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FOREWORD

This report presents the results of a study performed by
personnel in the Fluid Technology Application Section of the
Lockheced-Huntsville Research & Engineering Center in fulfill-
ment of the requirements of Contract NAS8-33801 with NASA-
Marshall Space Flight Center. The NASA-MSFC contracting

officer's teclnical representative for this study was Joseph L.

Sims, ED33,
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SYMBOLS AND NOTATION

Description

area, in

nozzle area ratio, dimensionless

diameter, in,
Mach number, dimensionless

nozzle exit planc Mach number, dimensionless

mass flow rate, lbm/sec
static pressure, lbf/in

vehicle base region pressure, lbf/inz

nozzle chamber pressure, lbf/in2

nozzle exit plane static pressure, lbf/in2

jet boundary static pressure, 1bf/in%

nozzle chamber temperature, R

ratio of specific heats, dimensionless

initial plume expansion angle measured from the nozzle
centcrline, deg

Prandtl-Meyer turning angle, deg

nozzle wall angle, deg

vchicle base region conditions
nozzle chamber conditions
nozzle exit plane conditions
jet boundary conditions

wind tunnel freestream conditions

nozzle throat conditions
PRECEDING PAGE R! ANK NOT FILMED
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1. INTRODUCTION AND SUMMARY

This study was conducted in support of an experimental program to
i define power -on aerodynamic characteristics of the Space Shuttle over a

range of ascent trajectory conditions,

i MSFC has developed procedurcs to simulate Space Shuttle launch vehicle
i main propulsion jet plumes for use in aerodynamic wind tunnel tests using air
} to simulate the rocket plume. These procedures will be used by Rockwell

| International/Space Systems Group (RI1/SSG) in conducting power-on aerody-

namic wind tunnel tests of the thrust augmented Space Shuttle launch vehicle.
‘ These procedures include similarity parameter definition, data analysis pro-
cedures and model nozzle design criteria to match values of the prototype

l

»

) similarity parameters with the auxiliary air supply available at the wind tunnel.
|

P

i The present form of the similarity parameter for base pressure match-

ing is
' M. 6. M. s.
__.Lll_).. = _.L_.LB
: M2y M2y
| ¢ ")/ Model ¢ ")/ Prototype

where the values of a and b are functions of the freestream Mach number,

M. is the Mach number on the plume boundary, éj is the initial expansion
angle of the plume, y. is the ratio of specific heats of the rocket exhaust gas *
at the plume boundary and Me is the Mach number of the flow in the nozzle |
exit planc at the nozzle lip. This form of the similarity parameter was
developed by the correlation of experimental base pressure data from a
number of model nozzles flowing Freon 14 (CFy4) as a prototype gas and air

as the simulant gas. No implicit similarity conditions were used in this

1-1
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correlation. This means that no single physical characteristic of the proto-
type engine needs to be matched by the model nozzle. Thus, for example,
it is permissible to change the nozzle exit wall angle in order to change 6j
to achicve the correct numerical value of the similarity parameter with the

model nozzle.

Scctions 2 and 3 of this report present the computational steps of an

analytical procedure used to design an "envelope' of model nozzles (the
envelope is defined by nozzle exit plane Mach number, Me, and nozzle exit

wall angle, Ue) which may be used to simulate Space Shuttle launch vehicle

main propulsion jet plumes over a specified range of ascent trajectory condi-

tions. [Each nozzle in this'

'envelope' will be capable of achieving the desired
similarity parameter values within the restriction of a fixed maximum auxiliary

air pressure supply and mass flow rate imposed by the facility where the wind

tunnel tests will be conducted. The analytical procedure, though develuped in
support of a Space Shuttle experimental program, is not limited to Space Shuttle
vehicle configuration applications. In fact, the analytical procedure may be
used to design model nozzles to simulate the prototype engine co.ditions of

any single body-single nozzle; single body-triple nozzle or triple body engine

system (see Fig. 3.3 for a definition of thesce engine systems).

A description of a computer code which automates the analytical pro-

cedures used to design the above "

envelope' of model nozzles is presented

in Section 4 of this report. An example of the computer code input require-
ments and resultant outputs are presented for the wind tunnel test IA-604
planned for the NASA-Ames Research Center's 11 x 11 wind tuanel (Ref.1-1).
Final modcl nozzle designs and power sweep operating characteristics for
cach of the desired flight conditions to be simulated in the wind tunnel tests

is presented for representative model nozzles that ¢xist in the "envelope'

of designed model nozzles.

1.2
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2. OUTLINE OF THE ANALYTICAL PROCEDURE

-

i This scction presents an outhine of the computational steps of a com-
puter code used to design mode! nu Lzies which may be used to simulate the
prototype engine conditions of any single body-single nozzle, single body-triple

: triple nozzle or triple body engine system. Eacn model nozzle will be cap-

‘ able of acbicving the desired similarity parameter valuces within the restric-

| tions of maximum air pressure supply and mass flow rate imposed by the

facility where wind tunnel testing will be performed. Section 3 of this report

presents a more detailed discussion of cach computational step performed

! by the computer code as well as a discussion of the computer code input re-

quirements. It is strongly suggested that the computer code user make every

pussible use of Sections 2 and 3 of this report whea setting up his data deck.

Doing so will give the user a greater understanding of the model design

problem and the actual use of the computer code.

The basic cquations employed by the computer code are given in Table
2-1. Fxamination of these equations indicates that the design problem can
be resolved by considering three primary variables to define the candidate
model nozzle designs. These are: (1) model noz«le chamber pressure (PC);
(2) model nozzle exit plane Mach nnmber (Mo) or area ratio (Ae_/AM); and

(3) model nozzle exit plane wall angle (OC),

Utilizing the nozzle flow analysis described in Ref.2-1 for a gaseous

, only flow, or Ref.2-2 for a gas-particle flow and an initial plume Prandtl-
Meyer expansion calculation, a parametric variation of the above three

! parameters is performed to define candidate model nozzle solutions which

‘ satisfy the basce pressure similarity parameter relationship

. M. 6. M. §.
! ( a_b . a_b
MY, M. Y
’ model J

prototype
2-1
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Table 2-1

BASIC EQUATIONS USED IN THE MODEL
NOZ 7 LE DESIGN ANALYSIS

The nozzsle design analysis is performed assuming that the model
nozele will be flowing a constant } simulant gas during the wind tunnel

tests, therefore:

] ? b 7. cunstant (2.1)

model 7 ¢ ¢ j

M. ¢ M. b
._.J_JL_ U (2.2)
M3y me o b

model prototype
?
P
')( -1
P Yol
B Lt S M (2.3)
?
—d
Y. -1
P 7. -1 ) J
_* R N V' (2 .4)
D z
b J )
:;,
:
notes P P 5
.
: :
1ol 1 1 ?
2 A ;
M T T’L' -1 (2.5)
é
;
1.1 i
-1
Ae 1 2 l§)e'l M2 (2.6) ‘
;T P\1e )()#l 2 e '
e e 12 1
y - (H) tan”! (%—;—})na"nx) <tan”h (M%) (2.7)
i
b ¢t bt (2.8)
] 6, + pe - {(2.9)
2-2
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The final result is an envelope of candidate model nozzles (the envelope is
defined by Mc and Oe) which may be used to simulate the flight conditions
that cxist for all flight Mach numbers to be tested. The wall contour of the
actual model nozzle used in the wind tunncl test is arbitrary and left up to
the nozzle designer. Within the scope of the current technology it is felt
that a conical noczle with a designed value of Mc and 90 will suffice for all

cases.,

@ COMPUTATIONAL STEPS

The specific steps of the analytical procedure used to design model
nozzles are outlined below. With the exception of actually calculating the
value of similarity parameter in step 4, the first 6 steps of the analysis are

performed by the computer code user and input to the computer code in the

form of a data deck (see Section 4.2 for a description of the computer code
input requirecments.) The remaining computational steps have been auto-

mated by the computer code.

1. A schedule of flight Mach numbers that is to be simulated is
dcetermined as a function of the test purpose.

2. For cach flight Mach number to be simulated, the correspond-
ing values of freestream static pressure, P, , and prototype
nozzle chamber pressure, Pc. are determined.

3. A predicted value of base pressure ratio (Pb/Pm) is set for ;
each flight Mach number to be simulated. The value of Pp/Py 3
used is based upon experience gained from previnus wind
tunnel tests.

4. Prototype plume similarity data are determined. These data,
together with the above Pb/Poo and Pc, are used to determine
the value of prototype base pressure similarity parameter to 5
be simulated to ensure that base pressure matching occurs.

5. The physical restrictions of prototype nozzle exit diameter,
scale of the model nozzle, maximum pressure supply and
mass flow rate imposed by the facility are set.

6. A gasdynamic constraint on the ratio Pe/Pb is set to ensure
that model nozzle flow separation does not occur. The minimum
allowable value of Pe/ P, determined experimentally is 0.60.

LOCKHEFD - HUNTSVILLE RESEARCH & ENGINEERING CENTER
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9.

10.

11.

12,

13.

Scledt o flight Mach numiber from the schedule of flight Mach
numbers to be simulated .

Sclect a value of model nozzle exit plane Mach number. The
value of M, will be varied parametrically in subscequent itera-
tions. Sclecting a specific valgc of Mach number gives the
model nozzle area ratio, A /A

The next design parameter of concern is model mozzle chamber
pressure, P.. Selecting a specific value of P then permits the
calculation of jet or plume boundary Mach number, M;. The
value of P, chosen is usually set equal to 50% of the rmaximum
available air pressure supply.

The value of 6j can be found whic! ensures similarity using the
following relationship:

M e M. 5,
o, o —L-%
Jlmodel Mj * m?
model e yj prototype

tinally, the model novzle exit plane wall angle, 8 , required to
‘l

achieve O, 15 then
Himodel

\

. 6j) + uo) - 1'.)
modc! modcl A model

Incrementing the value of M, and repeating steps 10 and 11 will
define a family of candidate nozzles which will; (1) ensure base
pressure matching for 'one' specified set of flight conditions and
satis{fy the mass flow rate and maximum air pressure supply
constraints set by the test facility,

Steps 7 through 11 are repeated for cach of the flight Mach num-
bers to be simulated,

Once step 12 s completed, each family of candidate model nozzles

derived for a particular flight Mach number is checked to see which
nozzles are capable of simulating the flight conditions that exist for

all other flight Mach numbers.

LOCKHEED HUNTSVILLE RESEARCH & ENGINEERING CENTER
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14. The final result is an envelope of mode! -~:zles (the envelope is
defined by Mc and Oc) which may be used (. simulate the flight
conditions that cxist for all flight Mach niimbers to be tested.

15.

Calculate the power sweep operating characteristics for each
of the desired flight conditions to be simulated for representation
model nozzles that exist in the envelope.

A flow chart of a computer code used to des:gn model nozzles which

meet MSFC base pressure similarity parameter criteria is presented in
Chart 2-1,

LOCKHEFN HUNTSVILLE RESEARCH & ENGINEERING CENTER




4 - suoRpuod Wiy
s M PPY133ds 10 s3uTRIISUOD I
Sujdzsnies e3a|z20U (Ipow AEPIpUed Jo
— Ayure; o 20j santea uBiesp wizd

Lo swndwos ]

[

aspweaed A3j2wipuays dansesad
®sswq Jo woxm; § s fg syndwior)

aanseazd

Ayddns Si® 21qetivAr Wowpxew
¢ 305 = d Pa1si>ads v w0 paseq
‘I puR 83vs an)] ssww 3dW0)

1

[ .v/°v sindusos |

ot

{ °wosuenm |

iz Y23 03 Sujpuodeaizod Bmy
~qTW 32ne831d Iseq JINSUD 0 PIIINLIT 1239
~weswd LIRS jo FnjeA Y} ITWIIPP PUR

‘sishjvue adtesap ayy u pasn 3q 03 JPwresed
Ayzeqiusie 2anssaad aswq Iqvoridde ey nduy

St

4

[ _J ] - o
d/a'’a %a " parear oy o
sidqumnu yoeur Iy [|e 203 ISIND
IR swontpuod Iy a3 Induy

1

i €,.0 .0
w& Ah‘.%f:. D&\Um
Q wnp A3jzen1wye swnd adhyoload ndug

)

S1TTOT [IPOWS JO I YIS PUR 1IIWETP
suwd 311x2 Jjzzou adhjojoad nduy

1

SIUIVIISTOD 3302 MO[} 9S8 pUW
danesaad wnwicwws ‘O>nueuipsed ynduy

1119840 ¥1 DI ¥H- IS




SUNI PNSIIIOND P HONVISIH ITHASINAN GIINNI0Y
$-2

12NNI) INPWNIT ANITHWIS DISW IdIW YOI m
says30N 19POIN uBicaq o3 pasf) IPoD ANAWOD ¢ JO WUWYD ALY - [-Z MWD

aols
zadwo) wdlqozxd

i

*adoyaaua Iy}

Uy BTN ICY) EI|TTOU [IPOW IAIIEIUIE
2:da1 203 pajenulle 3q O3 SUOIIIPUOD
WA PRIEIP IYI JO YOEd 10j 9O1Is
13pd>eawyd Suneiado doasms iamod Jutag

4

P 3 3q O3 813q
gosus 8T (1w 30] INIXD
e swontpuod WA
aq3 J3eynusns 03 pasn
2q Awws yorys sagzzou
topow jo ador3aud wid

s

pai13pisuod
usaq 8ajz30U [IpC

Jo sINWe [Iv 24

oN

p— saaquenu gourt MU
L 993 Tl 20} S1XD WY SUOIPUIOD
See5 By 3P Junsirune jo aqeded
¥ BIW SIEROU YOI IUTWINIRQ

4

.Uquuo:—avoﬁosinu
jo Ajywse; Jdeteg

L)
N ¥\ 3

- suoTPUod BN

W pa1y1>ads 10j sSJUTRIISTOD IYI
Suidjsries #3[TZOU [IPOW IEPIPURD O
Aryoey a3 30) santea udiesep uragd

~J
E
g

i hle

P

RO e S




Rl S . R e e R L o T o me e e e R o o o e T o S T T T T e SR T R R

LMSC-HREC TR D784111

3. A DETAILED DESCRIPTION CI" THE COMPUTATIONAL STEPS
OF A COMPUTER CODE USED TO DESIGN MODXL NOZZLES

\ WHICH MEET MSFC BASE PRESSURE

SIMILARITY PARAMETER CRITERIA

This section presente a dctailed discussion of each computational step
as well as input requirements of a computer code used to design model nozzles
used to simulate the prototype engine conditions that exist over a specified
range of ascent trajectory conditions for any single body-single nozzle, single
body-triple nozzle or triple body engine system. The general engine systemcu

are defined in Fig. 3-3., Each model nozzle will be capable ui achieving the

desired similarity parameter values within the restriction of maximum air
pressurc supply and mass flow rate imposed by the facility where wind tunnel

testing will be performed.

It is strongly suggested that the computer code user make every possible

S T e T e

usc of Sections 2 and 3 of this report when setting up his Jdata deck. The user

will thus gain a greater understanding of the model nozzle design problem and

the actual use of the computer code.

7
| 3.1 FUNDAMENTAL EQUATIONS
]

on the following page.

The nozzle design analysis is perfermed assuming that the model

nozzle will be flowing a constant ¥ simulant gas during the wind tunnel

——

The basic equations employed by the computer code are presented l
|
tests, therefore i

i Ymodel =¥ = }’e = 'yj = constant (3.1)
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e
Y -1
o
Pc Yoo 1 2
ff; 1 + —— Mv (3.2)
Y.
1
Y. -1
P -1,y
== {1+ —— M (3.3)
Pb 2 j
Note: Pb = PJ
Yot
3(7(, -1)
A 1 2 Toobo, 34
= W |y (e M (3.4)
."\ [N (& 4
: 1 2
172 . )
).‘ l ' -l ) - l Z _! z lv’u
v (3-—--—1—) tan [(m) (M~ - l)] - tan (M7 -1) (3.5)
3-2
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Solving for M in Fqs.(3.2) and (3.3) yiclds

-1 1/2

M ={ =% ES. ’ -1 3.6
“ly-1 P (3.6)

The equation for plume boundary initial angle is
b= 0, +v - v, (3.7)

)
and solving Eq. (3.7) for Oc yields

00 = 6J+V0_VJ (308)

Basce pressure matching is achieved when

Similarity Parameter) Similarity Parameter)

model prototype
Ol‘,
M.6. M. 6.
__.L_.La - = _-LJ__b (3.9)
M2y M2yt
¢ )/ model ¢ prototype

(Sece Symbols and Notation for description of variables.)
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P

Examination of kgs.(3.1) through (3.9) indicates that the design problem

can be resolved by considering three primary variables to define the candidate

model nozzle designs,  These are: (1) model nozzle chamber pressure (Pc);
¥
(2} modc! nozzle exit plane Mach number (Mv) or arca ratio (AC/A ); and (3)

model nozzle exit plane wall angle (Uc\‘

Utilizing a nozzle flow analysis described in Ref.2-1 for a gaseous
only flow, or Ret.2-2 for a gas-particle flow and an initial plume Prandtl-
Meyer expansion calculation, a parametric variation of the above three
parameters is performed to define candidate model nozzle solutions which

satisfy the base pressure similarity parameter relationship

M.b. M. 9.
M ),h - ;Aa )/l)
¢ Tmodel ¢ prototype

The final result is an envelope of model nozzles (the envelope is defined by
M. and (;c) which may be used to simulate the flight conditions that exist for
all flight Mach numbers to be teswed. The wall contour of the actual model
nozzle used in the wind tunnel test is arbitrary and left up to the nozzle
designer,  Within the scope of the current technology it is felt that a conical

nozzle with a designed value of M and ¢ will suffice for all cases.
¢ ¢

3.2 SIMILARITY PARAMETER DEFINITION AND APPLICATION

Before procecding further in the description of the analytical design
techniques a better understanding of the sumilarity parameter and how it is

used in the data analysis stage of the test program is necessary.

The similarity parameters used in this analysis have been supplied by

MSFC. The present similarity parameter (SP) used for base pressure match-

ing is of the general form
M. 6.

general Ma‘y.b

c)

SP)

3-4
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where the values of a and b are functions of frecstream Mach number and
vehicle test configuration, This form of the similarity parameter was devel-
f oped by the correlation of experimental base pressure data from a number of
E’ modcl nozzles flowing Freon 14 (Cl"4) as a prototypce gas and air as the simu-
5 lant gas, No implicit similarity conditions werc used in this correlation,
’ This means that no single physical characteristic of the prototype engine
[ needs to be matched by the model nozzle. Thus, for example, it is permiss-
able to change the nozwule exit wall angle in order to change 6j to achieve the

correct numerical value of the similarity parameter with the model nozzle.

The similarity parameter used in this analysis does not allow an explicit
determination of the vehicle base region pressure (Pb) and therefore an implicit
procedure was developed, Figure 3-1 presents a typical base pressure match-

ing procedure utilizing the base pressure similarity parameter. The illustrated

» curve of possible prototype base pressure ratio as a function of similarity %
parameceter can be computed knowing the prototype plume similarity data and

specifying the flight conditions and corresponding engine chamber pressure

T T W

values. For example, Table 3-1 presents prototype plume similarity data
for a solid rocket booster high performance motor calculated by the use of

a nozzle flow analysis described in Refs.2-1 or 2-2, Table 3-2 presents a

range of flight conditions to be simulated during wind tunnel tests, Choosing
' the flight conditions of P_ = 651.4 psia and Pu0 = 8,441 psia for Mm = ,796;
} multiplying PC/P00 by cach value of 1.0 /(PC/Pb) of Table 3-1 will yield a proto-

typce possibility curve similar to that of Fig. 3-1. The wind tunnel test is con-
ducted at the same Mm = ,796 while measurements arc obtained at varying
model nozzle chamber pressure. Chamber pressure varies directly with ?
similarity parameter. The model nozzle is designed so that the experi-
mental chamber pressures chosen cause the similarity paramcter)mod'El
r values to fall within the prototype ranpge of interest. The minimum

valuc of similarity parameter) corresponds to that value of PC that will

model
) cause flow scparation in the model nozzle. This hav been experimentally
determined to occur for pe/Pb < 0.60. The maximum value of similarity

parameter) corresponds to either the maximum auxiliary air pressure

model

3-5
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Prototypc Conditions of M,
1.0 = P and P are Specified. x

un
-
Power Sweep
Wind Tunnel
R o Test Data
)
~
B |
. |
““““““ Design Value |
B | |
| ! Prototype Possibility |
R | | Curve :
el
}b/ }gn B : l .
|
| |
| ! |
A | | |
| | |
I | |
L | !
| | |
i : |
o S | P
l maximum
| : mintmum " i
‘ I
= | sp . |
| | nominal I
| |
.5 M 1 1 1 ] 1 1 | 1 J

Note:

20 30 40 50 60 70 80 90 100 110 120

Similarity Parameter (Varies Directly with PC)

Fig.3-1 - Base Pressure Matching Procedure

his is « sample plot and does
not represent data presented
in Tables 3-1 and 3-2
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Table 3-1
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PROTOTYPE PLUME SIMILARITY DATA FOR A SOLID ROCKET

pc/pb

.37640+402
47970402
.61940+02
.80990+02
.10732403
.14428403
.19694+03
27355403
.38720+03
.55923+03
82699403
.12551404
.19609+04
.31679+04
53173404
.93368+04
17281405

%* 2
= . 6. /(M
SP l\AJ J/( e

BOOSTER HIGH PERFORMANCE MOTOR

M,
J

.26599+401
.278644+01
.29223401
.30761+01
.32393+01
.34131401
.36005401
.38026401
.40212+401
.42585401
.4520440!
.48153+401
.51499+01
.55320+401
.59676+01
.64766+01
70874401

5

yﬁ where
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j
.10490+402
14258402
.18025402
21793402
.25561402
.29329402
.33096402
.36864402
40632402
144395402
.48167402
.51935402
.55703402
.59471+402
.63237402
.67006402
70774402

M_ = 2.6599,
e

3-7

Py

Y5

.12541+401
.12685401
.12805+01
.12843401
.12887+401
.1293%4401
.12997+401
.13062401
.13124+401
.13184401
.13248+401
.13326401
.13406+01
.13485401
.13559+01
.13627401
.13687401

™
SP

17422402
.24524+02
.32211402
.40873+02
.50311+402
.60603402
.71792+402
.84034+402
.97486+402
.11229403
.12869+403
14695403
.16756403
.19104+403
.21793+403
.24937+03
.28697+403
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Table 3-2

FLIGHT CONDITIONS TO BE SIMULATED
DURING WIND TUNNEL TESTS

Rk A bt o b
{
.
E
1
t
s
1
1
1
e
:
3
:
;
:
|
1
i
|
‘
;

. h«n pb/Pw PC pm Spnonﬂnal
| .59700400 .89000+400 72000403 .10542402 .39132402
, .79600+00 .82500400 65140403 84410401 .45703+402
i .90000+00 .77000+400 62450403 .74250401 .50925+402
, .95000400 67500400 .61020403 68770401 .57365402
L .10480+401 .61000+400 .58000+403 57250401 65664402

.11000401 .64000400 57130403 .54770401 64987402
| .11480401 .65000+400 .57000403 .48270401 .68890+402
: .12490401 .69000400 57620403 41050401 .73000+402
| .14030+401 77000400 .58600403 .32760401 .77946402
?
|
r
:
L
p
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supply or maximum mass flow rate capability of the test facility. In the data
analy=is stage of the test program, the model Pb/Pm versus similarity param-

cter) is plotted on the same graph with the prototype possibility curve.

modcl
The interscction of these two curves is the condition which simultaneously

satisfies both the prototype possibilities and the model actualities and thus
Similarity P:u-:«m'uater)mo‘ml = Similarity Pax-ameter)prmotype

for the given flight conditions. It is this value of Pb, Pm that can be expected

during the actual flight of the prototype vehicle,

Equation (3.10) presents the general form of the base pressure similarity

parameter. More specifically, the similarity parameter takes three different
forms, They are:

SP

]

where a

o
i
(8 4}

.25and b = 1,0 1

) SP, = ——frd where a = .25 and b = 0.5

and

Sp —id where a

0.0and b = 1,0

]
]

w
it
~

1 The actual form of the similarity parameter used in the model nozzle design
analysis is a function of freestream Mach number and vehicle test configura-

! tion to be considered during the wind tunnel tests,

Table 3-3 presents a schedule for the recommended use of each form

of the similarity paramecter as a function of {freestreaimm Mach number and

3-9
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Table 3-3

SCHEDULE FOR THE RECOMMENDED USE OF EACH FORM
OF THE SIMILARI'Y PARAMETER AS A FUNCTION
OF FREESTREAM MACH NUMBER AND VEHICLE
TEST CONFIGURATION

Configuration
Mw Single Body Single Body
Single Nozzle Triple Nozzle Triple Body
M. S, M. b, M. 6.
0.9 | SPy = —gl— Py —gd— | SP1: —5im
M Y. M Y. M Y.
(54 ) (4] ) € J
M.§ M. 6. M.$
1,2 SP‘3 = —TZL—-LO-— 50 SP, = -——-1-2-'—-—-M0. G SF’l = —od%-g‘-—-M *
Mc yj (%] y.j e yj
M. 5. M. 6,
1.46 SP, = —535 53 SPy = =335
M(‘ Yj MU Yj
M.§. M. §.
3,48 Sp, = —d SPp, = —ad-l
3 'yj 3 ‘yi
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vehicle test configuration. This table indicates that SPl is applicable for
most test cases; SPz has limited applications; and SP, is best suited for

hypersonic Mach numbers. Figure 3-2 defines the variables used in the

similarity parameters., Figure 3-3 defines the model test configurations
that may be tested using the recommended similarity parameters.

[ When using the computer code to perform the model nozzle design

’ analysis, the model nozzles should be designed using the specific similarity
parameters recommended in Table 3-3. However, it will ususally be found
that onc model nozzle will satisfy all three similarity parameters and there-

)
i fore the choice of similarity parameter is arbitrary.
I

; 3.3 COMPUTATIONAL STEPS

Figure 3-1 presents a typical base pressure matching procedure utiliz-
ing the base pressure similarity parameter. The following paragraphs present
a detailed discussion of each computational step used to design an envelope ]
of candidate model nozzles that may be used in this base pressure matching
procedure. With the exception of constraints 1 and 2 of Step 1, and the calcu-
lation of similarity parameters in Step 4, the first four steps of the analysis
are performed by the computer code user and input to the computer code in
: the form of a data deck. (See Section 4-2 for a description of the computer

code input requirements.) The remaining computational steps have been

automated by the computer code.

Step One:

There are a number of gasdvnamic and physical constraints that must
be considered during the design cof the candidate model rnozzles. The gasdy-

namic constraints are:

1. The exit plane Mach number at the nozzle lip (Me)
must be supersonic. If M_ <1.0, the flow external
to the nozzle would affect ghe flow inside the nozzle
and therefore, the nozzle would not perform as it is
designed to. And M_ > 1.0 allows a simple calcula-
tion of 6j. €

3-11
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R e i 2 wmw,

S TR . ey e

M P g
0 T’ Yo
-
g NoOzZle
Exit Plane
[
Plume Boundary 3
b| - plume boundary iaitial angle %
M‘ - plume boundary Mach number ]
Mv - cxit plane Mach number at nozzle lip
) - ratio of specific heats on plume boundary
:
Ma wind tunnel freestream Mach number i
P\r wind tunnel freestream static pressure
Y. ratio of specific heats of wina tunnel frecestream flow
}
!
Fig. 3-2 - Definition of Variables Usecd in the Similarity Parameters
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2. The nozzle exat wall angle (85) must be greater than
0 deg. Wall angles less than 0 deg can cause strong
internal shocks resulting in subsonic exit plane Mach
numbers just discussed.

3. A gasdynamic constraint on the ratio Py/Py, is set to
ensure that model nozzle flow separation does not
occur. The minimum allowable value of P, /P, deter-
mined experimentally is 0,60,

It is desirable to have one nozzle simulate the flight conditions of a range of
Mach numbers. Thise constraint sets a limit on the maximum value of exit

plane Mach number (Memax) that may be used for the nozzle design. For a
specified value of Pc and range of flight Mach numbers to be simulated, the

value of M | is determined at the lowest value of flight Mach number to
“max
be simulated. In most cases, this also corresponds to that flight condition

where base pressure (Pb) is maximum,

The physicai constraints to be set are those imposed by the facility

where testing is to be performed.,

4. The restrictions of maximum air pressure supply and
mass flow rate are set. These constraints directly
affect the maximum obtainable value of similarity
parameter, This is to say

Similarity Parameter)max o P‘)max o m)max

The value of Pc) used to determine Sp)max is

max
cither sct directly by the test facility or as is most
often the case, determined as a function of m

as described in Constraint 5 to follow, )max

Constraints 3 and 4 are very important considerations in the design of

the model nozzles. In addition to setting a limit on the maximum value of Me

as already discussed; Constraint 3 also sets a limit on the minimum value of

3-14
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Pc that may be uscd for a given nozzle and sct of flight conditions to be
simulated., Therefore, Constraint 3 scts Sl’)min in the same manner as

Constraint 4 scts Sl’) or
max

Similarity Parameter) . o P)
min </ min

Therefore, a given candidate model nozzle may be eliminated from further
consideration during the analysis simply by cormparing the desired similarity

5 . . . .
parame"er)prototype to the Sk )min and SP max U8t established by Constraints
3 and 4.

5. The prototype nozzle exit plane diameter and scale
of the model novzle are set. This constraint sets
the model nozzle exit %lane diameter and allows a 1
direct calculation of A™ for a given model nozzle M ‘
The value of A™ and the restriction on maximum mass

flow rate of Consiraint 4 yields the value of P
max
used to calculate SP) described above. P
max c

max
is calculated using the isentropic relationship for a

nozzle flowing air:
rh) JT
1 max o (3.11)

StcE Two:

Determine a range of flight Mach numbers that is to be simulated during
testing. Kecp in mind that both analytically and physically there is no '""one"
nozzle that may be used to test an infinite range of Mach numbers. Therefore,
as the range of flight Mach numbers to be simulated increases, the number of

possible model nozzle solutions decrease and eventually become non-existant.

This problem, and its solution will be discussed in detail later on in the analysis,
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Once a range of flight Mach nuinbers is determined it is necessary to
choose a schedule of flight Mach numbers to be simulat::d during testing.
The schedule chosen will be a function of the test purpose. The actual
schedule chosen will not affect the final model nozzle design; this has already
been established when the range of flight Mach numbers to be tested has been
chosen. Therefore, there is no analytical design limitations introduced by
having a large number of flight Mach numbers simulated as long as they are

all within the specified range of flight Mach numbers.

StcE Three:

Determine the values of freestream static pressure (Pu0 ); prototype
nozzle chamber pressure (Pc); and predicted base pressure ratio (Pb/pco )
for cach {light Mach number to be tested. The result will be a set of flight
conditions to be simulated during wind tunnel tests similar to that presented
in Table 3-2. The values of P _and P_are easily obtained as a function of
Muo and;/or flight time. Data of this type are presented in motor performance
prediction and ascent trajectory prediction documentation such as Ref. 3-1
which is usced to construct Table 3-2. The values of predicted base pressure
ratio used in the analysis are based upon experience gained from previous
wind tunnel tests. Carce should be taken to use the best possible value of
B/ Pm for cach M_. Referring to Step 1, Constraint 3, it is seen that a
conservative approach may be taken if ratios of Pb/li’a0 slightly higher than
1s actually expected at low Mm arc used in the analysis. This approach will
decrease the maximum allowable value of model nozzle exit plane Mach

number (M ) and therefore decrease the size of the family of candidate
max
model nozzles.

Step Four:

Determine the prototype plume similarity data for the rocket engine
that the model nozzle is to simulate. Table 3-1 presents a sample of the
required data. Figure 3-2 presents a pictorial definition of the variables.
The tabulated values of Mj' 63. and ‘yj are the plume boundary properties

corresponding to each value of Pc/Pb. These properties are determined

3-16
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utilizing the nozzle flow analysis described in Ref.2-1 for a gaseous only
flow, or Ref.2-2 for a gas-particle flow and an initial plume Prandtl-Meyer
expansion calculation. The form of the similarity parameter to be used is
set according to the schedule presented in Table 3.3, The tabulated value

of the similarity parameter is calculated by the computer code.

Step Five:

Determine the value of similarity parameter required to ensure base
pressure matching at each scheduled Moo to be simulated. This corresponds
to Spnominal in Table 3-2. First, a curve of possible prototype base pressure
ratio as a function of similarity parameter is computed as was discussed in
Section 3.2 and then plotted as in Fig.3-4., Finally, plotting the predicted
value of base pressure ratio on the prototype possibility curve yields the

nominal value of Similarity Parameter (SP . ) required to ensure base
nominal

pressure matching. At this point, it is important to realize that a '"predicted"
value of Pb/ Pw is being used to determine Spnominal which is in turn used
to design the model nozzle. Therefore, the design of the model nozzle is only
as good as the '"predicted'' value of Ph/Pw. This problem and its solution

will be discussed in more detail later in the analysis,

Step Five must be repeated for each value of schedule Mw to be simu-

lated. Table 3-2 is now complete.

]
§
All data required to begin the model nozzle design compu- ?
tations, are now established. The computer code calculation q
is now at what corresponds to Step 7 of Section 2 or Point A f
of the computer code flow chart presented in Chart 2-1. i
These data were read by the computer code in Subroutine i
]

2}

INPUT.

SteE Six:

Select: (1) a flight Mach number from the schedule of Mach numbers

to be simulated as determined in Step ¢ and (2) the corresponding flight

conditions determined in Step 3.

[P ———
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v
Prototype Conditions of M, 1
PP and P_are specified. 1
o0 c |
1.0~ ;
r—
N - Predicted Value
.8 |
i |
: Prototype Possibility Curve
——
Pb/Pun : T
| j
S o | 3
| :
' :
- | :
| :
| :
| 2
(S | :
|
' <512
"~ : nominal
' :
o) 1 L i 1 A 1 i 1 1 J ’

20 20 40 50 60 70 80 90 100 110 120 i
Similarity Parameter '

Fig. 3-4 - Determination of the Value of Similarity Parameter Required
to Ensure Base Pressure Matching at Specified Flight Conditions

Note: This is a sample plot and does
not represent data presented in
Tables 3-1 and 3-2.
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3

3

;;.

b

b

' The computer code will begin the analysis with the lowest value of Moo .

L This will allow an early calculation of Mo and therefore eliminate the
‘max

E necedless design calculations for nozzles with an M | greater than M

£ ¢ “max

k)

Stcn Sevens

H—

Sclect a value of model nozzle exit plane Mach number slightly greater
than 1.0. The value of Me will be varied parameterically in subsequent itera-
tions. Selecting a specific value of Mach number gives the model nozzle area
ratio, Ae/A*.

Step Eight:

The next design parameter of concern is the model nozzle chamber

pressure, P . Selecting a specific value of Pc then permits the calculation

»‘ of plume boundary Mach number according to Eq.(3.6)
P ;
! N | 1-2
i
M, = = = -1 (3.12)
- >
) Y; UI\Py

Note that the pressure on the jet boundary is assumed to be equal to the base
r pressure. P is determined as a function of the predicted value of Pb”vPoo

' in Step 3 and Pm) in the wind tunnel. Please note that the P )
model —_— € prototype

is not used in this calculation. The valuce of PC chosen in this step is held

constant throughout the analysis and is usually set equal to 50% of the maximum
available air pressure supply. This value of PC is chosen to ensure that cach
model nozzle in the family of candidate nozzles being designed will be capable
of producing a power sweep curve with a range of similarity parameter values
E bracketing SP
3 INPUT.

nominal (See Fig.3-1). The value of Pc is read in Subroutine
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Steg Nine:

The value of 6j can be found which ensures similarity using Eq.(3.9)

M® ),b
¢’
—--——-LM‘ (3.13)
prototype J

~

6') pnommal)
J/model model

where: Tj = 1 .4 for a model nozzle flowing air; a and b are functions of flight
Mach number and vehicle test configuration and are determined in accordance
with the schedule presented in Table 3-3. This value of 6j will ensure base
pressure matching at the specified set of flight conditions, the chosen value

of Mc and the constrained value of PC only.

Sleg Ten:

Finally, the model nozzle exit plane wall angle, ()v’ required to achieve

5.) for the specified conditions ts calculated according to Eq. (3.8)
model

0‘ = 4.) } ‘/(‘ - . %
¢ } model J :

where v, and ;3 are calculated according to Eq, (3.5)

()'c+ 1 >1/Z )
voo= N\ e— tan
° Yeo 1

-

Yeul\ 2 /2 1,2 ,.1/2
(\ -
(;};—(\—;—r) (I\/i0 -1) - tan (Me - 1)

4

and
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L

3 ~;

3 !

:

; I At this point, "a'" candidate nozzle with "a'" defined value of 0e and Me and
E" 1 "a'" constrained value of P, has been designed which will ensure base pres-
g sure matching for '"one" specified set of flight conditions. Should one flight
k condition change, the result would be a change in SP . and therefore

s nominal

base pressure matching would not occur. To regain the condition of base

SEw

pressure matching requires only a change in PC proportional to the change

in SP . . This assumes that the "new'" SP : does satisfy the
nominal nominal

condition,

sSp_. . < "new'" SP , < SP .
' , minimum — mominal = % maximun

for the given candidate nozzle.

Step Eleven:

Incrementing the value of Me and repcating Steps 9 and 10 will

e

define a family of candidate nozzles which will: (1) ensure base pressure

matching for "one'" specified set of flight conditions; and (2) meet all of the

constraints specified in Step 1. Figure 3-5 presents a sample plot of a

family of candidate model nozzles that may be used to ensure base pressure
matching for the flight conditions to be simulated for Mm = 597 present in

j Table 3-2. Note that nozzle flow separation occurs for Mc greater than 3.83,

' Step Twelve:

Repeat Steps 6 through 11 for each flight Mach number in the schedule

i
~ of Mach numbers to be simulated. The result will be one family of candidate 11
model nozzles that may be used to cnsure base pressure matching for each 3

of the specified set of flight conditions to be simulated and can be plotted

similar to that in Fig. 3-5.

Step Thirteen:

Each family of candidate model nozzles derived for a particular flight

Mach number is now checked to see which nozzles in that family are capable

3-21
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32,0
: Note: Model nozzle flow separation
~ occurs for Mv > 3.83
‘g 8.0 Pc : 750.0 psia
. model
P = 11.552 psia
E “model
24,0 - %
g
20,0
o} .
-~ \
)
v ' ;
@
v | |
20 Indicates those nozzles
} ::‘c: 16,0 that satisfy the ¢ o{flstraint
p 2 -"
| -l
‘ ;‘:
N sp .. b 5,0 < 39,132 < SP , - 500
N minimum - - maximum
} ;3‘ 120 Sce Section *.4, St(‘P 13
]
' 8.0 i
| |
: i
4.0 |- .
i <
0.0 I - | 1 1 1 1 d
' 2.0 2.8 3.0 3.2 3.4 3.6 3.8 4.0
Nozzle Exit Plane Mach Number, M,
Fig.3-5 - A Family of Candidate Model Nozzles That May be Used to Ensure Base i ;
Pressure Matchmg for Flight Conditions: M .597, Pl/P = .89,
P = 720,0 psia, P = 10, 542 psia and SP =39,132
‘ prototypte prototypo nominal -
3-.22 ;
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of simulating the flight conditions that exist for each of the other flight Mach

numbers. This is achieved as follows:

Select a family of candidate nozzles derived in Step 12. For each

- and
minimum

that are obtained when tested at cach of the other fhigh Mach

| candidate nozzle in that family, calculate the values of SP

maximum
numbers. Then, compare these values to the required SP

1

. that corre-
nominal rre

sponds to cach flipht Mach number to ensurce that the constraint

) | P . CQ
1 St minimum t5.0cs bpnominal = bpmaximum - 5.0 (3.14)
' i
i i is met (see Fig. 3-1 for a clear understanding of the importance of this 3
constraint), !
4 The result is a group of nozzle families that form an "envelope of model
) nozzles" that may be used to ensure base pressure matching for each set of

flight conditions to be simulated. There is one envelope of nozzles for each

sot of flipht conditions to be simulated.

The tolerance of +5.0 on SP_ . and -5.0 on SP . in Eq.(3.14)
minimum maximum

1s applied to introduce a little more conservatism in the final nozzle design.

et

These tolerances will: (1) allow for changes in SP that may result if

nominal
wind tunncl test conditions vary slightly, and (2) decrease the accuracy re-

| quired on the inttial predicted values of P, ' used in Step 3.
] p b e P

Refer to Fig. 3-5 and note that each candidate nozzle represented along
. = 39.132. How-
nominal

ever, when the above tolerances are applied, the final accepted nozzles in this

the curve will ensure base pressure matching for SP

family for this set of flight conditions become those that are bracketed by

= <
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. v of SP . . and SP .
The values of SP s himum maximum

general form of the Similarity Parameter

SP) o 2t
gencral M> b
J

For a given value of Me and a nozzle flowing air Yj = 1,4; the minimum

and maximum values of bp)general

minimum and maximum values of Mj cSi respectively.

® Determination of SP) . .
minimuam

a. M(_. ()c. Pc /’Pc and v, are defined for each candidate nozzle,

P
b. M.) and 6.) occur for -—i-,—(-
min I/ min b .
min
¢. For a given Pc/Pc; (P, P can be determined using
min
constraint 3 of Step |
}j(‘ pC P(’ pC
P, =N = p_ " 0.60
ran min ¢

For a given set of flight conditions, Pb is given and PC)

can be calculated from the above equation min
pc
P 2 === % 0,60 %
C> . P 6 pb

min e
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d. M.) and 6.) are then determined using Eqs. (3.6)
Ymin min
and (3.7), respectively
- -1 -1\1/2
—~
Y.
P )
2 c
o e 1)
Vmin ] 7 v/ .
L min .
6. = 0 + p, -y
J)min ¢ J)m'm ¢
where u.) is dotermined using kq.(3.5)
min
1/2
Yo+l ) y, -1 ' 1/2
l") o= (;)-,‘L_*i) tan~} (-—‘Lr-l IMz) -ll - tan'l [Mz)
“min ) Yj T min l )
finally,
M.) “ 64)
e. SP__. . = Ymin I/ min
minimum a b
M y.
e)
9 Determination of Sp)maximum

LMSC-HREC TR D784111

P
a. M, 0, == and v is defined for each candidate nozzle.
e’ Ve Pe e
Pc
b. M.) and 6.) occur for T
max J max b
max
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c. For a given flight condition Pb i8 defined. Therefore
Pc/pb is maximum when Pc is maximum. The value

o(l’)
¢/ max
as is most often the case, the value of P _

¢ ) max

is the leaser of the test facility P or

max
determined

as a function of rh) for the facility

max

Pc) , ____13_2_ n.‘)max {F(:

max ) A

Therefore,

d. Mv) , ,:A) and § ) arc determined using Eqs, (3.6),
Ymax  /max max

{3.5), and (3.7), respectively.

O B
Y]
) P
. < — -
MJ)max v, -1 (Pb> :
J |t max _

b, = ()‘ + . -p

J)ma.x ¢ J)max
where

1/2 1/2 1/2

v.+1 1 )_/l- 1 2 -1 2
l'-) & -‘L————I 1 tan TT IM ) -1 - tan MJ) -1
J/max Yi- yj max max
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Finally,
M.) " o.)
.. SP ) I max 3 max
¢. maximum a yb
e’

Step Fourtsen

el B O el

The results of Step 13 are plotted. Figure 3-6 presents the results of
Step 13,
nozzles that may be used to aimulate the flight conditions that exist for Mao
= 0.997.

sure matching for the Mm

For example, Fig. 3-6a presents an envelope of candidate model

Flach candidate nozzle in this envelope will: (1) ensure base pres-
= 0.597 {light conditions, and (2) meet all of the

constraints of Step |,

Steps 15 through 18 compare cach of the envelopes of nozzles plotted in Fig.
3-6 to determine a ''final'" envelope of model nozzles that may be used for

all flight Mach numbers to be simulated.

Step Fifteen

The upper limit on M, is a result of the scparation constraint of Step 1
and usually occurs for the lowest value of flight Mach number to be simulated.
Comparce each envelope of model nozzles and choose the smallest value of M
as the upper limit on MC of the "final" model nozzle envelope. This would max

correspond to M = 3.53n Fig. 3-6a for Mw = 597,

Step Sixteen

The lower limit on M, is a result of the mass flow constraint of Step 1.
This constraint has its greatest influence at the highest value of flight Mach

number to be simulated. This can be understood by examination of Table 3-2.

3.27
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As (light Mach number to be simulated increases, the value of spnominal
required to ensure base pressure matching also increases, Pc is directly

proportional to SP and therefore also must increase with increasing

nominal
flight Mach number to be simulated. For a given Pc and constrained nozzle

exit diameter the mass flow rate increases as Me decreases,

Therefore, examine the nozzle envelope for the highest flight Mach
aumber to be simulated, Compare each of the nozzle familiea and choose

the largest value of Memin as the lower limit on M, of the '"final" mcdel
nozzle envelope. This would correspond to Me = 3,49 in Fig. 3.6i for Mw =

1,403, Once the upper and lower limits of model nozzle exit Mach number
arc dctermined the value of the limits are comparcd, If the lower limit on
M(‘ is greater than the upper limit on Mo no solution cxists for the range of
flight Mach numbers to be simulated (see step two), To solve this problem
merely reduce the upper value on the range ~f flight Mach numbers to be
simulated during testing established in Step 2. This will reduce the value of

M, just determined to some value less than M of Step 15,
®min €max

In some instances, as is the case of the example being presented, the
lower and upper limits of Me are close to the same value (3.49 and 3,53).
Further reduction in the upper value on the range of flight Mach number to
be simulated during testing will increase the diffcrence of Me and M,

of the "final' model nozzle envelope. min max

Step Seventecen

Determince the maximum and minimum values of Oe for all candidate

nozzles whose Me correspond to the upper limit of Me determined in Step 15,

Step Eighteen

Determine the maximum and minimum values of ee for all candidate

nozzles whose Me correspond to the lower limit of Me determined in Step 16.
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5 NOZZLE FAMILY
; SYMBOL IDENTIFICAT!ION
(& DERIVEC FOR FLIGHY MACH NG, =
! 5 DXRIVLD) FOR FLICHT MACH 1O, =
' o CERIVED FCOR FLICGHT MACH NO, =
0 DERIVED FOR FLICHT MALH NO, =
(o] CERIVED FOR FLIGHY MACH NO. =
& CLRIVED FUR FLIGHT MACH NO. =
; * DIERIVED FOR FLIGHT MACH NO. =
q v CRIVED FOR FLIGHT MACH KO, =
‘ o DCRIVED FOR FLIGHT MACH NO. = 1
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: Fig. 3-6a - The Symbols Plotted Above Represent Model Nozzles that May
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a Freestream Mach Number = ,597
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NOZZLE FAMILY
SYMsoOL IDENTIFICATION

PERIVED FOR FLIGHT MACH NG.
CERIVED FUR FLICHT MACH NO.
DERIVED FOR FLIGHT MACH NO.
DERIVED FOR FLIGHT MALH NO.
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# Fig. 3-6b - The Symbols Plotted Above Represent Model Nozzles that May

be Used to Simulate Only the Flight Conditions that Exist for
a Freestream Mach Number = .796
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E z SYyMBoOL JDENTIFICATION

k

:

3

@) DERIVFL FOR FLICHT MACH NO, = 0.597
A DERIVLY FOR FLICHY MACH NJ. = 0.796
o DERIVED FCR FLIUHT MACH NO. = 0.90
o DERIVED FOR FLIGHT MALH NO. = 0.85
o CERIVED FOR FLIGHT MACZH NO, = 1,048
.Y DERIVED FOR FLIGHY MACH NO, = 1.10
»* DERIVED FOR FLIGHT MACH NO. = 1.148
. v DERIVED FOR FLIGHT MACH NO. = 1.249
% < DERIVED FOR FLIJGHT MACK NO. = 1.403
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be Used to Simulate Only the Flight Conditions that Exist for
a Freestream Mach Number = .900
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SYMBOL IDLNTIFICATION

NOZZLE FAMILY
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Fig. 3- 6c - The Symbols Plotted Above Represent Model Nozzles that May
be Used to Simulate Only the Flight Conditions that Exist for
a Freestream Mach Number - ,950
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NOZZLE FAMILY
SYMBOL JOENTIFICATION

@] DERIVED FOR FLIGCHT MACH NC., = 0,597
A BERIVED FOR FLICHT MACH NO. = 0.796
o CERIVED FCR FLIGHT MACH NO. = 0.90
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3 NOZZLE FAMILY
b SYMBOL IDENTIFICATION j
: O  DERIVED FOR FLIGHT MACH NO. = 0.597 |
5 A CeRIVEY FOR FLICHT MACH NO, = 0,796 _
i 0 DERIVED FCR FLIGHT MACH NO. = 0.90
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] N DERIVED FOR FLIGHT MACH NO. = 1.10 H {4} ] ¢ :
\ N DERIVED FOR FLIGHT MACH NO. = 1,148 . : }- -4
s v CERIVED FOR FLIGHT MACH NO. = 1,249 - 4—f— - -1 - - - -4
© DERIVED FOR FLIUGHT MACK NC. = 1.403

t N r V*» - R - ,v“——ﬁ-- §-<>

-4 ~-<[- N 4= — -4 -4 -4 - - 4 -+ * —¢- ¢

- L A o K e ol o =1-1 -ttt $- Bl «»-C -—L g -1 Bl 4
| :
' b . ﬁ - -4>--+ ~- 4 + -4 — ]y - dg-t—4—t Nt w -
| -—P - - o -~<L- a2 SR S I S TS S S S —4»—-1 L SR e o .
i g b~ 4 -{ L— J»—%» - -—-J--— et B0 JUR PR SUEP S0 0N L S Y s L. SR SRR S S) B ~<L L e 1 -t —4~
“ Z - - [ . ‘—Q 4 1 _.L 1- 4+ -
‘ & R e Rk o -«1—-{ -4 »--4--1 4+ 4+ d 1 +—4 -+ 4 - -*1 —+4—1- -4 -1 =49 .
J -4 4~ 4 —4- --F-}—-J- 1v‘ “tad 4 - g - s 4+ 4~
: ‘:: L4 -4 44 B e -+ E - : - R Ry 1» »—-#
Ri

L -4 4 4 v > 4 N l 1 i-4

-8 - - 3 .4{—4 4 < §- . 4 - r.‘ - e e o B 3 ~4 -4r-
’ T—-w -4 -4 (*\ % t 4 - - lr Jv—« + -+ —t-4
’ 4 i - 9 - . . - - - P . o 2 —f - -
| 20. 3 N J} “

1
S SIEY;

4~ 4 1 - i t 4

o 1

-4 r - { - > ;
. fj' - 4 'r*r*#‘ B 3 fat Bk IR SE O o e 4 EEEE 2L SR ERY T o 4 -4
3.20 3.40 3.60 3.60 “.00
NOZZLE EXIT MACH NUMBER
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; SYMBOL IDENTIFICATION
' 0 DERIVED FOR FLIGHT MACH NO. = 0.597
: a DERIVED FOR FLICHT MACH NO. = 0.796
; 0 DERIVED FCR FLIGHT MACH NO, = 0.90
‘ [ DERIVED FOR FLIGHT MALH NO. = 0.95
o) CERIVED FOR FLIGHT MACH NO. = 1.048
D DCRIVED FOR FLIGHT MACH NO. = 1.10
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Fig.3-6p - The Symbols Plotted Above Represent Model Nozzles that May
be Used to Simulate Only the Flight Conditions that Exist for
} a Freestream Mach Number = 1,148
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3 NDOZZLE FAMILY
E SYMBOL JODENTIFICATION
i 0 DERIVED FOR FLIGHT MACH NO. = 0.597
; A CERINVCD FOR FLICHY MACH NO, = 0,736
3 o UERIVED FOR FLIGHT MACH NO. = 0,90
E 0 DERIVED FOR FLIGHTY MALHM NO. = 0.95
4 fa) CERIVED FOR FLIGHT MACH NO, = 1,048
. [N CERIVLD FOR FLIGHT MACH NO. = 1,10
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! v CURIVED FOR FLIGHT MACH NO. = 1.249
© DERIVED FOR FLIGHTY MACK NO. = 1.403
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Fig. 3-6h - The Symbols Plotted Above Represent Model Nozzles that May
be Used to Simulate Only the Flight Conditions that Exist for
a Freestrcam Mach Number = 1.249
E
3.36 f
i
i
1

LOCKHELD - HUNTSVILLE RESEARUH & ENGINLt RING CENTER

|
|
y
k3
}
?
ann;'f:' | o




R T T T T R T mm

]
|
)
!

§

SYyMBoOL

CQdxpDoODO

CERIVED
OeRIvVel
DERIVED
DERIVED
CERIVED
CURIVED
DERIVED
DERIVED
DERIVED

NOZZLE FAMILY
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a Freestream Mach Number = 1.403
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3-6i - The Symbols Plotted Above Represent Model Nozzles that May
be Used to Simulate Only the Flight Conditions that Exist for
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Step Nineteen

The results of Steps 15 through 18 can be plotted to yield the final
cnvelope of model nozzles that may be used in the test program, Each model
'5 nozzle in this envelope will: (1) ensure base pressurc matching for "all”
; specified scots of flight conditions to be simulated, and (2) meet all of the
constraints specified in Step 1. Figure 3-7 presents a plot of the final envelope

of nozzles that result, when Steps 15 through 18 are applied to Figs,.3-6a through
3-6i,

Step Twenty

To ensurc that base pressure matching does occur in the data analysis 1
stage of the test program, it is necessary to know the power sweep operating
characteristics of the model nozzle prior to actual testing. For a given ?,
modcl nozzle design, the power sweep operating characteristics of importance

)

are: (1 -~ . I T , N
arc: (!) the minimum obtainable value of similarity parameter (spmxmmum

D (2) the maximum obtainable value of similarity parameter (SP ) for

maximum
cach of the flight conditions to be simulated; (3) the nominal value of similarity
paramecter (bpnominal) required to ensure base pressure matching and (4) the

values of chamber pressure corresponding to cach value of similarity param-

cter just noted.

The calculations of SP

. , SP
maximum,

and P ) have
c

.

minimum
mi

)
max

alrcady been discussed in Step 13, The value of SP required to ensure

nominal
base pressure matching has already been defined in Step 5 for each scheduled

Mw to be simulated, This leaves the value of chamber pressure, PC) ,
nom

corresponding to SP

. as the only value undefined at this time.
P nominal

b "Refer to Fig. 3-1 when performing this step of the analysis.
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Nozzle Exit Mach Number

Fig.3-7 - Final Envelope of Model Nozzles That May be Used in the Test Program

Notes: a. Each model nozzle in this envelope will: (1) ensurc base
pressure matching for "all"” specified sets of flight conditions
to be simulated, and (2) meet all the constraints specified
in Step 1.

b. The similarity parameter uscd in this nozzle design study is

M. 6.
sp - —gl
Me 'yj
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The valuc of Pv) is calculated following the interation process
nom

described below, PC) is a function of flight conditions to be simulated
nom

as well as model nozzle geometry,

p
a. M_, 0, = , De’ D* and v, are defined for each candidate

] ’
e’ e I“e
nozzle,
b, Set a value for the initial guess on Mj

c. Calculate 6j using Eq.(3.10)

_ _e )
6 i M * SPhominal

d, Calculate 0e using Eq, (3.8)
Oc = 6j+pe-pj

where Vj is determined using Eq. (3.5)

y. + 1\}/2 oy 1/2 | g 172
= - _— - - C-1
uj ?jTT tan 5‘:-;—]— (MJ 1) tan (MJ )

e, Compare the value of 0¢ just calculated with the actual value
of 0, for the model nozzle being considered. If the values of
0, comparc within an acceptable tolerance proceed to f; if
not, adjust the value of M; and repeat steps ¢, d and e until

an acceptable tolerance id achiceved,
P

f. At this point M., is defined and the value of = is determined
. ) P
using Eq. (3.3)

1

pc / Yi® 2 !
—15;; = \1 + -JT Mj note: Pb- Pj
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SRR
———

g. linally, l"_) is calculated using the following relationship
nom

e

P P

o b
P = - K o N P
c)nom Pb poo °°) model

Rt iad e A

KR 4

Table 3-4 presents power sweep operating characteristics of five
representative model nozzles that exist in the final envelope of Fig, 3-7,
The flight conditions to be simulated during wind tunnel tests are those of
Table 3-2,

Examination of Table 3-4 indicates that each of the representative
model nozzles considered are capable of base pressure matching well within
the constraints of Step 1. This is indicated by the fact that the constraint

+ 5.0 ﬁ Sp - 5.0

. . < SP .
minimum nominal — maximum

l
; Sp
]

is satisfied tor all model nozzles at all scheduled M‘Jo to be simulated.

The analytical procedure used to design model nozzles which meet

MSFC basec pressure similarity parameter criteria is now complete. The

following scction presents an input guide for an automated computer code

. uscd to perform the described analytical procedure, It is strongly suggested
; that the computer code user make cvery possible use of the analytical portion
of this document when setting up his input deck. Doing so will give the user
a greater understanding of model nozzle design problem and the actual use

of the computer code.
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; : 4. A COMPUTER CODE USED TO DESIGN MODEL NOZZLES
d WHICH MEET MSFC BASE PRESSURE
‘ SIMILARITY PARAMETER CRITERIA

This section describes a computer code used to design model nozzles
which may be used to simulate prototype engine conditions that exist over a
specified range of ascent trajectory conditions. Each of the model nozzle
designs will be capable of achieving the desired similarity parameter values

required to ensure base pressure matching within the restrictions of maximum

air pressure supply and mass flow rate imposed by the facility where wind

tunnel testing will be performed.

: An example of the computer code input requirements and resultant out-
puts are presented for the wind tunnel test IA-604 planned for the NASA-Ames

| Research Center 11 x 11 wind tunnel (Ref.1-1). A '"final envelope' of model

| nozzle designs, and corresponding power sweep operating characteristics for

| each of the desired flight conditions to be simulated in the wind tunnel tests 4

is presented for representative model nozzles in the 'final envelope."

Subroutines that make up the computer code are listed in Table 4-1.

— e T

The subroutines which call and are called by the particular routine as well
as a bricf statement regarding the function of the routine are alsoc included

in the table. Chart 4-1 presents a flow chart of the computer code. A listing

—

of the computer code is presented in the Appendix.

1 Sections 2 and 3 of this report present a detailed development of analytical
procedures used in the model nozzle design analysis and automated in this com-
puter code. It is strongly suggested that the computer code user make every
possible use of the analytical portion of this report when performing a model
nozzle design analysis. By doing so, the user will gain a greater understanding

of: (1) the model nozzle design problem being considered, and (2) the actual §

i ESEe s ...
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Provides overall program
control

Data input control and
definition of model
nozzle design problem

Controls derivation of each
"family" and then each
"envelope" of candidate
model nozzles

Controls derivation and
plotting of the '"'final
envelope' of candidate
model nozzles and deter-
mination of powcer sweep
operating characteristics.

Controls plotting
of optional plots
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Chart 4-1 - Flow Chart of a Computer Code Used to Design Model
Nozzles Which Meet MSFC Base Pressure Similarity

Parameter Criteria
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use of the computer code. This section of the report will make continuous

T

refereace to the applicable paragraphs of Sections 2 and 3; this will allow the

uscer to go directly to the paragraphs which will help answer possible questions.

4.! COMPUTER CODE CAPABILITIES

BDRRY R

The computer code described in this section automates the analytical

P

procedures described in Sections 2 and 3 and is used to design an ''envelope*’
of model nozzles (the envelope is defined by model nozzle exit plane Mach

number, Mc, and model nozzle exit wall angle, ee) that may be used in a

t
,' specified wind tunnel test program. Each model nozzle in this envelope will:
l
;

(1) be capable of achieving the desired similarity parameter values required
to ensure base pressure matching for all specified sets of flight conditions to 4

be simulated, and (2) meet all the gasdynamic and physical constraints that

| must be considered during the design of 3 model nozzle. (See Section 3.3,

Step One, for a discussion of these constraints.)

The analytical procedure discussed in Sections 2 and 3 is not limited to
Space Shuttle vehicle configuration applications. Consequently, this computer
code may be used to design model nozzles to simulate prototype engine condi-
tions of any single body-single nozzle, single body-triple nozzle or triple-body
engine system. (See Fig.3-3 for a definition of these engine systems.)

To ensure that base pressure matching occurs in the data analysis stage
of the test program, it is necessary to know the power sweep operating char-

acteristics of the model nozzle prior to testing. The computer code will calcu-

late the power sweep operating characteristics of representative model nozzles
that exist in the ''final envelope' of model nozzle designs for each of the desired
flight conditions to be simulated during the test prcgram. Section 3.3, Step
» Twenty, lists the power sweep operating characteri.stics of importance, presents
: their method of calculation, and shows how they may be used to choose a final
i model nozzle design that will ensure tase pressure matching at all flight condi-

tions to be simulated.

4-4
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The final model nozzle design chosen is defined by a model nozzle exit
e+ The wall

contour of the actual model nozzle used in the wind tunnel test is arbitrary

plane Mach number, Me’ and a model nozzle exit wall angle, 6

and left up to the nozzle designer. Within the scope of the current technology

it is felt that a conical nozzle would suffice for all cases.
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4.2 USER'S INPUT GUIDE FOR THE MODEL NCZZLE DESIGN COMPUTER
CODE

This section outlines in detail the procedures for using the model nozzle
design computer code. Each card and its use are explained in Section 4.2.1.
The control card set-up for the Univac 1108 Exec 8 is presented in Section

4.2.2.

4.2.1 Computer Code Input Information

The input data are organized into sections determined by their use.
An example of the computer code input requirements used to design an
""envelope' of model nozzles for possible use in wind tunnel test IA-604
planned for NASA-Ames Research Center 11 x 11 wind tunnel (Ref.1-1) is

presented in Table 4-2. A description of these cards is given below.

Computer Code Input Instructions

Card |1 Run Control Card Format 515 (Right Adjusted)
Column Paramecter Value Description
5 NMACH Refer to Section 3.3, Steps 2 and 16. Antici-

pated number of scheduled flight Mach numbers
to be simulated during testing. If the range

of flight Mach numbers to be simulated is

such that no solution exists the upper value

on the range of flight Mach numbers will be
reduced automatically until a nozzle design
solution does exist. The value of NMACH

will be adjusted accordingly internal to the
computer code (20 max.).

10 NSP Refer to Section 3.2. Controls the form of
the similarity parameter used in each nozzle
design analysis. The similarity parameter
to be used in the analysis is specified accord-
ing to the schedule recommended in Table 3-3,

M. 6,

1 SP = ——(-)-Lz-g-—— is used in the analysis

M e '}’j

4-6
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Caird 1 (Cont'd)

Column Paramecter Value
10 NSP 2
3
156 NPRINT 0
1
20 NPLOT 0
1
25 NNOZF 1,2,3,
4 or 5

e AL 5 e R IR
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Desc ription

M. 6.
SP - _(_)-‘!'!_SJ.;-(-)-_S is uscd in the analysis
e J
M. 4.
SP = -—-.'-’,—-JL is used in the analysis
j

Refer to Section 3.3, Step 20. There will
be no intermediate printout. Only the power
sweep operating characteristics of repre-
sentative model nozzles for each of the flight
conditions to be simulated will be printed.

Print intermediate data showing the results
of the calculations in Section 3.3, Steps 12
and 14 (Fig.3-7).

Refer to Section 3.3, Steps 15-19., There
will be no intermediate plots. Only the
"final envelope” of model nozzles that may
be used in the test program will be plotted.
Each model nozzle in this envelope will:
(1) ecnsurce base pressure matching for all
specified sets of flight conditions to be
simulated, and (2) meet all the constraints
specified in Section 3.3, Step 1.

Plot intermediate data showing the results
of the calculations in Section 3.3, Step l«
(Fig. 3-7).

Number of representative model nozzles in
Fig. 3-8 that power sweep operating char-
acteristics will be determined for (max. of
5).

Example: If NNOZF - 4, power sweep opera-
ting characteristics will be determined for
Nozzles 1,2, 3 and 4.
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Cards 2 Axes Identification Labels for the '"Final

Envelope' of Model Nozzles

The following set of cards contains the labels placed on the horizontal
and vertical axes when the ''final envelope'' of model nozzles that may be used
in thy test program is plotted. Please note that model nozzle exit Mach number
and model nozzlc lip angle are always plotted on the horizontal and vertical
axes, respectively. Cards 2 merely allow the program user to clearly identify
the axes labels with the model nozzle design problem being considered. (Refer
to Fig.4-1).

Card Column Parameter Description Format
2.1 1-48 XFINAL Horizontal axis label 8A6
2.2 1-48 YFINAL  Vertical axis label 8A6
Cards 3 Vertical axis and nozzle design problem identification for optional

plots (The following cards are not required if NPLOT = 0).

The following set of cards contain the labels placed on the vertical axis
on each of the optional plots and problem identification information. These
labels do not change from plot to plot. As in Cards 2, the nozzle lip angle is
always plotted on the vertical axis and Card 3.2 merely shows the program
user to more clearly identify the axes labels with the model nozzle design

problem becing considered (Refer to Fig.4-2 and 4-2a).

Card Column Parameter Description Format

3.1 1-48 TITLE Nozzle design problem 8A6
identification label

3.2 1-36 XLINE Vertical axis label 6A6

Cards 4,5 and 6 contain the prototype plume similarity data for the

rocket engine that the model nozzle is to simulate. These data are calculated
in Section 3.3, Step Four. Table 3-1 presents a sample of the required data
(the column labeled SP is not required input)., Figure 3-2 presents a pictorial

definition of the parameters input on these cards. The values of Mj’ 6j and ‘}’j

4-8
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are the plume boundary properties corresponding to each value of Pc/Pb.
These properties are determined by means of a numerical integration
through a Prandtl-Meyer expansion.

Card 4 - Format E10.5

Column Parameter Description
1-10 PXME M.3 prototype exit plane Mgch number at nozzle
lip.
Card 5 - Format 15 (Right Adjusted)
Column Paramecter Description
1-5 NPMRAY Number of plume boundaries for which plume
T similarity data are given (30 max.)

Cards 6 Prototype Plume Similarity - Format 4E10.5
Data (cach card contains the required similarity
data along one plume boundary and is repeated
NPMRAY times). Card 6 is input in order of
increasing value of PPCOPB.

Column Parameter Description
1-10 PPCOPB pc/Pb - Prototype pressure ratio where P_ is

nozzle chamber pressure and P, is the pressure
along the plume boundary, Pc/ Pb may be con-

sidered the independent variable, with the remain-
ing parameters on this card determined as a func-
tion of PC/Pb.

11-20 PXMJ Mj - Prototype plume boundary Mach number
corresponding to P /P, .

21-30 PDELIJ 6j - Prototype plume boundary initial expansion
angle corresponding to Pc/Pb.

31-40 PGAMAJ }'j - Prototype ratio of specific heats on the

plume boundary corresponding to PC/Pb.

4-9
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Cards 7 and 8 contain both the program constants and the gasdynamic

and physical constraints that must be considered during the design of the
model nozzle. The constraints that are input are described as Constraints
3,4 and 5 in Section 3.3, Step Two. Constraints 1 (Me> 1.0) and 2 (0e> 0) of

Step 2 arc set internal to the computer code and are not input requiremeuts.

l Card 7 - Format 7E10.5

Column Parameter Description

1-10 PCMAX P ) - Refer to Section 3.3, tep 1, Constraints
“/max

| 4 and 5. Maxi' « 1 model nozzle chamber pres-
| sure (psia). This corresponds to the maximum
i air pressure iy capability imposed by the
| facility where tusting is to be performed. This
| value serves as an upper limit only. The actual
i maximum value of PC is calculated as a function
of A¥, T_and m}max.
11-20 PC P - Refer to Section 3.3, Step 8. This is a
specified value of model nozzle chamber pressure
(psia). This value is held constant throughout
the nozzle design analysis and is usually set at
0.50 * PCMAX.

- e

21-30 PEPBMN pe/pb) - Refer to Section 3.3, Step 1,
min
Constraint 3. Minimum allowable value of
Pe/l:’b sct to ensure that nozzle flow separation
] does not occur. The value of P_/P ) deter-
e’ " b/min
' mined experimentally is 0.60.
31-40 PATM Wind tunnel total pressure (psia).

Note: The nozzle design analysis is performed assuming that the model
nozzle will be flowing a constant ¥ simulant gas during wind tunnel r
tests. Therefore, the values of GAMAJ (Column 41-50) and GAMAE
(Columns 51-60) must be equal and are held constant throughout the
nozzle design analysis.

v e i R R Al e Ay g

4]1-50 GAMAJ ')’j - Refer to Fig.3-2. Model nozzle ratio of

specific heats on the plume boundary. For a
nozzle flowing air ‘)/j = 1.40,.
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Column Parameter Description
51-60 GAMAE Yo - Refer to Fig.3-2. Model nozzle ratio of

specific heats at the nozzle exit planc. For a
nozzle flowing air }’e = 1.40.

61-70 GAMAIL Yo - Refer to Fig.3-2. Ratio of specific heats
of wind tunnel frecstream flow. For air Yo © 1.40.

wLom SR TR

Card 8 - Format 4E10.5

Column Parameter Description
1-10 SCALE Refer to Section 3.3, Step One, Constraint 5. Ratio

' of model nozzle exit diameter to prototype nozzle

L exit diameter. This constraint sets the model
nozzle exit diameter and allows a direct calculation

' of A¥ for a given mode!l nozzle Me‘

1 11-20 PEXITD Prototype nozzle exit diameter used to define
SCALE (in.)

21-30 WMAX xh)max - Refer to Section 3.3, Step One, Constraint

4. Maximum model nozzle mass flow rate. This
corresponds to the maximum air mass flow rate
capability imposed by the facility where testing
is to be performed (lbm/sec).

31-40 TO T_ - Refer to Section 3.3, Step 1, Constraint 5. i

- e

Model nozzle chamber temperature used in the |
P) calculation (R). :
max

Card Y Flight Simulation Data and Labels for Optional

Plots (the following cards are repeated NMACH
; times). Cards 9 are input in order of increasing
; value of XMI,
|

The lollowing set of cards contain the values of freestream static pressure
(PuO ), prototype nozzle chamber pressure (PC), and predicted base pressurec |
ratio (Ph/Pm) determined in Step 3 for cach flight Mach number to be simulated
during testing as cstablished in Step 2. The result will be a set of flight conditions
to be simulated during wind tunnel tests similar to that presented in Table 3-2.
If NPLOT ecquals 1, additional labels for the optional plots are also input at this

timeo.
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Card 9.1 - Flight Simulation Data - Format 4E10.5

Column Paramelcr Desc ription
1-10 XMI M_ - Refer to Section 3.3, Step 2, and Fig. 3-2.

Scheduled flight Mach number to be simulated
during the wind tunnel test.

11-20 PBOPI l:’b/Pao - Refer to Section 3-3, Step 3. Predicted

base pressure ratio to occur at the specified
value of XMI in the ascent trajectory.

21-30 PPC Pc - Refer to Section 3.3, Step 3. Prototype

nozzle chamber pressure which occurs at the
specified value of XMI in the ascent trajectory
{psia).

31-40 PPl F'“0 - Refer to Section 3-3, Step 3, and Fig. 3-2.

Prototype freestream static pressure which
occurs at the specified value of XMI is the ascent
trajectory (psia).

Card 9.2 - Nozzle Family Identification Label - Format 10A6
(not required if NPLOT equals 0)

Column Parameter

1-60 NOZD Refer to Fig.4-2 and Section 3.3, Step 11. This
label identifies the family of candidate nozzles
which have been designed to ensure base pressure
matching for the flight conditions that exist at the
specified value of XMI on Card 9.1.

Card 9.3 . Horizontal Axis Label - Format 6A6
(not required if NPLOT equals 0)

Column Parameter
1-36 HEDRP Refer to Fig.4-2a. Horizontal axis label for

the specified value of XMl on Card 9.1. Please
note that model nozzle exit Mach number is a
always plotted on the horizontal axis. Card 9.3
merely allows the program user to more clearly
identify the axis label with the model design
problem being considered.

4-12
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Table 4-2

AN EXAMPLE CASE SHOWING THE REQUIRED INPUT FORMAT USED
i TO DESIGN AN "ENVELOPE" OF MODEL NOZZLES FOR POSSIBLE
; USE IN WIND TUNNEL TEST 1A-604 PLANNED FOR NASA.AMES
RESEARCH CENTER 11 x 11 WIND TUNNEL (REF.1-1)

3 Card | 9 H 1 ] 5
Card 2.1 «02 SCALL HPP NOZ22LE EXIT MACH NUMBER

Card 2.2 oD2 SCALL NPM NOZ2LE LIP ANGLE
[ Card 3.1 «02 SCALE WPM NOZ?LE DESIGN ANALYSIS TEST 7A-6Qu
' Card 3.2 NOZZ2LE LIP ANCLE
Card 4 2¢65%99
) Card 5 17
//" 3T.64 246599 10,490 142541
47,97 247864 14,258 1.268%
61,96 2,923 18,02% 1.280%
80,99 3.07%]1 21.793 1o2843
107.32 3.2193 25.5¢1 1.2807
| 166,28 3.4131 294329 12934
196 .94 3.600% 33,096 162997
273455 3.80:6 36,864 1.3062
Card 6 387.2p 60212 40.632 13120
Repeated 559,23 4e28% 44,395 1. 3184
NPMRAY 826 499 4e53i0G 48,167 143248
Times 1255.1 48153 51.93% 1.3326
196C.9 5.1499 55,703 143006
316749 5.5 120 59,471 1.3085
\ 5317,3 6.9876 63,237 1.3559
' \\\_ 933648 6ol 766 67.006 1.3627
) 17281.0  7.0€74 704774 1.3687
| Card 7 15U 750 40 G860 14.70 1440 1,40 140
| Card 8 02 149 .64 27.0 50C.
: Card 9_1 597 89 720.0 10,562
Card 9.2 / NOZZLE FAMILY DERIVFD FOR FLIGHMT MACH NOe = 0,597
: Card 9.3 NOZZLE EXIYT MECH NUMBER MINFz0,597
o796 «82°¢ 65104 XL
NO2ZLE FAMILY DERIVFD FOR FLIGHMT MACKH NOe = 04796
NOZZLE CXIT MACH NUMBER  MINFZ0,796
' «90 077 620.5 7.“?5 “
NOZ2LE FAMILY DERIVED FOR FLIGHT MACH NOo = (.90 5
| NOZZ2LE EXIT MACH NUMBER  MINFz0.90
¢95 067S 610.¢ 6.8177
. NO22LE FAMILY DERIVED FOR FLIGHT MACH NOe = G495 ;
; NOZZLE EXTT wACH NUMBER  MINFZ0,.95 i
Repeated 1.0up .6l 58040 5,725 |
NMACH NOZZLE FAMILY DERIVED FOR FLIGHT MACH NOos = 1,048 :
| Times NOZZLE EXIT MACH NUMBER  MINFZ],048 :
: 1.10 b4 $7143 5,477 3
i NOZ2LE FAMILY DERIVED FOk FLIGHT MACH NOo = 1410
‘ hOZZLE EXIT MECH NUMBER  MINFZ1,10
1e148 065 570.0 4,827
NOZZLE FAMILY DERIVED FOR FLIGHT MACH KOs = 1o148
) NOZZ2LE EXIT mACH NUMBER  MINF=S1,l48
lecug +69 S$T6.2 40305 |
NOZZLE FAMILY GERIVED FOR FLIGHT MACH NO. = 1,249
NOZZLE EXTY MACH NUMBER  MINF=1,249 ;
! 1e4C3 o177 586,0 3.276 g
i NOZZLE FAMILY UCERIVED FOR FLIGHT MACH NO. = 1.403 :
. \\\_ NOZZLE EXIT MACH NUMBER  MINF=Z1,u4(3 ?
4-13
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4.2.2 Control Card Set-Up for Univac 1108 Exec 8

A typical run stream set-up for the Univac 1108 Excc 8 computer is
presented in this section. It is presented to acquaint the program user with
the magnetic tape assignments and required communications with the com-
puter. The data deck has been described in Section 4.2.1 and an example

casc presented in Table 4-2.

The program tape referenced on the following page contains a data file
designated as Y'PM. The data in this file are presented in T.-ble 4-2 for the
wind tunnel test IA-604 planned for NASA-Ames Research Center 11 x 11 ft
wind tunnel (Ref.1-1). Therefore, if the program user wishes to run a sample
case, all that is necessary is to replace the DATA DECK cards with the one

card:

s/

[ VADD, P HPM

If the program user desires to add his own new data file (o the progy .n
tape the following cards must be inserted as indicated by '"optional insert' in

the runstream,

( VEND
"Optional Insert' ( NEW DATA DECK (according to Section 4.2.1)
( VELT,DIL NEW, NEW

note: NEW is the designation of the new data f{ile.

and the original DATA DECK is replaced with the one card:

( VADD, P NEW




T
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( vFIN

( 9FIN

(  DATA DECK
( VXQT DE
Optional Inscrt ( LIB SYS$*MSFCFORS.
VMAD, IN DE, DE
VPRT, T
(  VFREE NOZDS
([ VCOPIN NOZDS, TPFS.

Ceee 00O 00

( PASG, T TPF$., F///800
{ VFREE TPF$.
( VREWIND NOZDS

( VASG, TF NOZDS, T, 11775
f PRUN CONTROL CARD — This is the first card in

o

The analysis is finished

Program is excecuted

System subroutines are made available for program use
The program is mapped

A listing of subroutine names in program is printed
The program tape is removed from tape reader

Copies thce program tape into computer storage

Assigns sufficient computer storage for the program tape

Returns the tape to its beginning

Slelcrererrrreiele

Assigns the program tape

CONTROL CARD SET-UP

4-15
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Once tnc new program tape is made containing the two data files, the
program user has the option of using either of the two data files. This pro-
cess can be continued until several data files are available for the program
user. The data file chosen will be a function of the nozzle design problem
being considered and can be called by replacing the DATA DECK with the

one card

( VADD, P OPTION

where OPTION is the name of the data file chosen.,

4.3 OUTPUT FOR''AT

This section describes the printed output as well as the plotted output
for the computer code. The example output presented is for the model nozzle
design analysis performed for the wind tunnel test {A-604 planned for the
NASA-Ames Research Center 11 x 11 wind tunnel (Ref.1-1) and is the result

of the input data presented in Table 4-2.

The computer code output is organized so that the initial page contains
a description of the model nozzle design problem being considered. The

problem description 1s presented in such a manner that most of the input data

are listed. If NPRINT has been set equal to 1, the second and subsequent pages

will contain a listing of the intermediate data showing the results of the calcu-
lations performed in Section 3.3, Steps 12 and 14 (Fip.3-7). A typical print-
out for cach of the two steps are presented to demonstrate tiae output for each
step. The final pages of the computer code output contain the final "envelope"
of model nozzle designs, and corresponding power sweep operating character-
istics of representative model nozzles for each of the desired flight + Hnditions
to be simulated in the wind tunnel test. Numbered flags on the exar iz print-
out sheets correspond to the numbered comments in the following desc ~iption

of the printout. The calculations are performed in English units.

4-16
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GROUP ! - MODEL NOZZLE DESIGN PROBLEM ¢ TSCRIPTION

@ This corresponds to the value of NMACH input on Card 1, :
and is equal to the anticipated number of scheduled flight
Mach numbers to be simulated during testing.

F' i
| i
3
!
]
!lf
)
i
s
\
3

t\ (® dentifies the form of the similarity parameter used in
k the nozzle design analysis.

Items @ through @ identify the prototype p..me similarity data for the
rocket enginc that the model nozzle is to simulate. Figure 3-2 presents a
pictorial definition of these parameters. The values of Mj' 6j and ‘)’j are the
plume boundary properties corresponding to each value of Pc/Pb. These

properties arc determined by means of a numerical integration through a

Prandtl-Meyer expansion,

@ PC/PB: Prototype pressure ratio along the plume boundary
(Pc/Pb) where PC is the nozzle chamber pressure and Pb is

the vehicle base pressurec.

MJET: Prototype plume boundary Mach number (Mj)'

e,

© ®

DELJ: Prototype plume boundary initial expansion angle |
(5.).
J

GAMAJ: Prototype ratio of specific heats on the plume
boundary (')’j).

Q@ ©

SP: This is the value of similarity parameter corresponding
to cach value of PC/Pb that results when using the values of

A and B specified in item @) .

Items through @ identify the flight conditions that the model nozzle will

be designed to simulate during the wind tunnel tests.

MINF: Scheduled flight Mach number to be simulated during
the wind tunnel test (M ). The values of Pb/Pao , Pc and P

are those flight conditions corresponding to each value of M
in the ascent trajectory. ®

4-17
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PR/ Pl: Predicted value of base pressure ratio (Pb/Poo).

PC: Prototype nozzle chamber pressure (PC. psia).

Pl: Prototype freestream static pressure (Pw. psia).

e @A TR RS T T T R

SPNOM: Value of similarity parameter required to ensure
base pressure matching corresponding to each value of Moo .

GROUP 2 - OPTIONAL NOZZLE "FAMILY'" DATA (not printed if NPRINT = 0)

Items @ through @ define a '"family'" of candidate model nozzles which

"one' specified

|

i

i have been designed to ¢nsure base pressurce matching for
| set of flight conditions. Each candidate nozzle in this family is defined by

L Oc and Mc and is designed based on a constant value of PC (usually set equal

to 50% of the maximum available air pressure supply). The nozzle flow

separation constraint of Section 3.3, Step 1, is the only constraint considered

at this point in the analysis.

One ''family" of candidate model nozzles is presented for each scheduled )

flight Mach number to be simulated during testing.

PR TN

T

@ WIND TUNNEL PI: Wind tunnel free stream static
' pressure (psia). This is not necessarily equal to the
prototype freestream static pressure.

e e

®

LIP ANGLE: Model nozzle exit plane wall angle 3
(€. deg) E

MEXIT: Model nozzle e¢xit planc Mach number (M N
dimensionless) ¢ :

® ®

PC/PI: Ratio of model nozzle chamber pressure to
wind tunnel static pressure. (This ratio is constant
for a specified set of flight conditions.)

PR P ST T TP

®

PE/PB: Ratio of model nozzle exit plane static pres-
sure to vehicle base region pressure. Nozzles with
a F’C/Pb less than 0.60 will experience nozzle flow

separation and are not considered further in the analysis.
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L PC/PB: Ratio of model nozzle chamber pressure to vehicle
base region pressure. (This ratio is constant for a specified
sct ~f {light conditions.)

PC/PE: Ratio of model nozzle chamber pressure to exit
plane static pressure.

* 20) MJIET: Plume boundary Mach number determined as a func-
tion of PC/PB (Mj' dimensionless).

DELJ: Initial plume expansion angle measured from th.

®
i @ AE/A%: Model nozzle area ratio (Ae/A*. dimensionless).

modcel nozzle centerline (6J,, deg).

l

l

|

| @ Lowest value of exit plane Mach number in the iterative
, solution that results jn a PE/PB less than 0.60. Model
nozzles with M() 2 @ are not considered further in

the analysis.

GROUP 3 - OPTIONAL NOZZLE "ENVELOPE" DATA (not printed if
NPRINT - 0; not plotted if NPLOT - 0).

- T W

"envelope' of candidate model nozzles

The data presented in Group 3 define an
that will: (1) ensure basec pressurec matching for '""one' specified set of flight
conditions to be simulated, and (2) meet all of the constraints that must be
considered in the nozzle design study for that set of flight conditions. Each

] “family” of nozzles presented in the Group 3 daia are those nozzles in each

r "family' of the Group 2 data that satisfy the model nozzle design constraint
y P y 2

5.0< SP < SpP -5.0

minimum - nominal — maximuin

: where Spnominal = SPNOM corresponding to each flight Mach number,

S}minimum corresponds to that value of PC that will result in flow separation

f in the model nozzle, and SP

T T

ekt

: corresponds to either the maximum
maximum

4-19
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auxiliary air pressure supply or maximum mass flow rate capability of the

test facility.

One "cenvelope' of candidate model nozzles is presented for each scheduled

flight Mach number to be simulated during testing.

Figure 4-2 is a graphical representation of the Group 3 data. These plots

arc made automatically if NPLOT = 1.

SPMIN: Miprimum obtainable value of siinilarity parameter
for the given model nozzle and specified flight conditions.
Corresponds to th‘at value of P (PCMIN) that will result in
flow separation in the model nozzle.

@ SPMAX: Maximum obtainable value of similarity parameter
for the given model nozzle and specified flight conditions.
Corresponds to PCMAX,

@ PCMAX: Maxiraum allowable value of model nozzle chamber
pressure. PCMAX is set equal to the lesser of either the
maximum auxiliary air pressure supply or the chamber
pressure corresponding to the maximium mass flow rate
capability of the test facility.

GROUP 4 - FINAL MODEL NOZZLE ENVELOPE DEFINITION AND RANGE
OF APPLICATION

Items @ and @ are the coordinates which define the '"final envelope"
of model nozzles that may be used in the test program. Each model nozzle
in this envelope will: (1) ensure base pressure matching for "all'" specified
scts of flight conditions to be simulated, and (2) meet all of the constraints
that must be considered in the nozzle design study. Figure 4-1 presents a
computer code plot of the final envelope of model nozzles that may be used
in wind tunnel test IA-604. A plot of the final envelope of model nozzles is

made automatically independent of the value of NPLOT.

4-20
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Schedule of flight Mach numbers that may be simulated
with the ''final envelope' of model nozzles defined above.
The power sweep operating characteristics will be pre-
sented in the Group 5 data for each of these scheduled
flight Mach numbers.

ST G T T W TR R

GROUP 5 - POWER SWEEP OPERATING CIHARACTERISTICS

Items through @ @ through @ , ’ and @ define the power

sweep operating characteristics of five representative model nozzles that

Ty— T

exist in the '"final envelope' of Fig.4-1 for cach of the scheduled flight Mach

numbers to be simulated.

| 30) NOZZLE: Noezzle identification. See Fig. 3-8 for the
| rclative location of each nozzle in the 'final envelope.'

MEXIT: Model nozzle exit plane Mach number (Me, ,
dimensionless).

LiP ANGLE: Model nozzle exit plane wall angle
(()c' deg).

@ ® ©@

MINF: Schceduled flight Mach number to be simulated
during the wind tunnel test (M ).

4)  SPMIN: Minimum obtainable valuce of similarity param-
cter for the given model nozzle and specified {flight ‘
: conditions. 3

PCMIN: Valuce of model nozzle chamber pressure ;
corresponding to SPMIN (psia).

SPNOM: Value of similarity parameter required to
ensure base pressure matching for the given model
nozzle and specified flight conditions,

PCNOM: Value of model nozzie chamber pressure
corresponding to SPNOM (psia).

SPMAX: Maximum obtainable value of similaritv
parameter for the given modei nozzle and specified
flight conditions.

PCMAX: Value of model nozzle chamber pressure
corresponding to SPMAX (psia).

® ® & © 3
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@3 WIND TUNNEL PINF: Wind tunnel freestream static
pressure (psia).

DSTAR: Model nozzle throat diameter (in.)
@ DEXIT: Model nozzle exit diameter (in.).

4-22
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-
H

i

i i Example Computer Code Printout and Plots

for the Model Nozzle Design Analysis Per-

| formed for the Wind Tunnel Test 1A-604

‘, 3 Planned for the NASA/Ames Rescarch Center
: 11 x 11 Wind Tunnel (Ref. 1-1)
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FINAL ENVELOPE OF MODEL NOZZLES THAT MAY BE USED IN
THE TEST PROGRAM WHICH MEET THE SIMILARITY PARAMETER
CRITERIA, MASS FLOW AND FLOW SEPARATION RESTRICTIONS
IS PLOTTED BELOW., THE SIMILARITY PARAMETER USED 1IN
THE NOZZLE DESIGN STUDY IS DEFINED BY TiHE RELATIONSHIP
SP=MJETeDELJ/(MEXITeaA0GAMAJeeB), WHERE A= . 250

AND B= 1.000 . THE MODEL NOZ2LES REPRESENTED BELOV HMAY
BE USED TO SIMULATE THE FLIGHYT CONDITIONS THAT EXIST
FOR ALL FREE STREAM MACH NUMBERS TO BE TESTED.
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JOU NO 1MED3V! 0382 PACE 2
THE SYMBOLS PLOTTED BELOVY REPRESENT MODEL NOZZLES THAT
MAY BE USED TO SIMULATE THE FLIGHY CONDITIONS THAT
EXIST FOR A FREE STREAM MACH NUMBERS= . 597
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JOB ND INED3RV10382 PAE 3
THE SYMBOLS PLOTYTED BELOVW REPR:ISENT MODEL NOZZLES THMAT
MAY BE USED TO SIMULATE THE FLIGHT CONDITIONS THAT
EXIST FOR A FREE STREAM MACH NJIMBERSs . 796
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JOB NO 1HEDI2V10382 PAOE &
THE SYMBOLS PLOTTED BELOW REPRESENT MODEL NOZZLES THAT
MAY BE USED TO SIMULATE THE FLIGHT CONDITIONS THAT
EXIST FOR A FREE STREAM MACH NUMBERS= .900
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THE SYMBOLS PLOTTED BELOY REPRESENT MODEL NOZZLES THATY
MAY BE USED TO SIMULATE THE FLIGHT CONDITIONS THAT
EXIST FOR A FREE STREAM ™MACH NUMBERT= .950
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JOB NO 1MEDIIN 10388 e o
THE SYMBOLS PLOTYED BELOW REPRESENT MODEL NOZZLES THAT

MAY BE USED TO SIMULATE THE FI.IGHT CONDITIONS THAT
EXIST FOR A FREE STREAM MACH HUMBER= 1,048
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THE SYMBOLS PLOTTED BELOW REPRESENT MODEL NOZZLES THAT

MAY BE USED TO SIMULATE THE FLIGHT CONDITIONS THAT
EXIST FOR A FREE STREAM MACH NUMBER= 1,100
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| 2 THE SYMULOLS PLOTTED BELOY REPFESENT MODEL NOZZLES THAY
: MAY BE USED TO SIMULATE THKE FLIGHY CONDITIONS THAT
? . EXIST FOR A FREE STREAM MACH NUMBER= |.148
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JOD NO 1NEDINIONR NE O
THE SYMBOLS PLOTTED BELOVY REPRESENT MODEL NOZZLES THAT

MAY BE USED TO SIMULATE THE FLIGHT CONDITIONS THAT
EXIST FOR A FREE STREAM MACH NUMBER= 1,249
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THE SYMBOLS PLOTTED BELOW REPRESENT MODEL NOZZLES THATY

MAY BE USED TO SIMULATE THE FLIGHKT CONDITIONS THAT
EXIST FOR A FREE STREAM MACH NUMBERs= 1,403
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A LISTING OF A COMPUTER CODE USED
TO DESIGN MODEL NOZZLES WHICH

MEET MSFC BASE PRESSURE

SIMILARITY PARAMETER CRITERIA
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SUBROUTINE ARATIOCOANRA XM, AR)
OGNl SGANNA-] ,0

GPLzGANNAC] O
CrPzGP/(2.0006M) )

422,0/GP)
B31.0¢(G0N1/72.,00)00M0XN
ARZ((AGB)oOCXP) /AN

RETURN

END

SUBROUTINE CHECK (XD NNOZ NP XL, XR )
DIrENSION XDC20,2%,200,NP(20,25)
XR3U.
XL21000000000C00.0
DO 102 131,KNNO2Z
NZNP (L],
1FIN,EQ,0060 10 102
D0 103 Jsl.W
IFEX0CY ook -XRD100,100,101
101 XRIXD(] qu et
100 IFUXL-XDET,Jyn2) 103,103,104
106 XL=XDUl4deKk)
103 CONTYINUYE
102 CONTINVE
RETURN
EnND

SLUBROUTINE COMBOI(UMAX)
COMMON/COL/GAPAY 4GAMAE ,GAMAT ,PATI,A,B
CCHMON/COZ/PCHAX (PEPBMN PC
COMMON/COI/NMACH (NSP NNDZ  NPRINT (NPLOTY
COMMON/CON/SPIL20) PROPTIL20),XNTIL20),P1(20)
COMMON/COS/PTOPTI(20),PCOPTIL20Y,PCOPBE20) 4 XMUL20),PMJL20)
COMMON/COL/Z7PCCPEL20,29) o XMF (20,251 ,¢ME(20,251,A0AS12042%5)
SOELTAJI20425) THETLI20,2%5),PEOPT120,2%),PEOPRI2C,25)
1 FORMAT(BELDS)
2 FORMATUIMO,11m JTTSUB WNC B8EL10.5)
3 FORMAT(1X,10€30.5)
& FORMATLTS)
S FORMATE2X"MINF = *,E10.5,° WIND TUNNEL PI = °*,E10.5,° PB/PT <
$ *4,E1C.5,"° SPNOM = *,FIC.5)
6 FORMAT(IHO,IX,*MEXIT 1S SUBSONIC AND VEMPORARILY SEY = 1,10°%)
7 FORMATELINO,1X,*LIP ANGLE nEXLY PC/P1 PE/PB vn/PB
$ FC/PEL mJLT AE /7As otLY )
8 FORMATULIMC )X, FLOM SEPARATION OCCURS FOR MEXIYT GREATER THAY *,
$E10e5,° WHEN IINF = *,E£10.5)
9 FORMAYUIMIoIX,*THE FOLLOWING IS A NOZZLE FAMILY DERIVED Y0 SIMULAY
3 THE FLIGHT CONDITIONS®)
JMAXZ2S
00 130 I=1,NMACH
FREE STREAM PRESSURE RATSO
CALL PRATIO(GAMAL,XMI(I),PTOPIL]I))
FREE STREA¥ STAVIC PRESSURE
PICIIZPATM/PTIOPIL])
IF(NPRINTLEQ.CIGO YO 15
WRITE(SL 491
WRITELO ¢SIXMIN]) ,PIC]),PBOPTI(]),SPLI])
MRITE(GE,T)
15 CONTINUE
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i Subroutine COMBO3 (Cont'd)

b PCOPILIIZPC/PILY)

i PCOPBIIIZPCOPILTI/PBOP]I (]

¥ Ce MACH NUMBER ON THE JET BOUNDARY

. CALL MACHIGAMAY  FCOPBIT I XNULT))

F (4 JEV BOUNDARY ISENTROPIC EXPANSION ANGLE
CALL PRNDI(GAMAJ XMJIT ) PHNJILT))

. o
N Ce THE FOLLOMING STATEMENTS CALCULKTE NOZ22LE LIP ANGLE FOR
A ce A DESIGNATED PC/PE
tf*\ ce
: PCOPELT 3125.0

D0 110 J=1,JMaX

Ce MACH NUMBER ON THE NOZZLE EXIY PLANE
CALI MACKHIGAN £4PCOPEL] o)y XMECT U
Ce NO22LE LIP ISENTROPIC EXPANSION ANGLE
’ CALL PRNOIGAMAE . XMELT,J),PREiT,J))
Ce NOZ2LE EX1Y PLANE AREA RATIO AE/As
) CALL ARATIO(GAMAE ¢XMEL]I (U)o AOASITJ))
Ce PLUNE BOUNDARY INIVIAL EXPANSION ANGLE
l DELTAJCT UISUISPILTIN/ANJETIDOUIXNE(TyJ)ssAGGANAISED)
Ce NOZZLE LIP ANGLE
} THETLUT o JICDELTAUIT v JIePHELT W J)-PHJI(])
, PEOPIII 4JIZPBOPILINOPCOPBI(T)/PCOPELY W)
l

PEOPBII ,J1=PCOPB (1 )/PCOPE(T U}
‘ IFINPRINT.EQ.01GO0 TO 20
WRITE(G 3 3ITHETLEY o) o XMECT 4 J)4PCOPT(T),PEOPBIT, ),
| SPCOPBIT ) PCOPE(T , ), XMJIIT)A0ASITJ) DELTAJIT,J)
! 20 CONTINUE
‘ IF(PEOPB(1,J) LE.FEPBMNIGO T0 120
IFEXMLET,J)4GT1.3,5)60 10 30
’ PCOPE(T ,Je1)ZPCOPELT,J)¢5.0
) €0 10 100
| 30 CONTINUE
| PCOPE(T 4 o1 1=PCOPE(1,J) 20,0
| 100 CONT INUE
| 11C CONT INUE
, 6o 10 125
12C CONT INUE
JPAXZJ
125 CONTINUE
IFINPRINTLEQ,0060 TO 130
' WRITECS y8IXME(T U)o XMTL])
130 CONTINUE
RETURN
END

SUBROUT INE DESIGN
CALL INPUT
CALL COMBO3(JMAX)
CALL SPRNGE(JMAX)
CALL FINAL
RETURN

: END

AL Tee cbeinl,, W
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SUBROUT INE FlAAL

COMMON/CUL/GAMAY GAMAE . GAMAL (PATH,A,D
CONMON/COI/NMACH JNSP  NNOZ (NPRINT NPLOT
. COMMON/CON/SPIL20) ,PBOPLI20),AN1¢20),P1¢20)

; ( COMMON/COA/XMED {20425,20)THETLD120,2%5,20) NP (20,25)

{ COMMON/COS/HEDRP (132,20) JXLINECI2) o XFINALIL2),YFINALLLD)

£ COMMON/Z TESTLI/ZXNEL o NMER ¢ THLE s THLY o THUT (THUB MANX
§ DINENSION THETLLI20D, THETLU20)
L é UIMENSTON ENVEL(BD I, YTIT(12),XT17012)
: OATA CENVELED), 121,800/ °FINAL ENVELOPE OF WODEL NOZ2ZLES THAY WAY 8
e S€ USED IN  TME TESY PROGRA® WHICH MECT YHE SIMILARITY PARAMETER
E SCRITERIA, MASS FLOW AND FLOW SEPARATION RESTRICTYIONS 1S PLOVIED B
v SCLOW. THE SINILARITY PARAMETER USED IN THE NOZ2Z2LE DESIGN STUDY
| $1S OEFINED BY TNE RELATIONSHIPSPZMJETODELJ/(NEN]ITOOASGANAJOOB), WH
| SERE Az AND BT o THE MOOEL NO22LES REPRESENTED BEL

‘ $0s MAVBE USED TO SIMULATE TME FLIGHY CONDITIONS THAT EXIST FOR AL
t SL FREE STRCAM MACH NUMBERS VO BE TESTED. */
DATA ALANKZ6M ’
‘ } FORMATEINE VX, THE FINAL TNVELOPE OF MODEL NOZZ2LES TWAT mAY BE USE
’ 8D IN THME YEST PROGRAM WHICH MECT THE SIMILARITY®/2X,°*PARAMETER CRI
| SYCRIA, MASS FLOM AND FLOW SEPARAVION RESTRICYIONS ARE DEFINED BY ¥
' SHE COORDINATES®)
: 2 FORMATUINO, 33X, *NOZZLE CXT1YT MACH NUMBER® ,20X%,°NOZ2LE LIP ANGLE (OC
i $6)%)
) 3 FORMATIIN,19X,E00e%,36%,E10.5)
& FORMATEIHO,IX,"THE FLIGHT MACH NUMBERS TWAT MAY BT SIMULATED MWITH
STHIS [ENVELOPE OF NOZ2LES ARE®)
S FORMATIZX,*FREZ STREAM MACM NUMBERS =°*,10€10.5)
Ce THE FOLLOWING STATEMENTS DETERMINE THE UPPER LIMIT ON NOZ2LE EX1T
\ XMERZ100000.0
t XMEL 0,0
, 0O 102 131,NNO2
, NINPIT,1)
IFIXMER-XMEDET4N,100102,102,101
101 XMERZXMED(I (N, 1)
102 CONTINUE
Ce THE FOLLOWING STAVEMENTS DETERMINE THE LOWER LIMIYT ON NOZZLE EXIT
KMAXCNMACH
103 CONTINUE
DO 105 121,NNO2
TFUNMED (D41 ¢NMAX I -XMELD10S, 209, 104
106 XMELZXMEDEL 1 NMAX)
105 CONVINUE
IFUXMEL LESXMERIGO TO 108
KMAXCKMAX-]

G0 10 103
e THE FOLLOWING STATEMENTS DEVERMINE THE UPPER AND LOWER LIMIYS OF N
Ce LIP ANGLE CORRESPONDING TO THE LOMER LIMIT AND UPPER LIMIY OF NOZ2Z .
Ce MACH NUMBER RESPECTIVELY
106 CONTINUE
JJuz0

00 110 I:1,NNO2
NINP (I, KNAX)
00 109 Js) N
IFCABSEXMED (T yJyKMAXDI=XMEL D oLEC.DL1)GO TO 108
GO Yo 109
108 CONYINUE
) JJzJdJeg
{ THETLLCJUZTHETLD (L g J oK MY)
o 60 Y0 110
g ' 109 CONTINUE
‘ 110 CONTINUE
JIMAXZYY
nKz0

-
3 saraesca
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Subrautine FINAL (Cont'd)

113

116
115

116
117
118
119
120

12}
122
123
124
12%

698

699

100
701

D0 118 J=1,NNO2

NZNPET L))

DO 11& JSIyN
IFCABSIXMED (T oo ) ) =XNERDLE 401360 10 113
GO Y0 J1é

CONTY INUE

RKZRKNe]
THETAUMERRDICTHETLDG) yJdy) )

60 Y0 115

CONTINUE

CONTY INUE

RAMAXNZN D

THLBZ1007:30.0

TMLTZCH T

THUB=1001C0.0

THUTZC. 0

00 12C 133,JJPAX
TFCTNETLLUIDI=THLINLLT, 117,118
THL T2YHETLL DY
IFCTHLB-THETLLIT)IN]L0,119,118
THLBCS/HETLLCI)

CONT INUE

CONT INUE

DO 12% TS)omRnMAX
IFCTRETLUCINI-THUT) 22,122,121
THUTSINETLULD)
IFETHUB-THETLUIT DI 128,0206,4123
TRUBSTHETLULL)

CONY INUE

CONTINUE

WNRITE(O 1)

WRITE(O,2)

NRITE(O ,3IXMEL,THLE
MRITEUO o 3IXMEL,THLY
MRITE(O,3IXMER, THUY

WRITE(S y3IXMNER, THUB

MRITE (6 40)

WRITE(O SIIXMI(TI ) IZ)nMAX)
ENCODEL698,ENVEL t53))24A
ENCOCEC(698,ENVELISO))B
FORMAT(FO6.3)

CALL CHSIZVI2,2)

CALL CITE2VISO,1000,1023,7092+480,1 :ENVEL,IER)
LOAD LABELS FOR AXES

DO 699 11=1,12
YYITCIDCYFINALLLILS

XTIT(ILD=xXFINALLILY)

00 700 xK=1,12

JRZKR
IFEXTITUUN D ECBLANNKIGO TO 701
CONTINUE

CONT INUE

JRIJIK=2

IXNSHFZ512-UKesy

SET uP GRID ORIGIN

CALL SETMIVIID,30,34,250)
IwysQ

IwXxz0

YRINZTHLSE

YMAXZTHUT

MMINZXNEL

XMAXZXMER
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Subroutine FINAL (Cont'd)

CALL XYLINCYMIN YMAX TWY AMINGANAX DY NV NYL,NY2)
YMINZANTIN
YMAXCAMAX
CALL XYLIMIXNIN XMAX qJU X AMINQAMAR QDX oNX gNRL oNX2)
AMINZAN]IN
AMANZANAN

Aol S

(4]
Ce SET UP GRID
CALL CHSIZVI2,2)
CALL GRIDIVIZ JRMINoXNAK JYMIN VIHAX (DX oY oNXNY JNXL JNYL gNX2 (NY2) %
(o
Ce PRINT VERTICAL SCALE LABEL ?
CALL RITE2VI12,200,1023,180,2,48,1,YVIT,1ER)
g Co PRINT MORJZONTAL SCALE LABEL
CALL RITE2VUINSHF 31641023,90,2,4853,XTIT,1ER)
[ Ceo
| Ce PLOT FINAL NOZZLE ENVELOPE
| IXMELZNXVIRNMEL)
IAMERZNXVIXNER)
TTIHLISNYVITHLT)
: TTHLBINYVITHLE)
i TTHUTENYVITHUT)
i TTHUBENYVITHUE)
: CALL LINEVOIXMEL ¢ITNLB, IXMEL (ITHLY)
: CALL LINEVUIXMEL JITHLY IXMER,ITHUT)
CALL LINEVIIXMER,TTHUT,IAMER, 1THUB)
CALL LINEVOIXMER yITHUB IXMEL o1THLB)
b CALL TEST
{ RETURN
END

e

T v

SUBROUTINE FIRSTINNOZ)
EXTERNAL TABLUV,TABLLY
COMMON/XIM/TTIILE (8) i
COMNON/CD/NOZDI10, 200
DIMENSION HEALLS)
DATA MEAD/OHSYNBOL y6H NOZZ ,6HLE FAM BHILY TD,6HENTIFI ,6HCAY JION/
CALL FRAMEVID)
! CALL CHSIZVI3,))
CALL RITEQVI150999591023,90,2¢481,TITLE,IER)
Cee PRINT TABLE HEADING
CALL CHSIZVI2,2)
CALL RITE2VI(144,4060043023,90,2,36,1,HEAD,JER)

Ceeo SYMBOL TABLE

IXz1 74

1v:568
¢ NYzlv-10
i ) NUES
‘ CALL CHSI2VI2,2)

0C 15 I:-1,NNO?
i CALL VCHARVI90,2,IX,NY,1JK,TABLOV)

CALL RITSTVI13,12,TABLLIV) ;]
NASNYeo i
CALL RITE2VI290,NA,1023,90,2,60,1,N0Z0(1,1),1ER} .
lvz1v-20 i
NYZ1Y-10 1

15 Tdnz1umMel §
%

&R

RETURN
EnD

il
.
2. sazey
(]
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SUBROUTINE GRAPH (YMAX QYMIN g XMAX g XMIN X0 oOCN o XTIT ,YTIT NP NNOZHR )
Cos SUBROUTINE GRAPM SEYS UP THE GRIDS AND CONTROLS PLOTVING

EXTERNAL TABLLY

COMPON/ XHS/T XS

COMMON/NIN/TITLE ()

COMMON/COW/SE 16200 ,PBOPLE200,XNTI€201,PE(20)
698 FORRMATIFG6.3)

DIMENSION XTITE32),YT2T(12),S5YNBOLI25?
OATA (SYRBOLCI),521,2507°THE SYMBOLS PLOTTED BELOW RECPRESENT MODEL

$ NO22LES THATWAY BE USED Y0 SINMULATE THE FLIGHNT CONDITIONS THAT
$ EXISY FOR A TREE STREAM MACH NUMBERZ *
DIMENSION NP120,25),XD620,25),DENE20,25)

¢

Cos ADVANCE FRANME
CALLFRAMEV(O)

c

Coe SETUP GRID ORIGIN

CALL SETMIVIZ ,30,68,1347
YSAVVZYMAX

YSAVAZYNMIN

XSAVVIXMAX

KSAVASXMIN

Iwvyzp

lwx=gQ
CALLXYLINCYMIN,YMAX  IWY JAMIN,AMAX oDY o NY NYL,NYZ)
YMINZARIN

YMAX SAMAX
CALUXYLIMIXMINGXMAK g ZUWK JAMIN ) AMAXyDX o NX yNXL oNX2)
XMINZAMIN

XMAXZAMAX

Ces SCY uP GRIO
CALL CMSI2VI2,2)
CALL RITSTVII2,206,7A8L1V)
CALL GRIDIVIZ2 XMIN KMAX JYMIN YMAX DX oDV oNX NV NXL  NYL4NX2Z4NY2)

YMAXZYSAVY
YMINZYSAVA
XMAXZXSAVY
XNINZXSAVA
C
<

Ceo PRINT VERTICAL LABEL
CALL RITE2VI1I2,400,1023,380,2,36,1,YT1IT,1ER)
Ces FRINT NORIZONTAL SCALE TITLE
CALLRITVE2VIIXS,50,1023,90,2,3693sXVJV,JER)

Cee PRINY FIGURE TYITLE
CALL CHSIZV(3,3)
CALL RITE2VI150¢10,1023¢0062,48,3,T721TLE,IER)
Coe PRINT DEFINITIVE NOTE
CatL CRrSI2VIZ2,.,2?
CALL RITSTV(18,26,T7ABL)IV)
ENCODE(6S8,SYMBOLI2SHIXMIiK)
CALL RITE2VISD,31000,1023,50,2¢150¢1+SYMBOL,IER)
43 CONTINUE
oMz
0C 299 INKZ1,NNO2
NPJZNP(INK, K}
DO 301 JJZIHNPY
CALLPOINTX{XDUINK ¢JU) JOCNIINK JJ) oI UM )
3101 COWY INUE
TdMzIumMe]
299 CONTINUVE
RETURN
END
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Data File HPM

L ] ] 1 L
«02 SCALLC WPH NOZILE €417 MACH NUNBER
02 SCALE WPN NOZZ2LE LIP ANGLE
+02 SCALE WPM NOZZLE OESIGN ANALYSIS VEST [4-600
NOZZLE LIP ANGLE

2+6599

17
J1.64 2.6599 10490 1.284}
4r.97 2.780686 16,258 1.2608%
6100 249223 184025 1.2080%
60,99 3.07e1 21,1793 1.2867
107.32 3.2393 25.56) 1.2907
fug .28 Skl 29,329 1.293%
196, 9¢ 3,800% 35.096 1.2997

273,55 3.8026 36.864 1.3062
387,20 4,0212 40,632 1.3124
559.,2) 2,258% 4,198 le31808
826,99 4,5208 48,107 13208
1255,1 4.015) 51,935 1.3328
1960,.9 $.3099 55,703 1e3406

3167.,9 $.532C 59.87) Jo300%
5317.3 5.9676 63.237 1.3559
9336.,.8 b.4T06 67.006 1.3627
17281.0 1.0874 10.774 1.3087
1500.0 7%0.0 D.60 14.70 1.40 1,40 140
02 149,068 2767 500.0
597 «89 72C.0 10,542

NO2ZLE FAWILY DERIVED FOR FLJIGHY MACH NOe = 0,597

"NOZZLE EXTIT MACH NUMBER  MINFZ0.597

« 198 +825 65).0 B.04)
NOZZLE FAMILY OCRIVED FOR FLIGHY MACH NO.
NOZZLE EXIY MACH NUMBER PINF -0, 796

«®0 e 77 624,9 T428
NOZ2ZLE FAMILY OERIVED FOR FLIGHY MACH NO,
NCZ22LE EXIT mACN NUMBEK NINFZ0.90

95 o678 610.2 6.877
NOZZLE FAMILY OERIVED FOR FLIGMT MACH NO,
NOZZLE EXIY MACH NUMBER MINFZ0,95

1.0u8 o0} $80.0 5,725
NO22LE FARILY DLRIVED FGR FLIGHT MACN NO.
NOZZLE EXNIT MACH NUMBER MINFZ]3,008

1.10 68 571.3 5.477
NOZZLE FAMILY DERIVED FOR FLIGHY MACH NOe = 1,10
NOZZLE EX1Y MACH NUMBER MINFZ1,10

feldd 65 $70.0 4.827

NOZZLE FAMILY DERIVED FOR FLIGHNY MACH NOo = 1,148
NOZZLE C€XIT MACH NUMBER MINFZl.148

1,249 » 69 $76.2 4.108

NO22LE FAMILY DERIVED FCR FLIGHTY MACH NOe = 3.249
NOZZLE EXIT MACH NUMBER MINF=],269
1403 o 17 586.0 3.27
NOZ2LE FAMILY OERIVED FOR FLIGHY MACH NO.
NOZZLE EX]IT MACH NUMBER MINFZ1, 003

0796

0.90

D98

1.403

LOCKHEED MUNTSVILLE RESEARCH & ENGINEERING CENTER

Iy ? . - - T

S NS LR i

SRR,




Y s

)
]
:

Ce
ce
ce
Ce
Ceo
Ce
Ce
Ce
Ce
Ce
Ce

LMSC-HREC TR D784111

SUBROUT INE INPUT

COMMON/COI/GANAY JSAMAE ,GANAT ;PATN, A ,B

COMMON/ZCD2/PCHAY PEPBNN,,PC

CONNON/COI/NNACH NSP (NNOZ NPRINT (NPLOY

COMNON/ZCON/SPI120) ,PROPII20),XR1120?,P1¢20)

COMMON/ZCOT/SCALE ,PEXITO JWMAX,TO

CUMMON/CD9/HEDRP E12,20)0 ¢ XLINECL2) (XFINALULI2),YFINALILD)

COMMON/TEST2/NNO2F

CoOMMON/NIN/ TITILE 1)

COMMON/CD/NO20C10,200

DIMENSION PPCOPBE30) ,PXMIII0) POELJILII0I PGARAULSDDI PSP LY0),PPCI20)
$.,PP1(20)
)} FORMAT(S]S)
2 FORMAY(BELID.S?
3 FORMATEIME W IN,"RC6:N A NEN NOZZLE DESIGN STUOY. IV 1S ANVICIPATED
STHAY THC NOZ22LE wILL BE DESIGNED FOR *,12,° FREE STREAN MACHN NumbE
SRS ')

33 FORMAV(LINOL IR, THE SIMILARITY PARAMETER USED IN THIS NOZ2ZLE DESIGN
8 STUDY 1S DEFINED BY THE RELAVIONSHIP*/2X,*SP = MJETODELJ/INER]V oo
SAGGAMAJOOB)Y . KMNERE A = *,F10.5,° AND B = *,€10.%5)

& FONMAY(IMHO, 5N, THE NOZZLE WILL BE DCSIGNED BASED UPON THE*/6X,°*FOL
SLOWING PROTOVYPE PLUME SIMILARITY DAYA®)
S FORMAT{I1X,10€10,.5)
6 FORMATCAIRD, 3N, PC/PB MJEY OELY GAmAY P )
? FORMATCINHO,6X,°THE NO22LE wILL BL DESIGNED 10 SIMULATE®/LIX,*TNE F
SOLLOWING FLIGHY CONDITIONS®)
& FORMATEIING,1X,? MINF PR/P] PC P SPNOM %)
9 FORMAT(1JAG)
12 FORMATI1246,A¢0,12)
PCHAXCMARIMUN ALLOWABLE NOZZLE CHAMBER PRESSURE (PSTA)
PC-MIDRANGE VALUL OF NOZZLE CHAMBER PRLSSURE USUALLY = PCMAX/2.0
PEPAMNCEXPERIMENTALLY ORSERVED VALUE OF PEXIT/PBASE AV WWICH FLOW
SCPARATION OCCURS IN THE NOZZLE
PAIMZTOTAL PRESSURE OF WIND TUNNEL (PSIA)
GAMAUZRATIO OF SPECIFIC MEATS OF THE NOZZLE TXMAUST AT THE PLUNE 8
GAMAETRATIO OF SPECIFIC MEATS OF THME NOZZLE EXMAUST IN THE NOZ22LE
PLANE AT TWE NOZZ2LE LIP
GAMAITRATIO OF SPECIFIC MEATS OF AIR
NMACHIANTICIPATED NUMBER OF FREE STREAM MACH MISBERS IN THE VESY P
THAT TME NO22LE WILL BE DESIGNED FOR
NPNRAYCNUMBER OF RAYS IN PROTOTYPE PRANDIL-MEYER EXPANSION DATA
READ (5, 1 INMACH NSP NPRINT ,NPLOT ,NNOZF
READIS,12)XF INAL
READIS,121VFINAL
IF(NPLOT,.EQ.0)G0 TO 40
READ(S,9MEYITLECT) 4I21,R)
READIS,32)INLINE
40 CONTINUE
NNOZZNMACH
60 TO0(310,20,3C) NSP
10 CONTINVE
Az,25
8:1.,0
60 t0 35
26 CONTINUE
AZ,25
8:.5
GO T0 35
30 CONTINUE
Az0.0
BZ1.0
3% CONTINUE
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Subroutine INPUT (Cont'd)

100

110

250
260

200

URITE(O o JINNACH

WRITE(G013)04A,0

READIS ,2)PXNE

RCAD(% o)1 INPRALY

WRITE(G6,6)

WRITELO 90!

DO 100 IS)1,NPMRAY
READ(S,2)PPCOPB L] ) yPXNUI]) yPDELJIITI) (P EANAYLY)
PSP IIIZPRNJITISPOELJII) 7(PXNCeoASPGAMAJI])O0B)
WRITECO:SIPPCOPB () 4PXNJIT) JPOELUIY ) PGANAJILY PSPITD
PPCOPRISIZALOGIPPCOPRI]))

CONT INVE

READ(S, 2)PCHAX,PC PEPANN,PATN ,GANAY,GANAE GANA]
READIS o 2)SCALE,PEXITOuMAX, T0

WRITELG6,Y)

WRITE(G,8)

DO 200 131 ,NuACH

READ IS, 20XMI LD PBOPLIII},PPLI] HPPIC])
IFINPLOT,EQ.D!G0 YO 1130
READ(S,9)INO20(T1,10,1121,10)
READISHIZ2VIMEDRP IN 1) y¥ . 1,48}

COMTY INVE

PCPB=PPCIIN/IPRBOPTI(INOPPII]))

PCPB=ALOGIPCPR)

D0 250 JZ1,NPMRAY

JS=d

IFIPPCOPBIUIUT.PCPBIGO TO0 2060

CONT INUVE

CONTINUE

J12J8-1

FACTORS(PCPB~-PPCOPBIJT) }IZIPPCOPBIJS)~-PPCOPBIUTY)
SPLIIIZPSPIJT)*FACTORSIPSPLUS)I=PSP(JUT))
WRITE(O ¢SIXMI(I) 4PBOPIITIoPPCITIoPPIIT),SPIIT)
CONT INUE

RETURN

END

SUBROUTINE ITSUS (FOFY,YsSAVE CONV NTINES)

THIS SUBROUTINE FROVIDES ITERSTION CONTROL FOR ANY FUNCTION
SAVE(4-T)=STORAGE LOCATIONS FOR X AND FOFX

{CONVI-CONVERGENCE CRITERIA

INTIMES) -%AX NUMBER OF ITERATIONS

DINENSIONSAVE (S8)

NIZSAVE(3) o,1

FOFXCH=SAVE(B)

FOFY AND Y ARE DuMMY INPUT ARGUMENTS

FOFXZFOFY

Xy

CHECK FOR CONVERGENCE

IFLABS (FOFX)-CONV.LE.D,)GOTO110

ITIME=SAVE(]) v,

ITIME CONTROLS THE TYPE CALCULATION 7O BE PERFORMED

ITIMEZ)FIRST TIME THROUGH

ITIME=2,PO0S FIRST TIHE THROUGH
ITIMEZ34NEG FIRST TINE THROUGH
ITIMEZ4,SOLUTION 1S BRACKETED
ITIME=S5,SOLUTION MAS CONVERGED
ITIME=6,SOLUTION WILL NOT CONVERGE
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Subroutine 1TSUB (Cont'd)

GOYTO(10,30,50,70),3VINE
4 INITIALTZ2E
10 N12)
prime=2
FOFXCKZFOFX
SAVE (8) SFOFXCH
IFIFOFN.LY.0,1607050
30 IFCFOFX4LT4041601070
JF(FOFXCHoGELFOF NIGOTOSS
SAVE(2)2=1.08A¥7 (2)
XZN=2,08AVEN2)
601090
35 SAVE (NI =X
SAVE(S) ZFOF X
XIX-SAVEL2)
OF ONE VARIABLE
(FOFXI-FUNCTICN WHICH 1S ORIVEN 10 2ERO
() -VARTABLE WHICH 1S TTERATIVELY SOLVED FOR
(SAVE)-PRCGRA® CONTROL
SAVE1)ZITIVE
SAVEL2)2X INCREMENT
SAVE(3)ZCOUNTER DENOTING NTW ITERATION
» GO1090
. 50 11ImME=D
L IFLFOFX,67.04)607070
1F(FOFXCR.LEFOFXIGOTOSS :
SAVEL2)=-1.0SAVE(2) |
XZXe2,0SAVEL?
6010990
5% SAVE (L) =X
SAVE (7):FOF X
XZXeSAVESE2)
601090
70 JVImEcy
NIZSAVE (D)
1FUFOFXoLT.0.1601075
SAVEIU) =X
SAVE(S)ZFOF X
607080
75 SAVE L&Y =X
SAVE(T)=FOF ¥
¢ PICL NEW GUESS FOR X ACCORDING TO TYPE CALCULATION
80 HISAVE(UDI-SAVE(S 0 (SAVECE)=SAVEIN) )/ CSAVELT)I-SAVE(SI)) E
90 IFINL.GE.NTINES)IGOTOLO0 ;
N1ZN1e) :
SAVE {3):N]
6010120
100 ITIME=S
6010120
11C 1TIMESS
SAVElY) X
SAVE(S)=FOF x
SAVE (612X
SAVE(T) ZFOFX
120 SAVE(1)ZFLOAT(ITINED 04

eiipiaidiEeceis oo

AN NON

T T T

yox
RETURN
END ;
; ,
;?
L4
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699

700
101
Coe

200
209

LMSC-HREC TR D784111

SUSROUT INE MACHEGANNA, P, aM)
6M10GSIGANNA=], ) /CANNA
GMISGARNA~-]),

XNZSQRT (2 ,0(POeGNMI0G-1,)/CN))
RETURN

£EnND

MORE

CONMNON/ZXEIN/ZTLIILECS)
COnmMON/CD/NO20¢10,20!?
COMMON/COI/NMACH (NSP NNOZ NPRINT NPLOTY
COMMON/ZCOB/NMED 120 925,20) yTHETLD(20,2%020)yNP(20,29%)
COMNONZCOV/HEDR® 112,200 o XLINEIL2) o XFINAL (12),YFINALLEL2)
COMMON/ XNS /] XSHF

DIMENSION XTITE22),YT73T7(32)

INTCGER ADARY122)

DIMENSION XAXIS(20,25)

DATA BLANR/OM /

OATA (ADARY(1)3,121,%07°%10% M | MARD COPY REQUIRED ¢/
CALL IOENT(10S,ACARY)

CALL FRMOCE )

0o 319 131,20

00 18 JU=l,12

HEDRP (U, 1)ZBLANNK

CONT INUE

CONTY INUE

CALL DESIGN

IFINPLOTYLEC.DIGU TO 209

LEAD FRAME JOENTIFIES NOZZLE DESIGN PROALEM AND NOZ2ZLE FAMILY NUMB
CALL FIRSTINNO2)

DO 200 KTl NMACH

DEVERMINE PLOY LIMITS OF HMORIZONTAL AXIS
CALL CHECKIXMED,NNOZ NP o XL XR,K)
CALCULATE v AXIS LIMITS

CALL CHECRITHETLD NNOZJNP,Y8B,YT i)

SEY THE DEPENDENTY VARIABLES

DO 10% I=31,NNO2

NENP LI, X)

DO 108 Uz ,N

XAXISUT qJIZXMEDL]TaUK)

CONY INUE

CONT INUE

LOAD TIVTLE FOP AXES

DO 695 11:z1,)2

YTITAT b INECT D)

XTIVUIIICSHEDRP(TIL,K)

00 70 MK21,12

JEKZRN

IFEXNTITEUN) JEQ.BLANKIGO 10 701

CONTINUE

CONT INUE

JKSJK=2

IXSHFzS12-JKeSy

PLOTY DATA

CALL GRAPHIYT VB o XRo XLy XAXTSyTHETLOD € o3 gM ) gXTITYTIT ¢ NP ,NNO2 oK)
CONT INUE

CONT INUE

CALL ENDUOSB

STOP

END
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ILMSC-HREC TR D784111

FUNCTIONNEVIX)
CALLESCLVIIN, IR, IER)
NXVSIX

RELTURN

ENC

FUNCTIONNYYVIY)
CALLYSCLVItY, 1Y,3ER)
NYVYZ]Y

RETURN

EnD

SUBROUTINE POINTX(X,Y NS)
CATERNAL TABLuWY

MSZTAPS INS)

CALL CHSI2VIS 3
IXINXVIX)

IvYaNYVLY)

NrzIx-8

NYZTY-§

CALL VCHARVIES G2 (WK NY,MS,TABLGYV)
CALL CHSTIZ2:: %, 380

RETURN

EnG

SUBROUTINE PRATIGIGAMMA ;XM ,PR)
LMI02:{GAMMA=1,0172.0
GOGM]=GAMMA/Z (CAMMA=],0)
PHZ{J.00GMI0ZOXMOXN)O0GOGN]
REVURN

END

SUBROUT INE PRNDUGAMMA,XM,PH)
GPIGMIZIGAMMAC]L . )/ (GAMMHA~-],)
GMIGHF1-1.,/6FP1GM]

XMS) SXMeXM-],
FACSQRYI(GMIGPIOXMS])

FRZSQRY taMS])
FCZSQRTIGPLIGNMT)
PMIFCOATANIFA)-ATANIFS)
PMIPHEST 29571795

RETURN

END
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SUAROUTINE SPRNGE (UmANX)

C L 1ON/COM/GAPAY JGANAL , SANAL ,PATN,A,8
CONMON/CO2/PCHANR JPLPEVN ,PC
CONMON/COI/NMACH (NSP NNOZ NPRINT NPLOY
COMMON/CO/SPII20),PEOPT(20),XNT120),P) 0200
CONRON/ICOS/PYOPT (20),PCOPTLI0) PCOPBIZ0Y o XNJL200,PNIN20)
COMMON/ZCOL/PCOPE 120,2%) JXMEL20,25),PNL120,230,A0A8120,2%),
SOCLYAJI20,25)TNETLI20,25),PEOPL(20,2%),PLOPRI20,29%)
COMMON/COT/7SCALE PER]ITD ,uNAX,T0
; COMMON/COB/XNEDI120,25:2N) THETLD(20,2%,200 NP (20,25}
k DINENSION DENOME20,25),PCUOPL 120,250 ,PCUOPB 120,250 ,XMINANI20,2%),

SPrUMAN (20,250 DCLURNI20 ,25) SPNANRE20,25),PCLOPBI20,25),

SRMUNINGE20,25) PUUNINIZ0,2%) yDELJINNIR0,25),5PN]INI20,25)

) FORMATIOELI0.9)

3 FORMAT(IN,)0£10.5%)

| : & FORMATLIMI G X,°0F TNE PREVIOUSLY DERIVED NOZZLE FANILIES, TNE FOLL

: SOWING NOZZLES MAY BC USCD T0 SIMULATL THE FLIGNT CONDITIONS®)

; S FORMATI2N,*MINF = *,€10.9,° wIND TUNNEL P] = °*,010.9,° Fas/PY =

| $ *,£10.5,° SPNOR = *,£10,%)

l ¢ FORMATLINO)

T FORMATLIND, 0N ,* MEX]Y LIP ANGLE SPHIN SPMaAX FPCRAX  *)

; EXITOSCALEOPEXTTD

AEXTTZ03,161%90F n]10002,0)/4,0
| DO 1000 W=23,NMACH
IFINPRINTEQ.0)GO 10 1O
WRITEIG &)
WRITE(O ¢SINMTIND ,PLIR),PBOPTIN),SPLIND
WRITELO,7)
10 CONT INUE

} DO 100 131,NNC2

| SRITE(G,0)

p JJz0

» YIRPLUED

CO 50 J=)edmax :
IFCTHETLET ,J)LELO.D)G0 YO SO i
ASTARTAENIT/AOCASIT, )
POMAXZ) . B8OWMAXOSQRTITO)I/ASTAR }
IFIPOMAX CT . PCHANIPONAXPCHAX
DENOME] o JIZNME(] qU)osASGANA JoOp

Ce THE FOLLOWING STYATEMENTS CALCULATE SPMAX
PCUOPLIIT (JIZPONAI/PTIIN)

] PCUCPBIT (JIZPCUOPTIY, ) /PROPTIIK)

Ce MACH NUMBER ON THE JET ROUNMDARY =« MAXIMUM
CALL MACHIGAMAY,PCUOPBI I J) , XMUNAXET,U))!

Ceo JLT BOUNDARY TSENTROPIC EXPANSION ANGLE -~ MAXIMUN
CALL FRNDIGAMAY, XMUMAXET yJ) PHINAXET, U))

Ce PLUME BOUNDARY INITIAL EXPANSION ANGLE - MAXIMUM
DELUMNL T QU IS THETLIT J)ePHUNAXI] ,J)~PREL] V)
SPHUAXCT J IS UMUMANEL J)ODELIMXLT 4 JI/DENON(T,u)

Ce THE FOLLOWING STATEMENTS CALCULATE SPMIN
PCLOPBILTI JJI=PLOPLI],J)SPEPEBNN

Ce MACH NUMBER ON THE JET BOUNDARY = NINIMNUM
CALL MACHIGAMAY,PCLOPBIT o J) ¢XMUMINLT,,J))

Ce JET BOUNDARY ISENTROPIC EXPANSION ANGLE - MININUM é
CALL PRNDIGAMAJ,XMUMINI T J) yPHININIT, U))

Co PLUME BOUNDARY INITIAL EXPANSION ANCLE - MINIWUM
DELJUMNIT yU)STHETL U yu)oPHUNINET yU)=PNELT  J)
SPHINIL o JISXPIMINIT JIODELJINNIT yJI/DENOMIT o U)

e ox

[t
3
3

el d wistg b s, aE

PERTR PR

: IFASPY(KILGTLSPRINITLJIE5.00AND o SPLIKIoLT SPRAXIT,UD=5.0160 10 40
o 0 10 80
i “0 CONTINUE

L
-
%
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LMSC-HREC TR D784111

Subroutine SPRNGE (Cont'd)

IFANPRINTECLUIGO YO &%

WRITECGCyIIRNEAT o U) g THETLUT g U oSPRINEL U)o SPRARIT ) PONAX
% CONTINUE

JusJJel

NPIT oy )CNPI] g0}

KPED? 1 Jd M IZXNEL] V)

THETLDGT yJJyn IZTHETL I )
$0 CONYINUL

100 CONYINUE

3500 CONTINUE

Ce
Ce
Ce
Ce

Ce
Ce

E N P

RETURN
(ND

SUBRCUTINE TESY

ODIMENSTON NSELFES) ,THLDFIS), A0ASFI5),05TARF (5),5AVELD)

COMMON/COL/GAMAY CANAE (GAMAT yPATH AP

COMMON/COZ/FCHAX (PEPBNN ,PC

COMMON/COU/SPIL20),PBROPTI20) RNT(20),P1(20)

COMMON/CLT/SCALE PEXLITO JWmAN,T0

COMMON/Z TESTE/Z7XMEL G NMERy THLB o THLT JTHUT yTHUB yKNANX

COMMON/ TEST2/NO ZF
1 FORMAT(IMO,LX,'PONMER SWEEP OPLRATING CHARACTYERISTICS FOR EACKH OF ¥
SHE DESIRED FLIOGMT CONDITIONS YO BE SIMULATED IN WIND TUNNEL®/2X,°T
SESTS IS PHESENTED BELOW FOR REPRESENTATIVE NOZZ2LES THAT EXIST IN Y
SHE FINAL ENVELOPE LEFINED ABOVE.')
2 FORMATIIND, 3 M TTSUB wWNC BE30,%)

3 FORMAT(IMC, I x,* NO2ZLE »EXY LIP ANGLE NINF PCMIN
$ SPMIN PCNOY SPNOM PCHAX Sy MAX WIND TUNNEL DSTA
L L DEXIT*Z10SX,*PINF ')

4 FORMATLINDD

S FCRMAY (IR IS EX49C1045,1X,3010,.%)

6 FCRMATUINC, IX,*MUETF 1S SUBSONIC AND TEMPORARILY SEY = 3,10°%)
THIS SUBROUTINE OEVERMINES THE POWER SwEEP OPERATING CHARACTER]IS-
TICS OF REPRESENTATIVE NOZZLES THATYT EXISY IN THE FINAL ENVELOPE
FOR EACH OF YHL DESIRED FLIGHT CONDIYIONS TO BL STMULATED IN WIND
TUNNEL TESTS,

CRITEIG,1)

WRITE(S,3)

AMEDF (T CIXMELOYMERI V2,0
XMEDF (2 )IZXMEDF L)

XMEDF (3= XMEDF L)

XMEDF (4 ) ZXMEL

YMEDF (S )ZXMER

THLODF A2 )ZUTHLT*THUTI/2,0
THLOFE3)S(THLECTHUB)I /2,0

THLOF L DS (OVHLCFE2)¢THLDF (1)) /2.0
THLDF (UGS ITHLECTHLTD /2,0

THLODF (SIS (THURCTHUTIZ2.0
EXITO-SCALESPEXTITD
AEXIT=03,1u1590€EX1T0902.0)/4,0

DO 1001 J=1,NNOZF

WRITEIG,4)

NC22LE EXIY PLANE AREA RATIO AE/Ae
CALL ANATIO(GAMAE yXMEDF (1) ,A0ASF (1Y)
ASTARZAEXIT/ACASFL(])
DSTARF(IIZEXITD/SQRYLAQOASFITD)
MAXTHUM ALLOWABLE CHAMBER PRESSURE FOR A GIVEN NO2ZLE SUBJECT TO
THE TEST FACILITY MASS FLOW CAPABILITY

LOCKMELD - HUNTSVILLE RESEARCH & ENGINEERING CENTER

i
|
I
i
i
1
i
i
]
x

¥
ke
L



I TR g S

! Subroutine TEST (Cont'd)

LMSC-HREC TR D784111

; POMAXZS B8ONMAXOSORT (1O I/ASTAR
DENOMFZXNEDF (1)0cASGANA Jo OB
: Ce THE POLLONING SYZVFEMENTS CALCULATE SPMIN
Co NOZ2LE LIP ISENTROPIC EXPANSION ANGLE
CALL PRANDI(GAMAL , XMEDF (] ) 4PNEF)

Ce NO2ZLE EXIT PLANE PRESSURE RAYIO FCIPE
CALL PRAVIO(GAHAE ¢ XNEDF (1), PCOPEF)

PCLPBF=PCOPLF ePEPONN

(o MACH NUMBER ON JEV BOUNDARY ~ MININUM
CALL MACHIGAMAY,PCLPBF , XNJANF )

Ce JET BOUNDARY JSENYROPIC EXPANSION ANGLE - WMINIMUM
CALL PRND(GAMAJ, XNJMNF o PRUNNF )

Ce PLUME BOUNDARY INITIAL TXPANSION ANGLE - MINIMUM
DEJHNFZTHLOF (1) ¢ PHUNNF ~PHEF
SPMINF 2 XHJINNF ¢OE JUNF /DE NOMF
00 1000 K=},kMAX

ce THE FOLLOWING STATEMENTS CALCY ATE SPMAX
PCOPIF=POMAX/PIIK)

PCOPBF:PCOPIF/PBOPIIK)

Ce MACH NUMBES ON JET BOUNDARY - MAXIMUM
CALL MACHIGAMAY,PCOPBF , XNJUNXF)

Ce JET BOUNDARY ISENTROPIC EXPANGION ANGLE = MAXIMUM
CALL PANDIGAMAY, XMJMXF , PHJIMXF )

Ce PLUME BOUNDARY INITIAL EXPANSION ANGLE - MAXIMUM
DEJMXFZTHLOF ¢ 1) o PHJNXF - PHEF
SPHMAXNFZXMJMXF ¢DE JMXF 7DENOMF

ce MINITMUM CHAMBER PRESSURE REQUIRED YO PREVENT FLOW SEPARATION
POMINZPCLPETePBOPT(NIOPT (N )

ce THE FOLLOWING STATEMENTS CALCULATE THE REGUIRED CHAMBER PRESSURE

Ce 10 SIMULATE THE DESIRED FLIGHY CONDITIONS
XMUFZ1.10XMEDFLY)

i60 CONTINUE
SAVELL)I=1,.0
SAVE(2)=.10
T0LZ.08

170 CONT INUE

Ce JET BOUNDARY ISENTROPIC EXPANSION ANGLE
CALL PRNDIGAMAJ  XMIF ,PHIF )

Ce PLUME BOUNDARY INITIAL EXPANSION ANGLE
DELJFSISPIIN) /XHJUF )SDENOMF

Ce NOZZ2LE LIP ANCLE
THETLPZDELJF ¢PMEF ~PMJF
CTHETLZTHLDFIT)-THETLP
CALL JYSUBIDTHETL ¢XMUF 4 SAVE 2TOL 199}
IIZIFIX(SAVE(L)e .10}

NIZIFIX(SAVE(Y)e,10)

1F(XMJUF .GT el LIGO 10 1}

XMJF 1,10

WRITE(G,6)

60 T0 180
11 CONTINUE

GO YOILT70,17C,170,17GC,180,175),11
175 CONTINUE

WRITE(O ,2)TKLOF (1) 4 THETLP , XMUF ;DELUJF

| 160 CONT INUE

: Ce PLUME BOUNDARY PRESSURE RATIO  PC/PB

{ : CALL PRATIOU(GAMAY,XMJF o, PCOPBF )

PONOM=PCOPBF¢FBOPI (N ISP I (K)

WRITC(6 oS XMEDF (1), THLOF (1) XMI UK ), POMIN,SPHINF ,PONOM SPL(K),

; SPOMAX ,SPMAXF ,PI(K),OSTARF (1) ,EXITD

o 1000 CONTINUE

1001 CONTINUE

2 RETURN

k END

ATy

o g

Py

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER




~

1C
eC

3C

&C

7C

90
91

1CC

LMSC-HREC TR D784111

SUBROUT INE XYLIN (SHMIN,SHMAX ,UU,YB,YT, DY NN,0D,NY)
COMMON XNy YN,2N

REAL INC

INTEGER WU,00

NNZD

1IFEUU.£Q.5)00607065

IF (UULEQe)) GO 10 70

¥Y1:0.0

Ye:z,.n

XINCZ(SMAX-SMINI/Z10.0
IFU(XINCoLYeleloANDOXINCGELD.,06) GO YO 30
IFININC.LToD.086) GO TO 65

D¢ 10 11,50

NNZT -]}

XNZ,.5

IF(2.010.,90(1-1).,GT.XINC) GO 10 20
XNZ 1,

IF(5.9010s00(1~-1),6GT.XINC} GO TO 20
XNZ2e

1F(l1.010e00(]1.,GT,XINC) GO Y0 20
CONT INUE

INCZXNO® JO.oONN

GO 10 &0

DIFFSXINC10.D

NNZNNe]

INC=.02

IFIDLIFF o6Tale5) INCZ,08

IF(DIFF «6GT.3.0) INCZ,]

IFIDIFF 4GT.7.0) INC=,2

CONT INVE

YTZSMAX ¢ AMODCABS {SMAX), (INC®S,})
YOSSMIKN=AMCDIABS (SMIND,1INC®5,))
TF(SMAX oGTe0a0V YTZSMAXOARS (AMOD(ABSISMAX) , (INCOS5,))~(INC®S,))
IFESMIN LT o040) YBZSHIN-ARS (AMODI(ABS(SMIN) (INCeS,))=¢ INCOS,))
DY INC

LMY

0ozicd

NYZNNe3

60 T0 100

CONTINUE

AZSHAX® 10,

AZIFIXCA)

YTZA/10e¢0.1

AZSMINe )]0,

AZIF IX(A)}

YiZA/10.

INC2C.01

GOT060

D0 84 1:1,20

LOG SCALES

THE SMALLEST VALUE FOR SMAX IS 10ee-y
HANZT -8

TF(SMAX LT o108 NNNIGO TO 9
YT1210.008NNN

DO 90 121,20

NNNZ )0~

THE LARGEST VALUE FOR SMIN IS 10ee9
IF(SMINCGT«J0U00eNNNIGO TO 9}
YBEZ10.,08%8NNN

oyYz1.r

MMz

0Dz}

NYZ=2

CALL SMXYV (0,41)

CONT INUE

RETURN

END

ELAY
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