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ABSTRACT
3 a2l > 7

Two FORTRAN computer programs for the design of pure external
and internal-external expansion plug nozzles are described in this report.
The output from these programs includes the contour of the nozzle and
various performance parameters. The approximate design method is

based on simple wave flow concepts which are described by T. L. Deyound.
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N,

N

LIST OF SYMBOLS
Surface area of Prandtl-Meyer expansion wave after it is
revolved about the plug axis
Length of triangle side
Length of triangle side
Thrust coefficient
Thrust
Function
Constant of proportionality in Newton's second law
Width of throat gap on pure external expansion plug nozzle
Specific impulse
Chord length of internal circular arc contour
Mach number
Ratio of local velocity to velocity at sonic flow conditions
Mass flow rate

Number of contour points computed on pure external
expansion plug nozzle

Number of internal contour points computed on internal-
external expansion plug nozzle

Number of external contour points computed on internal-
external expansion plug nozzle

Any number of the series 0,1,2,....n
Static pressure

Radius from plug axis
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List of Symbols (Cont.)

R, - Radius of internal circular arc contour
T Temperature
A% Velocity on expansion wave through the point indicated

by subscript
X Axial distance from lip of shroud

Greek Symbols:

p Central angle between the radius to point p and that to
any point x; on the internal circular arc contour of an
internal-external expansion plug nozzle

Y Ratio of specific heats
A Small increment
6 Angle between plug axis and sonic line on pure external

expansion plug nozzle

3 Expansion ratio

¢ Angle between plug axis and Prandtl-Meyer expansion wave
K Mach angle

v Prandtl-Meyer turning or expansion angle

¢ Mass density

(&) Flow angle measured from plug axis

¢ Slope of chord of internal circular arc contour

SubscriEts:

c Chamber condition
e Exit conditions or condition at lip of shroud
ei Condition at end of internal expansion
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CFO

DELTA

GAMA

GAM(I)

HT

HM (1)
NT

PAPC

PXPC

PEIPC

PHT

RM

RMEI

RRRE

FORTRAN SYMBOLS

CF opt Optimum thrust coefficient

) Angle between plug axis and sonic line
on pure external expansion plug nozzle

g Constant of proportionality in Newton's
second law

v Ratio of specific heats

Y Ratio of specific heats in thermodynamic
table

hi/R, Ratio of throat gap to the radius at the

shroud on pure external plug nozzle
M Mach number in thermodynamic table
Number of thermodynamic data

Pa/PC Ratio of atmospheric pressure to chamber
pressure

Py/P¢ Ratio of pressure at point x to chamber
pressure
Pei/Pc Ratio of pressure at end of internal

expansion to chamber pressure

Pt Angle of sonic surface to plug axis

R Gas constant

Mg Exit Mach number

Mgi Mach number at end of internal expansion
Rr/Re Radius of internal circular arc contour

to shroud radius



FORTRAN Symbols (Cont.)

RXRE

SUMCG

SUMIM

SUMVA

TE

VE

XP

XM

XXRE

R, /R,

<:Fvacx

Ratio of radius of point x to radius of shroud
Cumulative vacuum thrust coefficient
Cumulative specific impulse

Cumulative vacuum specific impulse

Exit temperature

Exit Prandtl-Meyer turning angle

Expansion ratio

Mach number at the contour

Ratio of x co-ordinate of point x to radius
of shroud
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INTRODUCTION

The purpose of this report is to describe two FORTRAN computer
programs for the design of plug nozzle contours. The theoretical method
is based on the procedures described in Reference 1.

The programs described in this report are simple and provide a
scheme for the design of a plug nozzle contour; however, this method
becomes inaccurate as the axis of symmetry is approached. The ratio
of specific heats in this program may be input either as a constant value
or as a function of Mach number. The thrust coefficient, specific impulse,
and dimensionless contour co-ordinates are computed at small increments
along the axis of symmetry.

A complete description of the FORTRAN computer programs

(including a derivation of the formula) is given in this report.



DESIGN OF EXTERNAL EXPANSION PLUG NOZZLES

In one-dimensional isentropic supersonic flow, an area ratio based

on throat area can be written as follows:

T+

A oo L[(E) (e L)

where € is defined as an expansion ratio. By rearranging equation (1), a

function can be obtained to calculate exit Mach number:

Y+ |
2 22)’-15

z+(x—/)Me]
Y+ /

. (2)

FM) = Mee - |

Expanding this function in a Taylor's series:

aM*

2/

F(M,+aM) = £(Me) + Fi(m)am + F (M)

am” (3)
b ommmeea-
n!

T— +£7(m,)

where:

3-Y
2+ (¥-1) M* rz"-’)
Y+

(M) =€ - [

Truncate equation (3) at the first two terms, and assume a

value Mest for Mg, and solve for a AM:

AMD=_M_ - (4)

F(Mest,)

A new approximation for M, is:

M =/’{rsf,+AMo

est, . (5)



By carrying on this process until AM is within the desired limit, the exit
Mach number can be obtained.
From the Prandtl-Meyer relation, a total flow turning angle can

be calculated by using the following equation:

~

Y+ 1 é MREY 2 z -/ 2 2%
v, =<)’~l) ton [j‘,—;'— (M. -/)] — tan” (M- 1) (6)

Frorm the geometry of Figure 1, the following relations of throat

gap can-be obtained:

a = /4{ eos § (7)

b = /7’-; Sin { (8)

713&: Pe '“/I{J/'n[ P (9
2

Af = (Ko - Ry) [dzv" (Ke - k{)z:l (10)

=Thy (2Re- hysind)

or

2
7];@ = VA{(ZXJC“Af-DVI)[) . (11)

Solving the dimensionless parameter, ht/Re' in the equation (11),

€ - [E (é - 3/n J)]T

€ sind

(12)

he
Re
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The optimum thrust coefficient, CFopt » can be calculated from the

following equation.

o -mh _(ede)le _elilk e veMS
Fpt P Ay Pe A4 Fe Fe
By the definition of the velocity of sound in a perfect gas,
¥ P
V{' - e, . (14)
Equation (13) can be reduced to:
Gyomr 3]
oot Pe ,
¥+ -z
_ 20713 Al
=7 M ( ) (/ o e : (15)

The following procedure of calculation is for determining the plug
contour. The Mach number on the plug surface is increased from M, =1

at the throat to M, = M, at the tip by regular increments M,

- Me -1/ (16)
m - A/
My =1+xM, . (17)

The area of the revolved expansion wave is given by:

bl

A, = /7’(/?6-/?,4)[sz+(1’ -A’x)‘] : (18)

From the geometry of Figure 2:

Ke- R
tan ¢, = " 19)
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Solving equations (18) and (19), one obtains:

4 _ 7R - Re?)
X - 5/1ﬂ¢x

From the geometry of Figure 2,

(px =)JC—)/X+/(X

Substitute equation (21) into (20),

V(Fez— 7\7)(2)
sin (Ve ~ Vx +ly)

Ay =

The mass flow through the revolved expansion wave is:

My = € Ax Vx sin pt,
The mass flow through the throat is:
my = ¢ A W
The mass flow through these two sections should be equal; therefore,

A, can be determined.

é,
e
x éx Wx .
_P_c— _l;;;- J/H/ax
Equations (20) and (25) are then solved for Ry:
Y +! e
2(¥-1) 2
2 v-/ 2 .
w6 2 snts o

=4/
Re ¢

(20)

(21)

(22)

(23)

(24)

(25)

(26)

Once Ry value is determined, X, can be calculated by using equation (19).



The pressure ratio at point X can be calculated by using the

following relationship:
- 5
B Slme) T
Fe 2 27
The cumulative thrust is made up of the momentum flux and

the pressure thrust at the throat surface plus the pressure integral

down the plug to the point in question.

FX=rhtVts/n{+(Pt—Pa)/}{sm[+/(/’x-Pa)dA . @8

The corresponding specific impulse is:

I, - my Vé.sin § - (P{- R) AL sink N (P - Py) 29)
my € A Vit G A Ve
. Ve sind (B-R)  FeVe [(A-P) dA
= V{_o‘/n{ + Q & +€f Z?& PC A{. (30)
e :
_ . fof/nf 737 Fé Ve e (/?(-'Da) AA
fpant + 252 1 (Pe)(a J+ ?W) )

Using isentropic relations and writing the last term in finite difference

form,

T, =V, J,-,,,r{/ +—,f—[/‘(rz+./)%(§)]}

b 4 (31)

N
(TS () ()| (] - &
Y R 2 Fe n-y Pe, n Re (o Ke n

=/




The vacuum thrust coefficient is:

CF = Mz‘ Ve sin § Pt /4{ sin§ Pe dA
vac t t 5 7
R Ay R At Pe At

z
=(eé4f1/é\sm;)+ Pf)m“ R dA

Pe '41‘ Pe 75; Zx
(32)
‘(Pt _ Y
€ 2, siné 2 \¥-T B as
= 2 i (w) T A
5 N 2 2
=) e 2) () -]
=(X+ '> (Y*")J/ﬂf +Z I:(Pe n-,+ P& n (Pe)n-’ Re_ , .



DESIGN OF INTERNAL-EXTERNAL PLUG NOZZLES

The internal expansion is assumed to occur as a simple wave
expansion around an initial circular arc contour. The external expansion
is assumed to occur as before, namely, a center simple wave or Prandtl-
Meyer expansion about the lip of the shroud.

Equations (2), (3), (4), (5), and (6) are used to calculate the
exit Mach number and the total flow turning angle. If the pressure ratio
at the end of internal expansion, Pei/Pe is specified, the Mach number at
the end of internal expansion can be determined by using the following

equation:

M = i[(@L)—%l_/]z . (33)
S P,

The internal flow turning angle can be obtained from the Prandtl-Meyer

I~

relation:

%= (70)

The slope of the last internal expansion wave is:

~

-+ r-1 2 z oy 2 é

N

35
b,; = 6o tHer o)

where:

0. = ef - )Je‘. (36)

e/

10
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Since point P, the origin of the last internal expansion wave, is located
on the plug contour, equations (19) and (26) can be used to calculate its

co-ordinates.

g+
Z07-7)
2 . 2
Re |, - [(YTT)(/ ~ L Me; )] 57 Pe; . (37)
Re € -
R
Xo _Fe >
Ke ton @,

The first part of the contour calculation is similar to those of

the previous gection:

Mej "/
Lo e T (39)
M/n /V/ .

40
MX=/+XMI-n . (40)

The Prandtl-Meyer angle at any location is now calculated from:
£ ¢ ,
Y+ 2 Ty-1 2 2 _ 2 a
i (?‘7) tan [7;7(/%( -/>] - dan” (M- 1)7 “h

The flow of point P is assumed to be perpendicular to the radius of the

circular arc contour. The central angle, /gx ,can be obtained from:

Gy = §p-90"~ v+ |6 | - (42)

13



The chord length is equal to:

L 7?r /
7?: 2 = ]?e 5 ﬂx ' (43)

From the geometry of the Figure 3,

g "
b= 180 - 4 + v - L

The co-ordinates of the point X, can be determined from the following

equations:
Rx‘ = RP + LX S/n sﬂ (45)
Re Ko | R X
and
X L
Xx, =L - ZX s '"PX (46)
Re Re Fe
The derivation of the calculation of point X, is similar to that used in
equation (26).
/
3’(4— ! 2
R,\’z ?Xl ]2 - ,)
S/ 47
( “ 1)(/ ) n ¢ b
’?X _ FX/
Xeo Ko, e T 8
Pg Fe Z‘Jﬂ (PX
where:
by = 2l - Ve~ Yoty . (49)

Equation (27) can be used to calculate the pressure ratio at points X, and
X;. When M, has been incremented from My =1 to My = Mgj, the design

of the internal portion of the nozzle is complete.

14



The design of the external portion can be carried on by using
the following relations:

(1) The last expansion wave from the initial circular arc contour
at point P is a member of a family of left running waves and intersects
the lip of the shroud which is shown in Figure 4.

(2) The remaining expansion to the exit Mach number occurs
about the lip of the shroud and is made up of a family of right-running
expansion waves,

(3) Flow properties on the first of the right-running wave are
equal to those on the last left-running wave.

(4) The external contour is determined in the same manner as
for a pure external expansion nozzle.

The cumulative thrust is computed by considering the momentum
flux and pressure thrust at the first right-running external expansion

wave and the pressure integral on the remainder of the plug.

- s/n - (50)
_mtV% o5 9 % (PZ, E)Ai’ ¢f’+f(@ E)dA .

T oo L

P Ty

(51)

(T BB - ()]



where:

i

L

!

I~

3 z
Te (1 + u/"Ie‘q“)

KR
It M
, and
) z
(1 ¢+ Iz—’Mez)
KR Yl

2

The cumulative vacuum thrust coefficient can be calculated as

follows:

Cr

_‘o’/—‘?Vg,caSG%_ _7%:_ _ fj:z hdA
ST RV ”Pe[/ (x’e)]+ 7 Az

(52)
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THE FORTRAN PROGRAMS

Outline of External Expansion Plug Nozzle Design

INPUT:

OUTPUT:

(1)

(2)
(3)
(4)
(5)
(6)
(7)
(8)

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9

Estimated exit Mach number (which can be obtained
from isentropic flow tables based on the expansion
ratio and the ratio of specific heats)

Expansion ratio

Number of contour points

Gas constant

Exit temperature

Atmosphere pressure ratio

Constant of proportionality in Newton's second law

Ratio of specific heats (constant or variable)

Angle between plug axis and sonic line
Width of throat gap

Optimum thrust coefficient

Mach number distribution
Co-ordinates of plug contour
Pressure ratio at each point
Cumulative vacuum thrust coefficient
Cumulative specific impulse

Cumulative vacuum specific impulse

17



This program has been used to compute a few examples. The
results of design nozzle contours are shown in Figure 5. The vacuum
thrust coefficient and vacuum specific impulse distributions along the

plug axis are shown in Figure 6 and Figure 7 respectively.

Outline of Internal-External Expansion Plug Nozzle Design

INPUT: (1) Number of internal contour points and external
contour points

(2) Pressure ratio at end of internal expansion
(3) Expansion ratio

(4) Radius of internal circular arc contour

(5) Estimated Mach number

(6) Angle between plug axis and Prandtl-Meyer
expansion wave at threat

(7) Gas constant
(8) Exit temperature
(9) Atmosphere pressure ratio
(10) Constant of proportionality in Newton's second law

(11) Ratio of specific heats (constant or variable)

OUTPUT: (1) Mach number distribution
(2) Co-ordinates of nozzle contour
(3) Pressure ratio at each point

{4) Cumulative vacuum thrust coefficient

18
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(5) Cumulative specific impulse

(6) Cumulative vacuum specific impulse

This program has been used to compute a few examples. The
results of design nozzle contour are shown in Figure 8. The vacuum
thrust coefficient and vacuum specific impulse distributions along the

plug axis are shown in Figures 9 and 10 respectively.
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FLOW CHART OF EXTERNAL EXPANSION PLUG NOZZLES DESIGN

START

1

Read RM, XP, N,
R, TE, PAPC, G,
GAMA

Y

Compute RM

Compute CFO
DELTA, HT, VACIM
SPIM, SUMIM, SUMVA

XM =1.0

XM = XM + DRM]

4

Compute RXRE, XXRE,
PXPC, SUMCG, SUMIM
SUMVA

Does No

XM = RM

END

26



FLOW CHART OF INTERNAL-EXTERNAL
EXPANSION PLUG NOZZLES DESIGN

START

)

Read N1, N2, PEIPC,
XP, RRRE, RM, PHT,
R, TE, PAPC, G

Compute
RM

\

Compute
RPRE, XPRE,
RMEI

XM =1.0

\

Compute
RX!RE, XXIRE,
RX2RE, XX2RE

XM = RMEI XM = XM+ DR

(1 on page 28)

27



\

Compute RXRE,
XXRE, SUMCG,
SUMIM, SUMVA

END

28

XM = XM + DRM
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~ 80~80 CARD TO PRINTER

DESIGN CF EXTERNAL EXPANSION PLUG NOZZLES

INPUT GAS#E1.0 WHEN DEALING WITH IDEAL GAS
INPUT GAS#-1.0 WHEN DEALING WITH REAL GAS
DIMENSTCN HMZ30m, GAMZ30D

101 REAC1,RM
REAC1,GAS

1 FORFMATZIF4.0D

OO0

PRINT4T, RM

47 FORFMATI1HL,BHESTIMATE, 1X, 4HMACH, 1X, 6HNUMBER y IH#,F10.50
READ24XP,N

_ 2 FORMATZF10.0,140

PRINT102,XP
102 FORMATZ1HK, 9HEXPANSION, 1Xy SHRATIO, 1X,y 1H#,F10.50

REAC60sR,TE+PAPC, G
60 FORPATZéFLQWQEWWMV o e N
PRINTS51,R
51 FORNMATZILHKy3HGAS, 1X, BHCONSTANT, 1X, 1H#,E1 14,70

PRINTEL,TE
61 FORMATZILIHKy4HEXIT,1Xs 11HTEMPERATURE, 1Xy lH#,EL14. T

PRINTS3, PAPC
53 FORNMATZLHK,SHPA/PCs 1Xy LH#,El4.7D
TFCAST4 44,10
10 REAC3,GAMA
3 FORMATZFS.0n
PRINT 45

45 FORMATZIL1HK, SHUSING, 1Xy SHIDEAL s 1X, 3IHGASH
PRINT49,GAMA

49 FORMATZLHK, 1X,4HGAMA, 1X, 1H#,F5.20

c REAL GAS HAS TO INPUT NT VALUES OF THERMODYNAMIC DATA
4 REACS,NT

5 FORMATZI4D
PRINT 46
46 FORMATZ1HK, SHUSING, IX, 4HREAL, 1X, 3HGASD
 DOBIKLSNT
“REAC6,HMZIO,GAMZ D
6 FORMATZ2F10.7m

8 CONTINUE
9 CONTINUE
13 1F2GASn30,31,31
30 DO34J#14NT
1#J
IFZRM=-HMZIND32, 33,34

34 CONTINUE

33 GAMAHGANZIO
GO 10 31

32 GAMA#GAMZI~1nEIRM-HMI I-1o0#%ZGAMZ In-GAMZI-1a0/IHME Io-HMZI-100

"T31 FME#32:08%GAMA—1.0D#RM*RMD/ZGAMAL]L. OO
COMHZGAMAE]L.00/%2.0#3GAMA—1.00D

[

FVEARM#X P=FME# #COM
FPMHZ2.063GAMA~1.00%RM#RMD/ZGAMAEL. 0D
COMH23:0~-GAMAD/X2.0#ZGAMA-1.0n0D




80-80 CARD TO PRINTER

FPMiXP<RM*ZFRM#+COMD

12 CONVINUE

DM#~FME/ FPM

RMA#RMELM

~ CM#ABSFICMO
[F3CM~0.00001012,12,13

A#SCRTFIZGAMA-1.00»ZRM#RM-1.00/3GAMAEL,.ODD

B#SCRTFIXGAMABL .00/ ZGAMA-1.00OU
CHSCRTFZRM*RM-1.Cn

 CHATANF2CO

VE#B#ATANFZ AD-C

DELTA#1.570796-VE

SUMCGH#IZ2.0/3GAMALL .0nO»+«ZGAMA/ZGAMA— 1. oons IGAMAE L. 0xSINFEDELTAD

HTHIXP-SQRTFIXP*ZXP-SINFEDELTADCDO/¥XP» SINFEOEL TADa
Al#IGAMAEL.0O/%2.0%#2GAMA-1.00D

 BLASQRTFZ1.060.5#2GAMA~1.00¢RM*RMDO

CFONGAMASRM#T22.0/8GAMAELl .OnnexAln/B 1

 PCPTHX0,.5#3GAMAEL.Onu**TGAMA/%GAMA-1.0an

VIHCAMASRSTERVT/30,5%2GAMAE L 00O

VT#1.080.5#2GAMA—1,.00#RMeRM

VT#HVY #G

 VTH#SQRTFZVTa

SPIMEZLLO-PCPTaPAPCD/GAMA
SPIMILLIOESPIM
SUMIVHVT #SINFZDELTAD#SPIM/G

15

16

VACIMF#L.0EL.0/GAMA
SUMVAHVT «SINFTOELTAD#VACIM/G

PRINT 15

FCRMATZ1HKs SHCELTA, 9Xy SHHT/RE, 9X, SHCFOP T
PRINT 16,DELTA,HI,CFO
FORMATZ1HK, 3E 14.70

38

37

36

35

3G

14

1F%¥CAS038,39,39

XN e
DRMRZRM~-1.00/ XN

XM#L1.0

K#1l

RXRE#LIO—-HT »SINFEZOELT AR
XXRE#Z~-HTO#COSFIDELTAR

DO 37JRL,NT

N

IFE¥M-HNMZInn35, 36,37

CONTINUE

GAMANGANMZINO

6o v¢ 39 T
GAMAKGANZ I~ 1OEEZXM~HMX I~ 1O0#ZGAME I0~GAMZI-100/EHMZID-HMEI-100

A34#%-GAMAO/IGAMA-1.0n

PXPCH#Z1.060.5#EGAMA—~1.008XMeXMOR®AJ
PRINT17

170FCRMATYZLHK ) 4HMACH, 10Xy SHRX/RE, 9Xy SHXX/RE 49Xy SHP X/PC 49Xy SHCFVAC,

T 19Xy 2HSP L s 1Xy THIMPUL SE, 3X, 4HVAC ., 1X, THIMPULSED

Ga 10 22
K#KEl

32



80~80 CARD TO PRINTER

S0 I1FTGASHN41,40,40

41 DOD44J#T.NT
I 1

IFIXM-HNZINNO42, 43,44

44 CONVINVE
43 BAMA#GAMZID

G0 10 40

42 GAMAHGAMTEI-1DEZXM~HMZT I~ 100#ZGAME Io-GAMZI-1nn/ZHMZIn-HMEI-100
40 A#SCRTFZZGAMA-1.0O0#IXM#XM-1.00/2GAMALL.OOD
"BHSCRTFITGAMAEL 0D/ EGAMA-1.0DD
C#SCRTFIXMeXM-1.00
" CRATANFZCoO
VXH#R=ATANFZAO~-C

Y#1.0/XM
_UX#ATANFZY/SQRTFZ1.0-YeYnD
A2HIGAMAE1.00/%2.0XGAMA- 1.0
 B2#%2.0/2GAMAL].000#Z1.080.5#ZGAMA~1.0neXMeXMa
RXRE# 1.0-ZB2##A20+S INFEVE-VXEUXD/XP
RXRENSQRTFERXRED

52 XXREEZL.O-RXREQ#COSFIVE-VXBUXD/SINFIVE-VXEUXD
_ A3#3%~GAMAD/3GAMA—-1.0m N -
PXPCHZY.060.5#FGAMA~1.00sXMeXMO##A3
SUMCG#SUMCGED.5#XP#ZPROEPXPCO#ZRXO#RXO0~R XRE #R XRED
CO#PCPT VT #XP/%G#GAMAD
SUMIM#SUMIMEOD .5 #CO#ZPROEPXPC~2.0#PAPCO*ZRXO#R XO-R XRE#R XRED

SUMVAHSUMVAEO.5#CO*ZPROEPXPCO*ZRXO#RX0O~R XRE#R XRED
22 PRIMNT184XMyRXRESXXREyPXPCySUMCGy SUMIM, SUMVA
18 FORMATZLHK,7El4.70
_ 1FZ¥=NOD19,19,20
" 19 XM#XMEDRM
PRO#PXPC

RXO0 £ RXRE
L 60 10 14
TZ0 PRINT21
21 FORMATE1HK, BHEXTERNAL, 1Xs JHEXPANSION, 1Xe6HNOZZLE,1X, THCONTOURE
" 760 TO 101
END




80-80 CARD TO PRINTER

OESIGN CF INTERNAL—-EXTERNAL EXPANSION PLUG NOZZLES

OO

" DIMENSICN HMZ30m,GAMZ 300
101
11

INPUT GASK&1.0 WHEN DEALING WITH IDEAL GAS
INPUT GAS#~1.0 WHEN DEALING WITH REAL GAS

REAC114N1,N2
FCRVATZ2 L4m

1

w,
~N

v
W

FORNATZ6F10.0D
_PRINTS2,PEIPC
FORMATZLHL, 6HPELI/PCy1Xy 1H#, ELl4. 70
_PRINTS3,XP o
FORMATZ1HK, FHEXPANS IONy 1Xs SHRAT 10y 1X, LH#,F10.50
PRINT54,RRRE

2

55

56

T 66 FORFMATZ4F10.0m

67

68

3
57

4

—

6
7

g7

8
34
30

31
32

33
9

FCRPATZ1HK, SHRR/RE, 1X, LH#,EL4. T
PRINTS5S, RM | B
FORMATZLHK, BHEST IMATE, 1Xy 4HMACH, 1Xy 6HNUMBER y 1 X, 1H #,E1 4. 7O
PRINTS6, PHT
FORNATZ1HK, 3HPHT, 1X, LH#,E14.70
REAL663 Ry TE,PAPC, G

PRIMNTST,TE

FORMATZLIHK, 4HEXIT 41Xy LIHTEMPERATURE ) 1 X4 1H#,E14. 70
PRINT6E8B, PAPC

FCRMATZLIHK,5HPA/PC, LX, LHH#,EL4.TD

1FXCASD4,4,2

TREAC3.GANMA

FORMATZFS.0D

PRINT 57
FORMATZ1HK, SHUS INGy 1X SHIDEAL s 1 X, 3HGASD
GO 1C 8

REALS¢NT

"FORNMATZ 14O
DO71HL,NT
REACHHiM% IO, GAME ] D
FCRMATZ2F10.70
CONT INUE
PRINTS1 -

"FORMATZLHK, 5HUSING, 1X¢ 4HREAL, 1X, 3HGASD
CONTINUE
IF3CASN30,9,9
DO31J41,NT
144
IF¢RM=-HNTJODD3, 32,31

"CONTINUE

GAMAKGAMY D

GO TC 9
GAMAKGAMZI-1DELRM—HMZ I-1onsZGAMZ 10-GAMZI-100/¥HMZIn-HME]~100
FME#22,06%GCAMA~]1 OO *RM2RMBO/ZGAMALL . 0T

CCMHZGAMAEL.0L/Z2.#ZGAMA-1.00D

T FMEARMAXP-FME«#CUM

FPMHZ2,0E2GAMA—-]1 ,0usRMeRMD/ZGAMAEL.OD
CCMET34.0-GAMAO/E2.0#4GAMA-1.0D0O

34



~ 80-80 CARD TO PRINTER

FPMEXP~RM#EFPM»=COMD

10 (

DM#~FME/FPM
RMHRMEDM

DM# ABSFEDMO
I[FZCM-0.00001010, 10,34
CONTINUE o
A#XCAMA-1.00#ZRM#*RM~1.00/FGAMAL].0D

A#SCRTFZAD
A#ATANF2 A

B#ASCRTF2ZGAMAE]L .0n/2GAMA-1.000
CH#SCRTFZRM#RM-1,00
CHATANFZCO
VEKR®A-C

36 DO37JH#1,NT

RVETRPEIPC*#%%1.0~GAMAO/GAMAT
RMEI#Z2.0/%GAMA-1.00#ZRMEI-1,00

RMET#SQRTFIRMEID -
1FXGASE36,35,35

I#J

IFZRMEI-HMZTJOn39, 38, 37
_CONTINUE
GAMA#GAMNE IO

GG TC 35

A#RZCAMA-]1.00#3PMEIRMEI~1.00/2ZGAMAELl.OD

39 GAMAHGANZI-1O0EZRM~HMZ I-10D#IGAMEIO-GAMZI-100/7ZHME[O-HMET~10a

 BHSCRTF2ZGAMAEl.00/YGAMA-1.000

AFSCRTFZ AD
A#ATANFZ AD

CH#SCRTFIRMEI*RMEI-1.00

CHATANFZCO
VEI4B*A-C

YEL.O/RVMET
UEI#ATANFZY/SQRTFZ1.0~-Y#+YnQ
THEI#VEI-VE

PHEINTHE JEUET

CALCULATE THE ORIGIN OF THE LAST INTERNAL EXPANSION WAVE

Al#22.0/%GAMAE]L.0DO0#%1.,080.5#3GAMA—-1.00¢RMEI#RME] D

ALHAL##ZTYGAMAEL . 0D/ %2.0+ZGAMA-1. 000D
BL#SINFZPHEID

 RPRE#SQRTFZ1.0-A1=B1/XPn

XPRE#ZRPRE~1.00#COSFEPHEIO/SINFEPHEID
XN1#N1
DRM4ZRMEI=1.00/XN1

K40
XVE1.0
PRINT17

_17OFORMATZLIHK, 4HMACH, 10X, 6HRX1/REy 8Xy 6HXX1/RE,  8X9 6HRX2/RE »8X ¢ 6HXX2/RE

44
%0

T IFIXN-HMZIUO4), 42,43

1+8X,5HPX/PCO
IFEGASD4Q, 12' 12

D043 JKL NT
LN

35




- 80-80 CARD TO PRINTER

43 CONTINUE

42 GAMA#GAMZIDO

G0 1C 12

12 AK3IGAMA-1.0D%ZXMeXM-1.00/FGAMAEL.ODO

A#SCRTFZAD
A#ATANFZ AD

BASCRTFIIGAMALI.ONn/XGANA-1. 000
CHSGRTFEXMaXM~1.00

CH#ATANFZCD

VXHARB=C

- BX#PHT-=1.570796-VXEABSFZTHEIND

XLRE#Z&O*RRRE'SINFZO 5#BXn

RleE#RPRE&XLRE-SINFZPSln
XX1RE#XPRE-XLRE#COSFZPSID
[F3Kn62,60,462

60 RXZ2RE#SCRTFEZRXLIRE#RXIREESINFIPHTO/XPO

XX2PE#XXIREETIRX2RE~RX IREOD#COSFEPHTN/SINFEPHTO

62

GO 1661
UX#ATANFE1.0/2ZXM*SQRTFE1.0-%1.0/XMas» 2000
PHXH2.0#VEI~VE-VXEUX

A2#%2.0/%GAMAE1.0N0®Z 1,060, 5#ZGAMA= 1. 0ns XMe XMO

B24G.5#FGAMALY .00/ TGAMA-1.0D
RX2KE#SCRTFERXLRE#RXIREEEA2##B2nsSINFIPHXT/ XPO

XXZRE#XXIREEYRX2RE-RXIREO*COSFEPHXa/STNFZPHXD

61 PXPCHZ1.080.5¢3GAMA-1.0D#XMeXMDs2T-CAMA/SGAMA-1, Ooo

13

14

<

15

PRINT13, XMy RX1REs XX IREs RX2REy XX 2RE s PXPC
FORMATZ1HK, 6E14.70
KHKEL

IFZK-N1O14y14,15

XMEXMEDRM
GO TC 44
PRINTL6

142HIS,1X,8HCOMPLETED
DESIGN CF EXTEFRNAL CONTOUR

160FORMATZLIHK, BHINT ERNAL, 1Xy THPORTION s 1X 9 2HOF ¢ 1 X9 BHTHE 41 X3 6HNOZZLE 51 X

PRINTIS

180FORMATZ1HK, 4HMACH, 10X s SHRX/RE» 9Xy SHXX/RE 9Xy SHPX/PC ,9X, SHCFVAC,

19X 4 3HSP., 1Xy THIMPULSEy 2Xy 4HVAC <y 1 Xy THIMPUL SED
UX#ATANFZ1.0/ZXM#SQRTFE1.0~-2Z1.0/XMass 2000
A#SCRTFIEZGAMA-1.0O0#EXMeXM-1.00/ZGAMAE ). OnO
A#ATANFZADO

TBASCRTFIXGAMAGT .06/ ZGAMA= 1. 0HE
CHSCRTFIXMaXM=1.0D

CHATANFZCO

VXH#BA=C ‘
RXRE#Z2.0/ZGAMAE1.0000%1.060.52TGAMA— 1. 00% XM XMO
RXRE¥RXRE##3ZGAMALL.00/%2.0#ZGAMA-1.0n00

RXRE#LLO-RXRE#SINFIZVE-VXEUXO/XP
RXRE#SQRTFIRXPED _ S
XXRE#Z]1.0-RXRED®COSFIVE-VXEUXD/SINFIVE-VXEUXA




 80-80 CARD TO PRINTER

Cl#22.0/2GAMAE) .0un»eEGAMA/2GAMA~1.00D

C2HSQRTFZE0.5#XGAMAE]l..0neXMeXMD/Z1.0E0.5#FGAMA-1. OnsXMes XMOD
SUMCG#GAMA!CIGCZiCDSFZTHEIDGXPGPXPCGZI » O-RXRE#R XRED

VT#GANA'GQRlVT/ZO 5'XGAMA£1 OUUV

VI#SQRTFZEVTa
VO#TE*Z1.080.54ZGAMA~1.0n#RM#RMD

VC#1.0E0.5#3CGAMA~1.0OXMueXM
VQGHCAMA2R2G*VQ/VC

T VC#SQRTFIVQD
A#1.080.54ZGAMA=1 .OD#XM XM

~ BH-GAMA/2GAMA~1.0n
A AwepB

CH1.0-PAPC+A«SINFEZPHEIO/EXM#XMO
OD#CCSFITHEIOEC/ GAMA

SUMIMEVC*D/G

COACCSFZITHEIDEL .0/ GAMA

~ SUMYAH#VC*CO/G

PRINT19, XMy RXREsXXREyPXPLy SUMCG, SUMIM, SUMVA

19 FORFATZIHK, TE14. 70
_ K1#1
XN2 #N2
DRMEZRM=XNO/XN2
“XMAXMEDRM
PROKPXPC

50 UXAATANFZ1.0/ZXM*SQRTFZ1.0-%1.0/XMD## 2000

46 DO4AGJIHL,NT

RXO#RXRE
CIFZCAST46,45,45

1#J
IFEIXM-HNEIONOL4T, 48,49

%9 CONTINUE
48 GAMAKGANZID
GO 1C 45

47 GAMAHGAMZI-1OEXXM—HM%I-100#ZGAMZ I0-GAMZI-100/FHMEIO-HMEI-10a
45 A#SCRTFI3GAMA~1.00#ZXM#XM-1.00/3GAMALL.OnD

A#ATANFZ A

BASCRTF2YGAMAELLl.00/%GAMA-1.00n
CHSCRTFZIXM#XM=-1.00

CHAYANFZCO

VX#R*A=C

" RXRE# 22.0/%GAMAC]1.000#%1.060.5#XGAMA-1.00eXMeXMO
RXRE#RXRE#*2Z3CAMAELl.0u®0.5/3ZGAMA-1.000D

RXREASQRTFZ1.0-RXRE#*SINFIVE-VXEUXa/XPO

65 XXREH#Z1.0—-RXREO*COSFIVE-VXELUXD/SINFIVE-VXEUXD

T PXPCHZY1.080.523GAMA~1.00eXMeXMO#nZ-CAMA/ZGAMA-]1, 000
SUMCGHSUMCGEQ+5*XP#EPROEPXPCO*ZRXO*RXO~RXRE#RXRED

T AHGANA/ ZGAMA-1.0D I
ARZ0.5¢ZGAMAL] ,OOD® %A

AHASNVT/2GCAMASG
BHO .5%AxxP

 SUMINMHSUMIMEB#ZPROEPXPC—-2.0#PAPCDeZRXO#RXO-RXRE#RXRED

37




~ 80~80 CARD TO PRINTER

SUMVA#SUMVAEB=*IPROEPXPCO#ZRXO«RXO-RXRE#RXRED

21

PRINT21 4 XMy RXREy XXRE9PXPC, SUMCGy SUMIM, SUMVA
FORMATILHK, TE1 4. 70

22

1F2K1-N2022,23,23
XMEXMEORM
PROHPXPC o -

RXO#RXRE

KL#K1E1
60 70 50

23

240FORFATZ1HK, BHEXTERNAL  LXo THPORT ION, 1Xs 2HOF s 1Xy 3HTHE ¢ 1 X9 6HNOZZLE 41X

PRINT 24

14,2HI5,1X,8HCOMPLETED
60 10 101

END
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