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ABSTRACT

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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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 r

T

V

X

Radius of internal circular arc contour

Temperature

Velocity on expansion wave through the point indicated

by subscript

Axial distance from lip of shroud

Greek Symbols:

Y

A

6

£

¢

12

0

¢

Subscripts:

C

e

ei

Central angle between the radius to point p and that to

any point x 1 on the internal circular arc contour of an

internal-external expansion plug nozzle

Ratio of specific heats

Small increment

Angle between plug axis and sonic line on pure external

expansion plug nozzle

Expansion ratio

Angle between plug axis and Prandtl-Meyer expansion wave

Mach angle

Prandtl-Meyer turning or expansion angle

Mass density

Flow angle measured from plug axis

Slope of chord of internal circular arc contour

Chamber condition

Exit conditions or condition at lip of shroud

Condition at end of internal expansion
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FORTRAN SYMBOLS

CFO

DELTA

G

GAMA

GAM (I)

HT

HM (I)

NT

PAPC

PXPC

PEIPC

PHT

R

RM

RMEI

RRRE

CF opt

6

ht/R e

M

Pa/Pc

Px / Pc

Pei/Pc

_bt

R

Me

Mei

Rr/R e

Optimum thrust coefficient

Angle between plug axis and sonic line

on pure external expansion plug nozzle

Constant of proportionality in Newton's

second law

Ratio of specific heats

Ratio of specific heats in thermodynamic
table

Ratio of throat gap to the radius at the

shroud on pure external plug nozzle

Mach number in thermodynamic table

Number of thermodynamic data

Ratio of atmospheric pressure to chamber

pressure

Ratio of pressure at point x to chamber

pressure

Ratio of pressure at end of internal

expansion to chamber pressure

Angle of sonic surface to plug axis

Gas constant

Exit Mach number

Mach number at end of internal expansion

Radius of internal circular arc contour

to shroud radius
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FORTRAN Symbols (Cont.)

RXRE Rx/R e

SUMCG CFvac x

SUMIM Is

SUMVA Isvac

TE T e

VE ve

XP

XM M
x

XXRE Xx/R e

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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INTRODU CTION

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:

A -E - I+
A* M ir+l 2. (])

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

function can be obtained to calculate exit Mach number:

l'+l

a

(z)

Expanding this function in a TaylorWs series:

AM z

II M n+ ......... +
n!

where: ._-'E

Truncate equation (3) at the first two terms,

value Mes t for M e , and solve for a AM:

and assume a

(3)

A new approximation for M e is:

Me__,' = _._o ÷ A Mo

2

(4)

(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:

I /

-- _&/

C:IY+ I _,_-' _'-_ (M__'-/) - _an-'(z/__'- /v,= 7-_ 2-;7

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

gap can. be obtained:

(6)

A, = _C_', - RI ) [,_+ CZe - R, )z]

!

or

Solving the dimensionless parameter, ht/R e, in the equation (11),

(v)

(8)

(9)

(10)

(11)

I

(12)
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The optimum thrust coefficient, CFopt

following equation.

, can be calculated from the

• (I 3)

By the definition of the velocity of sound in a perfect gas,

_=

Equation (13) can be reduced to:

=__(_)
I

(1 4)

(15)

The following procedure of calculation is for determining the plug

contour. The Mach number on the plug surface is increased from M x = I

at the throat to M x = M e at the tip by regular increments Min.

",M'n = Me - /
N

M_ = /+ xM,._

(16)

(17)

The area of the revolved expansion wave is given by:

_.t

= - (18)

From the geometry of Figure 2:

Xx
(19)
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Solving equations (18) and (l 9), one obtains:

A m

X --

From the geometry of Figure 2,

(20)

Substitute equation (21) into (20),

A X
R,/-)

The mass flow through the revolved expansion wave is:

(21)

(22)

The mass flow through the throat is:

The mass flow through these two sections should be equal; therefore,

A x can be determined.

ex

Equations (20) and (25) are then solved for Rx:
"(+I /

(Z3)

(24)

(25)

(26)

Once R x value is determined, X x can be calculated by using equation (1 9).



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

following relationship:
-_L

Px (/ + _'-I Mxz) ¥-,__P_ - 2

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.

(27)

The corresponding specific impulse is:

(28)

Is
= rht 4- +v÷ ) 4

Using isentropic relations and writing the last term in finite difference

form,

Y

tT) t JJj
if". /V

n= / " "

(29)

(30)

(31)



The vacuum thrust coefficient is:

CFw,_= M_Vt_ma" PtA_ _,,,o_ ÷ _'Px JA

(32)

= (_-_-i-)"'6"+0

N

ICE)+¢k)o]
n=/ -I

9



DESIGN OFINTERNAL-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 Machnumber at

the end of internal expansion can be determined by using the following

equation:

Me /

/

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

relation:

{33)

(34)

The slope of the last internal expansion wave is:

_i = Oei -/-�'gel

where:

(35)

(36)

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 (2.6)can be used to calculate its

co-ordinates.

Y(p _

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

the previous section:

/vlei -/

- /v,

My = / + X/'_in

The Prandtl-Meyer angle at any location is now calculated from:

_/_ /

vx= tY:T/{Y"*'"_z_..-,F_-,L_F;Tt,.,zI."_.)]___,.-.(__ /)*

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

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

(37)

(38)

(39)

(40)

(41)

4_,= ,h.-qo°-v,,, le, I (4Z)

13



The chord length is equal to:

R_- _ _'__ _ (43)

From the geometry of the Figure 3,

iro - f_

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

equations :

_X_p__ L>,,
CO_ t_X

and

The derivation of the calculation of point Xz is similar to that used in

equation (26).

Re -"

__ ,v_,____,
x_z__x,,+x_ R_

/

}_. _"" 4)x

where:

(44)

(45)

(46)

(47)

(48)

_x = 2 _i- "/_- 4, +,a, (49)

Equation (27) can be used to calculate the pressure ratio at points X 1 and

Xz. When M x has been incremented from M x - 1 to M x -- Mei, 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:

(I) The last expansion wave from the initial circular arc contour

at point 1_ 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.

(50)

1 (51)

7,,J IZ.L] '
n=/

15



where:

= �Of

= KR

2..

_'-1

/,'-_M],2

:_ Me z)

/

!
and

The cumulative vacuum thrust coefficient can be calculated as

follow s :

+

#'1=/
_ Lt_/__,

(52)

16



THE FORTRAN PROGRAMS

Outline of External Expansion Plug Nozzle Design

INPUT: (1} Estimated exit Mach number {which can be obtained

from isentropic flow tables based on the expansion

ratio and the ratio of specific heats}

(2) Expansion ratio

(3) Number of contour points

(4) Gas constant

(5) Exit temperature

(6) Atmosphere pressure ratio

(7) Constant of proportionality in Newton's second law

(8) Ratio of specific heats {constant or variable)

OUTPUT: (1} Angle between plug axis and sonic line

(2) Width of throat gap

(3} Optimum thrust coefficient

(4) blach number distribution

(5) Co-ordinates of plug contour

(6) Pressure ratio at each point

(7) Cumulative vacuum thrust coefficient

(8) Cumulative specific impulse

(9) 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 Plu.g, Nozzle Design

INPUT:

(7)

(8)

(9)

(lO)

(11)

(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

Gas constant

Exit temperature

Atmosphere pressure ratio

Constant of proportionality in Newton's second law

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

Read RM, XP, N,

R, TE, PAPC, G,

GAMA

Compute RM

Compute CFO

DELTA, HT, VACIM

SPIM, SUMIM, SUMVA

XM =1.0

'XM = XM +
DRM

Compute RXRE, XXRE,

PXPC, SUMCG, SUMIM

SUMVA

END

No

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=I.0

Compute

RX1RE, XX1 RE,

RXZRE, XXZRE

q

_ (1 on page 28)

27



Compute RXRE,
XXRE, SUMCG,
SUMIM, SUMVA

e8

END

No

= XM = XM+ DRM

2-8
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C DES IGN CF

-BO-_80 CARD-Io-PR INTER

EXTERNAL EXPANSION PLUG NOZZLES
C

C

I01

INPUT GAS#£1.O WHEN DEALING WITH IDEAL GAS

INPUT GAS#-I.O WHEN DEALING WITH REAL GAS

DIME_SICN HM%30u,GAM%30u

REAEI,RM

REACI,GAS

_ORPAT=F4'.Ou

PRINT47tRM

47 FOR PATI!.HI_ 8HEST I MAT E, IX, 4HMACH_.IX_ ! 6HNUMBER_ IH# _ F I O_Su ...................
READ2_XP,N

2 FOR_AT%FIO.O,14D

PRI_TIO2, xP-- ..................................................................................

102 FORMAT_IHK_9HEXPANSION|IXtSHRATIO, 1XtIH#tFIO°5a
RE AE60 _ R,TE_PAPC, G

60 FDRkATI4FIO.Oa

PRII_TSI, R

......... 5___I E(]RMAT_IIHKt 3HGAS,1X, 8HCONSTANT, I X.,_IH#_ E 16_-__.7a_....................
PR I/_1"6 1, TE

.._. 61 FORMATIIHKt4HEXIT,1Xt 11HTEMPERATUREtlXtIH#tEI4°Tu
PRI_:T53tPAPC

53 _DRPAT_IHKtSHPA/PC_,IXtIH#tEI4.7a

IF_CAS_4,4, IO

IO REAr3,GANA
3 FORhAT%FS.Oa ................................

PRINT 45

45 FOR_ATIIHK, SHUSING, IX,5HIDEAL, IX:3HGASu

PRI_T49,GAMA

............. 49-FOR_AT_-IHK' _ix_ 4HGAMA' IX' 1H#, F5' 2u ................................................
GO TO 9

-- ---C ......... REAL GAS HAS TO INPUT NT VALUES OF THERMODYNAMIC--DAIA ...............

4 REACS,NT

5 FORFATZI4a

PR IhT 46

46 FORkAT%IHK,5HUSING, [X,4HREALt [Xt3HGASu

DOBI#I_NT

............ REAC6,14M%IU,GAM%Ia ......

6 FORF=ATI2FIO.7a
8 CONI INUE

9 CONTINUE

............. 13--IF %GASa30, 3 I, 3 l

30 DD3_J#I, NT
I#J

I F%RM-HM%Jaa32_ 33,34

I I
34 CONTINUE

33 GAMA#GAP%Iu

...... GO TO 3t .....................................................
32 GAMA#GAM%I-Ia&IRM-HMII-Iau,%GAMIIa-GAMtI-IuulIHMIIu-HMII-Igg

----31FME#I2_O_%GAMA-I.Ou*RM*RMnI%GAMA_l. Oa .....................................

CGM_GAPA_I.Oa/%2.O*_GAMA-I.Ou_

FME#RM*XP-FME=*COM

FPY#t2_OE_G_MA-[.Ou*RM*RMa/IGAMAEI°Oa

COM#I3_O-GAMAu/12.0*_GAMA-I.Oua
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F PM# XP"RM ml FPM u*COM'_

80-80 CARD IO PRINTER

12

ON#-FNE/FPM

RM#RN_CM

DM#ABSF%CMa .....

IF_EM-O.O000[[]I2,12,13

CONIINUE

A#SGRTFI%GAMA-I.Or'-%RM_RM-I.O_/_GAMA_I.Oaa

B#S(_RTF_%GAMAI_ [.Or'/IGAMA- I.Or'u

C#SCRTF%RM*RM- [.Or"

C#AI ANF%C r'

VE# BmAT ANF%Aa-C

.......... DELTA#1. 570796-VE

SUMCG#1_ 2. O/%GAMA { I •Oar'**_GAMA/%GAMA- I. ,-,r,,',.IGA MA & I. ,I.SI NF ZDE LTA"

AI#tGAMA¢I,,Or'/%2.0w%GAMA-I.O'-" "

BI#SQRTF%I .OEO.Sa%GAMA- I.Or'*RM*RM"

CFOEGAMA mRM','I_,2.0/%GAMAEI.Onr'w*A I_/B L

PCPT#%0.5 '_%GAM A£ 1.0 TM *%GAMA/_;GAMA- I• Or'' - "

VT# ] .0_0 •5w%GAMA- 1. O'*RM*RM

VY#-C A-MA-*R-4TE_91/%0-. 5-*%GAMA &-i'-On6 ..............

VT#VT*G

VT#S_RTF%VT_

SPI _#_I .O-PCPT IPAPCn/GAMA

SPI_#1_O&SPIM

SUM I M#VT mS INF_CDELTAn*SP IM/G

VAC I M# [.OEI-;O/GAMA ......................................................

SUMVA#VT iS INFIDELTAn*VAC ]MIG
PRIkT I5

I5 FCRNAT_ IHK, 5HCELTAt 9X, 5HHTIRE_ 9X_ 5HCFOPTn

PRINT 16,DELTA,HI,CFO

16 FORkATIIHK, 3E L4.7_
X_gk

DRM#_RM-I.OrVXN

XP#I.O

K#I

RXRE#I ;O-HT*S INF_DELTA_

XXR[#%-HTn-COS F_DEL TAn

-iF-_C AS a 38, 39,-39 ...........................

38 00 37J#I,NT

[#J

IF_>' P-NP_Joa35, 36, 37
37 CONIINUE

36 GAM_#GAM_I r,

GO I C 39

35 GAM_#GA_,% I-ln_%XM-HM% I- I""*%GAM% I[_-GAM%I-I"r'/IHM%Ir'=HMII-Ir" r'

39 A3#)-GAMAn/%GAMA- 1.0 r,

PXPC#_ I,O&O.5_%GAMA- I.O"*XM*XMr'm*A3

PR INT 17

170FCRFAT_IHK,_HMACII, [OX_SHRXIREoQX_SHXXIRE_gX_SHPX/PC_gX_SHCFVACo

19 X, 3 H S-iS-;-,-i >(; 7HI MPUL S E, 3 X,-4i:iVAC_-I X ;--?H |-M-P-OL$ Ea
GO 113 22

.......... 14 K#K_I
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80-80 CARD TO PRINTER

50 IFCGASa41,40t40

4t 01144J#I, NT
[#J

........ ] F Z X-M_--HMZJaa62,63, 64 ............................

44 OI]N!_I_NU E ......................................
43 GAMABGAM_Iu

GO IO 40

42
40

GAM_#GAM%I-IU&IXM-HMII-lua*%GAMZla-GAMII-IaalZHMIIa-HMII-too

A#SCRTF%%GAMA-'t.Ou*%XM*XM-I.Oa/IGAMAEI.0aa

B#SCRTF%%GAMACI.0a/%GAMA-[oOaa

C#SERTFZXMmXM-X.Oa

C#ATANF%Cu

VX# B*ATANFIAu-C

Y#[.O/XM

UX# _TANF%Y/SQRT F_ [.O-Y*Yua

.......... A2# WGAMA _l _On/t2,0,tGAMA_ _, aa .....

B2#_2.0/%GAMA_].Oo_*%X,OCO.5*IGAMA-I.Ou*XM*XMo

..............RXRE# I.O'IB2m*A2a*SLNFZVE-VX&UXa/XP

--- RXRt#SQRTF%RXREu

52 ](XRE#% t..O-RXREu*COS F¢V E-VX fiUXa/S INF_VE-VXCUXU
A3#%-GAMAn/IGAMA-I.Ou

PXPC#%! .O_O.5*IGAMA- I .OumXMIXMa**A3

SUMCG#$UMCG80.5*XPm%PROSPXPCu*IRXO*RX0-RXREeRXREu

.......... CO#PCPT,VT*XP/%G*GAMAa

SUMIP.#SUMIMCO.StCOm%PROCPXPC-2. OQPAPCD*IRXO*RXO-RXREmRXREu

SUMV A# SUMVACO. 5*CO*_PRO CPXPCU*¢RXO*RXO-R XREmRXREu

22 PRI _ TI8,XM, RXREt XXREt PXPCI SUMCG, SUM IMt SUMVA ................................

..........[8 FORFATIIHK,lEI4.7u

IFIK-Nal9,Ig,20 ...........................................
t9 XM#XMCDRM

PRO#PXPC

RXO_RXRE

GO 10 t4

..... ZO PRI_TZI

21 FORFAT_IHK,

__ GO TO lOl

END

8HE×TERNAL, ].X, 9HEXpANS ION,.Zx,.6HNO_Z_ZLE LIX, 7HCQNTQURa _



........ 80-80 CARD TO PRINTER--

DESIGN EF INTERNAL-EXTERNAL EXPANSION PLUG NOZZLESC
C

C

I01

II

INPbT GAS#&I.O WHEN DEALING WITH IDEAL GAS

INPUT GAS#-I.O WHEN DEALING WITH REAL GAS

DiMENSICN HM%30a,GAM%30a

REACIItKI,N2

FCRPAT%214_

REACItGAStPEIPCtXPtRRRE,RM,PHI

FORMAT%6FIO.On

PRIhT52,PEIPC

52 FOR

PRI

....... 53-FOR

PRI

54 FOR

PRI
.... 55 FOR

PRI

56 FOR

REA

PAT%IHI,6HPEIIPC,IXtlH#,EI4.7[]

_TS3_XP

PAT%IHK,gHEXPANSION, IX,5HRATIO, 1X,1H#,FIO.5a ..............

_T54,RRRE

_r55,RM

_AT%IHK,SHESTIMATE, IXt4HMACH_IX,6HNUMBERtlX_IH#tEI4.?_

_:T56,PHT

_AT%IHK,3HPHT,[X, IH#,EI4.7_

L66_R,TE,PAPC, G

66 FORPAT%4FIO.OD

PRI_,T67,TE

67 FOR_AT%IHK,4HEXIT,IXIIIHTEMPERATURE,IX,IH#tEI4. Ta

PRIF. T68,PAPC

68 FCRPAT%IHK,5HPAIPC, IX,IH#,EI4.7D

IF_GASn4,4,2

2 REAE3,GA_A ........

3 FCRFAT%F5.0_

PRI _.T 57

57 FCR_AT%IHK,5HUSING, IX,SHIDEAL, IX,3HGAS_

GO IC 8

4 REAC5,NT
5 FCR_AT_I4D ..........................................

O071#1,kT

REAE6,H_;I_,GAM_Ia

6 FCRNAT_2FIO.7_

7 CCNIINUE

PRIkTSl

...... 5i-FCRVAT% l HK, 5HUS-iNG, IX, 4HR EAL, IX, 3HGASn

8 COEI INUE

34 IF%CAS_30,9,9

30 DC31J#I,NT

I#J

IF_RM-H_%J_33,32,3[

31 C0_IINUE

32 GA_A#GAP%Iu

GO TO 9
33 GAPAIIGAM%I-IuE_RM-HM%I-Iuu*%GAM%IU-GAM%I-Iau/%HM%Ia-HM%I-Lua

9 FME#%2_OE%GAMA-[.O_*RM_RMa/%GAMA&|.Oa

CCP#%GA_A&I.ObI%2.e%GAMA-l.O_

FME#RP'XP'FME,*COM

FPM#%2,0&%GAMA-I.O_RM*RM_/%GAMA_L.Oa

CC_:#%3_O-GAMA_/%2.0*%GAMA-I.Ou_

34



80-80 CARD TO PRINTER

FPM#XP-RM*%FPM*wCOMo

10

DM#-FME/FPM

RM#RM_OM

DN#ABSF%DMa ..............................

IF%C_-O.OOOOIalO, IO,34
CONTINUE

A#%CAMA-I.OO*%RM*RM-I.Oa/%GAMA_I.Oa

A#SCRTF%A[]

A#ATANF_A_

C#SCRTF%RM*RM-I.Oa

C#ATANF%Ca ..........................................................

VE#eIA-C

36

RMEI#PEIPC**%_I.O-GAMAq/GAMAa

RMEI#%2.0/%GAMA-I.a_*%RMEI-I.Oa

RMEI#SQRTF%RMEIa ......................................................

IF%GASm36,35,35
O037J#l,NT ...................

lJJ

IF%RMEI-HM%JaD39,38,37
37 CCNTINUE

38 GAMA#GA_ID .................................................

GC TO 35

39 GA_#GA_I'Ia&_RM_HM%I-Iaa*%GAM_Ia-GAM_I"Iam/%HNZI_HMZI--_ .........

35 A#%CAMA-I.Oa*%RMEI*RMEI-[.Oa/%GAMA_I.On

A#SCRTF%A[]

A#ATANF_A_

B#SCRTF%%GAMA_I.Oa/%GAMA-I,Oaa

C#SCRTF%RMEI*RMEI-I.Oa
........ C#ATANF%C_ ........................................

VEI#8*A-C

C

Y_I.OIR_EI .....

UEI#ATANF%YISORrF%I.O-Y*Y_q

THEI#VEI-VE

PHEI#THE I&UEI

CALCULATE THE ORIGIN OF THE LASI INTERNAL EXPAN-SiON_wAVE ..........

AI#_2.0/_GAMA_I.Oau*%I.O&O.5*%GAMA-I.Oa,RMEI*RMEIa
A I#A i_ W%% G A M A_ I. 06) %2.-0_G AMA- I. Oaoa

BI#SINF%PHEIo

RPR[#SQRTF%I.O-AI-BI/XPa

XPRE#%RPRE-I.O_*COSF%PHEIa/SINF%PHEIa
XNIgNI

DRM#1RMEI-I°Om/XNI
K#O

XM_I.O

PRINTI7

170FORPATIIHK,4HMACH_IO_,6HRXI/REs8Xt6HXXI/REt8X_6HRX2/RE_8X_6HXX2/RE
............I_SX_5HPX/PC_ .............................................

44 IF_GASu40,12_I2

40 OO43J#I,NT

I#J

IF_XM-HM%Jao41_42,43

35



43 CONTINUE

. k

80-BO CARD TO PRINTER

42 GAMA#GAM_In
I I

GO TC 12

41 GAM A #G AM % l" IuEIX M-HM_ I" Ia_*% GAM_ lD- GAMZ I- IUQI_HMZ I-_-HM_-i--I-_D- ..............
12 A#_GAMA- 1.On*IXM*XM-I.Ou/IGAMA{1.Or'

A#SCRTF%AU

A#AIANF%AO

B#&CRTF%_GAMASX.Ou/_GAMA-I.Onn

C#SQRTF_XMtXM-I°On

C#AIANF%C_

VX#AnB-C

.......... BX#PHT-i'570796"VX&ABSF%THEIn

XLRE#2;O*RRRE*SINFIO.5*BX_

PSI#3.1416-PHT_VX-O.5*%3.1416-BXD

60

62

61

13

14

RXIRE#RPREgXLRE,S INF_:PS ID

XXl RE#X PRE-XLRE,COS F%PS ID "

[F_KI_62,60,62

RX2 RE#%_ RT F%RX IREmRX 1RE&S INF%PHT-/XP- ...............

XX2RE#XX IRE5%RX2RE-RXIRE.mCOSF%PHTn/S INF%PHTD

GO TC 61

UX# ATANF%I.O/%XMwSQRTFI i.O-I [.OIXM_**2nn n

PHX#2.0*VE I-VE-VX_UX ...........
A2#_2.0/%GAMA&I.Oa_*I I. 0_0.5*%GAMA- !. On*XMe XM"

B2#O.S_%GAMAr,] .O_I%GAMA-I .0_ ............

RX2_E#$CRTF%RX IRE*RX IRE 8%A2**B2D*S INFIPHX_IXPn
..............................

XX2P, E#XX IRE_%RX2RE-RX IREn*COSFIPHXn/SINFIPHXU

PXPC#%I .O&O .S*%GAMA-I .O"*XM*XMU**I-GAMA/IGAMA- I.O_n

PRI KT 13, XM, RXIRE,XX IREt RX2REt XX2RE, PXPC .....................

FORE ATIIHK, 6E14.7n

K#K&I ............

IF_K-NI_14_14, 15

GO TC 44

15 PRIIXT L6

160FORMAT%IHK,SHINTERNAL_ IX,THPORTION_ IX,2HOF_IX_3HTHEmlX_GHNOZZLEtIX
1,2H IS, IX, 8HCOMPLET_n ...........

C DESIGN CF EXTERNAL CONTOUR

PRIKT iB ...........................................

180FORh AT% lHK_ 4HM/_CHe lOX _5HRX/RE, 9X_ 5HXX/RE, 9X •5HP X/PC ,9Xt 5HCFVAC m

IgX,3HSP., IX,IHIMPULSE, 2X,4HVAC.• IX•7HIMPULSEn

UX# ATANF%I.OIIXM*SQRTF% 1.0-% 1.0IXMn_* 2nr,_

A#S CRTF_GAMA_ L. On.lXM.XM_ l.OnlIGAMA_ i. Ou= ....

A#AT ANE_AI_

C#S(,RTF%XM_XM-I .Ou

C#ATANFIC n

VX#I_*A-C

RXRE#%;_.O/IGAMA_ 1.0o_*% 1.0_0.5*%GAMA- l.OU*XM*XMO .......

RXREiRXR E*_I%GAMA& [.O"/12.0m_GAMA- 1.0_n"

RXRE#I _O-RXRE'S INF%VE-VX_UXnlXP

RXRE#$QRTFIRXP, E_

XXRE#11.O-RXRE"ICOSF%VE-VX_UXU/SINF%VE-VX_UX_ ....

36



80--'80 CARD TO PRINTER

C I # t2.0 / %GAMA E 1.0 r'''• mIGAMA/%GAMA- [. O r''-'

C2#SQRTF%%O.S*IGAMAE I.On*XM*XM_I%I. OEO° 5*IGAMA-I. O"*XM-XMu"

$UMCG#GAMA*CIaC2tCOSF_THE |_EXP*PXPC*I I° O-RXREeRXRE"
VT#TEtIi. 0£0.5*%GAM A- I. Or'*RM*RM _....

VT#GAMA•G*R*VTI ZO.5*%GAMAE I .O n''

VT#S(_RTF%VTa

VQ#TE*%[ .O&O. 5*%GAMA-I .Oa*RM*RMD

VC# ]°OtO. 5*%GANA-I. On*XM*XM

VQ#CAMA•R*G*VQ/VC

V_# SQRTF%V(_D ...............................................
A# 1.050.5*%GAMA- I.Oa*XM*XM

fl#-GAMA/I_GAMA- I .On

A#A,*B

C#I.O-P_PC*A•S INFIPHEI_/IXM*XM n

O#CCSF_T HEI _EC/GAMA

SUPI_#VG*D/G ..........................................

C0# C05 F_THE InE[ ,O/GAMA

$UMVA#V_ *CC/G

PR IKT 19, XMt RXRE_ XXREt PXPCt SUMCG, SUM IM, SUMVA

I9 FORPAT_IHK,7EIA.TD
KI#]

................. XN2#N2

DRM#%RP-XF_/XN2
..... XN#XM&DRM

PROAPXPC
RXO#RXRE

50 UX#_TANF%I.O/_XM*SQRTF%I.O-%I.O/XMa**2a_n

....... IF%CASD46,45,45 ...............

66 DO49J#I,NT
-- - ................ i#J

IF_XM-HM_J_47t48,49

49 CONTINUE

-- 48 GAMA#GAF_I_

..............GO 1C 45 .................................

47 GAM_#GAP_I-I_XM-HM_I,I_a*_GAM_I_-GAM_I-I_I_HM_I_-HMII-Iau

.............._5 A#SCRTF%%GAMA-I.O_*%XM*XM-I.O_/IGAMAEI.O_a ....................

A#ATANF%Aa

65

B#SERTF_%GA_A&I.Oa/%GAMA-I°Omm

G#SCRTF%XM*XM-I.O_

C#AIANF%C_ ........................................

VXg_*A-C

RXRE# %2.0/%GAMA&I.Oaa•%I.O_O,5*%GAMA'I.Oa*XM*XMa ............................

RXRE#RXRE**%%GAMA_I.Ou*O.511GAMA-I.Oaa

RXR L#S eRT F% I_O-=R-XR-E_-SINF% V E-VX _UX_IXP u

XXRE#%I.O-RXRE_*COSF%VE-VX&UXalSINF%VE-VX{UX_

PXPC#%I. 0 CO. 5•% GAMA" £.O_*XM •XM_*•I'GAMA/IGAMA_i_ 0__ ....................................

SUMCG#$UMCG_O. 5*X P*%PRO EPXPC_*_RXO*RXO-RXRE-R XRE_
...............................................................

A#G_PA/%GAMA-I.O_

A#%O.5*%GAMA&I°Oa_**A

B#O.5*A*XP

SUMIP#SUMIM_B.%PRO_PXPC_2.0.PAPC_.%RXO,R-XO_RXR_-RXR_ _- .............................

3?



80-80 CARD TO PRINTER

SUMVA#$UMVAEBm_PRO6PXPCa_ZRXOJRXO-RXREmRXREa

21

2Z

PRIhT21,XM, RXRE_XXREtPXPC, SUMCGtSUMIMtSUMVA

FOR_ATILHK,TEI4,Ta
IFIKI-N2a22,23,23

XM#XM_DRM

PRO#PXPC
RXO_RXRE
KI#KI&I

GO TC 50

23 PRIMT 24

240FOR_ATZIHK,8HEXTERNALt IXt7HPORTIONt IXt2HOF•IXI3HTHEtlXt6HNOZZLEtlX
1,2H 16Vi-X _8 HCOMPL ET Ea .......................................................................
GO T_ I01

END

38


