients were small and varied little during an

angle-of~attack sweep.

A comparison of the pitching moment acting on the three engine
and single engine aevoshells at M = 2.0 and CT = 1.0 is made in Figure 82.
The pitching moments are substantially different at negative angles-of-attack.
It should be noted that the shape of the pitching moment curve depends on the

roll-orientation of the pitch plane with respect to the engines.

3.2.7 Shadowgraphs of the Flow Field about
Multiple Engine Aeroshells at Angle-of-Attack

Shadowgraphs of the flow field about the three engine 60° aero-
shell at angle-of-attack, at M = 0.6 and 2.0, are presented in Figures 83
and 84. The shadowgraph in Figure 83 was taken at an angle-of-attack of
minus 16.8 degrees, M_ = 0.60 and C_ = 3.92. The shadowgraph (Figure 84) was

T
made at minus 9 degrees angle-of-attack, C, = 1.03 and M_ = 2.0.

T

3.2.8 Shadowgraphs of the Flow Field about

Aeorshells with Throttled Engines —~ x = 0°

The aerodynamic characteristics of the three engine 60° aeroshell,
with some of its engines throttled to partial thrust, was investigated at
M, = 0.60, 1.05 and 2.0. Measurements were made for engine 1 throttled to
1/2 and 1/4 thrust and for engines 2 and 3 simultaneously throttled to 1/2
and 1/4 thrust (Table IV). The effects of engine throttling were investigated
because engine throttling affords an active means by which the aeroshell
attitude mdy be controlled. Engine throttling was accomplished by placing
orifices ir the individual engine supply tubes on the supply side of the flow

straightener,
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CN~ NORMAL FORCE COEFFICIENT

0.06

THREE ENGINE AEROSHELL AIR NOZZLE
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Figure 77 Normal Force Coefficients - Three Engine 60° Aeroshell - I\/Ioo = 1.05,
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-16.89, CT = 3.92.

0.60, «
112

-

(2]

Figure 83 Shadowgraph of Flow Field About Three Engine 60° Aeroshell at
Angle of Attack M



Figure 84 Shadowgraph of Flow Field About Three Engine 60° Aeroshell at

Angle of Attack M_ = 2.0, ¢ = -9.0°, C_ = 1.03.

EN
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Shadowgraphs of the flow field about the multiple engine aerb—
shell at zero angle-of-attack are offered in Figures 85 and 86. Figure 85
considers the flow field at M_ = 2.0 when engine 1 is throttled to 1/4 thrust.
The total thrusting coefficient was 4.0 with the individual engine thrusting

coefficients of CT = 0.4, CT = 1.8 and CT = 1.8. A front view of the
El E2 E3

aeroshell, noting the engine orientation for the shadowgraph (Figure 85),

is displayed in the upper left hand corner. Figure 86 presents a shadowgraph

of the flow field at MOO

2.0 with engine 2 and engine 3 simultaneously
throttled to 1/4 thrust. The total thrusting coefficient is 2.8 with the

following distribution: CT = 1.7, CT = 0.5 and CT ='0.6.
El E2 E3

3.2.9 Effect of Engine Throttling on the
Forebody Axial Force Coefficient

The forebody axial force coefficients for various engine throttlingv
configurations are plotted in Figures 87 through 92. The variation of fore-
body drag coefficient with thrusting coefficient for engine 1 throttled to
1/2 and 1/4 thrust and Moo= 0.60, 1.05 and 2.0 are noted in Figures 87, 89
and 91. The variation of forebody axial force coefficient, for aeroshell
vehicles which are not throttled but operate at the same total thrusting
coefficient, is noted on these figures for comparison. The variations of
forebody drag coefficient with thrusting coefficient, for engine 2 and
engine 3 simultaneously throttled to 1/2 and 1/4 thrust and M = 0.60, 1.05
and 2.0, are noted in Figures 88, 90 and 92. Data for the three engine 60°
aeroshell, without throttling, is shown for comparison. At subsonic speeds
(M_ = 0.60) and low thrusting coefficients (CT < 6), the axial force coefficient
increases as the engines are throttled (Figures 87 and 88). At transonic
speeds, the axial force coefficient are the same, with and without throttling

if the thrufsting coefficient ig less than about three, i.e. C < 3.0

T
(Figures 89 and 90). While at supersonic free stream conditions, the variation
of axial force with and without throttling are appreciably different (Figures 91

and 92).
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FRONT VIEW

Mg =2.0 CTroraL 40

60°AEROSHELL. - AIRNOZZLE 2 |
d%/d=0.0334

CTgy 7040 C1_,=1.8 Cr,” 18

Figure 85 Flow Field of Three Engine, 60° Aeroshell - Engine 1
Throttled to 1/4 Thrust M_ = 2.0; C,, = 4.0; ¢ = 0°.
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3.2.10 Effectiveness of Engine Throttling
for Pitch Control

The total pitching moment acting on the aeroshell is the sum of
the pitching moment due to pressure forces acting on the aeroshell surface,
CM ., and the pitching moment due to imbalances in the engine thrusts, C

£
(i7e. C, =C, + C_ ).
M Mf ME

Section 3.2.6 for the three engine 60° aeroshell operating with equal engine

M
Pitching moment coefficients were presented in

thrusts (no throttling). In that case, the pitching moment was due entirely
to imbalances in the pressure forces acting on the surface of the aeroshell

(i.e. CM = CMf).

= (). In the present case which considers engine throttling, contributions

The pitching moment due to imbalances in thrust was zero.

(c

M

from pressure forces and unbalanced thrust must be considered to obtain the

total pitching moment acting on the aeroshell.

The total pitching moment acting on the three engine 60° aero-
shell, as engine one is throttled to 1/2 and then to 1/4 thrust, is shown in
Figure 93 for M_ = 2.0. A nose down pitching moment is applied to the
vehicle when engine 1 is throttled. The theoretical change in pitching moment

due to throttling engine 1 alone is given by the formula:

by =-.4bcy |
Mgy
The corresponding theoretical change in pitching moment due to throttling

engine 2 and engine 3 simultaneously is:

A = +.4] A Cp |

e
Mg B3

where ACT is the change in thrust of one of the engines. A nose up pitcing
moment is applied to the aeroshell when engine 2 and engine 3 are throttled

simultaneously.
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The theoretical change in pitching moment due to throttling
engine 1 (Figure 93) to 1/2 thrust for CT = 1.71 is ACME = -,137 while that
1
for 1/4 thrust and Cp = 1.62 is AC = «~,216. The data indicates that

Mpoog3

the theoretical change in pitching moment expected from imbalances in thrust
wvas not realized (Figure 93). A change in pitching moment in the nose down
direction did occur but not of the expected magnitude. This is due to the

fact that the pressures acting on the aeroshell increased as the engine was

throttled thus reducing the expected change of pitching moment. Tests were
not performed at negative angles-of-attack with engine 1 throttled in order
to minimize the tunnel test time and because throttling engine 1 at negative

angles would force the aeroshell to increasingly negative angles.

The pitching moment coefficient, with engine 2 and engine 3

throttled to 1/2 and then 1/4 thrust, is shown in Figure 94 for M_ = 2.0.

The effectiveness of engine throttling for pitch control is shown
in Figures 95 and 96 for M_ = 2.0 and Figures 97 and 98 for M, = 1.05.
Throttling effectiveness is defined as the ratio of change in pitching momént
measured experimentally to the theoretical change in pitching moment due to

unbalanced engine thrust, / ACM, . The effectiveness varies markedly

AC
; MEXP THEOR
with thrusting coefficient level and at transonic and supersonic flight speeds,

a twenty percent reduction in the effectiveness may be experienced. At sub-

sonic speeds the expected change in pitching moment was almost achieved.

3.2.11 Aeroshell Characteristics with
Helium Exhaust Flow

The three engine 60° aeroshell was tested in conjunction with
helium exhaust flow. The variation in forebody axial force coefficient with
helium exhaust flow is plotted in Figure 99 for M_= 0.60. The results with
multiple air nozzles are shown for comparison. Single engine air and helium
nozzle data is also plotted in Figure 99. The forebody drag coefficient for
the aeroshell with helium exhaust flow decreases more rapidly with thrusting

coefficient than for alr exhaust flow.
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The variations of the total axial force coefficient with helium
exhaust flow at M_ = 1.5 and 2.0 are shown in Figures 100 and 101 respectively.
Data for three engine air nozzle 2 - aeroshell configuration is shown for
comparison, as well as single engine air and helium exhaust flow data. The
total axial force with three engine helium exhaust flow lies below the three
engine air nozzle data at both Mach numbers. Total axial force amplification
still occurs, but at a reduced level. However, the difference between the
single and three engine helium data is about equal to the difference between
the single and three engine air data. The thrusting coefficient for which the
helium total axial force becomes nearly equal to the thrusting coefficient
alone occurs at lower thrusting coefficients for the helium exhaust flow data
than for the air exhaust flow data. This data indicates that substantial

differences occur when different exhaust gas compositions are used.

The cirvcumferential pressure distribution for the three engine
o} . . , : ; . .
60" aercshell with helium exhaust flow is noted in Figures 102 thyough 105.

Conditions at M_ = 1.5 and CT = 0.3 are shown in Figure 102 while those at

M_ = 1.5 and CT =0.7, M_ = 2.0 and CT = 0.3, and M_ = 2.0 and CT = 0.6 are

shown in Figures 103, 104 and 105 respectively.

3.3 Comparisons of Theory and Experiment

The elements used in the Solutionl of the flow field about a single jet
aeroshell in the blunt flow regime are shown in Figure 106. The atmospheric
and retrorocket gases are treated as chemically frozen perfect gases in the
analyses. The analytical analysis of Hill and Draperll is used to describe
the flow fr¥om the nozzle. The jet boundary is located by the simple
approximate method of Charwatlge The terminal shock is located so that it
will incredse the jet pressure to that of the decelerated free stream at the

free stagndtion point.

For a specified free stream stagnation point pressure, the terminal shock
location iz determined using the jet flow model of Hill and Draper for the
centerline density and Mach number decay and equations for conditions across a
normal shock. The final location of the terminal shock wave is found by
iterating on the difference betwsen the desired pressure and the pressure behind

the normal shock until this difference is zero.



The interface between the shocked free stream gases and the retrojet
gases is determined using a momentum balance analysis which is similar to
that used by Finleyla. The control surface used for the momentum balance is
taken to be a spherically blunted cone with cone semi-apex angle o, and the

diameter of the blunting sphere d For supersonic free stream Mach numbers

£
greater than M_ > 1.5, the pressure acting on the spherical portion of the

control volume is assumed to be that given by modified Newtonian theory.

In Reference 1, it was shown that the distance to the terminal shock and

the diameter of the blunting sphere, df, vary as the square root of the

T
sphere is found by determining the interface standoff distance,d (i.e. the

thrusting coefficient i.e.Q’C . The location of the center of the blunting

distance between the jet terminal shock wave and the interface) from a
conservation of mass balance. The bow shock location is determined by
considering the interface as an equivalent solid spherical body with a given

nose radius and using the method of Reference 14.

A comparison of theory and experiment is made in Figures 107 through 109
for a single centrally mounted retrorocket using air exhaust flow. The
shadowgraph (Figure 107) was taken at M_ = 2.0 and CT = 4,0, Surface pressure
measurement at these conditions indicate that reattachment of the mixing layer
to the aeroshell surface is occurring creating a separated region bounded by

the aeroshell surface, jet boundary and mixing layer.

A comparison of theory and experiment is made in Figure 108 for M_ = 1.5
and CT = 4,0. At this thrusting coefficient, the aeroshell is immersed in a
constant pressure separated flow region whose pressure is equal to 55 percent

of the free stream static pressure and wake type flow exists.

Another comparison of theory and experiment is made in Figure 109 for
M= 2.0 and CT = 6.0. A comparison in graphical form is presented in Figure

110. 1In all the preceding combarisens, the shadowgraph flow field geometry is

within 107 of that predicted ahalytically.
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4. CONCLUSIONS

The following conclusions may be drawn from the above summarized

investigations.

1. Mars lander conditions can be simulated in a wind tunnel. Simulation
of both the variation of thrusting coefficient, CT’ with Mach number,
M~ and nozzle parameters with different free stream and engine specific

heat ratios was achieved,.

2. The single nozzle flow field exhibits two regimes of jet penetration.
At low thrusting coefficients, long jet penetration cccurs and the jet
total head decays by mixing. At larger thrusting coefficients, a short,
blunt jet-flow interaction occurs and jet total head decays then by a

termiral shock wave.

3. Transition between long jei penetration and blunt jet-flow interaction
occursg at a fixed ratio of the jet exit to free stream pressure,

Pe / P, for all supersbnic free stream Mach numbers and engine sizes

3
tested. Corresponding thrusting coefficients (CT's) are in the range
0.5< C,< 3.0.

T
4. In the blunt jet-flow interaction regime, a theoretical analysis
is presented which predicts the main features of the flow pattern quite
well. The theory locates the terminal shock, jet boundary, interface

and bow shock wave.

5. For the single engine configurations, the total retroforce is first
reduced by applying retrothrust. Then as the thrusting coefficient
increases (CT > 1), the total retroforce becomes approximately equal to

the retrothrust.

o
£



6. For the three engine 600 aeroshell configuration, the total retro-
force is increased by applying retrothrust. The magnitude'of the en-
largement increases as the free stream Mach number increases and at

M= 2.0 leads to a total retroforce of twice the retrothrust at CT = 1.0.
At larger values of thrusting coefficient, the total retroforce levels

off and eventually (CT > 3) it becomes approximately equal to the retro-
thrust. The total axial force of the three engine configuration is
substantially greater at M_ = 2.0 than that of a single engine aeroshell

when both operate at the same total retrothrust and C, < 2.0.

T
7. For the single engine configuration, the pitching moment curve is
linear up to angles-of-attack of at least six degrees at all free
stream Mach numbers and thrusting coefficients tested. Application of

retrothrust is stabilizing at all Mach numbers for CT < 2.5.

8. Application of retrothrust to the three engine 60° aeroshell con-
figuration produces non-linear pitching moment and normal force curves
at sdﬁsonic M, = 0.6), transonic (MOO = 1.05) and supersonic (M_ = 2.0)
Mach numbers. The amount of nonlinearity increases with increasing
Mach number. The shape of the pitching moment curve depends on the

roll-orientation of the pitch plane with respect to the engines.

9. At transonic and supersonic free stream Mach numbers, a twenty
percent reduction in the effectiveness of engine throttling for pitch

controls was found.

10. The engine exhaust gas composition (air or helium) influences the

aerodynamic characteristics of the aeroshell-retrorocket system.

11. The number and location of the engines in a retrorocket—-aeroshell
combination has a strong influence on the stability and drag when

retrothrust is applied.
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APPENDIX A

COMPUTER PROGRAM
E. Wachsler

A.l THE MACHINE - PDP-10

The program was written on the Sanders Associates Time Sharing Computer,
the Digital Equipment Corporation PDP-10. The required core storage is

approximately 20K,

A.2 THE LANGUAGE - FORTRAN IV

The program was written in the PDP~10 version of FORTRAN IVl. USA Standard

Fortran2 is a subset of PDP-10 FORTRAN. For example, mixed mode expressions
are allowed, but were not used in order to make the program compatible with
IBM 7094 FORTRAN IV, VERSION 133, or UNIVAC 1108 FORTRAN V4. Just about the
only things not allowed in PDP-10 FOR IV are ENTRY, non-standard RETURNS, and

T field descriptors.

A.3 MODIFICATIONS FOR BATCH PROCESSING ON OTHER THAN PDP--10 COMPILERS

In order to follow the progress of the iteration schemes, the current
version of the program does not have a formal output subroutine, but has a
number of TYPE statements throughout the program. The following items in the

program would probably have to be changed for other FORTRAN compilers.

a) Replace TYPE 105, list by WRITE (IOUT, 105), list in a formal
output subroutine.

b) Delete the leading 5X or 6X in input (READ) formats.

c) Alphameric variables (either integer or real) are modulo A5.

d) ' (apostrophe) is used as delimiter for Hollerith fields.



A. 4

e) $ (dollar sign) at the end of'a‘format is used to hold the print line.
f) The free field formats (such as I, 5F) would have to be changed.

g) INPUT/OUTPUT logical unit assignment as well as the file handling
calls (IFILE, RELEAS). are probably incompatible.

h) The DATE, TIME calls are usually different for each installation.

i) The FUNCTIONS COTAN, TAN and ERF are included because they were not
in the PDP-10 library. They should be deleted if they exist in the

local library.

PROGRAM ELEMENTS

The program consists of a MAIN program and a long number of FUNCTION

and SUBROUTINE subprograms.

The following program elements are used:

a) Arithmetic operations '

b) Logical and arithmetic IF's

¢) Library functions, sepcifically

ABS, AMAX1, FLOAT, MINO, SQRT, SIN, COS, ATAN,

ASIN (called ARSIN in some systems) and EXP (in ERF only)

d) BLOCK DATA subprogram, labeled COMMON, CALL EXIT, and the DATA,
DIMENSTION, EXTERNAL, STOP, RETURN and END statements.

e) READing is from cards and WRITEing is on the printer.

PROGRAM STRUCTURE AND DESCRIPTION

A.5.1 Naming Conventions

In order to facilitate reading, modification and debugging of the

program, védriable names and subscripts were made as mnemonic as possible.

Furthermore, double subscripts were used to denote a function of two variables

or their rdtio. The following examples will clarify the notation.

WMOL (JET) is the jet molecular weight
EMACH (INF) is the free stream Mach Number
A (JET, ITOTAL) is the jet total sound speed

T (INF, ISTAT) is the free stream static temperature




RHO (INF, IRATIO) is the ratio of the free stream total to the

free stream static density.

P (INF, IPITOT) is the free stream pitot pressure

ENTHAL (INF, 1) is the free stream total enthalpy
ENTHAL (JET, 1) is the jet total enthalpy

ENTHAL (INF, JET) is the ratio HOO/Hje

t

AR (JEXIT, JSTAR) is the area ratio, jet exit area to jet throat

area

A.5.2 TInput Data

Input data is read from cards (6 cards required per case) in sub-

routine READIN.

"free flight case

Card

Card

Card

Card

Card

Card

The data structure is set up for convenient input for the

(rather than for the wind tunnel case).

1:

NCAS, UNITIN, UNITOUT (I1, 1X, 2A5)

NCAS = 0 terminates the run

UNITIN, UNITOUT are the names of system of units of the
input and output data (i.e. CGS, MKS, ENGLISH)

1END (12)

IEND is the maximum number of complete iteration loops

GAMMA (INF), WMOL(INF), P(INF, ISTAT), T(INF, ISTAT),
V (INF) (5F10.4)

Free stream properties - names are self-explanatory

GAMMA (JET), WMOL(JET), P(JET, ITOTAL),
T(JET, ITOTAL) (4F10.4)

Jet properties - self-explanatory

AR(JSTAR, 1), AR(JEXIT, 1), THETA(JEXIT) (3F10.4)

Jet throat area, exit area and nozzle exit (half) angle

AR(JBASE, 1), AR(JFACE, 1), THETA(MOD) (3F10.4)
Base area of the aeroshell, face area of the aeroshell

if other than nozzle exit area, aeroshell (half) angle



For the wind tunnel case, input should be modified to read in the
free stream total pressure, total temperature and Mach Number and the cal-

culation of free stream properties in subroutine PRELIM rearranged.

A.5.3 Generalized Program Flow-Chart

After the input data has been read and the preliminary calculations
have been finished, the blunting sphere diameter is calculated with the
assumption that the dead air pressure is equal to the free stream static pressure.

If the blunting sphere diameter is less than the aeroshell base
diameter, the flow geometry is the shoulder attachment case (referred to in
the program comments as the Two-Dimensional Case). Conversely, the flow
geometry will be of the wake type (referred to in the program comments as the

Three~Dimensional Case).

A.5,3.1 Shoulder Attachment Case

The dead air pressure is found by iteration: the scheme

is regula falsi with updating anchors. The dead air pressure is assumed to

be the geometric mean of the free stream static and pitot pressures. The
blunting sphere diameter and the location of its center are calculated. The
geometry of the problem defines the angle ¢ of the conical portion of the
flow and hence the dead air pressure.

The dead air enthalpy and concentration are found by
iteration: the scheme i1s Newton-Raphson and the derivatives are obtained
numerically. Hence it 1s necessary to go through the loop 3 times to update
the variables.

The dead air enthalpy and concentration are assumed to be
the geometric and arithmetic mean, respectively, of the jet and free stream
properties. In subroutine MIXING, the location of the 2nd interface (between
the blunting sphere-cone and body) is calculated as well as the mass flows
entrained along one side of jet boundary and the two interfaces. The merging
point is reached where the sum of the entrained mass flows equals the jet mass

flow.




The merged layer properties are calculated in subroutine
MERGEQ. The integration is carried out by a standard Adams-Moulton routine,
with Ringe-Kutta starting and variable step size (subroutine HPCG). The
integration is terminated at the shoulder (the attachment point) and the three
profile parameters A, U, and v associated with the velocity, enthalpy and
concentration profiles at the attachment point respectively are calculated.

The method is rvegula falsi iteration with updating anchor ‘(subroutine PGEW)

and 8 point Gaussian quadrature of the profiles (subroutine QG8).
The separation streamline location is found simularly

and from it, the recompression pressure.

A.5.3.2 Wake Flow Case

The general scheme is very similar to the shoulder attach-
ment case. Only the differences will be pointed out below. In order to obtain
wake type flow, the dead air region pressure must be less than the free stream
static pressure and the sphere-cone tangency point, THETA(NS), must occur at
¢ > 90°. Thus the Prandtl-Mayer equation is used to relate local pressure
and anlge for ¢ > 90°. Clearly this is not possible if the Mach Number at 90°
is less than 1.0 and computation is terminated.

The dead air pressure is assumed to be equal to half the
free stream static pressure. Since there is no geometric constraint as in the
shoulder attachment case, the iteration scheme must solve simultanecusly for
dead air pressure, enthalpy and concentration, hence it is necessary to go
through the loop 4 times to update the variables. Furthermore, it is not
known a pridri when to terminate thé merged layer integration. This is done
by a mass bdlance which involves calculating the profiles as the integration
proceeds along the conical portion of the flow. Integration is terminated
when the height required to pass the mass flow exceeds the geometrical height
(in subroutine OUTP).

The separation streamline location is calculated and the
recompression pressure, This is compared with the static pressure behind the

oblique shock wave at the wake neck.
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@ (:4&)
ﬁa@fﬁﬂ
»5706/:
BAGTY
;“:){\Lu
BE699
««V) 74 e
$ia7 1
39/ 2%
GG/ 38
Gid /4y
VYA
BE766
WaAs7Y
2850

By

DABYR
ERN
‘wazu
'uQx‘ﬂ
Hu84ay
FUB5Y
L0861
AEBT 4
Wesad
“BRB9
PEFY
pR9LR
$pYY2n
BAY 30
B9 49
LY
2GY LY
LAY 7Y
LGy Y
U@QQ?
BLRH0
|50 B
HLERY
G1E3%
BALVAY
AN
Y1ene
G179
DLWEY
n 1{' L)[l
u11‘u
#1110
il
#1134
O3 BN %
1158
LGV
G117
w15y
SRR
V) S

{3

L

L BE S-S GV o9

]
(9

CALL READIHROTEND)
CALL PRELTIR(IERRORY
TYPE L3, Gy POLUF ISTAT) s PUINF [PITOT) P LGRT, [TOTAL)
L POJET LEALTY
13 PORMAT (P 2CT=  F12,:94/° ”IﬂVePVFsP&J;P"Ja'i194E12,4)
TYFE 17, TCINFL IS TAT)'T(I'?rITNTAL):T('FToIEXIT):T(JET'ITDi&L)
1/ Pumadh V08 T Trp TEJ 18IS .40 12,2) ’ ’
Plf%FLT((I/),a;P(lik,le"A[))
FlaspP (Lol P leT)/Hl
EASAPACH(GAYEACINE ) »PTS)
br CEHS LT, 1.d) GO TO 142

NGwGHeL TMPLTES THAT THE BLUNTING SPHERE QLANTER ]S GREATER THAN Tt
GASE DIAMETER AND THAT THE FLOW IS 20T SUPERSONIC AT THE
SPHERE SHOULTER,

ST,
30 TO 158 : | ~
148 Xl (P 1 5 SN CGARMA CINFD EMS ) JERROR) 5 oo

‘I«(IFARDR t@, 1y GO TQ 12
XoillX ¥ Awu(‘P1)¥FQNV(1gIUM1N)
Tf>& 210, XHUXX

2L - FURHAT(Y ENS,;NUGPI/2)3',2F10 g;/)
NOTE THAT THE ORIGIN 18 AT X(JFACE,T), HENCE X(JBASE,1) IS NEGATIve,

L5 KCIFAGE, 1070, 8 ,
X{JIBASE , 3) = (ROJFACE, 1) =R(JBASE 1)) /TAN(THETA(NGD))

INITIAL GUESSES FOR THE PARAMETERS, bPLbIFILALLY THE DEAD AIR
REGLON rik%bynt. ARE BASED ON WHETHLR THE 8LUNTING SPRERE DIAMEIER
IS GREATER OR LLESS THAN THE BASE DIAHETER.,

LA THE FURMER CASE, POIOLAD,JSTAT) NUST BE LESS THAN P(INF,ISTAT)
AND VICRYERSA, RESPECTIVELY,

PUTORADY ISTAT) =P (LaF 2 [STAT)
CALL SPHERE (JERROR)

JECLERROR,EQ, 1) G0 TO 189 S
If(‘(JQV‘henJDXSL);LTn 1.4) 60 TO 18@

Ir ISALH,ED, &) GO TO 1/@

POLDLAD, [5TAT)=0PCOE

GO oT0 6w%

174 POIDEAD, ISTAT)I 5P (LNF, 1STAT)Y /2,40
GU TG 192
Ly ”(JUEAH;1“1AT) \RT(P([wF,[STAT)uP(I\r,[ PLTOT))
19% 2ida f(lLrﬁD,IsTAv‘
/1, seus Ll
Nuesﬂttlﬂf‘ﬂ,l)»adfr(F“THALtl Fa ) #ENTHAL (JETS L))
Zeti=gaTRAL(TOEADGL)
{f4~/81%(1.M*1t{¥A)
CutC{1oLADY=E, 5%
295 =C0NC1DEAD)
POCEA3LH (L A+DELTA) i

LF THE SLUNTING SPHERE DIAMETER IS5 LESS THAN THE BASe DIAMETER,
THE TTERSTION SCHEME CONSISTS OF Ted LOARS, '

Le FiiosT [LUCP IS FOR PRESSIRE U\LY»aASED On THE GEOMETRIC
COSTRAVST THAT THE BLUNTING CONE IS TANGENT TO THE BQODY

AT THL oHGULUER, '

BEGIN THE DEAD AR PRESSURE [TERATIUN |0OP,
A-8




3 - - .
N RN DU 3w Tl PRND
; “m;gzg. _ CALL JEISCRIXJ, YJ;lhRRDR)
B AR ‘ . e CEETR (\thgr.,\h..l,) GO TO 189 -
v1zu,' ' Cali, aPwERE{(TERROR)

Ir s”'}'(m‘)r';,(;('g 1) (J\') 71) 100 o
LF AR (ISP LR JBASE Y GT, 1,458) GO T 12¥g

9127 Ir CRCUSECER, JBASE) LT, #,954) GO TO 230
LLESE A ETE CIolT,228) H(JSPHE‘:l),<(JdAaL.1>
9 ulZve U700 L

21314 C CaicULaTLON OF ALPHA FOR w(J"PHLw,JHAbQ) LESS THAN 2,952 ,

& Y1320 C InLTA(ED) 18 SECESSARILY LESS THAN P1/2
1SSy 280 <"A<v(ﬁ(dbkJ}Rai)”X(JHAbFaL))/n( IBASE, L)
51549 YHARSK{JERHER ;) JBASED

11950 SIrALES( SGRT(L, e+ XBAR#XBAR-YHAR®YBAR) =xBAR#YBAR )
11860 1 /0L ks XBAR®XHAR) ' ‘
1872 ALPHASAS TN (SINALF)

& vissv TRETA(RBYER1/2,0-AL PHA
B1591 : X5, JfAlT)*H(daPHER;JFXTI)*C( SETHETA(NS) )+ X(JCERTR, JEX]T)
SLagy ooy ins pdf%T‘)»\(J\P4LH;JEYlT)*SIN(thTA(NS))

@ 141w THEARSATAN (R OJEASE p L) /(X (JCENTR, 1) =X JBASE 1) )
21420 TmL!A(:ﬁ>7&P’“TPwﬁX
%1439 pliys wfiT(ThLTA(ub):PCINFpIPT@AI)}

& vlddw FOIDEAL S IBTATI=RTRY '
BLaHY TECL,LT, 1) 650 Tg 25
21468 FLL=PCIDLAD, JSTATI=£11

@& v147p C FOIOEAC(ISTAT) IS NOv RESET TO 1HE SECOND GUESS VALUE,
wl48v FOTGEAD [0 TATY =212 h : -
\414@@ GCu TO SR

v1oge 25¢ Fl2=p(LbLAD, [STAT)~212
DRV Gles Fig-r1a
1220 Zif“fld"( 12-218y#F12/G12

€ ©153u P@quAU;15TAT>:élé ,
£1b49 TEOARGGELS/£12-1,8) LT, 5.#E-4) GO T 520

H1h%H G :
LD 60 C OUPOATIRG OF TrE ANCHOR POINTS,

vihUn F1L1=712

A1bh sy $12271%

Lo FirisfFle

G169 S8y CUNT [ miE

w1 H1R 0 ’
1629 ¢ THE Sekete 0Ly 0T COLVERGE AFTER THE MAXIMUM KUMBER OF JTERATIONS,

630 PR ITE (H‘“u.“’«‘t) PO Xl);I“TA'):IEMJ

(le4n G GO Bagk TG I1HE BEGILLT G FOR ANUTHER CASFE,
H16YY : GO 10 8% '

L1068 G

Glee ¢ TaE PRESSURE TTERATION WAS SuCCRSSFUL,NOw HE SCLVE ITERATIVELY
6 ~lobe CoEOR THE EXTHALEY AUD CUNCENIRATIQN IN THE DEAD AIR REGICN, k

Ml69y C

L/ D00 [N ER RS SRS o
@ r1/iw ) TYFE ZL."":;"(JTEKSIJBJLXIT>IX<JCEf\:TRQJEXIT)

p1729 243 Hu'}-:-s/:‘i(':XJTW“/’TEJ:XU/WEJ b L5

vl /39 TYRE 31,5 (,15P H;N:l)ph()‘)"‘HFR,\JFXIT),R(JQ Hl‘.qp\)b/xS[;)
B4 31 FORMAT(r RF RV /RE R 754 =1, 3F 18, J)

A58 pLER=aLbavCohv il LU 1Y)

w1769 ‘TA‘H"”c, \35.!"'(H)LA['?:X';_HAT)
oy 1770 $5 FRhGATCT PLalyloEl2,4)

P/ AL K=ALPR w( ﬁ" (Hl)»'l )

W19 VR KiliftTA( Yy eCONV UL TUNTND
Yy sluge '/jhvzl”rTA(HS)%CUdV(l»IUMAM)

A-9
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J1ete .

@12
418349
LY
#1859
A1869
BIBT70
ux&aw

boy
WJ”“@
BLYLy
(/, ()20
W19 33
B1949
B19%9
#1960
51979
#1969
1999

LR GuE

B2R1®
pRavd
AVAINY)
$2uan
Gehsg
BB
B2R7E
FRURY
w209y
G210
B7LLe
ael2e
S QUNY
B2l4u
p2ing
$2160
peLl/e
SNy
w2199
GBE2nl
N Y-EN
w222e
VST
Neeav
BR25y
P26
228
B228e
BP9
pe sy
RN
NP L
w2 g aid
P
PR3nLE
LW2STY
RS
B2San

GERRy

4
t
N
]

]

2

[oR o

(@R o

3 L

o

C

o

41,

TYFE AL 4THX, ZTHY

FURMATC! THETA WD NSE',2F18,4)

NOw CALCULATE THE THREE CUNSTANTS NECESSARY FQR THE Pxongg
LIMITING BEHAYIOR OF U/UE, He AND Gty

CALL wGa(=YD,Y2,VEL2D1, ZNT1)
CALL wGa{~=Y%, Y&, VEL2DZ,2N12)
YEL=G Dy~ ENT2/ 48T

ENTHAL(LUEAD, IBF) 55,2 FOR CONvENIENQE ONLY ,

EnTHALLIDEAD, [HF)26,9
Gabl, wbs (=YL, YL ENT2DZNTS)
Y23 (L, A+ENTHAL CIDEAD, INF)) /2 8rZHT3/2NTL

CORCLIBEAD) 21,6 FOR COLVENTENCE. ONLY,. : S

42
43
RESET

BEG N

NOW WE
THE EN

T e e s I eI P T R PRI T S T A R T § T SR T ST e

CUNGCIDEAD) =140
QALL ugu(w\ﬂ Y!.CQRZD:iNTﬁ)

TYPE 42, 2NTL ZNT2 o ZNTE, 2NTA ENTHAL (TDEAD, INF) 2 CONC(IDEAD)
}Uh1Al(‘ i1;29@;4:'(1PﬁL14 4,7"! P“nC%"gHéla 4)

TYFE 43,YR1,YKZ,YKS o

FORMATO! KLy2p82 10 1P3E14,0)

CUNC(LIDEAG) TO THE PROPER INITIAL VALUE,
CUNC(LIDEAR) RZ3] : '

THE ENTHALPY AND CONCENTRATION ITERATION LOOP,

LU 89D [=1,100
ERTHALCIOEAD, INFI=E “fHAL(IDLAdll)/&\TPAL(lNF 1)

CalL HIX]N,((J;YJPXlIN,YlIWtXZ'V;YEI“:IE‘ROR)
Ir(l'H<QH By Ly GO 10 189

CALL urnuh (; ERROR)

IthERwQQ £, 1) QO TO 129

TE (142 EG, 3#((1+2)/8)) GO TO 608
[FUI6L (B8, $%(([*1)/3)) 40 TU 652
G‘ ‘O /k—’b

LAENTHAL (TDEAD, 1) =22

=00 »Y(IDEAJ)"ZJl

4*L(1LFﬁ” 1)=2222

LUNb(fthu) TO THE INITIAL VALUE,
CUNC(IDEAN) =23

GO T 84y

Fe2=EnTHAL (1OEAD, L) -222

FalzCONCOIDEAD) =251

Gz 2e=F21

GSZEFE2~Fé1

JAVE THE DERIVATIVES WITH RESPECT T A CHANGE 1M LNTHAL(LJEAD:
THALPY 15 KESET TO 1HE FORMER VALUE FOR THE NEAT JTERATION STer
Ei AL CIDEAD 1) =421

- A-10
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pu2aLp
@Bra2i
02435
v244u
Bpanig
B2a60
PW2Aa7e
B2aup
12496
BaLAY
pRBLp
PErY)
w2H 3y
42549
B2559
BB 6y
B2b7H
P2Lud
62594
’3)GJJ
22610
62629
Q?ésg
02642
fzf)i')n
(/‘Zf‘f)y’l
2679
v268s
Web9y
A2TPP
02719
Ué/dﬂ
V;H/ (
V2 /4
pR75¢
02760
w2/ 76
B2 160
w2 r9u
w28
B2B81Y
B28ZY
BRBIY
B2BAY
BpHED
B2B6y
LRB70
BeBBY
22890
“299P
42910
BPYn
PERY
2940
K95y
4296
HP97Y
"298Y
R A I
WSS

T

<3

T3

o R

1

—
*

Qaod

o]

pl

CUNC(TDEAD) =232
GU 1O By

708 FESsENTHAL (TREAD, L)y =£2)
Fuods= CO“Q(ZUEAD)“iéZ
GedaF23-F2y
GiIaFS3~F 31
NoW HWE MAVE THE DERJVATIVES WITH RESPECT To A CHANGE [N CONG(IDEAD),
XJACOBEG222533-625%5632
IFVARSTRJACOE) 6T 1(BE=39) GO TO 71¢
ARLTE (1OUT,728) 1
gu TO 1ed
NO SOLUTLON 1S POSSIRLE IF THE JACGSIAN OF THE UER[VATIVES VANISHES,
/1 2822~ (R22-F21) % (F224G38-F324G23)/XJACOB '
CZSSER SR~ (EER~2S1)H (FES4GR2~F254G32) /X JACOB

~ T‘H”f; S F21,F 31
73 u@wAjg'vH C RESID,=",1P2E12,4)
{’Y"F D225, 233
75  FORMAT(! THF NEW VAL OF HsCz1y1P2E12.44/)
ENTHALCJDEAD 1}—525
LU”CCIOFA”}»L '
CTE(AB 5(5&5/2:1 723 .GT, 5.0E=4) GO TO 728
1F (ABS(£38/7231~ 1 2).LT, 5,2E~49) GO TO 820

SAVING AND KRESETTIHG OF VALUES FOR THE NEXT ITERATION,
724 i/l 224
o ZE2IR2LH (1 24DELTA)
gél ?J\S
23232804 (1, B+DELTA)
8% QUNTINut

THE arutﬁ; WI0 NOT CONVERGE AFTER THE MAXIMyUM WUMBER OF ITERATIONS,
HIFE (10UT,8¥8) ENTHAL(IdEAD»l),POvC(IDtAD):lth

GO BACK 10 THE BEGINNING FOR ANOTHER CASE,
GO To 14e

THE ENTHALPY AND CONCEGTRATION ITERATION WAS SUGCESSFUL, NOW WE
LAILULA!t THE MERGING STHEAHLINh VELDCITY,FYTHALPY AND MACH NUMBER,

gar WUk =veLZ221(YSSL)

Ub:l~uUréUtb J(Iwk)
AQSt»t. tAl(lNF,l)*E T?D(YSSL)/UUF
CUﬁSSLfLQVBD(Y%%L)/”UE
CPSSL=COUNSSLsCP(JET)I (L, B-CONSSL) #CP ([NF)
CVEBLsCORSSL#(CPIJETI-RUNIV/WMOL (JET) )+ (1, 8=-CONSSL,)

1 k(‘P(I ) U IV/rMUL(I'F)>
GM%bL*kPS3L/beSL
WMESL = 1,V/(C‘”“°L/wfOL(JET)+(lg% =CONSSLY/WHALCILE))
EMSSLaUSSLeSORT( WMSSLaCPLSL/{ GMSSLeRUNTV*(HES]

1 mb.)UuuksLuU\bL; 3 o) - )
PREPCIDEAD  TSTATI#PRATIO(LGMSSL EMSSLY

TYPE 81,USSL,HSSLEMSSL :GHSSL PR
81 FURMAT(T USSE s HSSL e MISL s GNSSLPRa /11 ,1P2E L2444/
cAaLlL, OUTPUT -
GO BAGK 10 THE BEGINNING FOR ANDTHEK CASE,
GO TO lew
) A-11
*-we°=eP°eo%eseveeeﬁaeeﬁ==9*=="'00°?’P=v°o-=-vﬁ'vsfl"’?""'
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dad,
Loty
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&
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W2

o

£3v1y
@5wﬂ
4&”5@
béfﬁﬂ
73S
L LY
B30 7R
BENGY
@5@9@
nsinn
CRNENS
ARER-Y)
RN
pS14n
Y150
GH516W

CBs1Tp

©3189
U319y
pS2un
13210
RYAY]
RYEY
Y3250
B3260
Ba27¥
YR
N3299
B33A0
wédlﬂ
L\552¥."
#5830
RRLY
B335
%3369
IREYAY)
03589
P53
v34ua
pia1n
93427
URERY!
P3444
)5.545@
1l 546JJ
RN
“d4hﬁ
R
B354
28018
Bdn2Y
ﬂﬁ?ﬁw
4941
PRPLY
BE > 64
AR
S8y
PRELT)
PAonY

20 Qs

—

L

35

Lo ReReRe

30

[@iEe]

G

CALCULALION FOR BLUNTING SPHERE DJAMETER GREATER THAN THE
BASE DIAMETER,

THE ITERATION SCHEME CONSISTS OF THE SIMULTANECUS SOLUTION
OF ALL IMREE VARIAZLES, NAMELY PRESSURE, ENTHALPY AND GONCENTRATIC.
IN THE QEAD AIR REGIOH, .

1@@3 éld ALL# (1 4+DELTA)
lwn 4% ERD

NOW CALCMLA(E THE THREL CONSTANIS NECESSARY FOR THE PROPER
LIﬁITILb BEMAVIUR OF U/UE, He AND Lﬁ,
S XLARED B
xnuze,
‘XNUL:E

CALL GGE(Y,4,2,8%Y8, VE!SDl;fNIl)
CALL ubh(a,t,Z.Z”YZpVhLJDdy?hI?)
YR12Q DE-2NT2/ZNTL

NT{AL(IUEAD;IPF)-z.w FOR CONVEN]JENCE QNLY,
CENTHALUIDEAD, INF)=2,0
CALL GUGB(Y @, 2,08Y2  ENTSD)ZNTS)
YREZ2 (L G ENTHAL CTDEAD ) [NF)) /2 D=2NT3/ZNT)

CONC(IDEAD)=1,2 FOR CONVENIENCE ONLY.
CUNCCIDEAD) =10
CALL WGE(D,12,2,2%Y8 ,LDNéD;éNTﬁ)
YRS2G, 5= in4/i“F1

TYPE 42, #NTL,ZNT2, 48T, 2NT4, ENTHALCIDEAD, INF)pLONLCIDFAD)

TYRE 48,YKL,YK2,YKS '
BEGIN THE IkaAT}O» LOOP FOR THE PRESSUREENTHALPY AND CONCENTRAT[ON
[N THE UEAD AIR REGION, :

RESET CONG(LDEAD) T0 THE PROPER INITIAL VALUE,
CONC(|DEAD) =731

DO 189% [=1, IND

ENTHAL (IDEAD, IHF)«t!TﬁAL(IDLA”:l)/EVTHAL(lNF 1)
[P, ER, 1) bU TQ 1140

CALL JETSCKXI, Y TERROR)

IFCIERKOREQ, 1) GO TO 109

CALL SPHERE(TERRDR)

IFCIERRUREQ, 1) GO TO 124

[FIRCJSPHER JBASED,GTy 1,¥5R) GO TO 1192
WRITE (10UT.228) ROJSPHERY L)) R{JBASE, L)
GUOTO 198 e e

GALCULATION OF ALPHA FOR ROJSPHER, JUASE) GREATER THAN 1,050
THE TA(RS) [S NECLSSARILY GREATER THAN R1/2

1ipe [P ESRCH,ER, 1) GD TO 1209

LH(VPWPHALH(’AI“A(IVF);P(lh%,IPITOT)/P(lHEAU;ISTAT))
KNUTHS = PMHJ(DAV'A([NF),&“!HQ,I&RROR) '

Irﬁlﬁh WRER, 1Y GO YD 19@

At SXNUTHS =XNU (NP T)

Ga TD 1z22¢

A-12
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BS614
”éo’b
uaﬁjw
PB4
0n365p
GE66Y
ERLYAY
NSEKRY
1569w
B/ ne
mé/lw
B8/ 28
B373%
w374y
YY)
B3/60
68779
BS780
w8790
¥38@Y
BSBLD
C3R2Y
LIBI
pa84p

REET

FS8eD
IRENL”
pIHBY
G889
IRELY
P89
GLSY20
H393
KPR
IR
H8961
Ay 79

BSIBY

U\S‘}UU.

DaveE
[a 01 E
warop
b4“6w
Ry
BARSY

‘1 U(_«“)
V4W/@
BANBY
SN
#aLpp
Baglys
I @ 129
a5
waAtlap
VA LSy
LAl
vy '/ ]
S ATy
Vel g

»)

'al
L

C

i

G

1244

1229

113

NO FURTHER JTERATIONS ARE POS

ALPHAMJ
THhFA(mH)”“?fégﬁéA‘PHA
ALEX=ALFHARGONY L, TUNIND
ZiHX= 1 TETACHIY#CONY (L TUNINY

F1HY= W&IA<uq)urani1»IuwlN>
YNURXEXUTHS#CORVIL, TUNTN)

TYP(; LIS, EMTHS, X JUXX;:\LFK'&THX}ZTHY

FURMAT OV GEMTHS LU ALPH, TH(D) , THUS 2, 5F 9, 4)

TYPE 23, A {JTHREH,JEXTTY X CJCENTR,JEXIT)

TYPE 0Ll,r{JSPKER L),R(gb“itﬁpJFXI V) R{JSPHER, JHASE)
TYFE 89, P L1DE Au;l&TA1}
XUHS, JEXT T e R(JSPHER UL X
Y ORS, JEXTTY =R EUSPHER s JEX

I PEXCJCENTR, JEXIT)
!

1r<fSWLH.a@e 1) 60 T0 182
51t

YeCOS(THETA(NS
) 3

)}
wa;wcru (NS))

LE IF NSWCHzl

.‘, S

CALCULATE THE NAVE, ANGLE FOR A PLANE OBLIOUE SHUGK WAVE,

BLTAZWAVE (GARMACINE ) jEMTHS , ALPHA, JERRQOR)
lfflEHPﬁ%aru, 1) GO TO 1ﬂ{

EMCS=EM I HS#SIN(BETA)

EHCS2eMCe#l S =1, 08

LALLULA]L THE RECORPE F‘bION STATIC PRESSURE,

127

1968

RESET

PLEPCLLDEAD IRTATYI®( 1, ?*Z‘H§QAFMA(1“F) EMCS/(GAMMACINF)I+1,9)
PtiW SHETARCONY (1, TUNTN) . -

TYPE, .Lcﬂ/;t.i? TT+PT

FURMAT { BETAPT="sF10,4,1PE1244)

CALL AIXTNGIX S YJrXLIN, YLIN, X2IN,Y21N, IERROR)
Ik(ltRRum.Pug 1) GO 70 199

CALL MURGE2(JERROR)

I[EIEHHQR EQy 1) GO TO 129

UUE=VELZDL (YS55L-Y¥)

AleﬁuuF%UFD*v(lfk)

HHSL=ENTHAL( INF, 108 TPD(YbbL Y@ )/de
CUNSSLECONDEYSSL Yv)/qug
CROGL=CONSELs0P CJETI+ (1, 2~CONBSL)Y*CP L INF)

CYSs Lafu”ﬁflé(Lp(JtF>°RU‘IV/N40L(JFT))*(1 D-CONSSL)
*(LP(L ) I\//v)‘HL(LxP))
GHSSLECH l/LV%S(

wmgSt-1 /(Pp\bSL/dﬂOl(JFT)+(1,W CuvskL)/NPQL(l\F))
EHJ%l SUSSLASORT( WMSSLRCPSSL/( GMSSLaRUN]V#(HSS|,
@ BERUSELHUSSL)Y ) ) i ' N
p@_P(luLAQ,I:T AT)#PRATIO(GMSSL EMSSL)

TYPE BL,USSL,HESL,ENSSEL, GNSSL PR
IFOIvs (EO, as(]*+3)/49)) GO TO 1509
JEOi+2 ,e0, 4#((I+*2)/4)) G0 7O 1552
IF I+l 60, 4#((]*1)/4)) GO TO 16060
G OTO 1608

FLlspis=pR
!dl'LwThﬁL(EUEAﬂflg £24
FOLaCunGIuEaD) 253

EMTHAL CTDEAD, L) AND CONC(IDEAD) TO THE I1HITIAL VALUES,
PUIDEAD ISTATY= 212

ENTHAL CTDEAD, L) =4£2]

CutiCelDEADY =281

Guo10 Lany A-13
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pazle
WT/QW
b42@ﬁ
Bad2 4y
vazup
Pa2eY
BaAY )
{4289
BaALgY
PasuD
EREN
SERPE
24889
a4¢4w
GASSE
Bisen
uﬁj/@
BASHE
Bas9n
Ladng
pad1p
Waa
Ba43G
"-54419
HQQHO
ﬁﬂqé
w44zm
NA489
0G99
¥4v00
CELRN
3A%PY
wa)‘@
Uq)ﬂb
M4)bw
4L a0
wébVZ
DAY RY
2ADGE
BAOGY
961w
GAOPE
%4650
ma@'
4h5|
1’11\)(3,
U4h/ﬁ
FaB5
PABYYE
SEwIYs
a1y
wd/ym
'/)4 "y
_04 /i 4
vdkv%
B4/ 60
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16568

G NOW

1

FLZSPT=PR

FE2=ENTHAL(TQREAD, 1) =221

FOR2CONC(IDEADY =288

F13 FL2=-F11

(22aF22-F21

GS2afad- F3i
WE HAVE Twi DERIVATIVES W1TH RESPECT TO A CHANGE In PCIDEA
PRESSURE AND P“f,L“«HATXOH ARE RESET T0 THE .FORMER VALUES
THE NEXT ITERATICN STEP,

PCIOEAD, ISTAT)=Z1L

FuTHALCLDEAD, 1) =222

CUNG(IDEADY =231

GO TO 1648

DERERTS

F18zpT=pPR
F2S=ENTHAL (IDEAD, 1) =£22
FSS=CANC(10EAD) -£33
Qlé Sl 8=F 1l
ERETREI L]
(.:‘5‘9 TS5 F\§1
WE HAVE ThE ”E IVATIVES WITH RESPECT T0 A CHANGE IN ENTHAL (IDEAD,
PRESSURE AND EXTHALPY ARE RtSLT TO THE FORPLR VALUES
THE NEXT ITE«ATIOu STEP,
PLIDEAD, ISTAT) =211
EuTHALCIDES 3,1)«#&1
LuuC(lD%AJ)“?SZ
GU TO 1680

b

,NTHHl(IHhAD 1)~£24

CURGCIOEAD) =282

FLa=~fl1

f=F£f~F?1

God=Fod=F sy : '

WE HAVE ThE CERIVATIVES WITH RESPECT T0 A CHANGE [N CONU(IREAD),
XJACPH~bld”(f/¢%'64-“£4h6é3) ~G22ﬂ<b1<“ oﬂ biﬁ*tdS)
+béd#((1‘“b? ~G14%623)

SR
E-SF N NN
R v
oy
3
“C
peyl

H H H 11

C MO SOLUVION 15 POSSTELE IF THE JACOBTAN GF THE UER[VATIVES VANISHES,

1710

CoAVING

Ir (ARS (XJACDR) 6T, 1,dE=39) 60 TQ 1740
WRITE (JOUT,708) |
CU 10 Luy ’

ELOZAL2 = (AL2-211)%( FL2#(06230034=(240G33) :
wtus‘r‘\f 1\3‘"(54 014»!(:\5\5) *Féa*(b S-,:b//}mvlc"{;(,)o) )/X\)ACC)B
FEOSYRR=(£22~220 )% ( =FL12¢102200684~G240082)

'#fr?gﬂ'n((:"/" :\5‘4 (514§}U\5£) "'ths%(l,,_,)«()gg} p14 G?Z’ )/XLJACOB
Y8872 (£32-431) % FL2#(6222085-6234;32)
SP2SH (6129538 018%6S2) FFS4u (6124623-613%622) ) /XJALOY

FOIDEAD, 15TAT)=ALS
[, iy ]MI\L ( I(lr .-"-‘Ml)»i?é
CUNC(ILEAD)Y 2233

TYPE 378, FLL,F24,F 81
FURMAT (120,40 RESTUS,1P361244)

FYPE L7847 J.u;ZL,é £33
PunAwﬂ' THE NEW VAL OF PUSH, 02" 1P3EL2,44/7)
IF(QHw(ﬁlé/zll“lgﬁ)qGTg S.0E-4) G0 Y0 1750
IFOABS (228/221-1,9) .61, 9¢2E-4) GO TQ L1750
IFCABS (2387281 -1,0) LT, S,0E=4) GO TO 1820

AND RESETTING OF VALUES POR THE NEXT ITERATIDN,
A-14 . -




ARy,

HARLY 1759 PRRES I
a2y . L2 ie ) e DELTAY
& Bagsy YALZER2S
GALAL 2E2=2723u (L, 2+DELTA)
.‘,.:,‘1)(:)?, 1{51 fé;,
T L4 asy /éz’n/éjﬁ?(l.‘*DLLTA) -
van7Y 1898 NTINUE
L4889 C »
BBy ¢ OTHE SoHEME 0ly HOT COMVERGE AFTER er MAXTRUM NUFMBER CF TTERATIONS,
490 WA L TE Lol 18e8) Py ImFAUaIST“I),L ITHAL(IDEAD, 1),
L4Y YR 1 CUNCOLURADY , TEND )
SWAY2E 0G0 BACK 10 FHE BUGINNT NG FOR AM@TH&& CASE.,
“AY3B G TO Lov :
#4944 ¢
" pd9se 1824 CaLL QUTPUT
€460 C
a497é C 60 BACK TO THE BEGINNING FOR ANOTHER GASE,
T 8498y Co T0 lee : ‘
#4990 G
oV EY S1ap
T phoie D
bo2w ¢ .
’05(1\‘5@ GQIuvo.teo‘@naegrb!vwa'aaasﬁﬁ'%9nevenqtgcctuioeﬁcav'tqsg;ggyo-'y!l!!-tl.
Bhibap ¢
YY) 2LOCK DATA _
V?nn C SETS UF THE CUMHMOR BLOCKS AND INITIALIZES SOME OF 175 VALUES,
PHB79 G IN f ARTICULAR, T SPECIFIES THE 1/0 COMVYERSTON tA TORS ANO BSETS
BYNED » QP HE CORRESPUNDENCE RETWEE N SUBSCRIPT NAMES Al SUBSCRIPT VALUES,
Bhove  C
B9 90 ' CUMMONZCONSTSZP T RUNTV
o118 CU-4QM/LQNFAC/CDNV(1V:4): NOAY TUNTN, TUNCUT
yWH120 CUMMONZLIDERT /TOEAD, INF, JF',JTrR“ LAYLR,*Ix,Mqa)Y,MllNl,Hler.
134 1 I?XITgIPL[P‘,I<ATID:IWTAT:ITOIAL,!»F AT, IPTRAT § JRETRN
phlap CUMMON/JDESTZJRASE s JOEHTRy JEX LTy JFACE , JSPHER, JSTAR,
5515z L JIERSH MAXy MERGE , MOD, ND NP Ty NS
“H16Y L CUMMON/RAGE/DAT(4)
31?W LJthv/AtR1/ (12,7),C0,CONCTL2),CPL1Z),CT, EMACH(LE),
leti)‘ 1 N qf«\l(lvi’);(iﬁs"ﬂ'A(l‘)pP(l l])l(}(l\)‘)a
o119 2 nHO(lJp/))f(‘ﬁi/)OV(jﬂ)iw“OT(l”t7);QMUL(lw)
BhPhn CUMMON/GE D //‘Lf)hJAF)(14)1‘)0&(14,14)’
vy 1 Trk 1H£14>,A 14,140, ¥(14,14),x4U(14) :
Y CURAGN/RDUT/CSSHUH ) CAPPA, SHOES pUES, XBAR Ty XK XL AN, Y2, YSSL,
A YN Lubn@w/%ZIwazmTiréHTZ;ZNISe%NT4,XMu,xNU1:YK1;Yh2pYKS:YSS(B)
Lo 24k C
AV RS DATA PLsRULTY /8, 141‘9a@va;8514 S/

Gh2aw ; 14 NEXD JIATA STATENENT SPECIFIES s'thS GF CORVERSION FACTORS,
Bh2 s o r1 SEQUEHCE 1,2, 3,459,067 PU"%PJ“ﬂ% TY THE VARTASBLES

Ub2Hp 0 Gk fpwr«,n S LYY PRESSUREp TENPERATUREVELgCITY AND MOLECULAR
YR E » HP}(;T, RESHECTIVELY,

""U’)

1393594 OoTHE ENCLISH USITS ARE FEET (SLUCS/FT##8,PST,DEG, Ry AND 1LBSZLBS~HOLE,
Oy " CDATA (CUsVL, ), JE5L, 40 /4 w/gzv)/7v>15/. T B

NPy, LO(UBV T 1) e 52,080 F9%L0/

AL 2 (CvaQEPE):Izzﬁiﬁ) vaCE ApLewEAS e Lt LoD 0L, 4ul 0/

VR R S (UOLV L), 122, 1) /0, 29298380 +p519.679k,<694./)78.

BY9SSE 4 PLDBBRNLDYHL LU e*:43efb 4/

EH s 6w BATA (Un(I)s[Fls3) /24MKS, 194068 s SHENGL «» SHOTHERY

NV CONOTE THAT TAL SUSSCRIPT TEXIT HAS Trb SAME VALUE AS ISTAT, AND TiAT

¢
T SUGSCRIFT 1 (0x) 15 SAVED FOR DINMENSTOMED VALULS, A
ALSO NOTE THAT ThE SURSCRIPTS JTERM AND JTERSH REFER 0 THE SAME
SSAvy 0 LOGATION BUT HAVE DIFFERENT VALUES,
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V9
AR
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JATA LB AU, IF, JE EPJT‘1W;LAYLN:M{X1%JSJYIM11AIr' PINT,
JEXTTIPLTOT  IRATIONISTATITOTAL, [WFRAT, IPTRAT JRETRY
/(p§p4;3;();/;f359 19, 4;/’}@)4;?16;/:7/

LBATA JBASE , JOEGTRJEXIT o Jb ACE s JSPHER, JSTAR

L O JLERSHpMAX,MERGE ; MOQ s ND o NPT, N0

2 /2'51Q5559P7a859!%ﬂ3l1112’1533ﬂ/

NS

ARED

ig % 8 6 g B g ¥ ¢ voo o g oBov ok oHo§gop v g T B O FoE G Vg w2 P PG oo PGB p O By opp g v Pt POV Hogogop st RPNy

SURRCUT TRk KEADTR(OTENDY)
REA& [ THE IaPUl DATA AND CONVERTS [T,
‘(:LE_.S ARE JNPUT ASD QUTPUT N ‘JN(J{ E.b, ARRIED 1IN RAUTANS W_l‘THIi‘J THe
HRQGRAH«

[NPUT Anid guTPUTl MAY BE IN EHGLISH, CGS,» MKS: OR OTHER-UNITS,
BUT MRS URITS ARE USFD WITHIN TnF PROGRAM, '

COMNON/ZGONFAC/CONY (12, 4) UNCAY, TUNIN, TUNQUT
CJ“*‘V/I’L\?/I JEAD LN JET  JTERM, LAYER ) MIXo MJBOY, MAIN T, H2INT,
1 JFXprIPIfGT,lhATIO:lDTAT;IFOIAI;INF?AI,IPThAl:JnFTRN
CUHHDN/Q”émT/JH ‘E;JLF“TR[J&X!T;)FACL,JJFHhR;J)TAR)
1 JTERSH G MAX pMERGE , 0D, N, NPT, NS
(”) ']n“,l J/P 'H;L/ )A‘ (4)
LUW Hq/&LhH/A(ii,Z), D,CONC(L8),CP (L) »CTy EMACH(42),
1 ENTHAL(LE 7)) GANHA (LE >,r<*ﬂ.7>eQ<LV>,
2 Rﬂb(1W:/)oT(1Mp7);V(1ﬂ);J”OT(lw.?);A“ﬂL(lW)
CONA0N/GED SALPHAPAR(L Y, 14);?\(14,34):
1L THEFACLA) > (19,140, Y(14,14), XHU(14)

117 FURMHATCLHL, 6%, 12HRETRO~ROCKETY ) 18X 2A5 ,4X 1 A5 14X, dHPAGE y F 844, /)
126 FURMATL6X 1L 1%, 2A5) '

125 FURNAT(29HEERD OF INPUT DATA AU OF fuN./)

148 FU&HAT(&JH TLE NAME OF THE SYSTEM GF URNITS »AD,
Tl 278 15 wbT PROPERLY SPE CIFI*L-:/)

155 FURﬁAlilYH IMPUT 15 17 A, 174 SYSTEM OF UNJTS,)
17%  FURNAT(14H QUTPUT 1S IN ,A5,17H SYSTEM OF UNITS,)
1% FURMAT(BXs])

191 F(FNAI(’?H THE HAX, MO, QF ITERATIONS =,14x/

T ARUL1vX, 210 ISAGE OF INPUT CAaﬂS.,/)

224 F(WJH¥(DAI5F)

221 FURBAT(LR ,5F12,4)

27y FORMAT Chns 4F)

271 FUighl (1 ,4F12,4)

R FURMAT(EX  3F)

511 FuURmaAT (1 4, 3F12,4)

187 e EVE CJOUT L) (DATC) » 1=21,4)
DAT(A)RDAI(4) 41,0

READ In Jupdl Al ulirul SYSTEM OF UNITS, NGASaﬁ IS USED T0O
TRRMINATE THE KUy '

READ (P TR 220 RUASUNTTIN,UNIQUT
Ih(wCAS.hE, S OG0 TO L3P

nlfy CLOUT, 182 (DATCLY , 0=0,%)
WiLiE (JouUT,12%)
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HEAQ

READ

READ

READ

THE
HUS T

CALL RELEASCTIN
CALL EX]IT '

DU 149 ;a 1
TEOUNTT [, g0
O Tiwdb
WRITE (10UT,138
GO TO lwe

IRURB LR

LRITE (10T, 195

4

L0 Ley [=4,4
TFCUNIDUT LG, us
COMTNUE

WRITE (LCUT, 188
Gu 1D Lo
JUROUTE]

BRITE (10UT, 17

18 THE Maxialn

R*Q‘ Ii'ﬂl( )
Ih-, MINDCIE WD 300
WRITE (IGUT, 191

1k ThE FREE STRE
READ (T1he22%)
VCIRF)

WRITE (10UT,22

6
T(l NEaISTAT) VOINE
CIik

%NUL(E“%)a?uw
F(I«\F;[bTbﬂ)aP

)

JMNETI Y

)

)

(13}

)

R

)

A‘v

U IT TN

Ui CTUS

!

UNIOUT

GO TO 158

[N

GO TO 470

U CTURNOUTY

N

LEND

BUNBER OF TTERATIONS,
3

PROPERTIES,
rawn;gz\F);!%OchMF>pP(I

YHCONY (70 TUNINY

gut

MO MORE THAN

30

FelSTAT) p TOINESISTAT),

AMMACINF) 5 PO CIRF ) P CINF, ISTATY,
)

1HE S ISTATIHCONMY (4 TUNTN)
TOINF ISTAT)=TCInF, 1S \
VOINF) =V (TRF) %000 V(B TUNTNY

I THE JET PRUPERTIES,

READ (11N;27¢)
WRITE (lCuT,2/1
110TAL?

fﬂLL(JLT)»V?“L(
FOJET 1100 aL) =P
y(:;1.11o1ﬁr):1

)

WJE T

JE

(JE
(

TATY®COQA

CAMMALJIET
{J

GAMIMA

ET, 1

T THE JET GEOMETRY
ARCISTAR S L) ARCJEXTIT o) s THETACJEXTIT)
Ak(JjTA«;l},ﬂN(IEX;T 1
TAR LY CONV (s TN
JcXITni}ﬂ“L‘wd(&pI‘ NTR)
THETACJEXTT) STHETACIEXTTYZL0MY (L, JUNIN)

R;Au (1IN 312)

RITE (10UT,511
Ah!J\tAF;1)~~Q(
PECGER LT 1) = AR

I ThE BUOEL GEG
feboa (11 »AJ,P
;*\]7{~ (l( Si1
Aw(afnw gl)wﬁﬂ(

(;F/\(%;l}w‘R(

/\h( 51\ Jhop by mAky
ARNVi. CORRKECTS FO
BE AT L&A5T CiUA

FHETATHLO ) =Tok
CER VY

0

'L'i [

3
JE

JRE
AK
)

TGASY ;1

TRY,

e

VOB, TUNTN)D

Y WMOLGJET) S PCJETITOTAL) # T (Y
BTy s™MOLGJET) ,POJET, TTOTALD T

JECONY (7 TUNTN)
T ITOTALY #C0ONY (4, TUNIN)
r

rAlyﬁrQ\glﬁ,InN[u;

N)

Y THETACIEX]T)

}B’H\Ep./)}AL‘E\“'A{[)j)lT*‘”TA(;’U’
ALJHASE v 1) AR JF ACE ;¢)A]’*ETA(‘HWU)

P CORV (2 TuN]

D]

)FHL%;L)~(U{V(C»IH“IJ>
Xﬁ(lu?(JfA(' y 1 AR(JEXIT L))

L
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PESSTHRLE
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A-17

Ju T HUZZLE
;}«(Lnluqlw>

[4PUT ERRAOR,
EXT

THE MODEL FACE
RALITUS

ET:[TOTAL
(JET ¢

RADLUS




-

e

Vo6 L
wbb2y
léou,
YeH6edn
AT
Léﬁé
Be67 L
UEosy
Uéva
676w
ve7 e
Ge/Ru
wb/?“
w674
r O/Crﬁ
kg/éz
0677y
AT
©e79p
LobEY
BHELQ
Ces2y
BoE 3w
werdp
AOB5Y
¢oB6L
pou7e
BwoBBY
YhEY G
BOYLY
BHYLY
GBIy
Wb 93y
BeEY AN
$6951
BhHYAY
66473
f()ilz ]
(}n,
ﬂ/UﬁL
AR
BnrNey
GFE3
Winaw
Gl R
r/péx
l) Il’/\/
LBy
myuum
w7l
/L1
w/ipn
v/1s0
L4
ol b
vy
AW
B
WALy

T
(AN

C

«
Le#enw’ﬂv”'¢9%5?3?’°a

G

C
G
G

o2

C

C
G

L A I i B I I N A R A N 2 L T 2 R S R

SUBRCOUTInE PRELINHUTERRORY

!H£S CL”“LU];&F LALC
HHICH ant Baskld on Th

”tﬁ75€ FREE STREAM, JET AXNO OTHER PROPERTIES
IEIHPUT DATA ARD WAICH REMALN UNCHANGED

THROUGHOUT THE PROGRAM FOR EACH SET OF IRPUT DATA,

COPMONALONHSTS/PL RBUNTY

CURRQR/ZTOERT /]
1 IFXIT»XV‘TU y |

LrAQ:I[? pJfr;JTE‘hﬁ,,AYLPp »IX'MJGUY)lllﬂJ p181Vf'
HAT!UPIWTATtIT”‘AL,lWFHAT.lPTRATgJHhTQN

COPMON/GRE T/ JRASE, JCENTR, JEXTT, JFACE, JSPRER, JSTAR

1 JIeREh,HAX, MER

‘WWHC /AEHQ/&(

UE ‘1\)L} “DF\‘PLA‘ b
1“;/);“01@0 C(lv)}Pp(ls)IchLvaH(lé))

L ENTHAL (LY, 70, GAMMALLE) JPLE,70,Q(18),

7 Rﬂﬂ(lu;/ s T (1,

7)’V(ib)nb‘“iT(l&»?)p‘w“QL(l@)

CuMdidn/GECH/ALPHAAR{LA4,14),R114,14),

L THETA(L4) 4% (14

TYPE 12

y14) Y114, 14):XJU(34)

12 FURMAT ' ZENTERING PRELIM ')

CALCULATION CF THE F
REO(InF S ISTAT)

REE STREAM PARAMETERS,
=G ASK HO(P(IMF,lgTAT):AMGL(INF):[(I&F?IS]AT)’

ACINE p TSTATY 2SCUNDCGAMMACINF ) s WHOL CINF), TCINF 4 ISTAT))

EFAACHUINF Y BV (TN
f(lrf)»—(n‘\:p’\(l

FI/ALINF,IDTAT)
uF)fH(I“?;I@TAT)“L\ALH(INF)#tMALH(th)/d 9

pgxlrpthrjﬁ>@&kAr OCGAMMACTNE Y s EMACHINF))
RHOCINF p IRATIO) =RHCRAT(GAMMA(LINE ) yEMACH(INF))

TCIRFy IRATIO) =
r(luF;;rfrAqu
U(iJFpITiTM
T( NEITOTAL) =
A(INF,lIfTAL)ﬁ
POINFIFITOT) =
“\[‘fplanAT)w
CPOTNEISGAMMYAL
FjwaAL(luF,i)ﬁ
COanNg(IaF)sd,. 2

CALCULATLION CF THE
ARCUEXT T, JEAGE
ARCJEXTT ; J5TAR
r(‘:){ ;'TEI I.AJT.Q

T[ATlﬂ(uAHNA(qu),E\A(M(INF))

Pl ‘F;IbTAT)hP(;NF,IhATIO)

PERHO(INF [STAT)#RHO(CINF S IRATIN)

T(IHr;.bTAT)A|(lNr,IhATID)

A(IMFPI%TAT)wbth(T(I“k, RaTlO))

P(TMkn{%TAT)%PrITDT(&AM4Q(IN?);LNAFH(IVF))
CINF L ISTATIZP(INF IRPTITOT)

IREI*RUNTY/ CEMOL CINF ) # (GAMMACINE ) =1, 8))

CPOINF I #TCINF, TVOTAL)

ET ExIT PARAMETERS,
)= dtJ?XvT,J)/AH(J%A:h.l)
Y EARCIEX]T, LY/ AR(JSTAR, 1)
BRARRHD (P (JFT.lTorAL),uM LEJET)»T(JETH ITOTAL))

FHUACH(JET ):AaAcHggAMHA JETYpAR(JEXIT JSTAR) , 1, JERROR)

ir(LENHL%,«F,

JQJrTﬁzhrTT3s~ppﬁ;1s(JAm”A(

KAD(Ju T, TRATIO
T(J}p,lnfTT“)“
F\JFT,TF<IT)uP
p“ (J*ffIF )
TOJET, TLXLT) =
ACAE T Texl1d=s
ALJET 1TOTALY
FOJET, IRITCT)
YOJE T REACH (i
*(Jr!)»uﬁ‘ﬁAf
IO L) E
Lh[HAL(Jh1;i)3

3\ H [

g»?wﬁ1( T, IF )

COMCCUeT 51,4

1) RETURN

E1)EMACH(JET))
}»«rURAI(&L!IA(UPT);EMACH(QﬁT))
TRATIOUBAMNA(IE LY, ENACH(JET))
(JET,ITOTAL) /P (JET, IRATLIO)
ARHOCIET , ITOTAL) ZRAD(JETA IRATION
(iL!gIT)TAL)/T(JFT,IhA 10}

U CGAMSACIE TY v 0L (IR D) TUJET S TEXTTY))
ELJETS TEAITY %S l\T(T(VLT,IMJIO))
'(Jtf,lrxiT)’P’lTOT(bA*“A(JPT),LﬂﬁfrCJLT>)

Ti# AlJ T+ IEXLT)

JETIHRUNIV/UWAOL (JET )% (GAJ*A(JF?)wj By

o<4&1f1¥x;7>wv J‘T)*é\(lEXXftl)

CPEJETY#T{JET, LTOTAL)
SENTHALLJE T L) ZENTHALCTNF 1)
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CA iCULA‘ID OF JET AND MODEL RARITL,

BWiPRE RUJSTAR, 1) =83RTARCISTAR, L) /P L)
yreap RUJEX LT L)Y eSuRT (ARCIEXI T, L) /P )
v /2he CORCJEXTT, JSTAR =K CJEXT T 40 /R(EISTAR, L)
n726u Q(Jd‘bh,L)~s,mT(A<(JRnaEp1)/D13
G2 RUJFAGE s L) eSuRT (ARTJFAQE,; 1)/ *1)

1280 :
G720y o gALCULAgIn” GF Tk THRUSTIRG LPEFFIuILMT ¢
/oL TeHPesud (Jr T,I»XI])*AW(J&XI1; BASE) #V(JETI®V(JETY/ZRCINF)
C
Re

(@]

-

NS R fFLni?(l L/ CGANMACIET ) #LHACH (JET) #ENACH(JET)))
Br828 i -
67856 £
B7S4t c ‘
G859 C
Ty
S0 S
B7530 C CALGULA!
RL ¢ OITS CEn
GL7apn G

2 % 5 3 8 % g ? P s § 9P B e b & B 5 E P8P oCE e P F PP ¥R Yo B B oE e g ® P TP F s B eGPy

gb((UtI\t SEHERE(TERROR)
LS (RL RADIUS OF THE BLUNTING SPHERE AN u THh LACATION OF
[tﬁ wllH RESPECT 10 THE NQZZLE EXIT pLAN )

9/41w CUNMON/CUNSTS/PT RUNTY
£7Aap0 CUMMON/CURFACZCONY (L4 g UN(4) p TUNTN, TUNOUT
‘(,/,//1"5@ S CRENON/ DL ST/ TOEAD  INF JF'I,,JT!:RH,!AYFR:”lerdd 11Nl.ﬁdlﬂ,
7444 . 1 IRALT,IPIIET, IFAT!OfIﬂTATpIT‘!AL,LNFHAT;IPT?ﬁlquFTRN
G/ a5 CUMMOH/ JOE” T/J ASE JOENTR, JEXIT,JFACE , JSFHER ) JSTAR,
w746y 1 JIERSpMAX, MERGE yMOD MDDy NP ] # NS
w747y L nOMHONZAERS/ZA(LD, /prDgCOéC(lﬂ):Cp(1V§vCTvEMACM(iﬁ);
w/4o L OEmTHAL(LZ,: 7)), GAMNACLY) ,P(L2,7),0010),
Javy 2 H“'(iﬁ;/):r(i“a?)1V534)1quT(lﬁ /)'W4OL(lw)
V,/.)y‘_» C:u."(“d/xﬁu v LV“A;AR(I‘I 14)3‘1(14 14),
BIo1h 1 FETACLAD X149, 16) Y (14,1 A) P XHU(LA)
YA YY EXTERMAL FOTON
EVDRY, C : .
P 4w 698  FORMAT('CCUNVERGENCE FAILURE, DUMMY=',1PE13,5;' FCTCN=',
/956 1 ELS.5,' [LR='",14:/) ' '
AT G :
P 7 COTYPE LZ
E/DEY 12 FURMAT(Y  SFLERE ')
G/o9E [ T=o
HreRd C CaLCULal PIDE BF THE BLUWTING SPHLRE @IAMETER,
u/ulb ULHP“f(1UF1J;[xTAT§
IO 1[( FolaTaly,Gl,PUIREAL, 1S 1AT)) PREADS P(IwF:ISTAT)

,/bsu G oTHIs FQNHQLATiuk 1» .tukb>\iv T GALCULATE “hUFPRLY THE BLUNTING

Bl64y U OSPHERE 2TamLTER EhOIT 1S LARGER THAw THE RASE DIAMETER,
G265 ‘ EAACHILAYER ) PragHisad ‘A(4F¥)rP(1&F,1PIT01)/PQEAD)
w66y VJET= v\wTAr(ghllA(dP T EMACHJET))
GIOTy PECESACH (TP ) 6T 1422y GO T 509
x/bam C
1690 C OCALCULAYION FUR FRUE STREAM MACH 0y LESS ThHAM OR = 1,52 ,
@//*H ©ONLDTE T}AI B Aryzsg. <L*)r ek AIF~LU0(ALP) AND THAT
i1y o HL;va, - PFETA(LS) = ALPHA LF THE BLUNTING SPHERE DIAMETER
VN ¢oIS LESS TrAd ‘«F BasF OLAMETER,
AV VEAYE ey A \T\r\(hf\ iMA L. }flf};ﬁ_.,MACA{HLAYER)>
ey EASPILEACH LN /20
NN Tnmw~<<uxfan;sv(3+fgsdh«(bim(tﬂ)a%Z)
Llew Lukmys( gﬂ&ngPklhh; (p1ToT)=TLMP) 201, 2=TEMP)
SN 5“{33‘}: CRTCDUEMY)
Gl s p,lsirgup/u CINF R TLRP /2, 0=PUI0EAD ISTATY /0 (INF)

Gl n /( CAFPACIE DY RERACH (IR D) BEMACH IR T )) .
\'/Lf»i' l /\ L»‘.f?/(l{-f)"”-:";;/t CELEIN T s g ASE Y /0T

RSy

AT Groe
' i




N

%789 1 #GAHMACINF )Y #EMACHUINF ) #EMACH( INF))

w2y R(}aﬂhth,i; kunT(An(tsASE sl Lt f/PI)

AN . GUTO ek

2R C ' o

U)DHV C QALCULA‘lL“ FOoR FREEL STREAVY MACH w0 GREATER THAN 1,0¢

GRS 5P Ted Pmtvwsﬁﬂvtcz F;;¢TAliz/CP(iﬁ :KFITCT)"P(I“FaIQTAT))
BT ‘ SLHALFE0QRTLTENP)

A" CUSALE=SURT (L B STNALF#SINALEDY

Gy “r1~¢.?nAn(quIT;l)wP(JtT;I1U1AL)/(PI¢(PUSALF¢*4)
By 1 #tP(TwF, IRITOT) rF(I‘P;IETAT)))

AR, “r(~<wgqt;fzrx 7~~ IDEALISTATI /P CIET; LI0TAL 42, 6% CAMMA (UL T)
D79 1 ZVGAMMA(JET Y+, VJeluver/\4o<qET.1‘Ar10>,T~ -
WA L52H”@2+iﬁw7(g,h GAMPALJE L)/ (LAMM Q('”')+i.u))§VJLT

{7949 1 /RAUCOET  IRATIO) SENACH(LAYER) #COSALF s SURT(GAMMA (JET)
/B 2 /VRATIO(GARNA(JET) sEHACH(LAYER)))

796y RUMBPHER 1) =50RT (BFL#0F2)

wiv7Y ®

7960 637 AR('QPH&h;j)*PI"H()SPHERnl)kh(JSPHERgl)

UUT(l F;J)»AW\Q HEHPl)ﬁﬂﬁa(lﬁf'I%TAT)%»(INF)

¢ THE guvt 1S USED TO KON=DIHM tPSIPALl SE SQME MASS FLOWS,
R(leHFNglFflT)wh(d:Pﬂ LY/RCGIEXTIT. 1)
12 ARCJEATT  dSPHER ) 5 ARtJEXI :1)/Aﬁ(dbPHEH»1)
mavsg REJ\PH&H,JHAhh)“HSJmPHERJ%)/RSJBASE:l)

BEvan c

PB U C LOCATIGN OF THE CESTER OF THE BLUNTING SPHERE,

GBOAY G OTHE COOKLDINMATES ARG kﬂn*ulWvalUVﬂlltLO WITH THE JET NQZZLE EX]T
bﬁb/” £ nAUlU‘ AlRD ARE MEAsURED FRON THE LENTER OF THAT 9Lﬂﬁt

1B ERlspiACAILAYERY /2,8

5 [UBZEHACH(gA{EH)/égﬂ
yalﬂ, CAlLL POEWILUAMY VAL FCTONSEML EN2, 1, PE-6,1100, [ER)
udllﬁ [FCTERGEG Y &) LOOTO 768
“EipY WRITE (xh“t;c?&} DUHMY VAL, TER
LN JERROKAL
p814y RE TURN
pa1hy y
GH1pY TH8 XkJLkan; ITy=x (D, JEXTIT)~YOND, JEXIT)I#COTANCTHE TA(NU))
GH179 ’ XCJCENTH, *)A/(JLFNX?rk XL #REJEXT TS 1)
pR1IRY XSJC[IT% JTER Sn?“X(JCPII‘pJ%KlT)/X(JT RSHpJEXLIT)
pBlan RETURN
Lheay : £l
BB C
L&%;:’a“ (3.!9'90'009h;?ss3f9b0E"é&959;7l?v!lﬂ'lﬁ"'0l"l"!‘"'.""’."""."'.‘
WEY AL o

UREAY SHUROQT1N€ JETS5CR XA Yy TERROR) A
GHHP DY COCALCULATES THE LOCATION OF THE JET TeRHInAL SHOCK, TdE> 8Y A RUMGL=
VB A G &JTTA Iml‘bhA{1n4, IT CALCGULATES Thie LOCATION O Tee JET BOUNDARY

PN CoAND ITS INTENSLCTION MITH THE TERM[NAL SHOCK.
LBz C

CUMAON/CONS T /P, HUNTY
IsRo IR 114i;xL T/i)tﬁ”;ldf,Jt‘ngtﬁM,l AYER HIX MJBOY ML Ind M2y

1 [%\[T,iUIIfTEI‘AT d,IoTA?;I}”!Al,IAFRAT,IVTRAI,JFPIRJ
COMMON/ZJ0ENST/JBASE . JOE J]"I\JE,)(IT;.JPA(‘, JSPHE.K;JJTAR;

i 1 J\tﬂi@w;!ﬂAxp MERGE , HOD, MO, HP TN

LA Ay COMMDN/AERQ/A(l”;/)» CO,CONCLLY s CP L) s CToEMAGCHILN)

R éf*ef?{/\i‘(lf‘f’/)gGA!‘inA 1!‘} P(l(f;])s(sg(l- )p
2 wa(xdg/)aT(iUg?)sV(lﬂ)pWUOT(l@»7)pWVD%(l@)

-

wﬁ)/g CJHMON/QEUH/ALPHArAR(@4;1?);9514114);

R ) L THETALLA) s X {34,142 .Y 014,14),XNU01L4)

EG e caMnoN/FCTAL/RIT, Xxf{Y

GH A BieaEwNsIon XJ(287) A0 giz),Yg(2a(§,fﬂ T(iw)

Am2Q o e
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Guaay
p84A4SG
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Bua9y
Hhghan
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Pan 2w
(Jhb\j{
B8 Ay
”gbﬁ)u
{5 DA
odJ/V
‘fﬁx)@{)
BELYY
2860
gBb61Y
EIYY,
BEO S
Buoqe
0363/
&&boy
wBb70
FROB
L36Yn
/8y
%6/}”
Hd/aa
d/éw
wd/4ﬁ
EB75G
G876
Y
$8788G
BRIy
wa A
’d i
ﬁﬁbgm
ﬂausw
f;'&‘\
ﬁvv@
5(*0/‘
ud?—‘/f
PREARY
Jg*t G
(/,V Ljf/
BHY 1w
GHYDp
LRY sy
Y4
CURY:
SR Y AL
LR
SRR Y
muvég
(Ur;y

L7

¥
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EXTERNAL FCTREKSFCIPY

;15 FORMA T (ST HE THE ;y{ NOAFLE EXTT PRESSURE :}1leg'4,'
S Sur IS LE THAN THE UEAD AR PRESSSURE =9E12.4,/)
143 FORBATOS2H  THE th MOZZLE PLTUT PRESSURE =y LPELR 4

129 Ty LESs THAN InE FREE 4/

2 2aH STREAN PITGT PKLSSURE s k12,44 7)
194 FuQ4A|('! ONVERGENCE FALLURE ueq~i'leld 5,7 FCTPY=
T4 ELSL5, 0 JERIY T[40 /)
$85  FORAAT(S2HATHE VALUE OF rH THE STEP S12E,,

1 44H Lo LESS THAR s LPEL2.45/)

TYPE 12
14 FORMAT(F ENTERING JETSEK b
[DUT=4 , ’
THE SJET NOZzLE EXTT PRESSURE MUST Bg GREATER THAN.THE DEAD AR
PRESSURE « .
Ir(P(JzT;IrXTT)ebTeP(IDLAJpIS]
HWI7& (TOUT,1318) PLJETIEALT) P
GU TO 9ue

TY) o 10 129
(IDEAD, ISTAT)

THE JET NOZ2LE EXIT PITOT PRESSURE MUST BE GREATER IHAN THE FREE
STREAM PLTDT PRESSURE,
120 IP(”(JrTel’IT”TEg ToPCINFRIPLIOTYY GO TE 198

WRITE (JOUT,148) R(J*r,1P173r>@v(1urpxP1Tq1)

GU TO Ve

15% POIDEAD, [PTRATY=P CINEAD ISTATI/P(INF, IRITOT)

A CCALL 15 HARE TO ~PGEx- SUBRQUTING TO FIND ITERATIVELY THE JET
TERMINAL SHUCK MACK MUMEER, BY MATCHING THE FREE STREAM AND JET
PITOT PRESSURELS .

VDVL[\Z’f@ﬁE\T ALCJET» )

A0LER L, IPITOT I /vsaL M

Rh\)é .‘,334" %“Gi

CALL PGLw (DUMMY VAL, FCTPJy PHOL, RHOZ, 1, 2E=6, 15 [ER)
UMY R CJTERN, TRITOT) /P ULRF o JPTIOT) "1, 4

IFCLER, EQ. §) GG T0 200
pRITE (LOUTS196) DUMNY VAL TER
GO T0 Y

THE JET AND FREE STREAN PLTOT PRESSURE ARE MO EQUAL,

JAlPUlMIIDN OF THE AXTAL DISTANCE OF THE JET TERMIHAL SHOCK FROM
PHE JET #0720 EXIT PLANE.
247 CJ—w@nT(jei~ CA/TRATID(GANMA(JET Y JEHACH(JTERY) ) )
' gusi=s nT(( H'xA(JL‘)“l.f)/(GAMHA(JPT)+1.ﬁ))
UMY ECE VAL (6 AN A CJET) AR CJEXI T, J5TARY ) PRAT, TERROR)
1%( FRR( R,Fhk l; Gu TQ 969
Tehes ﬂ“HT(riaﬁuisﬁ“H“'VV/(LJvQFWAX( AT“A(JLT))))
Yl“)~1;»/ra'
T*NV“( e/ LG AMFA
I

e

1,00 ee (L B/ (GAMMALIET) =1, 0))
 ( STEmSH JaTAR) fT[,r*XLV1/5ﬁmT(FI)* JST/GJ

1 W[\M\_’((‘J‘E’p"‘ﬁELQ_AT )

) ) JTERSHpJOTAR)D FRUJEXTT,JSTAR)

CALCULATLON OF TeE JET BOUKIARY LOCATION.
COAMCHCIGEAD Y s PACH ( GAMN A(\JET)'P(JETPIx()rA‘ﬂ“.)/P(IDEAD'lb:TAT>)
GUAREMAUL O[O AD) #ERACH{TDEAD) ’
palaiew ff%%“‘hcrrr)*ﬂewaas RT(:Q’”l P)/SUMEARCIEX T T o dDTARS
1 JARATIOCGA AL LTI (e MACHT TDEALY)
A:—Zl A e T

R i it i e g S A S AR P R 8y T Y 4T M
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SRR
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BIr4n
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1
o
[
14
1
(s
(A
Wi

0

9 ),71/
i (‘){"‘<L

9‘.‘9!.)
SRR
911
L2

A9LAY

Glap

29LBa
SYlal
A
FULER
59196
FOROE

EERY:

Yoy

PR T
492 AL
1925
TOPFSt

VP79

GLYRRE

YZY
DRYY

19518
AP

9839

2284y
ARSI
RN
L9879

Y53

9590

19481

By aLy

YRy

PAEE

XY
SV AL

Gl A

-’94/‘.:'

A

Y4yt

YU

KRNI %

o3

T

A

2

i
I3

3
7

o]

S
R
S

KU CJEX T e ONUCGAMMACIET )y EMACH(JET) » LERROR)
Ir LIERROR  EQ, H) GO TO 969

ANUDEDsREMHGIGARMA (ltT),E“A %(i)PAU),ILRdQR>
[ CLERROWR ERY, ;) GO TO 964

THET=ANURED~XNUCJEX T T+ THETACJEX] T

RHOAZQRT (L, 0% FJLI/PSL)

XHEEL G/ A

Prl=pal+THET
XBARMAZ X (JTERSH, JEX]T) #XR
RIS AKYART AR A ARMX
HEXR/LE, &

HIS LOUF FLLUS THE UPPER LIMIT OF -IHE INTEGRAL, ©,E, THE
SYMPTO!IC PLUME RADLIUS,
9%  XLZAR
Y1=2, _
OTE THAT In THE THAHSFORMED COCRUINATES IN WHICH THE INTEGRATIUN
FIWG CARRIED LUT,XBAR CORRESPORDS 10 YJ AND CAPITAL R TO XJ,
L0 388 [s1.181
CALL RUNGR(FUTRK HX1aY1o1y1,%5d,Yd)
TROYI1)  GT.2BARNX) GO TO 318
LEFXJSLL)
Ylay i)
at GUMTINUE
HE ASYNMPTOTIC PLUSME RADIUS HAS NOT BEELN REACED BECAUSE THE STEP

S1ZE Was Tou st AL,L: L?L“_\];‘A\”E_ THt;L L)TE.P Sl»iE.

HEZ, d6H

Gy 10 294

TETJ %It‘: 13 AU\JUETE” 50 THA‘{' Ir'”.l /\_!\SYMP\'QTIC PLUME RADIUS I?
EACHED JUST BeFORC THE END OF ‘I’HE lN]‘E(}RATION,
14 HEIXI+H-pR) /18,8 N

CALL RURGK(FCTRIK, HyXR, 2,2, 1,181, XJ,Y.J)

THIS ANU THE POLLOGING LOOP FINU Tik LOCATIAN OF THE INTERSECTION
HE JET TERMInAL SHOCK WITH THE JLT BOUADARY

DO 32w [=2,181 '

I%(X CDyseXJOLaeY JOD Y (1), GTWRSS) GD TQ $38
2 QT I NUE

o~ —

1=
[~

1»2'1&
s
— e
r—b\_L
o

- o<
L —

47 wfﬂ/iagw
CAaLl, KHUNGR(FCTRR,HsXT,Y1, 1, L3 X0UT, YUJT)
DY S50 TELeLY )
[l'_!'XQUT(1)4:-4‘/‘;’}‘;,!']'(1)*‘{0{)1‘(1)‘&\4{35‘)]'(1)'G.T.}{SS) 60 TO 560
By GUNTT UL
bl Tr (i Ewe 1) 50 TO 849
XUEXOUT (=10
YIEYOuUT(I~1)
THH 6T, 1,00-28) GO j0 392
W UTE (10UT s 268) N
U TO 9un

REA TP CaBs (X LeX]+YI#Y)/RES =1.%) 6T, 5,¢E=4) GO TO 340

THE STur 810 19 MGk St

SO THAT Thi INTERﬁhLTIOn POINT 1S REACHED

!
EXACTL Y IN Al F\,r SRR H‘LH OF STC:Pb,

XX /1810
cALL e LK CFET Ky XR 8,201, 181, x4, Y )
A-22

1s

uF
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BYO Ry
kgéﬁg
1ﬁ96h

UUf

“}h'/,/v
%9083
G960
{ 9/@;{3
R
TP
29730
B9/ A%
BY /5
Ny
uY /e
BI 78w
L9 /au
u9bbm
Fo81Y
BIBYE
BILSL
L9B4Y
HOBGE
nItey
PENY
GYHBG
GIBOE
BIVPG
CERRY
99D L
G9Y 3
Q994/
@9“?
hvvan
LYY
P9y UL
B9Y0n

l m 4 (\ &
ERZAEAY
g
1Aaay
Tl
1l A2
1V
LELS

1ylay
Ll o
RN SAY
1EL [

<

¢

Cl?ﬂ‘i?!}

C

[ oRoReX ]

[oR e

TRAMSEC

D
CHY

IRMING BAGK T0 REAL COORDINATES,
DU 5w 131,181 '
TeMPer (1)
xJ<1>“w~JA%Yg(1>
Y}(I)ﬂ?FUAﬂTFHD

(N JEXTTY =0 d (181
y;na,qax17>rvdcial>
Gu TO Y60 ‘ ‘

I‘Rt?(\r(l

r?fﬂ.lfﬂ‘#

£l

e ¥ % v v B R OFOEOE P O PP OB Y TR E PO g e8P oEP P EE pRos oo BogyR T e ¥R G RPN TOP R ooy

SUBROUTINE BIXIHGORJI Yo x L IN, YLIN, X210 Y2IN; JTERROR)

THIS SUERGUT [k CALCULATES Tmt LOCATJON OF THL TWO [NTERFACES ANU
THE ®MASH ENTRAINSEST ALONG THE JET BOUNDARY, HL BLUNTING

SPHERE

AND THE TRNER THTERFACE,

CUMMONZGCONSTS /P, RUNTY

’,C”‘.MNH.‘/LL(FAL/J( ON (1094) un (4}3;{”‘{7“ IUI\DUT

CRENMONZTUENRT/TUEAD ) INF JfT;JTE%*,LAYFR;MIX:4JBDY,M1!MI,H?1NT,
IL\ITeIrIfLT;IRATlUsIQWATn deLpZMF?ATpQPTVAT}JRETRN
CUBMOR/ZJOENT/JBABE 2 JORNTR, JEAIT;JFA(&;“GPHLR;J%T Ry
JIERSH AR, ‘LRbL;MQU:Juz‘VI:NQ
fﬂﬁ\oJ/ﬂhkﬁ/A(1wp/)9&J,LONC(1W)p P(i7):fTaEMNFH(1®)l
ENMTHALCLEZ 7))  GAMMALLR g P (10,70 ,0(48),
hbw(10g7)gf(1337}éV(if)rbﬂﬁT(Lﬁll);HMOL(ﬂg)
COMPON/GEOH/ALPHA AR(L 4, 1%),%(14,14),
TN*TA(IQDé%(14g14)pY(14;14)pX U4y

MEMS o bﬂah(o):ULTA(S);DYJ(Qﬂv3.LTA(8)pFl(b7;P2(8)l
'ELL(”‘)()(J({“;! Y RLIN (lxn),)\@l\(l]&d},,Lj(r)xu\):le4(1 G’,Y?I\J(10U)

FORMAT (T eLAYERS DID NOT MERGE WITH THETAR'HF12:46,/7)

TYPE 12
£ VNAI('? ETERING HIXINGY)
1O T=8

SIUTHSSS [N (THETA(NS))
CUSTHSECOS (THETAINS))

LATE THE FROPERTIES OF THC MIXTURE I THE DEAD ATR REGION,
CHOIREAD) 50N C DR A wCP dr?)*(l.v—FH‘L(IUEAU))%CF(INﬁ)

RO CTUR DY = A/ 0 CONCOIDRAD) /4N OL(JFY)*(i.ﬂﬂcU%C(IDEAD))
/xHHL(lui) )
CYUEAORLCONCCTDEADY # (CP(JE 1) ~RUNTY/ZWMOL CYET))
+g1,/“(ugtcz FAW))*(L!(I“)“‘”NIV/nﬂ”L(I )
#-\‘l‘/\(IlJffl])v-(‘ (’1 ”,H[_;)/[\”J[C_AH
I(EVLAU PTOTALY LN AL (IDEAD, L) /CPCTUEAD)
A0 TV AG e [5TATIR0GA ukrU(D(IHEAbﬂIQTAT)rﬁHUL(IJLA”);
TOlCE AL, TTOTAL Y Y
HHH(IUEAQ»LNPRAT)ﬁHHGQXDEAU,i;TAT)/RWQ(xN[,IS[AT)

?wﬂ W28 GASH R {J(Ix I TTOT Y s Wm0l CHET) p TOUET ITOTAL M)
0L 0ASKELD (B (Vﬂ s IPTTOTY g wHAOL I NF Y r([\‘f:rITDTl\Li)
/xfﬂ)f} 7;1b'{l\ (JQPHL":I)#?A Jf TplTUTAL)\"F JRT(PH\)U(*L\HJ‘M’

JHIAGTUIRE T 1)
P AL CGAACIET) ¢ 1, 0/P CIDEAD, TP TRAT)
A2 B e e
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1219
L2y
Y
Y
ARV
12 6e
14827
1H2a0
L8290
1ISYY
183 LE
1329
19530
iR 1»54"
1RSS5
10da
1THS 75
WREY
1h898
16400
19419
1426
ihdjw
LA441
11B459
\/ 4())’
&‘Q/U
10488
1049
1HH05
1w 1d
LYY
1RO 38
1G4
LB95H
13960
1570
W ERT
16999
19600
ineLn
LGH2Y
16 8u
16 AN
1A65%
LU6bY
THGTY
Linedn
LBEYDb
Ay
Va/1e
/2
ERY)
W7 An
T
L7 AY
107
LY B
14 /9

AN A
s

i

FU°1(JETeETﬂIAkalhATID(GAHMASJET),EMU)
PEMDTURC (TDEAD ISTATYRENRD/SGRTI(TD)
BOUNSED L #AR (JEPHER, 1) #ACJET, ITOTAL Y #SURT (RHO B2
1 %RHMCEHEAE,issmik)/AHUY(JtT,l)
CaA=AR(JLALT, J8 P“'\yutHAPd(JFr}aP(JLT 1EXIT)
1 /o!k'iT(‘fprPXIr))

MAGS B A LR T ALﬁtG PHE JET BOUuNDARY,
’ CEZ2,edpeSaRT(RROCTUEAD, IWTAT)/(RHF(JTERu;ISTAT)%T AT O
1 GAMMACIET) WEHACH(JTERN) D))
VOJTERISACILTp ITOTALD #ERACH(UTER) ZSORT (IRATIO(GANMACIET),
1 EMACHOJTERMY) )
HEYJ(Z2)=YJ (1)
CALL URhIV(1,1l61, HeyYJ i RY.N
UYJCL)y nNOW BECO iE S Th l\J{h(, A"“]
) DU 120 121,141
12& DTJCIIEY U SSRRT (L, B+DYJ (1) «BYJ (1)) /70D
PERFORM THE IwTiu%ATlaﬂ FOR THE JET BOUNDARY, .
Call SInPS(1,181:H,0Yd,8,%,5UM2)
W@UT(”JﬁQY@l)=2eﬁ*P1*RHU(¥TEﬁ”5lSTAT)%V(JIERM)*C&*SUNZ
WORT(MJBDY p JET)=wDOT (MyBOY, 1) 7%DOT(JET 1)

[=4
SEL
MEU
NS AED :
MHGHW BEGOMES 1 aWEd 1 REACHES 5 FOR THE FIRST TIME,
£ 15Su=4 ~
NSSW BELUMES 1 WHES THET 1S GREATER THAN THETA(NS)
Q11'~w v
TH11““}ezb /00NY L TUNTND
STEP Sl = 4,200 “tu«?@b,

DUM%YETHETA(‘AXS
IﬁﬂlHETA<?S>BGT. P1/2y@) DunhysPl=2,3aTH]ING
M ETHETACND ) /THING
DERa( (MEOEL) /2)
TmlwcsTHLTA< D)/FLOAY (31D) _
THIS THSURES THAT THE SUMPATIONS OVER SUBSCRIFTS [ AND 1 TRACK,
’ }l)'U“QLJ\MTHjH )
H2GTPBOONRTHING
Tk bz=THiNe

1hy THe P fHE T+ THINCG
' TECTHe T LT, DUMHY ] GO T 16y
JET HASY FLDa HAS 0T REEN ENTRAINED EYEN wlTH THETsTHETA(NAK)
bk lALb\LAIIh S ARE 01 POSS]BLE,
FARETSTRETeCUNY (L JUNTHY) N
rN)IL (ICWTAle) ETHET
B0OTO Yy
L3 [=1+1
' JEJEL
HASS BN THATAMERT ALONG Ipk FIRST [RTERFACE ONLY,
T (pSsv, b0, 1) GO TO S0 ~
JECTHRT 61, P1/2,0) 60 10 24
Pl?PFLI(THET;P(IMF'IPTRAT))
GU T 29¥
2y xnu1~4“u<““i;+Tiftw PL/72.0
. tﬂl; AL H G AL !xyA(IJF‘):K!VUI;IERHOR)

A~24



i

\;.} H
1.( (7( ¢
’? ;""\\5<
Lwav
[u«‘\ s
Th8ai
1uB /6
1hane
139w
SIS
1y
1692
LSy
1294%
1aYhi
1&9@w

97»
1w9QL
19899y
1Livey
11919
1102e
1183w
11049
1105¢
114964

Linve -

L108E
AR

1114
1itse
111y
19188
1it4¥

114gL
‘11(0
11179
11180
11198
L1268
11214
1120k
1124%
11244
114%¢
11264
1127
1Ly
11le%w
Llove
Lio1w
1182w
11888
1194y
113899
Y1486
11a7¢
116k
1159
T

—

+

£
E

SR ele]

ERKCGR,EG, 1) 6D TO 969

(Z‘FeYPIrQT)/PkATID(GHHNA(IQF)aﬁvll
RECINE L IPITOT) /7P
i
5
!
)=

PMACHIGANNALJET) ,PTS)
MMESNT ALONG THE BLUMNTING SPHERE,
SLE2Hs THOTHETY/PTS :

TECTHET LT THETA(ND) Y G0 10 Hv0
L"“+1
“ww1
Suy(r)al, @

Td<; JETITOTALY ZIRATIGUGANMACJET) E12)

VLL(M}»LvaS'HT(123
CALCULATION OF ETA(M},
2he CdfGEA/((PhHDTJ”LDSN(H)+EM2&P2/SQRT(T2))*§;N(THET))
‘ IF (02 6T £,59) uu TU /29 '

T
PHERE. KADTUS, LFTQFEN THE TWO INTERFACES AnD 17 IS ALWAYS
HEGATIVE
EIA(M) =1 L+ SQRT (1,92 ,84C2)
MASS ENIRATNMENT ALONG THE chL“D INTERFAC
REBARZ (1, 0+ETA(MY J#S TN (THE)
FelH)sEr2akBAR/S @HT(P];&T(JPT,I]),AL)/T&)
GO0 3hu

S Mg , .
pi,pg AH& ROW COMSTANT  THEREFORE EN1,EM2,T2 AND €2 ARE ALSOQO COnSTawT
ANG HAVE THE VALUES wH]CH WERE EVALUATED AT THETA(NS),

THRETHE [=TnETA(NS)

FHARSTANLTHY) .
MASS ENIRALRMERT ALONG CONICAL PORTION OF THE FIRST INTERFAUE,

Fl(l)—(HI“Thm&ﬁBAh%LOUTH )/(CQS(Tax)%aa)" -
QALLLLA‘IUP CF ETA(N

vesl, W+rhA““LDSTHS/SINTH

1F (2,502 ,6T. B24#82) ©0 [0 7v8
1 LS URTURZ2H2=2,44C02)
MAGS &Nl (ATl T ALONG THE SLLO'O [=TERFACE,

REARE (L EFET A 10 INTHS+£BARRCOSTHS

Feim)=rbAR

5510 TF(ENDS L, R0, 1) 6D TO $70
) [F A, LT, %) o0 TR 1%
NOW M FOR THE FINST Tlek,

,P%Nzl

(ﬂlL UERIV (L5, THINC, ETA,UETA) .
MO THAL VE HAVE DETA/ZOTHETA, Nt GAN HAKE TeE CORRECTIGN FOR
LOSW (1) on EhbhL TO 1,8 o RLSE} 10 THET=THETA(ND)
' [=1-% i /

ME=5 - e

THE T2 THET=D 4 THING

CU TC 159

37 LU TO (421 ,;4: 2:4v2; Jz‘%;))p

45, bela(ud= <“1E>9m@rhe1> PT‘(£>~We5.thf(d))/TH1N
CLoI0 4Ll

G2 LLTAGRI B, S L TA L) mETAL=10) /THING

LT 41y
% DFTA(M>=<@95«*ETA<f«?)w’.%*LTA(M~1)+1.5%ﬂLTA(w>)/THIN§
A-25

o T o O e e AT R RS R T T B A O B T g T S T YR ST T T QA e e S ST S

Ay TS THE DISTANCE,NOM-DIMERSTIOMALISED RY THE RLLNTING . .



11 a1
11424
1145y
1144y
11459
11464
L1447y
1LABE
1146
1190y
11
11 ey
R
11o4p
1ivbhp
11v6s
1157
11088
11599
110G
ilete
11690
1163
11640
1265
11669
11679
LLHBH
1169¢
11701
1L/ 1
LL/R0
1L73¢
11740
11750
11760
11778
1178Y
L1790
118
1161
11424
1183
1184
115G
11660
1in7 e
LLBRY
L1y
LAY
1Tiviy
11YPE
Livgw
L1vay
] *} &N‘ »
1198%
11Y 7y
1LY D
A
AZARE

G

G

o

41 1

CUNTINUE

Ib(""if..\‘b'\";i(;’l l) GO 10 460)

[P leSw by, LY GO 10 427
TERPSUL (A /(L e R 1AL )

CODW M) FL e U/5 CHT(L,¥+TtHF‘TP“P)
It(LQSH(“):LTe KPR Lub\(“)-;,)d
Monsg '

G TO 25€

CALCULATE Tob LHTEGRAND OF THE [NNEX INTERFACE FOR [HET LESS

29

F@@h)3¥2(h)%5ka({1'¢*ETA$H))*(1.3*ETA(M>)+DE§A(M)*DE1A(N))
GUTO bek

SANE As ABrvE, BuT FOR JTHET GREATER THAN THETA(NS) .
4

FOEF20M) #S0RT( ( ({1, P+ETAM) )/ (COSETHX) wu2) Jun2 )
1 +U[IH\‘)LULTA(N) ) :

1»(1,tr. $) 60 TO 159

PERFORM TiE TWTEGRATION FOR THE BLUWTING SPREREY o

PER

CHA

XA
RES

265

412

Al

Y 1 [

1

Loz

Lo
RN

CALL S1HPS(1,3,H1STP,F1,S1IN,510UT)
IECTHET LT, TR TALND) ) GO 10 58D

b, Qe 8) G0 TO bZ29
IP(H,P;. $) CALL SIHPS(L, 3, H2ETP,F2,521%,520UT)
GU TO dib2

FOR@ THE IRTEGRATION FOR THE INNER [NTERFAGE,
CALL SINPS(E,B;HZ$TP;F2:SZIN;SZQUT)
PP OTHE T LT THETACNSY ) GO TG 5401
,45?5’4 1

NGE UF ~oTEP SI1ZE= «HEN THET 18 GRETER TrAN THETA(NS)
HLa]P“HJ31Pw&MH/PTb -
nédf’ WQ)TF“Pi /QQRT(JTS*T(JE);ITUTAL)/TZ)

TECADOT omoBRY, gETI+510UT +2 ?JJf GE. 1.2) GO 10 722
ET FUR COLTINUATION OF THE INTEGRATION,

S2ln=sbgouT

U 96 FU5143

FeGadystziing+2)

yrb {maday i G+ 2)

ELACIIYSETACHIH2)

NN

5. ] NEzoldbuT

rW( YEEL(S)

le

[FCd=3 wEid, 220 ((J-1)/28)) L0 10 642
Gu 10 abi

guparlar OF THE INTeRFACES LGCATION,
RELe L=y /2
[FUTHET G THETA(CNS) Y GO 10 692
A]]Qw OF THE SLURTING SPHERE.
LIN(RY =R {JSPHER, JEXlT;wClS(Iu&T)+X(JcPvrk,JthTJ
thl(n}“n() FALR, JEXTT) &S INITHET)

JECTHET LT, THETA(HD) ) 60 10 689
no 1u b6o

CATIGs OF ThE JET TERMISAL SHUCK,

Pl b T AR T Y CUE N TR ITERSHI #S T (T HET))
A-26




&

YA LAY s K (JTERSH aukX1f>*C03(P¥K>
Yg&q(m};;(thHQAQQEXlf)*SIN(PUI)
G T dbe

COLOUATION OF THE CONTCAL POR
55 KLU ) 24 0nS, dhX] )~
) YLl (R sy (S, JL X1+
G LOCATION OF TrE SECOND INTE
o
[

TION OF THE FIRST ISTERFACE,
3A‘*H(J¢Phh?.Jr¥1?>: INTHS
BAK#R(JS ”Pa€;JEaIT)*fL THS .
RF AC&, : ,

Ty \(d%PHtP.JLkIT)*L‘S(T4tT)
P)RR(ISPHER JEXTT) S IN(THET)

560 Xeln(R)I=XUIN(K)4E A
YEln(adsYLIn(K)+e 1A
GU 1D LY

112w O

12484 AR i “ A=y, .
12144 C THE SEFARATION BETVWEEN THE Tu0 INTERFACES HaS YANISHLD,

121550 GOMASS FLUY ERImATMMENT IS FJnLIRLY SI10PPED, BUT PROGHAM CONTINUELS,
123164 GU 10 /5%

12178 CoTHO JET MASS FLOW HAS BEE™ SUCCESSFULLY ENTRAINED,

T

12169 (26 FRACE (L, 0-vD0T(MIBUY  JETI=S1TH=521N) /(SAOUT+S20UT=(S1IN+52]N))
12196 /54 WU DT L INT y JET) 251 In+FRACH (5310UT-511n)

12208 v 0) r(n.gnr,lzmeCfcvlluT,dtT)*«QOT(JFT 1y

12219 DO (M2 [ NT, U T = ?;*4anv (520UT=321)

12220 WOl T (M2 NT 43800 T2 INT JETI ¥ U0 T (JET o 1)

12239 EYELsYEL (MY ~yEL(H-2)

Le24y VIMIXDEA (e T, 110 TAL)w(VELCﬂ"fJ+FPAQh3\‘!)/SQ?!cT<JET.LTOTAL))
12245y THE TA(MERGE Y s THE T~ 2ol THINCH (1L, 0-FAD)

12269 o

1227 AHXSTHETA (CHERGE) s COnV (L TUNTH)

LePue rwf THETACHAX Y PCOANY (L TUNIN)D

Lo TYPL 07, 24X, THY

1288w 67 FURMATLY THETA uaﬁot:dAX"szlu,4l

L2o1p TYPE 92, v00TCJET ¢ 1)y #DGT(FJBDY s JET) »wDOT{HLINT JET)

123520 1 woOT 21T, JET)

12388 g1 FORMAT (Y MEOT JET,»JETBODY 3,257 p1P4E13,5,7)

12844 G T0 Y6U

12858 G [@Rucﬁwl

L2 Sey Y6 ReTU

12878 ) RN

T2ORY 0

')(‘\'\J CQVQObﬁqo!'0-09’\!gee9'va'c"!ol‘tocn!gc.vaoo;'nooloo-llogolplgcov0$'°
1240 DU

14w SUBRCUT I RE ADALE S (TERROR)

1249 ¢ oTHIS FUVftH]I<; 1S FOR BLUNTING SPHERE O1amt TER LESS TwAN

12980 0 TRE BASE QIAMETLR, .

192444 ¢

i2dng 0 O THIS SUBROUTING ,HY CALLING SUBROUTLINES -HPCG~ AND -FCTSS-,

Lzacr G PERFORMS THE [TEGRATION OF THL Fivi UILFafaJTIAL EQUATIONS,

12474 C bR STARTENG VALGE 15 THAT ANGLE AT MHICH THE LAYERS wAVE MERGLU.
{ 1C

126y DA THE P IPAL VALUE 1S THAT SHICH JuST GHAZES THE BO3Y SHOULDER,
1P4aGw " ) i : ”

Lebnt COMACR/CUR STO/F T RUSTY - .

121 sU?:Pv/Lx\rAr/Fh./(1ﬂp4);u.<4);lu.l“;IU“Fuf

Le9pP CUROn/ PO T/ TRE AU, Lk g JE T e JTRRE, LAYER, M IX, MIBDY, BLINT, 02 LTy
IPENES 1 IhXITef?XIUT;l”'YEVﬁ:rrMT'Il”‘&LrI FRATSIPTRAL p JRETRY

LD a4y CUMOA/ g0k ST/ ASE , JCEITRIEX T, JFACE , JEPHRER; U3TAR,

LD 1 'ic€~~ ;nxswtnbug.dﬁgwn,~wl,~j

LY u VONZAERG/A L2, 71500, CONCLU) EP(14) » CTyEMACH(18),

PRy 1 H1M (L, 7)Y, BAMMALLZ) P L, 7),0(10),

125 dy 2 \<u«1k,)\,7 1ﬁ;f):V(1‘):,HHT(1';7):H“ﬂL(,’)

Py, GOy /0 S ALPHASAR LA LAY, 014, 14)

e

L AR (LA, 1A Y 1A, 1A, KA1



.

L/’l'

}(1 ‘I’}
ldU)d
17647
12Hhhv
1200w
L26/w
1 niy
1206494
12/ g
Lo
12/2v
1g/5u
12748
L /by
1276w

el /e

12789

12798

Le By
1284
1282
12Bsy
PR
LA
126/
12888
1695
iroYue
1LY
12920
1LA9EY
12944
1LeY5Y
12V 60
12970
L29ny
‘\ ’/ Q \;] 'x')
AARESIA Y
1Ladld
L2 E
ARCIKES
13640
1éﬁ5w

L SN

1 ST
L 1% %e,

Cx

[

"y

G

CUMAON/ROUT /0588w CAPP A R! JLHAU[ XPQRIpthyLH’;Y 3 YOS,

COMAONS £ £ ] T/imr VENTE ENTS, AT 4, x“ P XHUL YKL YKZ, YK3 Y55 (Y)

DLERCS [UN PR T(A):YH“TAQ(”), kNY(b);AUX(LG'v)
f\"\lf:r?‘\w\(ﬁ FOTSE 56( ”’7;("’( 20 00 'é’”;f'(,'” A e ﬂ\JTi"U;“‘LTJ \.‘;PL‘YS‘)

413 FUHHAI('#CHNV&HGENCE FATLURE . LAMDAS®,1PRELS,D, " CTLAPﬂ's
1 ELS St TER='y145/)
438 FOURBEA T R CURMVERGLMOE FATLURL . MU=T,1pPE13,0, ! FOTMU=T,
LooELS et TER=Y 140/
458 FURMAT (' 200N ‘tnGENCE FATLUKE, NUs' 4PEAS 0! FCTNU=T,
S ELJ.,;? 1E<Mf,1a,/)
494 FURMATCVOCOMYERCENUGE FATLURE, YSSL=',1PELS,. 5, FCTYSS=!
2 Fjﬁyﬁe‘ iPH"'»la'/) '
(

B9 FURMAT(PEERROR 5 INTEGRATION SUBRQUTINE, SSTAR=',1PEL3.5,
Lo LHLEEY, 14, 7)
TYPE 12 .
le FORMAT(Y ENTERING MERGEBY]
ASISRRY
HUI),@‘Q

TEMPE1, 4/FLOAT(NDIR)

THE FOLLUNING CALL IS HECESSARY HECAUSE THE INTTLAL VALUES

GF YSSTAR ARE CALCULATED M SUBKOUTINE =FCTSS~ ,

NSSWCR IS USEL TO TEER ~FCT5S- T0 LALCULATE [n1T1AL

VALDES AND 10 SAIP CALCULATIONS FURTTHET GRLATER THAN THETA(NS),

XARL IS THE INITIAL VALUE OF THET AT THETA(MERGE), SSTAR [S 4,0
ABAR]2THET S (HERGE) -
[tSXBARI,GTaTHhTA(HS)) XBRART=TAETA(NS)

H 1(3 CH l

89 TAf\m,ﬂ

ChalL FL!VQ(HSTHR}{ STAR,DLRY, LERRAR)
[ECTERROR,ED, 1) GO TO 968

RO WCHRER :

TYPE L7, (YSSTAR(KK) s KK=1,2)

Fuilp(L)sn,8

pth(/):ThCTn(i )~1uFFA('LRGE)
(HE STEF §12F 15 SET INITIALLY T0 1.4 . ““”EVEP’THh
TNTEGRATION SUgRoDTINE MAY CHAMNSE Tog STEP SIZE

ger(¢)-1.f/;UhV(ialUﬁlN)

PRITIC4) =0, 2E=4

UECTHETA(HLRGE) oL THETA(NS)) LO TO 1208
x&AhI~Th@|A( SYH TANCTHE TACHERLE ) = THETA(HS))
‘) rﬂ A (’u

YSSTAR(I)”&H){*:hn‘T/(“R(Jg“hkﬁpl)&hﬁD(IﬁF,ISTAT)ﬁV(lhy))

THAT 18 5400T/ws0TCINF, ) o L
YSSTAR(K)» Hnﬂ*:U,nR/‘(lWF)

YHSTAR(O) S Air sl RZENTHAL CINF 0 1)

Yﬁ,"!\y{(é)"(‘li)\ sCONC :

(S5 TAR (D) = Ihw=wﬂas FLOHY EoTRAINEY FRDIM. THE DEAD AIR REGIOUN
PRGN Tk .tmfl G PULWT TG THE Eab 0F THE InTEGWATION MORMALLTZED
uY &\KU{:\TS[»‘F‘nl) [ .

=1y g LN
} i) p 2
A-28

12 RN BT
184 ahNY ()=



121y
15224
1UL’V
13/41
138510
LE2 60
18974
1528%
1.529%
15908
L8s10
l\f)\f)zl!f‘
158834
15540
1éébw
l\?\s()/.l
185/
15989
15394
134198
15419
15429
L3431
18147
16434
Wé Y
18479
1348y
1385499
1804
18919
1399246
18936
15940

15058 ¢

15540
18979
18500
155?3
156&%
L8011y
18624
LS0O3
18640
1865
1Sbauw
15071
LI6RE
18690
18/7%
19710
1872y
YA
18740
1575
L&/ 60
‘_ 5 / /‘ 5]
1387
LS /0
T

<3

(I S o

[

G

C

(]

(s

L

INTEGKATLON Frod THETA(MERGE) TU THP[A(VS);AIT“ SSTAR AS THE
dU‘“[nB VAJIAWLf,
CALL mPCH(PRuT, YS b!ﬂngngv G aD ] A;xHLFsychb.JUiP AUX s JERROR)
[P Oy, 6r, 1ﬂ) bd T0 98

[HTEGRATIGN FroM TeETACNS) TG TUETA(HAX), 1F THETA(MERGE) IS
LRE ATLH TisAnw TarTA(NEY, THE ;\lLuh411G“ 15 PRyx THE!D N(|&RDE2
[0 THETACNS) GuLY AND THE INITTAL VALUES ARF CALCULATED AT
]’ETA(AS)
RESET L/.t< LINET OF TeTeGRAT[0s TO THETA(RS),
CRITT (L) =R HST ()
220 #ﬂHNLH M
DU 286 [sLeNDIM
234 DRERY ([)=aTLnP
‘ P@FTfaisT%ETA(HS}%TAN(THE;A(HAX)wT4ETA(ﬂ>))~XBAR1
Call HPQSSPRWT,YSSTAR;QLRYpNULM:I”LFp T‘S,OU]},AHX,IFRROK)
JECIHLY 61, 12) GU 19 9¢#F— SN

THE gaT GRATIUW IS MOw FINISHED, PROCEEY TQ CALCULATE THE
THREE PROFILE PARAGETERS, LAMOACKLARMD p AU CXHYY AND NU(XNULY .

Gd AL (=L, ADM
496 YSS(]1EYSSTARC])

FIND LAMEA MY A ITERATIVE PROCLDURE
CALL POENIXLAM, VAL FOTLAMI 3,59, 1,801, 8E-61199, JER)
Ir(IF’(gh\Je ﬂ) GO lk) 124
STTE CTOUT4L3) XLAM VAL TER
uJ TO Psd

‘_I‘\’D 1) HY AN ITER, lVr f”Rﬂ)L')l‘HLQ

422 CALL POEXCXMU, VAL FCTHU 30742450, 1,9E-6,199, [ER)
[FCIERLES, 2) 6O 10 442 i
WRITE (lgﬁ y 438 XMUL VAL, 1ER
GO TO 9382 '

[ND iy BY AN JTERATIVE PROGEDURE,
A% GALL PLEWCRNUL, VAL FCTYNY 00, 8,580 1, AF=6,182) [ER)
[FOLER, EQy 2 GO TO 461 i
RITE (10UT,4%8) XUl val, 1ER
GO T 28R

d
1

A6 GUT | Ntk
- TYPE 26, XLiM, X1, XU
16 FoREad (o L,“i'x;‘\,. Wl 1RSI 345)
TP A7 (7S5 TARIKR) KK, D)
17 k“&‘#l(' YwS'r‘P)@lS 54
THE ToTAL prTxalcfD AND THE SECIKCULATED MASS FLOW IS5 ~OW MADE
DIMENS [UNAL uwc& AGATIN,
' YOO TARELYEYSSTAR(L)#WDOT (INF 1)
YRS (L) = aSTARCL) B i
YL TAGID)EYSSTAR(D) #9DOT(INF 1)
YSH(BRYSETARID)

LALL ULA'E Trbk MASS KETURMED TO THE DEAD AIR REGION,
}hflJnFTWt.])»uHU‘(”JP(Yil)**JOT( 2 InTaLIHYSSTAR(S)
FLe The SEPAKATION STREAPLINE BY AN lTF«ATIVL whoﬂuttys
SALL POE G (YBSL VAL FCTYSS P, 7ty 1y imer e lu Tba
‘,...’.—A;M29 e B e 0T LTI T Ry P At NI Camlm



s

W

Lo

18830
14849
1S850
15867
13878
1SBGEY
1EBYY
1SYPY
1591w
148992
1o938w
15940
1895y
1896
18979
15989
15991
14'Wf

’H)l«'
14b2m
‘4U§p
Ld‘jqp
14050
1406
l4~)/k)
34@&:(/‘
14U'f
141060

14116 .

14190
14189
1414¢
14154
14169
141/\
14J8L
14198
14240
14210
L%Hgn
142é0
14249
»..4/.)v,
14260
14270
14280
14290
148my
1451
1432w
KR
LAS Ay
14597
1486
145/
14850
14589
1A450

c

IF CLERGER, €) 60 1
KRLTE (10UT,498) ¥
VRTNCRY

g Dug
S8L VALY TER
CALCULATE THE FEFGED EalHALPY,
5yt CAlLL u@g(«ww,y,JLIaﬂng,zufé)
ESTHALUIDEAD , TaF ) 22T S /£M12
ENTHAL (TREAD, 1; ENTHAL (IDEAD, INFY#ENTHAL CINF, 1)

TYPE 81,Y85L
a1 FLUnmal (v YaSL=T,1PE13,5)

CALCUL AL THE MERGED CONCENTRATION,
CALL WOB(=YE,YS5L,C0N20,#£1T4)
CUNDCLDEAD) =Z0Ta/ 2112
TYPE 15,ENTHAL(1DEA(:1);Cb\p(ldEAQ)
1% FuRMATLY HpOonNG '.1;2E16 4)

GU TO J6#

C9gl wRITE ((OUT,898) PRETCA), LrilF

93 JLRROKSY
961 RelyRn
(3

_‘tv'9."'00‘30'9(0'!!'05}!!'!'IP'lQ',Qo"'u.lll""'!l'l"'"l!".l'l

SUURDUTIAL HWRGEﬂ(lLRRQR)
iL BASg JIAMt]L%'

THIS SUBRUUTINE pBY CALLING SHPH”UTIWL5 ~HPEG= AND -FCTSS=,

PERFORMS THE [ATEGAATION OF THE Flve UIFFERENTIAL EduATIONS.

THE STARTING VALUE I35 THAT ANGLE AT WHICK THE LAYERS HAVE MERGELD.

Anu THE FIMAL VALUE, wnlCH PRESUMABLY OCCURRS FOR THETA L&Sb THAN Pl
15 DETERMINED [& SJUBROLTINE -QUTF- BY CUOMPARISON OF T¥0 DIFFERENTLY
CALCULATED VALUES oF PRYSTICAL LENGTHS,

CUMION/CONSTS/P T RUNTY
CJ‘*Ox/C“nFAg/(ﬁﬂv(l/:Q);”\(4)JIU“IV11J OuT
CUBAOS/ LHERT/TUR AR T, JE T, JTERM, LAYER 41Xy MJBOY  MAIN] 21N T
1 1sKIT Ik TUT;InATIU;!‘TAT;ITUWALplvFRA1ﬁIPTR§r JHETRN
COMMDN/ GDENT ZJBASE p JOESTH ) JEX I Ty JFACE, JEPHER, JSTAR,
1 JUERSH MAK MERGE, 110D, KD, NET, D
GO '/AL‘J/A(l /)00 Cn GCULA) A TP LT CTHERACH(1D)
&\ltAucl_;7>;GRH’A(1‘):P(L"/"“<“)'
Ry 1,1{,'/>’1(1,)'7),\J(4j),‘,!)ﬂ‘f(1197)0‘\’\4{\L(L*9)
(’u"’t(l t/'.::t‘.()w/ Lf“A'A{CI-/’lq) “(14 1’3),
l f(i‘. :\(l/“)fﬂ(lq lﬂ)iY(lq 14)‘,\ U(j4)
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pRii(ar=1, /bDwV(l;Ile )
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1084 G AS LARGL AS PI.
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RALELIGH PITUT FORMULA, CALCULATES THE RATIO OF THE TUTAL PRESSURE

iol1d o
inzzw O OHWERING A NORMAL SHDCK TO THE UPbTR&Aﬂ STATIG PthHUHL
AR LY G ’ .
T L4 C TECEMACH,GT, 144) GO TO 140
16259 : FPlIOl-PNATI‘(LAH:L”ALAJ
L6264 P;Ith , ] S
Toaensa L6 SR EGAEY L 7
16284 A@-GA'~1eﬂ |
16299 Qtw~LM\(H%p\AFH
Togesen FELTOIZ((GaPSEH/2, @) 24 (BAN/GINY ) B ((GHP/ (20 #GAM#SQM=GMN) )
1681m 1w, u/hui))
1he2 ) hpLJRN
T 163850 £
16840 )
Lf‘hrsbw \J!!!lt'll”'!'}l'l'l"??'!!"i.l;!l‘O'QOOQOQo."099!!!].(’!!0'!0'l|.,’.
T 1es6Y ¢
16571 FUNSTLION ARATIG(GAM,EMACH)
16888 ¢ CALCULATES THE ISELTROPIC STREAM TUBE AREA-RATIO-A/A®,
R T )
16430 GMPI(GAML B /2,0
16419 ChmztAﬁ'l 9
T 1bavy ABATIUE((l,p*G‘\/Z CRrEHACHHEMACH) /GMP )y %5 {GMP/GMN ) /EMACH
16444 RETURN
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- leoew o C 7
16912 g FORMAT(SAHZTHE phAmJIL ~MEYER FUNCTIOW 18 NOT,
16228 1 21 SPLCIFIED FOKR MACH =,1PELZ,4,/)
> 1()‘35&/) ;
1654 [oUT=s
16550 1t CEMACH, LT, 1.,¢) GO 10 194
. loben GO TO 242
16578 196 welTE (10UT,98) EMACH
165561 ﬁLRR(lH 1
- 16999 RLTURN
160p0 2B GARSORTI(GAM#L, 1)/ (GAM=1,2))
16614 ‘ PINY=GHSATAN (SQRTCENACHHERACH=1,2) /G =AC0S (L, B/EMACH)
. leopw ‘ R TURN
LblSw E:*,‘l}
10(34,; C
. 1?2()‘3@.“ qu.,p’..?"o'yu00l99'0"‘01'0"Q'O'Ivl"Ql00-0|intllllllo’pllv'!!l09""
LAHOAY »
16670 FUMCTEOR VASTARCGAN  EMACH)
L Lbbs@ G CALCULATES THE FUNCTIOW V/as,
lboyu »
16 /0y VAS {AN-L;Ar44;1Q?((0A,+1.w)/(2,@+(GAmnl,ﬁ)*EMACHﬁ"MACH))
- 1 671 / ArTyYRN o o e
Vh/Du Ead
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16819 : EXTERNAL FOTAM
ibﬁgh »

16830 295 FURNAT('2CONMVERGEWCE FATLURE (MACH NO, FROM AREA RATID) t
1@@@, 1Y MACH MOy, IPEAZ2.4, 0 FUTAME',E12.4," TER=2"2144/)
‘@z"ﬂ‘ (_j !
16867 [vUt=o
168 /0 Fil 1;”
1ou8u JF{MSw e0, 1) GO 1o 12u
Loty T LEL TENEND
16988 G T0 1hm
16916 1p% itL“'l
L692% Lol e Fw1+LEeM
16931 ' ARZEARATIO(GAM, EN2)
1094u _ r(AR/ GCTLARY GO TOD 290
16958 gﬁl Mo '
L6962 FECEML LT, 4421) QELA=0ELM/249
16974 GO TO 162 o o U
1698Y 2006 GAMMASGAN
16999 AREAZAR ’ :
1766 CALL POLWEMACH, VAL FUTAM EMLIEM251, PE=60 160, 1ER).
1v/e1e IFCLER ED, G) GO TO 348 i
1/629 VHITE CLOUT298) EMACH, VAL, IER
1/G39 [ERROR=L
1049 RETURN
L7459 Shv LRACHREMAGH
17460 RE TURN
17878 D
L/vge C
1/139@ Cg.lguv!aa'.’oltgaa!tcqtrolu-'vn,ln'v-o'lvovc'Oo'OQ!'iol!nQlhtp',ti-oo’O'
1/10n ¢ .
17414 FUNCTION FOTAM(EHMAGH)
17124 ¢ THIS FUNQTIQh‘[S CALLED BY FUNCTION  ~AMACH= ,VIA :upwhoINF
17130 C =PGEW= » TO JTERATJVELY FIND THE MACH NO, FKON THE GIVEN
1714¢ G OAREA RATIOQ (AZA®),
1)150 > ) '
¥ COMMON/FCTAL/GAM, AR, XX
L/l/ﬂ ¢
1/718% FUTAMSARATID(GAMEMACH) /AR=1,9
17194 Rth?N
172au £
17214 »
1/5/:“ Cg!.pooe"'ictplo!geolvoei'lO'Qlo'0!!"'0"!\.'!"‘!!'!QQ00'0"'101!3‘
17234 9
1/ FUMCTIOR RAMACHIGAN S RHOTS)
17256 6 CALSULATES THE BACH w0, FROM THE [SENTROPIC TOTAL TO STATIC
1726w 0 UEHSITY RATLO, '
1274 @ ‘
L7288 for M AL H "bQRT(E.ﬁ/(GAM“;.ﬂ)“((RHOTSﬁ*(GAM~Lo?))"l.Z))
172949 , tgju
SVANYLES Eoid B
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1783 0
WRTE FUNMCTIOR PUACH(GAM,PTS)

17396 0 UALCULATES [HE HMACH MO, FROA THE ISENTRUPIC TOTAL TO STATIC
17867 PRLSSUREL RATTO, ) '

L/l G '

17504 FAACHESGRT (2, f/(UAM~J.V)*\(Pf3%*((b Med o 3 /GAM T ) =00 2))
17897% e TURN S
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L7480
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\WERY
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1/L6HY
17674
LSRN
L7899
L7938
1791

1792
17954
179
1Y
179482
AN
‘L/I\)““‘/‘!
1L/
TE

[P @R

P

SN

L2

A

3

L2 T A L

CalCuL
Iﬁtiérﬂ

118
148

595

N
0
e

S

[N B

TH1s F
=P \\l"’

PRANDTY,

& ¥ R 4 o 8 g 5 8 @ £ 8 ¢ 08 $ 3 F 96 O % g v b R ogop ? Fopog 0 ¢ b o g FogP Pt g & T 9P F 0 2P o

Ut\“;rfﬂ Al IAC")([:AMAX\IU;IFR{(‘R>
A|E) BY JTERATION THE mACH NO» FROM THE PRANDTIL=-MAYER
GRLC EXMANSIGR ANGLE Uy )

Lu'.O'/LqNRIJIFI1HUJIV

COMMON/ZCONFAT/ZCORNV(L72,a) ,UM(4) ) TUNTIN, [Un0OUT
CUMMON/ECTAL/GAMSMA ) XNUX s XX

EXJEWwAL FOTXH

FORMATCTETHE PRAMDTL=MEYRR ru«wx“ ANGLE NUSY  LPEL2 ¢4
LS GREATER THAN Y€y DEWREES, 2

FURMAT (' 2 THE PHAwJTL~uFYFH TuhNI“b ANGLE, NUS ', 1PELR, 4y
VIS LESS THAN 0,0 DEGREES,',/)

FORMAT z’LCerLnGENca FATLURE (MAGH NO, FROM ANGLE NU)» "',
POMACH ND s, APEL2,4," FOTXmE',E12.4,"' fER=',14,/)

XNUMAKE (SORT((GAK*Y L @)/ (GAM-1,1))=1.0)#P]/2,9

JOUT =5

IT(XN'\J‘Ll!‘ I/P.QV) D TO 1L223
77)“(,) Al U’rL‘Hv(J;IUQ\'IM)

RROTE (1OUT,118) £XNU

(.,L) TO bV';’)

Ir(X\UpuTg Hy#) 60 T0 159
ZXNUZXNU#CONY (1, TUNIN)

ﬁ@Lrt (IDUT,14§) £XPU

GO 10 268

£ML131 U

”LLH=1,

EM2zEmLl+DELY
XNUL=PHRU (GAR ) EM2 s TERROR)
[FOIERRURER, 1) GO TO 62
IFLAtul 6T, XN GO TO 3¢9

Frl=En2

GU TO 2¢i@

GANMARGAM

KUX=E XNy

CALL FPOLw(RMACH VAL, FCTX" EMLIEM2) 1 2E-62297 [ER)
Ir CIER,EG. ©) GO 10 409 ‘
WRITE (IDUT,$98) EnACH, VALY TER
Qu 10 SR

FMACATEMACH

139 TO ouf

JERROK=E]
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FUNCTION FCTAM(EMACH]T
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L34t i PoWALS ROT TRANSMI‘TtD; QU!PUT 1S PROBALY NONSENSE', /)

18024 co

L8v3e TudT=8

L8y Pu[XM;PmuU(GAM,EHACH,IERR)/XNQwi,a'

180y TEOTERR, £, 1) WRITE (1OUT,184)

13060 TR -

LB/ Fil

L893w L ‘

A2V R0 TR R R N N N N R T O B N O B R S N B S S N R U SR,
181 ¢

1811w PUMCT O8N WAVE(GAR L ALH,AlP,I RROA)

18124 C LalCUpalns gY JTERATION THE TW DIMENSTONAL OBLIOQUE SHOCK HAVE
18134 £OANGLE FXUst IHE MACH D, ARD‘NEDQL ANGLE , B

18140 @ o

18150 COMMOS/CONFAC/CONV LY 4 4) , Ul(4 )y TUNTN, JTUNOYT

1a s rJquM/rLTxl/gA*tA,k1X,AI}HA

l5l/ﬁ KIrh“hL FOT V

181849 ¢ T T T T e
18199 118 FURMAT gvaTmr OBLIOVE SHUCK=-wWAVE ANGLE 1S NOT DEFINED FORY,
18200 B T N XP YT NOwEY G LPELZ 4y /) '

18218 195 F“N'Al{ ;At( SLATION FALLURE, THE UBLLOUL SHOCK WAVE ANGLE!,
1822v 1 LPEL2,4, 7 1S GREAIER [HAN THE MAX, ANGLE='tE12,4,7)

18230 394 ru%4A|(' SCONVERGENCE FATLURE (WAVE ANGLF EROM'“AFH NOs)oto
18244 L7 WAVE AMGLE='1PE1Z2,9, " FUTHVE',E12,4, IERE' 3 14,7)
lﬁdH% G V

168269 [oUT=4

18274 IFTEMACH,GT, 1,2) GO 10 120
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192206 2 RRU(Lw, 7y TLLE,7 ), V(Jw);.JOT(lu,/),I“OL(lU)
LYY EY G
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19809 5% rFiT:P;L'fi(l SEyIPLTar)
981 RETUPN
19821 LD
198351 C
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21839
21349
21859
PL3AY
218746
21888
2189
21909
4191w
2ru2n
2LY3ED
2194y
21954
21YEL
21974
D19HE
2194910
PP
PPN
zz2iigy
PRLINTE
P4
2PUHR
PEDIY
2ol
22l
PO
2Lyt
2211
2129
PBIRYY
221 AV
2215y
22y
vy

LSRR T

cumnoa/zixwr/zsr1.zura,zw73,zu74.xmu.xwu1;YK1;Yk2.yms.YSS(b)
EXTERNAL

Yool eYREK

CA

!, l\l

LL

U

Vel

L2011

GGH (Y2, YSSL  VELZ2D1,2NT2)
fvTYgi"Wr]T(JHLTtupl)/Yb\(L)"_ﬁT?/iNTl
PV!UhN

2
\e
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QALCULﬁl

FQNJTiu
4

\4\3

Y
it

VELSDLCA)

THREE=DIMENSIONAL VELOCTTY PROFILE,

CUNHON/RQOT/SSHCH, CAPPA,KHOES

Vel dhlsgs
R TURN

E L

D

VEL203(£~RY)

UED'

BART ) XK, XLAV , R%, RSSL

TR I N R I A B N 2 S R O O A O B A N BRI A L O L A L L L O O B O O B L

FUNGTON YELS

L;t\l CUI.ri

oo

[N
[N ]

AOH/ZKODT /0S840

1HE

hLSDE =g
KE TURN

£l

1

S

HVELZ

ARE

N2 (£)

OF THE THREE~UIMENSIOMAL VELQCITY PROFILE,

DE(4-r¢)

My CAPPA, RHOES JUES ) XBART ) XK s XL ANy RO, ROSL

e % ¢ 5 09 g 0 T Fov v 8 g s 3P QP PRI G P TR oo PR G og b e sy gy TRt L et fogye s

COMRON/KOOT/48SHED CHy CAPPA, R

[v

ICTLON

g

ENT3DSZuE
ne TUR

LA

ENTID(Z)
PROGUCT OF THE TuR&t
rv PROFTILES,

TR0 (K1)

DI*!&.:\)I NAL

ENTHALPY TIMES

HOES , UES, XRART » XK, XL AN, R3, RSSL

4 B g s 8 8 % oo ® % s st g0 8 g 2 g & 8 O U 0 Pt O ® g b 0V 8 9 6 U g gop oo € e g e O E oot Ry v et b ogspaPe LS

FUNFTlﬁh

[u
@ALCULAj
THE VEL UL

£
LA|(JLA|

};, V(LtL1T¥
CUMMON/ZROGTZNSEHCH GAPPA,REDED, UES, XBART XK, XL AN, R

Cul3ns

.

THE

RLIUQN
£

{"”,‘,

Pisl s Futk
SUEROUT L

1}
34

CTLON

TG
i‘(:;

Cun

2uCO

FCT
“i

v

SDCZY
PROJUCT OF THE THRREE-GIMERSTIONAL COKCENTRATIOM

FROFILES

(?“Hd?

Sl

Up

TO

MOXLANMKY

BOTHE FOaM FUT(X)=%,4s IS

TTeERATIVELY b
L A=43

(DI Ry

\ A .. U i

CALLED

OF

Loas

it A

) RSSL,

BY

B St

TIiES
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22219 0 IN THE JTHREL~DNLNSJONAL CASE,

L2220 G ’

2223w . CUPMON/RDOT/ZwSSUCH, CAPP A, KHOES ) ULS, XBART) XK, XLAK, Ky RSSL,

/3 Ay CuhuLw/iil\T/adleé T2, #0138, {nf%,XtU;ANUj; KLsYK2:;YKISYSS(YH)
2259 EATERNAL VELSDL VELIDZ

ezxﬁw ¢ ‘

Zeew XLANZ AL AKX

22280 CALL WG (Y, 0w, 2, 8aRe, VELSLL, £4511)

PR O CALL uGc(f,’,a.ZﬂitiVE{JP/ 2:12)

Resue FUldlmeyss(2) /UES~YKL- iﬁTd/ZHfl

22815 RETURN )

2250 Pl

2255y ¢

22949 ng,...,.o'a.’o,o99;..:noc-n&og.-,-"..l|-.q....tg‘u!-ewlwpo-ngageg!go,'.

VLY >

22861 CFUNCTION FOTIMJ(XMX)

2287y C IHIS FUNCTION, SET UP N THE FCHM FCT(X)=2,4: 1S CALLED BY

22858 C SUBROUTINE ~PGEN= 170 JTERATIVELY F[ND THE VALQh_Qt MU e

22594 ¢ Ty THE. !“NtF~ul“konwNAL CASE

22490 C

d(‘q]id UJWO"J ILJEx\T/ILJi‘:'\U!I 4F JF]; Tt}‘\l,L,AYERpIIX(MJBAJY,F11|‘-‘T;M£I‘~ro

e24zy 1 ‘1t%1T;15ITuT,zmATlu,IﬂuAT‘IT“'AL.IMFPAT,1HTRAT.JR£TR~

22A%p CUMMON/AERGZACLES 70,00, CON L(jﬂ):CP(lV)rCTILfACﬂ(1”)c

2244y 1 ENTHALC(LZ 7)) ,6AR A(1V),P(J@p7zc&'l:). ‘

22459 2 RuO(1w,s /) e TCA2, 725 VL), WECT (L2, 7)Mol (19)

22464 CURNN/RQOT/8SSHCH CAPPA, REOES jUES , XRART § XK, XLAM R, RESL

22470 CUMMON/ZZINT/ZZNT L0 ENTZpENTI, ZAT4, XnU, XNUL YKL YR2 ) YKS 2 T55(5)

22NEY EXTELRNAL ENTIO

22094 C

rYa Xl =X K

PP91Y CALL wis(d, ,z @aRw,EwTdD»ZNTd;

22ben ng&VUNY35(3) (K2 (1, 2 ENTHALTLIDEAD, TF) ) =2NTS/ 20 T4

2253 RETURN

xY £nb

P2UBY o )

cfcf‘)é)% (J.,...9.,‘*«-vgov'ea'ntcotto!f.o"-o:0gn|0qro,’-|v'col!v;f‘oo'g'i&ll!"

2298 ¢

22h80 FUNCTION FCTINUCXNLX)

22099 C THIS Fu'leuq. SET UP IN THE FORM FUT(X)=4,0, [S CALLED BY
2209 C SU“ROUTLN =~PGEw= TO IILHA11VFLY FInD THE VALUE OF NU

22610 ¢ 1IN THE ?"ME,&L“DI?’!F.'I\!'SIDNM, CASE,

22628 G

22039 (H4M1v/IUF»T/I[EAU.I“f,JEI,)T*H«,lAYFR:”lX;4JB”Y,H11N1pM21NT:
22619 1 JEXLTeIRLTOT, IRATIC, ISTAT ITOTAL, INFRAT, JFTRAT JRETRN

226HY ) wk)ﬂ A0/ ALER U/n(LLp/>»G“pC("Al(ll)t"'?"(‘)’):CT;E"‘ACHL/J)p

2206y 1 ;u]dAL(1/>7), AunA(1¢},P(1V;/J:u(1’).

2267% 2 ORMC(Le 7 T8, 7)o VM) s WIOT(LE, 7 )y ML (19)

226131 : Cutmy/RQOT /2 SJHLH.LAQPA,WHQKD,UL%,XHJRI XK, XLARRISREEL
b9y CUMMOn/ZATHT /2T 20T2, 2NT 3, T4, Ku u,AVULme1.YLé,YASpYQS(b)
RRTG EATERMAL CONZD '
22/ C '

228/29 X*‘u‘l,‘l““hx

PRYRY: CALL Wi (”,},Z,L%RM,CQMéDrZNT@)

224y ?U}éMU~Yoﬁ A)=YKS#CONC(INEAD ) ~#NTA/ZNTY

2Py P T

vl 0

22/ 70 G ;

,)(J/}( (;.y'."°!r69p¢!9.iggviiii77555$=355?59}55!955:'55!.Q!"!Q!.'l..’9'|.‘.
AR C

seni FURLCTION RHOZDCE)

A-bh



bl SOGALCULAIES Tk TRREE-DIMERSIUNAL DENSITY PROFILE,
VA VA’ {

2285k CU”How/an.f/i"fﬂn;IAF JE[,JTi?:,LAYFH:MIX;HJiUY,Hllrl,Mz]ml’
2eBaY ToIRXT, IR oY Ihe Tl aIaIATelTHIAL,irFRA s IPTRAT ) JRETRN
22&5@ FU%FCN/»t“C/g(l/,/),Q” SN )fLP(l”)5Lf5h1ACW(1*);
Q2861 LooEsTaaa S AL /),D<1 70,0018,
2eb/n 2 RO, /), 7):V(J)),;JOT (L3270 6l (L)
62&38@/) C,[):“?:"H).q/)(ﬂu’"r/ I '{JQAPP“Q ’\VI(ILE)‘“FB XRARl'}\K’Xl A“'F\/) H'\QL
2239 C
2298 UL SVEL2DL(/=Ka)
dediw ISR PN N AN
22924 CQNHNQV;/W/AMN‘3/th
22930 € .
22949 UDSREUERSUES Y ([F)
4270w 2 TR ARAERTHAL (1 4 1) =4 59 US5REYFIR
22960 CrRECUNRLR (IR )+ (1, QM) S CF (INF )
22970 WN:},p/( 00 H/bUJL(JFT)+(1|Q”PO“R)/@HUL(INF) )
BYEEY) 1&“4“|‘/ppq
22998 R”q””LAORH”(“(IDtAUylSTAT),ﬁHR,TR}
2SBhY ”uUJ\"/hf4ngsuamoﬁva,15TAT)/5HQR
ERUBY! b TUR
23U2y )
25080 . G
2:5{’4}4" C!"’"!96&"ﬂ»'yggl01ygall'i"’6'0""'§‘?!9“!’§”‘9""'!"0!"!000.00
23050 €
R FURDTION FOTRES(KSSX)
2sB7a ¢ THIS FUNUTION, SET LP IN THE FORM FCT(X)=a,0r IS CALLED BY

2308H € SULROLTLRE ~POEN- 7O TTEKATIVELY FLaD THE vALJE OF TrE SEPARATION

2OH9 G OSTREAMLINE o THE ThREE-DIMEGSTUNAL CASE,

25100 c

2811y CURMO/ LOELT/TOEAD, [N JET pJTERM, LAYER ) MIX o MIBIY ML INT o M2IN T,
25120 Lo TEKAT ERDTOT, I CATIO, TSTAT S LIOLAL, I FPA!,YHTRAT:JRhTRd

2813 (UFHCh/th’ (1/'/>IL’,[H1((1J).C}(17),P"h4\Cp(1/)’

2814y 1 Ebl HAI(]V;/),FA\fA(lQ),P( 4!/’;@(1()

25159 2 RRO(LE /) TCLby 7)o VL) MUOT (LB, 7)Mol (L8)

281L6y (b%»ﬂo/nbﬂ}/nh\'xﬂ, APPA,HH”%b,Ufﬁ,XH NI,XN,XLAK’R%’RéoL
23176 CUMPBONZ22 1T /7285T10227T2, Z’?‘,z\[4 Xhd, XNUL YKL YK2,YK3)YSS(9)
2518¢ EXTERNAL VELSDL

281L9% % ‘ 4

VA RuSpLs w:sx

2321¥ Cull OB (9, ¢, RESLAVELSDL, £4T2)

Qa2 i RS aaD0T URE TNy 10755 (L) ~€8T 2/ 7071

FRERT Kt TURN

2824u £l

2825 oo

13\326“ Cnlp.cﬁ;s"Qrgq'q’!q’|.g.i,@un‘.,'g’°."."'..'."'..'..'"’...'.'...‘.'
28274 ¢ ~

282510 SURBROUTIRL DERIVINT Y04, 14 2)

2829¢ G UALCULATLS Trk UL l”ATka OF & YECTUR Y AND STORES [T [N ARUTHLR
28SEY 0OVECTOR 4. (BASEY O~ JHpE SCTEaTIPIUC SUBRILTIVE -DETE~ ),
VNN G

23920 DEr Lo Y (2881, 4(200)

ERICKES) C

2854 HvE D H

2538H g(*i)~W}r(wS,U%Y(WI)+?,ZWY<N1+1)~Y(u[+Z))
2396 RO TAR I

LSa7M gqg;puul

2SS D Ly 1ER1S,H0S

ARSI Y ART Z(l}:HHG(Y(I?l)“Yﬁl“lP?

CRL RN ' SRS Y Sigs (V02 A e (=) 3 2ny (e n )

A-45
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S4 1y RETURN

(,,\()*2 Lr‘.o
23130 G
géqu‘ G?Ql?lﬂ‘gg“ie|q999'lqv0IQ!Q'“'1!7'0'0\9!03@!;.'!!!"DQ"Q_"!0"!!".'
PRI ” .
234@@ QUBROUTINE SINPS(NINO, 0, Y, YT YOETY —
28T G CALcUla|*b THE TRTEGRAL OF A VEUTOR Y JVER THE INTERVAL NI TO 4O
23481 2oUHHICH NUST BE EVER) ALl RETURMS THE FINAL VALUE OnLY,
D349 Co(BASED ON TuM SU| EﬂTIF[@ %th@”lIyE ~QSE2~ )y
280 ¢
ERARRY GIPENESTON Y(Z20E)
2dhpu {
ERERT RS/ Sy
2804 YLUT=Y]
285 USSR
236w DO 12w 1=K],1008,2
28979 108 YOUTSYOUT#pre (YOI 44, LY I+ 4 Y0 e2)) R
PP i CRETURN T
23594 EnD
2s6ry Q
':‘-'(—‘jﬂ' C!lebgtng!"a!g!l93l"'!Q’l"!l"'!l!QIQOOOOGQIo!!'.cll""vgt,'!‘!o"
25620 ¢ A
/ébob SUBROUTINE RUNGK(FOT , Hy XTa YT Ka N, XOUT,YOUT)
2564k G A FOURTH QRUER RUNGE=-KUTTA I‘TFUQATLJN SUBRQUTINE, [T USES A
230654 C FU”PTIDH FOTOXp Y)Y WHERE FCTRDYZO0X=F (X,Y), -
e366m ¢ (BASED OH ThE [8Y SCIERTIFIGC SUBRDUIINE =RKi= ),
28674 0 )
2868y COMMUN/FCTAL/PHT XX YY
2369y CIMENSTON XOUT(NY, YOUT(N)
23700 ¢
ERVARS H2ZH/2 41
PRV EY) Y=Y
28754 X=X
28574y PO 22 131h
2874 DI Aw Js1eK
28760 TLEHASFCT(X,Y)
28770 rd-d#rf1(x+4z.Y41l/2,J)
t",\s/?ul TS" 1!*‘(11(‘4'}{/)5‘{*‘[2/2 -‘j)
PRYAT: TAs A L] (X+H, Y#T3)
ALY YIYH (1242, 08T242,08T3414)/6,0
2381 1 X=X+ H
2B YU 1) sy
ERERE 24 “1ﬂ*<1>:
2584 R TURM
23850 . gqU

PRL Y C
2\31—‘/‘\' C-ps..'v,_.o'ﬁuuggan9.0'!--.vi!‘3|90"'}l'ttolv-n.'all¥0|t00|1!!o!p|00l;O0l
2880 ¢

2EBIY SUBROUT TRk FCTSS(SSTAR, YSSTAR,DERY, TERROR)

ERT T CoTHIS SUMROUT T iE 1S catbey BY SUSROUTINE =HPCG-, THE FIKST TIHE

2EYy ool 15 CALLED, 1T CalCULATES TeE Telllal VALUES, THEREAFTER

2899y COLT SKIPY TO AxD CALCULATES THE RIGHT HAND SIDE OF THE DIFFERENTIAL
ERPRYS CokQy ATIO“

289 ai G

28U COUMMON/COMSTS/PT  RUANTY

250 (vaﬁuxlhﬁ.T/IUE’UJIFF.qx':dfkﬂ pLAYER  MIXy MJBOY M THT 2Ty
P8y Lo Iex1T, 0k IrﬁT,InAIlU;I‘TAT'II“ ALollf’AT.I“l”‘ng«EI B

PEG R Cul v/ JOEWT/IBASE y JCERTRY JRXTT, JEACE JJSEFHER ,, JS TAR,

ARDIE i ,lraﬁu,nAx,va«bE MOU, RO, BT, b

QA CUMBNNAAERD/ACLE /)LD, OO0 L)y CP L) s CTRAACIH (L)

A-406,



F

QAani
#%ugv

,aax<n

24%
bv
/a’éf
sw/”
2A0ap
(4“9“

241y
dd 11!-\
24120
2418w
24141
24150
24169
2417
aalaw
2419@
d%édw
24214y
24209
24230

YAR4L

A2y
24264
2427¢
2A2RY
PA2YY
PASL
24519
aaéaw
PASEY
24s4p
thju
2466@
Rao/V
qu\.s{jh
2489
2440y
/54)\

2a42%
/'d(; 5;
/444u

244510
ZAAH0
214/b
YAGHY
24499
24500
2ane Y
prY
24934
AL AY
2455y
2av6u
2anT7¢
2y
LG

RSO A

o~
v

e O

[ I G I

£

1

ETHAL (lPJY),GA'HA(i’),P(lﬁ,l),Q(1M),

Retbigaw, 7 ) TCLE e 7Y v LB ) W JOT (1Y t7);ﬂ”"0l.(lw>
guhwnqzuLo»/ALﬂ4A;\R(*4,14),“£l4;l4);

LoTrETACE4) X (14,140 ,Y014,14),X8U(14)

CLutianu/onT /- SSWUH, CARPA, RIHOES, ut;,(aARI,xK,XLAP,ngYbSL
DIMESSTON YSSTAR(Y) ,DERY (D)

Ja

NOTE THAT ThE F1IR
NSHWCH=Z IV Thtd

THET 1S URUATER

ST TIHE =FCTSS~ [S CALLED, NSSWCHs1 , THERAFTLR,
15 LE;H THAR THETAUNS) s AMD NSSWCHEE [F
4/ HE-T;‘\(“'S)!

SETARZAUAR-XEan Ty XBAR[=INTTIAL vaLubk OF XBAR, CORRESPONDING
10 THETACMERGE) , ) o N
AUAR=3ST AR+ XIIAR]
[F CABAR,GTy THETA(NG) ) GO 1O 61

CTHET 1S LESS THAN THETA(NS),

THE T=XBAR
KSTAﬁ«al (THET)
S GY TO 79
THET 15 GREATER THAN Ok ESUAL TU THETA(NS),
Y THE =] h %tL’V3)+ATA\(XHAR THETA(NS))
R?T’h»alu(Tth)/fUS(TnhT"IiLTA(¢S)) .
TH[ FLAG @SHwUH INGUKRES THAT THL INITIAL CONDITIONS ARE
AIFULAILd QrY ONCE, [F !HFTA(!ENrL} ) GREATEB THAK THETA(NS),

TPARAMETERS ARE CALCULATEC AT THETA(NS) AND USED TO CALCULATE

THE 18T T AL Lu’hLTIOHQ
72 LF(waN(HyEQ. 3) GO TO 169

119 [FCTHET W GT PE/2,2) GU TO 139
120 FEEPFITOTHLT, P CIME, TPTRATY)
PISEPCINFIPTOT)Y/PE
EME=PMACHIGAMMA(CINE) ,PTS)
GL TO 140
134 XHll= x~u(“FI)+Th{[~P1/2 @
EME=XNMACH (GAMFA (INF) ) XNUL, TEKROR)
1t CIERRURNGEQ, 1) GU TQ $929
P1Ss Pﬁﬂll‘(fﬁ”uh(lm¥),gwf)
PEEHCINF,IPITOT)/ZPTS
Lag h‘LLV“RHQ(T\rIIHATV )‘P(I4F'IPIT“T)/P(INFpITO1AL)
I A “*(l.«/uAHHA(I'F)))
gr>“+n!/% CACHCINE) @ SERT (T UINF IRATID))
A Paei{ (CGAHMA( e Fy=1.2)/ 53 WY *(%AP!M;;( 1F) 1))

Ir (NSoulHGT, 1) GU TO 154

QALCULA([Jh OF THE IwITIAL VALUES,
YOS TARCL) =2, SwuDNT(JET, ) >/"Lbl STHIED)
YO)‘AH(&)“‘&“*>DU|(”11'TerT)Ia DAY IMIX) /(2 G#V (INF))
YSSTARCS) =, 00T (MLINT  JET)# (1, 8 =ERTHALCIDEAD ) [NF) ) /722

L CERTHAL CJE T, TEF Y *ENTHAL (LDEAY, INFY Y /242

YOS TARCAY (L B4 CONCCLUEAD % (5 B=wD0T (MLTET e JETY) ) /244
YRSTARID) =4, ¢

EyalLUATEL Thi FSELDO=CONSTANTS,

b EEUESHELRT(REOESHRROCINCAU; INERATY ) /2,4
c=l, r+wuuciDtAogINfHAr;/enoas"

L6 AAZRHOES# LYSSTAR(Z) ~UES/2 )

CALCULATTON OF THE RIGHT HAND STOE OF THE DIFFERENTIAL EQUATIONS,
De R (L) 50 288RS TAR#®(AA®CHZ (ha13)

DR (2)a( 0 2URRSTARYUES T CAA+HI~YSISTARIZ2 Y #0CEY L] J/yngiant

A-4T B

P e S e T U e A A Y S, T DT S e B A g A oy <% P By e Y 0

R
i

\
i




<

b

4401('
“409@
’4053
2Aa64%
24065
'(74 Hig
‘4)/w
dqﬁ&u
24090
24//f

2471y
XYY
)z /xSU
/4/ 44
H /B

24769
2§77w
247l
24/‘}'&{)
LE4BRD
PARY Y
241920
ZANIY
2a64y
2ABHN
2486y
24U
24580
LABQY
249%
YAV
249Dy
2498
24949
2495
24961
PAYTY
248
24van
2ot
e Rt R
PR
PR Y
2':?(74 A
20IHG
2R

221h9A
e RN
2907w

Shlgn
“9 G0

)\/

7

(9]

e

DERY(5) = ;.2ﬁ*f%iAN*(AA‘(1.”+(C~1,ﬁ)*ENTHAL(IUEAD-INF))
Lo (L BENTHAL CIDEAD, TNF ) D) ~¥Y5STARCI) #DERY (1) ) /YSSTAR(L)
DERY(4)2( % 20%RSTARCONCCIOEAD) s (B+AAR(C=1,4))
1 ~f§bTA%(4)*DLHV(l) )/YSSTAR(L)
LERY (D) 56, 204RSTARG (B+AAR(C=1,0))
Spe RETURN
END

[

S I R R R O R O s R A A O A A O O R T I T O O R O I R R O O N 2 2 2 T I R I NN Y T Y B B R R

SUBROUTI 1K OUTP(SSTARpYSSJAR,UEHy.IHLF,HUIi,PRHT,IFRRQR)

Vi ]S SuUgrQuiIneE |8 REGUIKED BY THE INTRSRATION SUBROUTINE =HPCG- ,
IF THE sLuNTIeG SPRERE ULARETER 1S LESS THAy THE BASE DIAMETER,
LT-S oNLY ACTION 18 TG PRESERVE THE GURRENT VALUE GF SSTAR, AS
A CHECK On InTEGRATION FAJLURE,

IF THE SLURTING SPHERE DIAMETER [S GREATER THAL THE BASE DIAMETER,
ANG THET [S GREATER THAN THETA(NS), (1,E, THE INTEGRATION HAS REACHED
THE ConlCAL PORTION), 11 LALCULATE3 LAMDA, KAPPA AND THE

PHYSTCGAL LENGTHS, BUTH FROM GEONETRIC CONSIDERATIONS AND A

MASS BALANCE, AND TERMINATES [MTEGRATION WhEN THE LATTER

EXCEEDS THE FURMER, )

COMMON/LONSTE/P T, RUNTY
CURNON/ TDEST/ZTUEAL  INF, U T, JTERM, LAYER M Xy MJBUY , MLINT j 121w T,

1 I&%IT:IFITUT;IHATLD;I%TAT;IW”IAL,IvFHAl,le%AT;JRETRN
COMMON/ JHERT/ZJBASE y JOE TR, JEXT T, JFACE, JSPHER, J5TAR,

1 G IERSHMAX G MERGE MDD, N0, R ], b
COMMOW/AERO/ALLE, /), 00, Lﬁnu(1”);CP(L‘):FTrLMA n(lw),

1 FJIH&L(l,;/), A%“A(JW),P(1W;7>;Q(1E>:

2 HOCLY 7)) » TOLS 7 )0 VLU, WD0T (LD s 7 )Ml (19)

C‘J' MON/ZGEDM/ AL r”1/\;f(r€(14p Lq);«\(«Lq;lQ) ’

1 THE]A(14>:K(l4114)3Y(14714)0X‘U(iq)

O CUMMON/RODT /AN bu“'H,FAHPA.WWDro;UFs,XHAkT,XK XLAY R )RESL
PJMM”N/&?I”T/Z STLeEuT2 2013, 20T 4, X, XN 1.Yh1.YL¢,YA5.YSS(b)
DAMERSIGH PR T(é);YwQTﬂh(D).ﬂERY()) )
EXTERWNAL FOTSLE,FCTSMI,FCIENUFCTRAS, RIHOSD

2248 FﬂnnﬁT('éCLH\E<GFN(F FALTLURE, LAMQAS',lPE12.4:' TS M=t
1 KL2,4,7 JERxY, 145/) ‘ )
2443 J\‘AI( 2COMVERGENCE FATLURE, MU:X,lPElQ,ﬁ;' FOoT3MU=

1 pLR d,! [ER=",14:7)

268  FORMAT (1 2CON JherrNL& FALLURE, NU='",1PEL2,4," FOTSNUs',
1 E12,4,%  JERz 'S 1447) ' B )

SRR RUdRMA (2000 vrxsﬁw EOFALTLURE, RS3L=',1PEL244," FCTRSS=
1 ELZ2.4, 0 JER=',[407) ‘

[wliT=s
PRIHT(p)=35TAR
IFCTHETAMS) (LT FI/208) GO TD 969 T

VELSST LS TrE NORDIMENS]OHAL DIBTANGE FROM THE SPHERE~CONE
LNTERarJ 10N FOLUT, ALONG THE CUNE,
L8528 TAR=(THE TAING ) ~XusAR])
l(<)hLJbT?LT, L) 60T Yow

G0OTO 4P

AT TAMCALTHA) )RR (JYSFHER) 1Y #COS(ALFHA)
{ALPHA)

A-48

TEONS=CH, B, 1)
Yobrnn=(l, -0 L5
pDrli=ublhaTH#TAN




2B . DioPuY =1, HIM

2022w 204, Y?S(I)TY.STA (1

YR 0

2n2ay GOFLeD LAMIA 8Y AN JTERATIVE PROCEDURE,

2o25D CALL PGECXLAN, VAL FOTELMI 2,50, 1,2, 1, 3E~6010%, 1EK)
Phe e LFCIERED, £) Gu T0 288 ’

2neT WHLTE (TQUT,228) XLAMS VALY TER

EEYRY, GO 10 Y

2O2YN ¢
2230 OOFTND AU dY AN TTERATIVE PrROCELDURE,

2981 234 CALL PGEROXE HIVAbFF[TAWUﬁd|J;J;5 2y 1 E=6,180, [ER)
20328 IFOIERED, 2y GO 10 299

20839 ANTTE (1OUT,248) HUsVAL, TER

2hdan GO [0 9p2

PR C |
EnS6y C FiaD NuU BY adv TTERATIVE PROCEDURE, |

29874 25% CALL POEr(XNGL VAL FOTINU G 208,541, 3E~ ,1w,.I£R)

/Hébu S }t(LEN;hQ, 2) GO 10 273 | -

PERY: - WRITE (10UT,268) NU.VAL.IER '

2oauy G TO 999

¢v41p ¥

2oa2m 27 CAPPA=Z (0P IaRHOLSHULOwENTL/ (YSSTAR( 1) #AR(JSPHER, 1))
22430 »

Ruaq C IHE TOoTAL ETRAINED AND THE RECIRCULATED MASS FLOW ]S WOW MADE
2545 C ULENSTIORAL DwCE AGATHN, ‘

2bani YS5(LIEYSS (L) #aDOT(LNF 1)
asa7y Ya5(5)RYSSI5)#uD0TLINF, 1)

2h48: ,
2haul C CALCULAITE THE MASS Rtrin EDOTO THE JEAD AIR REGION,

2

2ob1E wUUOT(IRE TR 10 = mDI(“JuDY:1)+-OOT(V?1 T,11+YS5(5)
2551y ¢ FIND THE SEPARATION STREAMLINE BY An ITERATIVE PROCEDURE,
’bb) CALL pPGEy (WawL:VAL;FClr?SFP.?;Z.hyi.»E'&;l@@,IER)
PN JPOIER EQ. #) GO 10 314

dbb4ﬂ WRITE CLOUT, $#8) RSSLVALY LER

P11 GU T YUP ’

CEEL VI ‘

2hY /U S1 CALL BGo(@,8,RSSL (RHOSD, 2 TH)

2ovdEe ¢ '

25594 YMASSSSURT(2,0afnTH/CAPPA)

266y C

2901y ELENLE (YGRS “ﬁvvﬁ5%>/(k.fﬁ’(ubtHFH.¢>»5I~<ALFHA>> +DELSST
2ne2i T'Vt 43, SST AR DELL yUELENG s CAPF A, XLAM, YGEQM, YHASS
25650 41 FORMAT(! Sy Fl%/erL* DELE',0F 10,5,

Rpo6al 1 /’ KAPFPALAMDA, YG, yitast, 1H4E12,4)

2HGh : SYCHS L

2v0h1 4 1r(b%L‘b1.ﬁfﬁbLL%4b) HEWCHEg ‘

2h67 4 - TEOYGLOM LT, L, u54%11ASS) H8uGH=g |

2Oy 1§§YLL«,guT YHASS) GU TH Yoo

2v04G GJ TO 93¢

PN L 1 KRORE1T

25/ RY PRAT (9151, 0

202k ) ﬁgTunM

2975 ) £

2n /a4 ;

25/":)1;3 C,AQ,QQQ,,ae,p,,gsqg.n..pvn~:tc--'0qs'!vafeouq'cf!’vl!'o'ecct't;nvr!*ﬁ"‘
276 0

20/ SUSR0UTINE POEw (X VAL FCT X011 XG2, 025, 1END s TER)

29/ G ol h Sless ULHI\( GSES Tue TECHMIWUE UF FALSE PoOSITION W]TH
20090 G UPDAT] 6 ANCHURS, THE FUNCTION THAT [T CALLS #UST BE v TRE

")
[0 A
TN GoEOc P (kysy X 18 THE VALUE OF THE RODT, VAL IS THE vALUE
‘ A-49

e e s e s o e A e sl 3 b S N e T PRSI

L R T T ey e T R R, T T T T T e A



2o81Y C OF FOT(X), XG1,AG2 ARE IHE INITIAL GUESSES GF Xs EPS IS THE ERSOR
25820 G ouDUND, [E40 IS TrE HAX, NUMBER UF JTERATIONS, AND JER 1S AN
283U 0 ERROR RETURN,
2vdal ¢ 1 ‘ .
2OBH Y JRR=4
2pieg KLEXGL
25879 FLEFCT(x1)
2hu82 : AL =F
25899 _ X2EXG2
2995y G )
2591 ¢ 0 170 1=1, TEND
992y [E3FCl(x2)
2HV 3R yAL.zFg
2n94q% LIFF=F2-F1
abvoy ' IF(ABa(llFF).lT. 1, 2E~38%) GO 10 242
2HY 5 XEXD=F 29 (X2=X1)/DIFF
2RY T IECABRD (X/X2-1,¢) LT EPS) GO TU 39 -
eoYgi FLEF2
2999 ’X& =X2
Zavpe xz 2
dbh1w 108 U*TlNUt
ceunzy
2653y C NO CONYERGENGE AFTER 1ENU ITERATIONS,
PB4 [ER=1
265y G 1O 348
2006k C
2607p C RENOMINATOR 1S TUO SHALL,
26DRY 248 JeR=2 ,
Zer9u S0 KETURN : -
2OLAY - Enp
2611% C '
2912‘1 Cl'!lyivl'»'ﬂ"!'9il!!'!!’Q!»'l!"vltinlvllnovo-o.'uo'!pl!!o'qlocipllﬁtih"
2613 ¢
2614y SUBROUTINE Q6B (XL, XU, FCT,Y)
26158 C CALCULAIES [HE TnTEGRAL OF  THE FUNCTTON FCT¢(X), BY SUMMING DVER X
26169 COFROM XL TO XU,BY MEANS OF A FOURTH ORDER GAUSSIAN thruLA.
26178 C (TAKEN LIRECTLY FROM THE 18M SCIENTIFIC SYUBROUTINES: ~0GB= ),
/ulwv ¢
2619 G
zézw@ A D (XUt xL)
DB EESIVEDAN
Ph2DY Ce, 48144903
Rh2SY Y, 07014278 (FUT(A+CISFCT(A~C))
267248 Cs, Subdé‘b/ 3
26207 . YP LLLL9508 (FOCT(A+CIYFCT (A-C))
PHYHY C= 4037om 43
PEL T Yﬂv+,lbn‘»n5«<;LT(A+L)fFrr<x ))
LO2ERG g, 0917078248
26290 Yaﬁ“(Y*,1uléﬁl)w(FLl(A*b)+FbF(A Cryn
Bééww RETURY
EERN NG ENG
26820 G '
/55\3’ Ce?g;.égaiﬁanevea!qqqvgbe!%t’kollt!00'llo|0¢|!|||QO;Q\QQ|)Q'v'Q!"_’""
w684 »
2085 SUBROUTENE HPCG(PRMI Yy DERY p &0 T THLE,FCT,0UTP, AUX, [ERRUR)

EERYY U OSOLYES A SYSTE™ OF FIRST ORDER URDIMARY GEnERAL OIFFERFNTIAL
RNy CoEUATIONS WITh GIVEN TRITIAL VALUES: 8Y USI+G A FOURTH ORDER
cood L HAMINGSS FONLFIED PREDICTOR=CONRECTOR METHOD, A FOURTH
ZO39% 0 ORGBER RUNGE=RLTTA BETHOO 1S USEQ TO GEJERATE THE NECLSSARY

St

AOA T Tl TLAL YALUES A=50




2@419

6424
PH43Y
6440
PEASY
2HAaY
26474
26487
26995
)6b(/‘
26)1w
dOJZZ
/bbjm
26249
2eoyu
2696Y
26571
20)&4

bHGY .

'aéczw
26611
26620
26631
2HO4Y
2665@
20061
WELT
dabﬂb
2669y
267
26/1u
Zb/)f
267380
IYEY
2675
26760
26074
/h/z\,ﬁ
R6/90
(th’
/()L{lrJ
’63‘3{
)(”“\SL‘
(bulw
2oL
PhEaE
PONTY
2608
ROHQJ
ALRY
Hbvj”

/OV&V

)()‘) 559
'“'} G
f )(/)P;‘v","'
fb‘)(),()
269 )Y
TRFAS
CHYQG
AU

R

G

G

G

[

(TaxEn DIRECTLY aND SLIGHTLY MORIFIED FRDM‘THE:35HVSCIEHTXFLC'

SUBROUTLNES) =HPGG~ )y
DIRERGIUN FROT(6) Y (0) ) DERY (D), AUX(16,5)

Nz
[HLr =4
XapPRuTely
{2PRET(S)
PRN1(5)=QQ
IS 5 RIS Ry
Au)((l’);l):
A!'X(l p 1) =00 \Y(I)
1 Atﬂﬁlpl)wY n
IF(WJ(FWHI (4Y=%))%,

-

ERROR e TURNS
2 THLETL2
Go U 4
F THLEZLS

COMPUTATION OF QERY FOR STARTING VALUES
4 CALL FCTOX Y, DERY, JERRDK)
TF{LERROR (ERg 1) GO TO 2388

ﬁggoip[hs OF STARTING VALUES

© CALL QUTP XY, DERY, IrLF NDIMPRIT, TERRORY
lF(lthna‘E‘\ 1) Co 70 236
TF(PRIT(5))6,9,6

p) IF(IHLF17;746

6 RETURN

700 U =L enNDIN

5 OAUKLO, [DEDERY ()

COMPUTAITON DF AUX(241)
[5usl
50 TV 1wy

9 XzXti
Do 1k 1=, 801
1 A )(}2 1=y (1)

INCRESERT Mo [s TESTED Y mEAuS QF BISECTION
L1 IHLEZTHLF
LD b
g o1El,nbr
=r l)~AUX(P,I7

l\s X Xi.;
UAL:. FOTOX, Y DERY, TERRORY
IF (i RKRDS, EG, 1) Go TO 238

N=2
AR )f‘ I::‘l IR
A2, 1Y (1)

14 ALK(Y [DEULRY (]
[gwi=d

A-51




o

s

i

27010
EAPY
2TBEY
ey
PIUBR
26y
27078
ERREY
2IB9E
21106
2711w
21120
27130
2714¢
27156
27160
27170
LRAN:Y,
27190
27291
27210
27229
21280
27240
2250
27260
27270
Ay
BIL9Y
2798
RI31R
27329
27530
27541
273%¢
27560
DI3TW
21681
2189
5/4vw

2741p
&/ﬂgm
(324&5 ]
27440
2/a50
27 AnY
27471
27480
27A9E
YInA
2io1u
2IHP0
PENR
2 g4
eI
268
2V
e

o l \(]}”

[ SR

e R

~

L
»

<Oy

U

Lon
15

60 10 1pe

QN OF TEST VALUE DEQT
N

)FLT+AUY(15 1)¥ABSIY (D) =AUA(4, )
L2OGO666THDELT '
LT=PRET(4))19,19,17

'LF“‘ B)11,18,18

I
i=;

[:)D 1.9 I“’lu\‘U
=i

*rr*

TORY ACCURACY AFTEK L6 GISEGTIONS. ERROR HESSAGE,

THERE 1S SATIaFAuTuPY ACCURACY AFTEXR LESS TrAw 11 BISECTIONS,

1.9

20

21

22

29

24
2%
26
27

24

29

XaX+H

CALL FCTOXpY,DERY, ITERRQR)
TF(IERRUR,EG, 1) GO TU 230
UD dﬂ I"’l;le
Aux(é;l)’Y(I) .

AUX (1R, 1) s0ERY ()

Ngd

[§w=4

Go 10 1w

Najy

Kz X+H

CALL FCTOX, Y DERY,, TERROR)

IFflh&W)R £, 1) GO 10 234

X2pPrMT(1)

Do 22 1~1,“011

AUX(11, 1)=DERY(])
YOLDSAUKCL [ +H# (79 5AUX(B1 1) % . 7916667 4AUX (94 ])

1=,268338588AUX (12 ,I)*,w41666014LhRY(I ))

Xz X’H

th4+1

CALL FCT{X, Y, DERY, JERROR)
IF(lFRQQR@EQ, 1) G0 19 230
(JA{L )IIP(/(prLJES\Y,IMU‘;',DI’,Pr-,T I}-hf’(\k)
IF(LERRUIR,ED, 1) GO 10 238
TF(PRATE5) 16,2446
1}“(»\5‘4)27&3.‘\‘,8‘,‘4‘"

Op 26 1=1, 601N
APKCRL D Y (1)

AYX L7 1) =0ERY ()
lF({'!"d)ZZ:Z‘?}Z(ﬁU

Lo 28 1;1,xDIM
DELTEANXLY, 1Y+ AK€, 1)

DEL ISDELT+DELT ,
Y(l)—ﬂ'A(i,l)*,éoééééé¢‘%(AUV(8:I)*DELT+AUX(1E,1))
Go _‘() 23 .

Dy o =1 .000M
DEL TEAUREY S LY +aUX (11, 1)

DEL 9EL(+DKLT&)ELT

YOIDSALKCL, 1)+, 875 anu (AUX(R [)#UELT+HAUX(LL, 1))
Go 10 2 '

Xiif

A~52




53

8

%

Biﬁmg
LI620
27030
EYEE T
v IBSEY
2060
2IBTE
2IORY
2/@9@
2/ 70
27730
2120
21739
- NREY
27 /%9
2760
21T
27768
RII90
R/Bpa
27810
278249
27850
//th
,:/HE)V
27868
27870
2IBBY
27599
2798w
27910
Py,
2793y
27940
279D
796
2IITY
27941
27999
2BRHY
(o“‘m
230
PELRY
2BYap
Bbygy
5507@
230
2BUYY
cu1Pd
"’53_1”
2812
FESRANT
28l4£
2l ni
e8T1 6L
AR AS
CBRLRY
EERETE

2R

G

.G

G

G

L

%

L

00

THE FOLLOKING PART OF SUBKOUTINE HPUG CQ@PUTES BY MEANS OF
RUNGE=KYTTA METHOD STARTING VALUES tOR THE NOT SELF~STARTING
FREDICTUR-CORKECTOR METHOD,
JpZ2 DO Ldl =21, NDI#M

£ }"AUK(J+/rL)

AR T RE
lal [gg{j“xiu,1;+ 4o
Z 18 AW AUXILIARY STORAGE -LOCATLON

Aot 4n
Calk Pr;{é Y DERY  [ERROR)
IF(l LRRUQ &@ 13 GO 1O 239
an 192 1E1,N0TM
f“H’3i\7(1)
AUA(C:I)“.
L2 Y{1)~AQA(N,I)+ 296927§*Aux(?s1)*g15§?596*z

Z22AY 45?7&7?3H .
CAlL PCT(& Y, WﬁﬁY,l&RnOR)
ZraILHhJthQ, 17 GO 10 239

0n 188 12l NpIK

£z H“LL!Y(E)

AUXCT s 1) 8E

183 Y(ITEAUKUN 1)+, 218200a%AUX (2, ]) "3, 8509655AUX(6, 1) +5, 8328054

=Y+
"ALL FCT(Z,Y,DERY, J[ERRDR)
JF(IERRUR LD, 10 GO TD 238
No 14 Ped,notH
L4 Y(IIRAURC, [)v d747003#AUX (D] )~ 3D14807#ALK(6,1])
1%1, ZibgébﬂAUA(/oI)+ 1/1164b"HthR\(I)
Q’J I()(Qy"\jplb)ai)llbw

POSSIBRLE BREAK=POINT FOR LINKAGE

STARTING VALUES ARE COWPUTED,

HOW START HARRINGS MODIEIED PREUICTOR-CORRECTOR METHOD,
20¢ 15TEP=3 ,

201 1 (s B)2rAa,242,244

MEB CAUSES THE RGOS OF AUX TO CHANGE THEJR STCORAGE LGCATIONS
22 DO 203 52,7

0o dﬂé L‘l;\wfl
} ﬂ‘x(i'jyl)-AWX(\,IE
AN sth*éil)*AuX(N+7QI)
W=7

LESS [HAH B CAUSES NéL TO GET N
204 NsHTL «

CONPUTAILION OF NEXT VEGCTOR Y
U evb 124, N0y
AxX =11 psY (1)

205 APLUNH0, 1y ERIRY (D)

206 ISTEPSToTRP+L
O 207 =i, MDIws

DELFEAUR (=, 1)+0, 5583355 aHu CAUX(N*A, [) #AUXIN*6, 1) ~AUX(N+D, 1)+

LAUY CHvd, LY HAUX (N4, 1))
(C1IFQFL T~ 9250 1983AUX (16, 1)
A=53



v
PR220
28280
JH24¢
2825
2825y
26270
28280
P82 an
28810
2681
2820
2HS3H
LR Y
2HRGSE
286(\@
28874
28581
YB39
28409
841
28400
PUERY!
28444
26459
28460
28470
2848
28490
PBhye
28910
2892y
289357
2894
2BHhY
28048
2BLT G
2898y
2650w
eBoue
28610
28620
¢Bb3p
28640
LY
2@060
JB8L07R
DAY
2800'
D
dﬁ}/lv
2BV
2H/G
?B/Qv’l‘
/8/ 347
fb (530
‘h/h
'(3?.5/\» 4
P9
28 3nis

I e e

o~

(R

[OR @]

G
-

L

G

2¢7 Aux(lvaI)“HL;T v
EHF;ILTLR IS nOW GENERATED IN RQW 16 0F AUX, MODIFIED PREDICTOR
1S GENERATEL I+ Y, RELT MEANS AN ALUKILJARY STORAGE,

CALL FCIOXG Y DERY TERROR).

!p(LFRFum,E;§ 11 GO TO 234 -
DERIVATLIYE UF MUPTIFIED PREDICTOR IS GEMERATED IN DERY

|

DO =¥8 1=1,H00n

DFL 17,0254 (Y aUX(hm 10 1D =AUX (=8 [) 43, wiis (BERY (1) +AUX(N*6, )+

LAY (a1 =AuX(N+5,1)))

A"}((j(‘,l)=lsl'A(1‘)pI)“’)Fl
o8 Y(IIEDELT+, 874881 7% AHX(‘[();I)

TEST WHETHER H MUST GE HALVED 0K DOUBLED
DELTER,
bo iy FEL)yNUIHM

B9 DELISDELTHAUK(LS, 1) #ABS(AUN(16,1))
IF()tLT FRAT(A)1240,222,222

ﬁ MUST &DF B HALVED, THAT JhANb Y(I) ARE 600D,

216 CALL FCT(X,Y,DERY, ERROR)

' IF(LERRURED, 1) GU TD 230
CALL OUTF (X, Y, YERY THLF 6D T#, PRAT, [ERROR)
TF(LERROREW, 1) GO TO 238
lF(,Hﬁr(b>)212P211,212

211 1F(IHLF~11)213,212,212

21¢ HL]U

213 lF(”*(A PricT (2)))214:212,212

219 IF(AH‘(A PRET(2)) =, 1»uH3(H))£1£:21b,<1)

215 IF(DELT=,824PRHT(4))216,216,281

HoCoUuLD BE wousLel 1F ALl NECES bANY PRLLEEULVG VALUES ARE
AVATLABLE _
216 IFCIHLFY2000 281,217
217 1F{(in=7)211,218,218
218 LF(LBTEP=4)221,219,219
219 Iwouwr&rt,/a
TFCLOTEP=[HDG-11M0D)201 220,26
220 Hel+H
IFLF“IbLkwh

157¢6P

lin //1 L=l hidim
AUX<“*151)=A KINmZ, 1)
AuXUM-2y1YsAy X“\""";I)
AJ}S;J*‘? I)ZAH)\(;\"f),I)
An v by 11s ALY (N+S, 1)

Al‘,l')(.(N*rE);I):A P “"3;1)
AUXCiied, | )=AUX(N®L,])
UEL I SAUX GO 1) +AUXIN+D 1)
BEL I =OELT+OELT0RLT
221 AUACLE,1)=E8 9629638 (Y(T)=ALX (R“épl))~é 661111%n%([ FRY (D) #DELT
LFAGK v ds 1))
G 10 2dl

HORUST W HALVED
200 THLE FIHLF L
lf‘v( lx”,.F"'l‘/,‘)(.'f\S;?.?.;S;Zl@
A-54 .




28819 223 He 9%y

PBULY o i&lfj“ﬂ
PR DO 224 |32 ,801H
2ldap Y12, 208908254 (B0, #AUXIN=L ) 4135 (#AUX(N=2) 1) 4%, AUX(N=3, 1)«
2HBLY LAUNIN=4, 17 )=, 120728708 AUX(Nt06,])=6 *AUX(V+3,I)-ALx(N+4,}))§H
208aY Agglo-a. )= 2889062b%(12, rAux\u-j,l;»15g,uAﬁx(\ 2]+ :
28871 LLRB e YAUR A ~35 [ )+ AL A('ﬁi;l))*,m¢5457b (A&k(N*D;IJ*i,,#AUX(N+5,1)~
2888y 21 ﬂaﬂx(;+4,r))uﬂ
z&@VJ AJA‘N“591)~A K{h-2 1
289 224 AUXURNEA 1) sAUX (N5, 1)
/bylu Az XK
28929 UELTEX=(H*
deéL Call FCTLOELT,Y,DEKY [ERROR)
2894p IFCLERROR, B L) GO TQ 238
2H95 Y DO 225 1=1,8D]H "
28961 Aug5w~2,l):y(1)
2BY7Y AUXIN+5, 1) =DERY (T
28y5 225 Y(I22AUX(R=4,1)
28990 ' OEL fﬂu&LT°(%*4)
298¢ CALL FeTon LT: f DERY, JERROR)
2901y IF(LERRUR LG, L? KO TO 230
29620 0y 220 i“19a91¢
29038 QSLl“\iA(A+Q,I)*AUX(N+30{)
29049 DELIEOELT+RELT+0ELY
2905y ALXTL 6,1)“4.96c9H5w(A“X(\”191)“f§1))~; 30411 M CAUX(N®O, D) +DEL
29861 THDERY (1))
2907¢ 226 Aux(&+3,1)*ggey(1)
PRCLY - Go 1v 298

29498 | ¢ ‘ | |
291327 € ERROR ReTURN BECAUSE OF TROUBLES [N SUBHOUTINES =»FCT= OR =QUTP=

9114 234 THLE=14
€912 ' RETJRY
29150 END
¢914m  ©
}{9151/) [.,:a@za::mtqq!0..e;,nogcntvsv‘yoo!.np'cg.a!a’,g.,.'o,.;i.,".,,,',..‘,Q.§,‘.q
29160 ©
29170 SUBKCUTINE RTWI(X, VAL FCT XSTHEPS, TEND, JERY
2vi16E COSOLVES THE GEnERAL NUNLINEAR EQUATIUN OF THE FORM XsECT(X) BY MEANS

CP9l9e 0 OF WEGEASIELN=S A0UIFICATION OF THE SECART #ETHOD,

292¢n " (Tz&t» UlRFLTLY FROM THE IBM SCIENTIFIC SUBROUTINES, =RTW]r ),
29210 G v -
292en

COPREPARE TTERATION
2928 ILR=E
2904y TOLEXST
292HY CX=pUTOTUL)
2Vehy AsX=A5T
29270 Ba-A
292G roLs x
2YeIn VALEN-FUTTAL)
P9 Say %
29810 COSTARD TIERAVIGH LOOP
PCRYY. ' D 6 Tz, 1040
2830 IF (VALY L 741
29540 5
7S5 G EQUATION 1S NOT SATISFIED BT X
'Uwuw 1oBERsVAL=L,

Vet JF ()2, 6,2
d?éhw { ’
CI Sy COLTERATION [a POSSIsLE
S SOAz AR

A-55
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29410 XEX*A

wIa2 T Beval,
294384 TOLIX
2914y VALEX-FCT(TOL)

29451 ¢
29440 ¢ TEST On SATISFACTORY ACCURACY

29479 - TOLsEPS

29189 D=Ad5(X)

29490 TF(u=1,24,4+3

29u S ToLs1oLeD

299168 4 IF(ASS(A)~TOL)S )56
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