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ABSTRACT

A computer program for calculating internal supersénic flow fields with
chemical reactions and shock-waves typical of supersonic combustion chambers
wi;h either wall or mid-stream injectoré is described. The usefulness and
limitations of the program are indicated. The program manual and listing are

presented along with a sample calculation.
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INTRODUCTION

The structure of the flow field within a supersonic combustion chamber
designed to operate over a range of flight Mach numbers is complex due to many
interacting phenomena. This flow field is permeated both by nonuniformities
and discontinuities. The nonuniformities inherent in the incoming stream are
produced by the inlet flow, fuel injectors, and combustor walls. The non-
uniformities exhibit themselves in a variety of ways among which are:

1) Nonuniform initial conditions such as flow direction, Mach

number, and total pressure distributions.

2) The boundary layer on the inlet walls introduce shear layers

with very large gradients normal to the streamlines and
possible reverse floﬁ if separation occurs.

3) Oblique shock intersections produce slipstreams as well as

rotational flow and vortical layers.

4) The fuel injector ahd‘combustion pﬁenomena produce non-

uniformities in the gas composition and phase.

5) Other nonuniformities are due to three-dimensional fields.

In view of the above complexities, a truly realistic theoretical descrip-
tion of a supersonic combustion flow field presents a formidable task. A
first attack at this task is attempted here for a more simiplified flow field.
The assumptions inherent in the present analysis are a steady, viscous, two-
dimensional (or axisymmetric), completely supersonic flow field. In view of
the last assumption, the boundary layer formed near solid walls is disregarded
here. Also, changes in the local sound speed produced by either variation of

species, or temperature rise as produced in exothermic reactions, or excessive,



flow deceleration produced by pressure rises so as to drive the flow subsornic
are not allowed. The steadiness of the flow is imposed on the fluid mechanical
time scale as well as on the chemical time scale. Therefore, combusticn

unsteadiness, "sputtering? as produced by conditions in near flamability limits

arh)
o

thermodynawmic conditions of the

o

‘luid is not considered here. The chemisery
is assumed to occur at aAfinite rate or frozen and the reactions are assumed
to occur between air and gaseous hydrogen. The viscous transport phenomena
can either be laminar or turbulent.

The immediate problem at hand is .to predict the flow downstream of a
given initial station and bounded by an upper and lower wall with two either
converging or diverging shocks and with chemical reactions as shown on Figs. la
and 1b. Region one can be eithef uniform or nonuniform. The flow properties
across the shocks are‘calculated assuming no gas composition change across
them, i.e. as in aﬁ ideal gas usipg the local value of the ratio of specific

heats.

ANATYSIS

Since the flow field is assumed to be completely supersonic (both air
stream and fuel stream) the field can be considered to be '"quasi-hyperbolic"
if viscous stress terms due to gradients along the streamlines are néglected
and the viscous stress ferms due to gradients normal to étreamlines are
approximated by constants in a small ﬁeighbdrhood. Under these assumptions
the governing cquations can be cast in characteristic form with driving-functions
on the right hand side.. The dfiving functions depend solely on the wviscous
transport and chemical phenomena. A dexrivation of the compatibility equations
along the characteristic lines wmay be found in Refs. 1, 2, and 3 along with the

chemical reactions, reaction rates, and calculation procedure. The imposition
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of the proper boundary condition is observed in the present computer program.

The turbulent viscosity model used in the present program is

where r , is a measure of the size of the eddies and is dctermined as the

2
X

2

height where pu =% (p u + ) where e denotes external conditions and

o u
Ye'e Yoo

o denotes centerline or wall conditions.

COMPUTER PRCGRAM
The computer program proceeds from a given initial data line at a comstant
axial station to the.next station by taking a calculated step size satisfying
both parabolic and characteristic as well as chemical sﬁability criteria.. A
listing of the program is given in Table 1.
In the main part of the program the initial profile is set up and the type
of flow (i.e., converging or diverging shocks) is selected. The main loop for
each step begins at statement number 6789 and ends at the statement prior fo

1572, The following is a list and description of the sub-routines in the pro-

gram:
MESH traces a characteristic line
SHKINT determines the intersection point of converging shocks
HERMAN sclves for chemical time
CLIEM
SOLT
ETHANE(T) ' fudges the chemistry for ethane-air reaction
PROP(T) fudges the chemistty for propane-air reaction

ETH 2(T)

o



SURFAC(IND,L,X,R,DR) reads in wall slopes and computes wall position

CUBIC (C,Z) solvesifor shock wave angle

COET (I,T) A gives thermodynamic coefficients, constant, fits
VTHERM(IND,L) calculates enthalpy

UBSC (THS) calculates upstream flow if nonuniform
STEP(DELX,N1,NP2) calculates step size

;NTER(RAT,KL,NI,N2} interpolation subroutine

FIND locates intersection point of streamline with given
data line |

"ERROR(IIII) A writes out error message number
* SHOCK : 'calculates shock point

FLIP(IMB,N1,NPTS,XMSR) stores new station into old - updates data

FLOW | calculates an interéfal point

POINT (ID,NPO.1IU,1FM) adds internal point near shock

BODY (JXT) calculates wall point
POCUS(TI,PRESSI,RHOI.)'calculates finite rate chemistry

CHEMP (IWD,DX,L) calculates chemical production term

COMPS (IND) calculates viscous dissipation terms (viscosity)

PROGRAM MANUAL

The program can be used to calculate the two flow fields described in
Figs. 2a and 2b. The control cards and input cards nacessary are given in Table
2. A sample input data is shown in Table 3. The present program is not
equipped to handle a slip stream discontinuity as would occur immediately at the
lip of the injector. The initial profile data must be continuous. The slip-

stream can therefore be approximated by a strong gradient in the y direction.



Sample Calculation - Wall Injector

A sample calculation using this program was rade for the wall injector shown
in Fig. 3. The H2 jet was chosen 0.02 ft. high. The jet iniﬁial Mach number is
2.0 and the air external stream is 2.7. Other initial conditions (temperature,
velocity, pressure, Nach nu.mbar, flow divection, and 52 mass fraction) are snown
in Fig. &. The fgel injector shock was located away from the combustion zone in
this calculation. |

The lower wall geometry has a 10° slope discontinuity (expansion) at the
‘mouth of the injector. The expansion wave from this point propagates into the
combustion zone. The wall angle distribution for this injector is shown in
Fig. 3b. The wall is assumed inviscid (i.e. no boundary layer) in this calcula-~ .
tion. The pressure, Mach number, velocity, and temwperature distributions along
the wall of the combustor are shown in Figs. 5a through 5d. The corresponding
distributions calculated assuming Prandtl-deyer expansion of the flow along this
wall are shown for comparison. The differences are cdue to down running waves
from the combustion zone and the external stream. Flow profiles at downstream
stations are shown in Fig. 6a throuzh 6i. The temperature profiles show a
characteristic peek typical of a flame. While the pressure profiles éhpw the

propagation of combustion induced waves. The species profile show the diffusion

el
of the fuel into the flame’water from the flame.

A plot of the characteristic and streamlines through the combustion zone is
shown in Fig. 7. The flame zone edge of mixing and other flow characteristics are
) i

shown for comparison.

RESULTS
A useful tool for analyzing a simplified supersonic flow with chemical

reactions is presented. In spite of its ldmitations, the computer program can



can be used 1) in assisting in the design of fuel injectors and supersonic com=-
bustors, 2) in segregating the highly coupled fluid-mechanical effects of com-
bustion and mixing in supersonic streams, and 3) in evaluating turbulent eddy

viscosity models by comparing experiment with theory.
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LLpn (s
LR el

NuVTSC

PAN(TYSTNODY

.")L\p\"}..l.

Vi

c

3

Lo

o
AU

#SUNM2 /S

1+1)10\T'ﬂ1_ﬂLDM(J,

{Js T=ry=nRAT

2)/
‘.%(ALDN\J?I+])1DELY]/JUM“

53

SUV

AL

(J

-

TI+a(PN(Js -1

T
)

TY+ALPN

S
JRSEL

i (Js 1



O

D)

o 0O

O

o O

~

11

24

12

1Y2/5UM)Y/DELYT/NELY

SATN(Js T )=ACT=DADN (J:—A\,u

wl?

ZADN (J)
= 2

NERN= KHY{J)Y=*WDOTN L Js T)+HT1 (J1% S21M{J»1 J+0PRO
SUMI=K1(J)y#DADNLJ) +SUM)

SUM?2= HYL (U1 #D2ADN  (J1+5UNMD

SUMA DADN Uy  (gy+Suv=>

DDIF*(W“U)R cSUMI=DTAN®VT SO SUV VT SCRSUMP) /SO

TEOVM=RHON (T )T yseRPXNIT =TT

DONMII) = (STMITHNIT) )/ EYNL T xa, JDUDNSV I SCHa  #COSITHNLT )+ Ofx?>*’~
1#DTHEON/(YN{Ti®2,) —ZQKVISC%@F(7)%SIH(THN(I))*COS(TH“(I))/Y.('
2. %X 0TV ISCHEDUDNENTRTNS % s 4 o 5V ST80NT DV THON/ e vl e ¥ON (1 150
2 XDTHDN/2e=2 30N T30 SINITRRIITIXDHMUDN/ {3 YNTT ) )XY

SaN(1) =DDIF+COND#CASITANII) ), *DTDM/ YR D) %X J+CONT#D2TON

1440 VISCHON{ I #2202/ 2, % (DTHON%x2-STINITHNOT ) )% OTHDONY+VI S0

2 VISC#oNIIT Y+ {LOS{TeN{T ] %DUDN/Y\(I} EXJH+D2UDNI+ON (T ) #DUD.

DINCI) = VISCHCAS{THN{T ) %0UDN/YRN{T)EXJ+VI
FOISNIT)=SanN{I)/TE2M=DIN{T) #(CPXN(TI)XTN(TI I+
1 —NORO/TERM=STIMITHNITY)/YN{T)®X]
WRTITE(6s7C02) DIN(T)sSaN([)sDPROSFDISNIT)
0 T0 12 :

CONT INUF

NINCTY = VISrxn2UnN
DlN(I):TEQM]f(“V("—’(I))/D”LXFf?R)+(P
SEN{ I} =DDIF +COND=D2TDON+
1+4 e #VISTHQAN(I Y %22/ 2,

N(I)—

KON DTN

2 VIScs#nn{ 1Y%  N2UDN

SeN{T ) =TeRM I {gTMNIT)-HTII)Y/DELXE(IR)
FOISN(T Y =SaN{I)/TEDM=DIN(T) *(COXN(T)®TN{T)
1 —NORG/TERM=o&x(ONIIV-QUT 33 /{TANCAMUN(T ) )%
CONT TNUF

RETURN

ST#DZUNNHDUDN®
ON(T )

s TERM s CPANI{TY o1

PLIIY/DELAFLIR)

+AN]
{

) s
2EGNLETI*DELXF IR

///////////////////////////////////////////////////////////

2

CONT I NUFE

nD 2052 TR=1,3
IF(IP oGToe 1 oANDs
NOY=NLO{ 1Ry =1
NOZ=NLN{TRY T
ND1=NOD(TRY+1
NP2=NND(TRY) -

T (NQ1y=T (NOQ2)

n NO1Y=0 (NO2)Y

TH (NG Y=TYH (NO2)Y
NMASNLO( TR

NE=NOP (TR

Y (NCI)=2,.%Y (NA) =Y
Y (NP1 =2, %Y (NR) -Y
nO 50 J=1sNSD
ALP(SoMDIy=AL D (JsNDDY

AL (JeMGIy=2L0 (JsNO2)
GINDYI Y= (NP2
TMDYIy=T (N2}
TH{MPLy=TH{ND2)
NUM=C 52 (PHO (NA)2Q

{(NOD)
(5D}

(NAY+RHO (N2 30 (NB

nO 51 I T=NA,NT
M= T T
TM=T1T-1
(MA)#0 (NS GT . DUMY Mo NE

IF(RHO

54
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IF(RHO (N& =0 (NA),GT.DUM) IM=NA +1

[FIRHO (M%) (M)~DUM) 8138232587

coNT INUS ‘ e
RYALF=Y (M)—1Y (My-Y (1#))*{(RpC (M)1%0 (M) -nUM)/(RHO (M) *Q (M)-RrGC

1 (1Mysn (1MY) =Y (INA)

REALF=ABS {REALFT)

VISC =FACTOR(GIR}#BHALF*PHO{NA) D (NA)
VISCX(IRY=VISC :
WRITE(6+1001) VISC

nKAN= L0

PMLINNZ (O

ND 13 T7=N2,NP

NFLYI=Y (1))=Y (1-1)
NFLY2=Y (T+7)=Y (1)
SUM=NDTLY1+nELY?2
RATIC1I=NELYI/DFLY?
RATTIO2=NFLY2/DFLYL

DUDN (G (I+41)#RATIOI=-N (11%(RATIOI-RATIOZ21-C (I-1)%RATIC>)/SU!
D2UDN =2.%(Q (I+1)’DCLY1/5J*—C (1)+0 (I-1)%DSLY2/SUM)/DELYL1/DTL 2
DTON =(T (141 #RATIC1=T (IV#(RATIC1-RATIOZ2)-T (1-11%RATIO,) /SUM
D2TON =237 {I+11%DFLY1/SUM=T {(1)+T {I-11%DELY2/SUM)/DE 'Y1/D?LY2
DTHON  ={TH{I+1)%RATICI=TH{I)#(RATIOI=RATIC2)-TH(I-1)*RATIOD} /SUN
D2THDN =2.%(TH I.Lﬂ)-)l"'LY’l/QU“ T (1)4+TH (1-1)%DELY2/5UM)Y/DELY Y/

IncLvy2

CALL TurrM (1-1)
COND=VTSC* (DX(T)/PQ

~nJM=, O

nNO 15 U= l,NSP
DUM=DUMSALP (Js11%DCPT (U}

neen=0,
SUM] = .(\
SumM2=,0
SUM3zI=,0

BCP=ALE/PR*¥VISC

IF(ABSIY(I) ) JLF, .00COY) GC 70 21
ACI=XLF/PR%COSITH (1)) #V1Sc/Y (1)%XJ+XLE/PR¥DMUDN
o TC 22

N 26 J=14NSP )

DADN( ) ={ALD (s T+1VH¥RATIDI-ALP (Js T)%

PURATIGI=-RATIQZ)=2LD (Js T-1)%RATIND2)/SUNM

D2ACNI(J) =2e%{ALD [JsI+1)#DELYT/SUM=ALD (Us1)+ALP (Jsl~-1)%32!
1Y2/5UM)/neLY1/02ZLY? : '
ST (JsT)= 0,0
TF(XJeFQs 01 S3T (UsT)1=£C2%D2A0NJ!}
DERO= HIIJYHWOOT(JL1) +HY{JY% S21(Js 1) +D2RO
SUMI=RET(UI%DaSKIJY +SUM
SUMP= HY{(JY=#ND2ADN (JY+S5UMD
cuua—, DADN (Uy*#rDY (Jy+SUVR
DIF=(DNMUDN®SUMI+DTRN%VISCH* U‘°+VIS’ *SUMZ) /SCM
TEQ%-QHO (110 (T)xCOX (1)“ (1)

ro TO 25
AQ 10 J=1,NSP
NADN(J) S(ALP (Jy T+))%RATION-ALD [(Js T)#

T(RATINI=RATIO2)=4LP (Js T-1)%RETINZ)/SUM

DoADN( ) 22e%LALR (Js I4+1V2DELYI/SUM=ALP [JsI)+ALP (JsI~-11%D3%L

1Y2 /75Uy /nelY1/DELY?

S2T(Js ) =ACI#CADN(JIHAC2#DZADN(Y)
opPRO= HI{J)#WDOT(JsT) +KH3{U)# S2T(2s1) . +DPRO
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1

1001

1002
1003
100¢
1005
10C7
1008

SUMI=HI(JUITDADNIJ) +5UM]
SUM2= HIUJy=n2aby (J1+5U¥2

SUmz= DADN (Jy#CPY{J)y+S5UMR

DDIF={DNVUDN#SUMI +0TONSVISCHSUMA AV LSC*SUM2) / SCM

TERM=RHN (I1sn {T1)y2C2X (7)%T (1) '

D7 (I1=(SIN(TH (T1)1/7(Y ()52 )%#0UnN#VISCH+e ,#COSITY (I)1%G (1}%YI5Z
1 #DTHON/Z(Y (1)%3 )=t 2VISCsG (118 IN(TH (1)) %c0SiTH (IYi/ZY (1)#=3
21X +L o ¥\ TSCHDUDNSDTRDN/ 2 o +L o #VISCHE (13#D2 THDN/ 2o +4 %0 (1)#DMUDN
2 ¥DTHDN/3,=2.%0 (I)x SIN(TH (17 1#dMUBN/ (2.5 (1) )#XJ

St (1) =DDIF+CaNDxCaSITH (1)) =2cToN/ Y (11X J+C0ONDRD2TDN+OKSMNRST DN+
1 4eHVISCHQ (1N %3%2 /2,38 (DTHDN#22=SIN(TH (I1)%DTHDON)+VISCHOUDN**2+
2 VISCHa (11#{cOS{TH (11)YsnURN/ZY [ 1)#XJ+D2UNNI+C (1) #DUNNSDMUDN

DILTY = VISCH#CCS{TH {11)y=pUDN/Y ([ T)1#XJ+VISCHD2UDN+ DUDn“DNUDN

FOIS (1)=Sali)y/Term—ny (1)y={coX (%7 (1)+0 (I)xmo /(*Fmv G H
1 ~DNORQ/TFRM— S;N(TH (1y)/7Y (TyexXy .

rO 70 13

CONT TNUF

TeRrMlI=PrO (1Y% (1)

n2 (1= .0

Ny (1Y = VISe*n2UnN

Sg (1) =DDIF +CoND#DOTDN+OKIN%DTON
144 %#VISCHR (1) #%2/2.# (DTHON%%2-SINITH {1} I #DTHDNI +VISC#DUDN®* 3+
2 . VISc+Q (1) D2UNN

FDIS (I)=Safl{I)/TERNM=-D1 (1)%(COX ([ }+T {13+Q (I3} /7{TERM®Q (1)

1 —nPRE/TERM
CONTINUF
CONTTNUF
DC’TUDN
FORMAT (&M CALZs5(2XF16.4) +15)
FORMAT (70 COMPS2s 6l2XE1L.6) +18)
FORMAT (7(2XF14eA) )
FORMAT(BH  COMPSLYT(PXE14ab1s15) -
FORMAT (B8(2XF14.6) )
FORMAT (7H COMPST BIZXE1L.6) |
FORMAT (7H COMPSE s4{2XE1L.5) )
ENM
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VY2001 YA (200)
PL200)YsT(2CT) s (200

COMMON
COMMON
COMMON
COMMONM
COMMOM ;(Ag. NCURY
FQUIVALENCE (DY S5CLY)
FAUTVALENCF(DXsSILX)

FORMAT (7513,6)

(6F10.4)

EQRVAT( AL

TCASR] SPECTF oLOT

1caS5=2 FLOW PROP=ZRTIES DLOT
NCURV= NC. CF Lu\VL~
CALL 2L0T7S(
CaiLL PLOT(,O, O
CONTINYST
READ(®41C0)
1CAS=ACAS
NCURV = Ari RV
ND 22 Le=1sNrURVY
REAN{S41C0Y XSTalLcr)sAPT

ACAS S ACURV

NPT (Ly=aPT

NDT= NO, (QF
ND=NMNDT{L (Y
WRITZ(6511C
FORMAT
N1 2 1=1.NP
RFAD(S,]O})
WRITE(A+101)
CONT IRUS

nNO 21 J=1.ND
REAL{RS 1T SYLALP(K s ) sK=197)
WRITE(AI00)Y (ALPIK s J) sK=1127)
COMT TNUF

NO 22 J=1 NP
V1(J9Lf)~AL“(L,J)

Y]=wy

Y2{JslLoy=ALP (R sJ)

Yz2= G2

Y3(JsLry=aLP (2,0

Y2= H2D

Ya(JsLry=alP{7,4J)
Y= N?

Yo{JsLry=0(Jy

E=PRzSSURE - P
YaUJsLry=T ()
Y6=TF¥PERATURS - T
Y7{JdsLry=UlJ)
Y7=VFLOCTTY = U
YR (Jslcyi=Tr{J)
YR= FLOW aNceLFr - Tu
YO {JsLry=FrMi{J)
YO= MArd NUMPBZTR - oM
Yo(JdslLoy=Y{d)y
rONT TNLE

POTNTS IN-PRQOFILE

XSTA(LCS

PLIdsTUIY s

DROARAY, SD| 1T Lepe

CALL DACT D
0 TO
TR

PER PLOT

PULIYsTUT)YsUlT)YsTHU(T)s®

Yo TRl T)ENMIT )

;XSTA(C)sKP.(=)

VoTH(2GC) o5 M

ALP(7s20n) « Y1 (200431 :Y2(200,45)
Y“(?COsﬁ)~Y6(/dusﬁ)a:”(?uu,))

(K STLTION

(10Xs22H PROFILES AT STATION X=,F10

M{T)sY

°

3)

—t e
—

(1
Y (

-< .< -
V4 I AT

"NA.{\.V .
SN Y ’

CrCy —~

<Oy
e w O

NN O

—~— e

S}

—
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101
10%

111

24

27

26

COMMON YV(7OU\aYA(?O”) Wy XSTA(SYsNPTI5)s11{635C) - .
COMMUN Pt?OC)QT(?UO),L(”Od)a.U(/Q“J!C“(7Uu;aY(?uC)Q'j(/Cv’cl
COMMCN ALP{7s200)sY 1120828 s¥2 200,30 .:Y31(00 Ws35Ys Ye({oN0sR)

COMMON YR(”UOic)aYé(?»Tav)aY’(’“q‘“)9VQ(7” +S)s YG{ 72

COMMON TCAS, NCURV
FQUIVALENCTUIDYHETLY)
FOUIVALENCE (DX SSCLX)

naTe )”Nr/AH“ﬂNF/

CORMYAT (TF1C.€)

FORMAT (HF1C. 60

FoRMeET{aL)

READ(5:100) XaXOsS14X YOO YMIETZY
SCLX= (XM=XCY/512X

ScLY= (YM=Y0)/S12Y

WRITE(As101) DY»SCLYDX5SCLX
WR}TE(&alDI.) XCoXMaSTZ2XsYOsYMeSTZY
¥Y1=H2 ‘

CALL AXTS(,09.0924 Y 9~255712Y,,0sY05DY)

CALL AXTS{40se09268 HZ RLCTION s 1423512X,

NO 24 Le=1sNCURYV
WRITE(es111) XSTALLE)
FarRMAT (10X,23H DROFILES AT STATION X=
1TTcn /7))
“NPT(LC)
nO 25 J=14ND
YA(Jy=Y1{JsyL

CYY(Jy=YR{dsLC)

YA{NP+1)=X0O

VE{NP+2)Y=5X

YY{NP+1y=YO

YY({NP+2y=5CLY

CALL LI\F(YY,YAaND,1,u,«)

rFONT 1TNUS

XNU=8512Y42,

YA =, 0

caLL PLCT (X hbsYNUy—Q)

Y2= 02

RFAD(&+100) X\-AU’QTZAQYO’Y\’S7ZY
CSOLK = IXM=X0Y/ST12X

SciY= (YM=YOY)/E&1ZY

WRITF{49101) DYaS(LYaDX,S’LX
WRITE(A9101) KCoXWsSTZXsYCaYMeST2ZY
CALL AX1S(.0s0093H Y 2=25512ZY9.2+:Y¥04DY)

CALL AXIS(e0se0s14H Q02 FRACTICON s 143S12Xs

ND 26 Ler=1sNCURY
NP=NPT (1)

ND 27 J=14NP
YALDYy=Y20{UsL ()
YY(Jy=YD(JsLy
YA (NFELTYy=XO
YA(NP+2)=871LX
YY(NP+11=YC
YY({NP+2)Y=5CLY
ALl LTNFLYYsYASNPs150s2)
FONT INUS
XNU=STZY42,

VA =,0
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rALL PLOTINNUSYNU =2

R=anl{as100) XMyXOs»ST1ZX YO sV C17Y
SCLX= (XM=X0)V1/512XK :
SeLY= (YM=-Y0)/S12Y

TWRITE(A»101) DYsSCLYsDXs3SCLX

WRTTE(AICTY XOsXMaSTZXsYGsYIA4S5T2Y
2= M0

captl AXTS(e0seQo=H Y o—=248 1ZY~°u,Y09\V'

CALL AXIG(e0seGslar H2O FRACTION lLsJ 1ZX s

NN 38 Lr=1.NCURVY-

NP=NPT (L)

ND 28 J=1,.NP
YAt y=Y¥2{JsLCY
YY{ y=YP(JsLC)
YA {NP+1yYy=X0
YA[NP2Y=SrLX

CYY (NP1 =YD

YY{NP+2)y=&LY

CALL LINTI{YYsYAsNDs190s73)
CONT TNUS

XNU=S8ST7Y4+2,

VA=, 0

call, PLOTIXNUsYNUs=2)

R=an{85,100) XM XOsS1ZXsYOsY¥sST2Y
S X= (XM=X0OYy/S817ZX

SrLY= (YM=YO)/SIZY

Y&a= N?

CALL AXIS5(.0s00s2H Y 3 =338172Y4,0,5VC

s ) T
CALL AXT8{e02o0914 N2 FRACTION . 1'4"5'{2‘/(9 GCoe s XD eNDK)

N0 3& LO=1aNCURY
NP=NET (L)
NO 29 Jz=1,MD

YalJdy=YelJgslLC)

YY(Uy=VP(JsLC)
YA(RP+T)=X0 '
YAINP+2)=80LX

VY (MDY 3 =Y0

YY(NP+2y=ScLY

CrEL LINF{YYsYASNPs1 T2
FONT TRUSE

XhU=85712vY4+2,

\"\!l!:.()

rall PLOT(XNUsYNUs-2)
READ(S4100) XMyXCoeSTZXsYD:YMsCTZY
SrLX= (XM=X0)/817X
SrLY= {(YM=YCyYy/512Y
Y5 =DRESSURE ~ DO
C[\LL AX;S(.O’OO,BH Y 9-‘? 5" v . . i
CALLL AXTS{sCyreGsrl4r PRESCURE o 14 S8T7ZX,
nO 37 Le=1sNCURY

ND=NCT (L)

NN =N J=1 4 NP

YALD)Yy=YS{JsLO)

YY(Jy=YP({JsLC)

VA(NP+1Y=XO

YA{MNP+2Y=50LX

YY{NDLTy=VYD

YY{pMP+2)=50LY
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call LTNF(YYsYAsNDs]?Os?)
CCONT TMUE,
XMU=ST7Y22,
O ENG
ALl 3Lﬁ|\XMU.YAu,_1\ a .
REAN(A,1CC) XMy XTsZT2ZX YO s YMLSTLY
SeL A= (XVM=XO)/ST1ZX
ScpLY= (YM=YO)Y/3ST12Y
VH=TFEMDTRATURE — T
CALL AaXIS5{,Cse0s034 YV +-34531] LI
CALL AX]S5{eDyeDv]l6rm TEMPFRATURE 5 1642SIZ%s 90,1 X0sDX)
N 38 LE=1sNCURV. '
ND=NPT L) '
nO 2] J=1 NP
YAl y=YA(JslO)
YY{ r=YP{JslL)
YA(ND+TYy=XO
YA{NP+2Yy=5ScL X
YY (NP+1Yy=Y(O
YY{NP+2y=SCLY
CALL LTh*(VYs\AaNp 120929
{‘f\}\l ‘({\Il"‘
XNU=ST14Y+2,
YMW— O
calLl PLOT(%kUsVNU,_j)
REAN{ES1C0) XMaXOsGTZXsYOsYMSTIZY
SceX= (XM—=X0)/S1ZX
SeLY= (YM=YO)/ETZY
Y7=VFLNCTTY - U
CALL AXTISE(,0:.0¢3H Y s—?-;IZ 1o JsYO DY)
CALl AXTE{o0yeOs2&4H VILOCITY s 143SIZXs S0, aXCeDX)
ND 39 Le=lsNcURV :
ND=NPT(LC)
NO 32 J=1,NP
CXYALYY=Y T L)
YY(U)y=YD({J.LC)
YA(NPLT y=XO
YA(NP+2y=571LX
YY (NP1 =Y
YY{(NP+2y=5CLY
CALL LINEfA(YYsYAsNPs]30s23)
CONT INUF
Xl=S172v42,
YNiI=,0
CALL PLOT{ANUSYNU s =7
RTEAND(Gs1UCY) XMaXTsSTZXsYGsYMaSTZY .
S X= (XM=X0)/8512X
SrLY= {YM=YQ)/S12Y
8= FLOW ANALE - TH
CALL AXIS(e0,5.093H Y a—%,,IZY,.J,YusDV)
CALL AXIS{e0+o0s14HFLOW ANGLE ’ 14,srzx GGs s X0HDX)
rO LD Le=1-NMCURV
ND:NPT(L()
no 23 J=14NP
Yal)y=YR({JsLC)Y
YYIUy=Ye (U L)
Yo NP+ y=XD
YA(NP4+2y=SCLX-

!
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YY(NP+1)=YC
YY(NP+2)y=8LY

CALL LTINF(YYsYAsNPWA]120s3)
FONT TNUFE N
XMU=ST7Y40, *
YNII= D '
FALL PLOTUIXNUSYNUs-23)

REAN{S841UCY XMaXTeS1ZXsYDsYMsSIZY

ScLX= (XM-XO0)/STZX
SCLY= (YM=YC)/ST1ZY
YOz MACH NUMRER? = £V

CELL AXIS(.05.033H Y +=3+312ZY+,.CsY0sDY)

CALL AXIS(.0s.0s245MACH NUMRES

N GT O s NCURY

CND=NET (L)

NG 26 =1 ,NP ‘
YalJdy=YelJsLcy
YY(Jy=YoliJsle)y
YaINPEY y=X0
YA(NP+2y=50CLX
YY(NP+1)=YC
YY({NP+2)Y=SOLY .
CALL LINF{YYsVAINPa]9Ce3)
CONT 1MUY s
XNUJ=S17V+2,

YNIl=,0

CCALL PLOT(XNUSVNU.=3)

REAN(55108) NUNN
TE(OONE G ENLDUNKY GN TO 50

- RETURN

CONTINUE
CALL PLOT(2452,5990)

L RETURN

ENND
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TABLE 2 Input Cards

Card No. 1

SYMBOL
1J

I0UT(1)

I0UT(2)

IOUT(3)

NSAVE
JCHEM

ISTART

Card No. 2

SYMBOL

_NMAX(l)

NMAX (2)

NMAX (3)

DESCRIPTION
0 for 2D, 1 for Axisymmetric

printed output for region 1 every
I0UT step

printed output for region 2 every
IOQUT step

nrinted output for region 3 every
10UT step

not used .
0 frozen flow,1 finite rate

O initial profile input according
to format I

1 initial profile input according
to format II '

See pages 66-68

DESCRIPTICN

Maximum number of points permitted in
region 1. 1If this number is reached
the program terminates and punches .

results at the last station
same as above except for region 2

same as above except for region 3

MNMAX (1) < NMAX (2) < NMAX (3) < 150

62

11-15

16-20
21-25

26-30

31-35

COLS.

1-5
6-10

11-15

'FORMAT

15

15

15

15

15

I5

I5

FORMAT

I5
I5

I5




Card No. 3

SYMBOL

XPRO(I)

Card No. &

SYMBOL
PR
" XLE

FACTOR (1)

FACTOR (2)

FACTOR (3)

Card No.

SYMBOL

COWL

Card No.

~ SYMBOL

XRC(J)

-Card No.

SYMBOL

RRC(l)

5

6

7

DESCRIPTION

X-stations at which calculated profile
data is to be punches-to be used later
for plotter~  MAX number 14 (2 cards) 11-20

DESCRIPTION
Prandtl number - constant (1.0)
Lewis. number - (1.0)

Empirical coefficient (K) in
viscosity model for region 1

11 ’ n - . l‘l n " 2
Typical value of K = .02

DESCRIPTION

Number of coordinates on lower wall

Number of coordinated on uppér wall

DESCRIPTION
X coordinates of lower wall (ft)

Cy values required (MAX = 1(0)

DESCRIPTION

First y coordinate of .lower wall (ft)

63

COLS.

1-10-

-

COLS,
1-10

11-20

21-30
31-40

41-50

COLS.

1-10

11-20

COLS.

1-10

11-20 -

COLS ,

1-10

FORMAT

7F10.4

FORMAT

7F10.4

FORMAT

7F10.6

FORMAT

" 7F10.6

FORIL.T
BN

F10.6



Card No. 8
- SYMBOL

THC(J)

Card No. 9
SYMBOL

XRC(J)

Card No. 10

SYMBOL

RRC(cowl)

Card No. 11

SYMBOL

THC(J)

Card No. 12

SYMBOL
EPP.

EPTH

Card No. 13

SYMBOL

ANG (1)
ANG(2)

DYASL

DESCRIPTION

Lower wall angle at above x-coordinate

(degrees)

CB values required

DESCRIPTION
x-coordinates of upper wall (ft)

cowl values required

DESCRIPTION

First y coordinates of upper wall (£t)

DESCRIPTION

Upper wall angle at above x-coordinate

(degrees)

cowl values required

DESCRIPTION
Not used

Error criteria for flow angle in the
shock wave point calculation

DESCRIPTION

Magnitude of the initial shock wave
angle in region 3 (degrees)

n‘ " "o 9 (degrees)

Maximum distance, Ay, between the shock

point and lost mesh point

64

COLS .

1-10

11-20

COLS.

1-10

11-20

COLS.

1-10

11-20

COLS .
1-10
11-20

21-30

FORMAT

7F10.6

FORMAT

7F10.6

FORMAT

F10.6

. FORMAT

7710.6

FORMAT

JF10.4

FORMAT

7F10.4



SYMBOL
DELY
XBP

FLO
XSTOP

Gard No. 14
SYMBOL
PUP(2)

TUP(2)

EMUP(2)
GAMAUP (2)

XMWUP(2)

Card No., 15

SYMBOL
PUP(3)
TUP(3)
EMUP(3)
GAMAUP(3)

XMWUP(3)

Card No. 16

DUP(2)

DUP(3)

‘DXN

DIN

DESCRIPTION

Not used

Initial x-coordinate (ft)

1 Diverging Shocks
2 converging shocks"

Maximum x-station calculation will

proceed to (ft) -

Upstream pressure for region(2) (psf)

Upstream temperature for region (2)

(°K)

Upstream Mach number for region 2

. DESCRIPTION

Upstream Gamma for region 2

Upstream molecular weight for region 2

DESCRIPTION

Upstream pressure for region 3 (psf)

Upstream temperature for region 3(°K)

Mach number

Upstream Gamma

"

"

Upstream Molecular Weight "

Upstream flow angle with sign for

region (2) (degrees)

n n

1" 1

" "(3) (degrees)

Not used

Not used

65

1"

COLS .
31-40
41-50

51-60

COLS .

1-10

11-20

21-30

31-40

41-50

COLS .

1-10

11-20
21-30
31-40

41-50

1-10

11-20

21-30 -

31-40

FORMAT

FORMAT

7F10.4

FORMAT

7F10.4

7¥10.4




SYMBOL -
DXIN

COALT

Card No., 17 .

SYMBOL

ALPUP(J,2)
ALPUP(J,3)

Card No. 18
SYMBOL

ITYPE

Card No. 19
SYMBOL

NLO (1)
NOP (1)
'NLogz)
NOP(2)
NLO(3)

NOP(3)

DESCRIPTION

Not used

Charzcteristics coalescence criteria

on Ay

COLS.

41-50

51~60

i.e. minimum distance between mesh points

DESCRIPTION COLS ..
Species mass fraction upstream of 1-10
region 2 11-20
l'l 1" 11 11 1 1nn l:lo
region 3 © 11-20
DESCRIPTION COLS.
1l uniform flow in region 1 1-5

2 nonuniform flow in region 1

DESCRIPTION COLS .
Lower index number for storage of data in
region 1 ' ‘ 1-5
Upper ’ 1" 11 n (3] 11

region 1 6-10
Lo‘;]er L 1] . H 1" B A} 11

region 2 ' 11-15
Upper Toon 1 Y ] w '
region 2 ' 16-20
Lo‘qer 1 1] n 1n 1]

region 3 21-25
Upper 1 3] 1 11 11

region 3 26-30

Initial Profile

FORMAT I - If ISTART = O the initial profile is read in as follows
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FORMAT

7F10.4

7F10.4

FORMAT

I5

FORMAT

I5




Card YNo.

SYMBOL

Y (1)

20

21

Card No.

SYHBOL
P(I)
(1)
Q(I)

TH (1)

22

Card No.

SYMBOL

ALP(1,1)

ALP(2,1)
ALP(3,1)
ALP(4,T)
ALP(5,1)
ALP(6,1)

ALP(7,1)

DESCRIPTION

Y coordinatss of data line in region 1

(fr)

(NOP(I) - NLO({I) + 1)/, cards required

DESCRIPTION
Pressure ét
Temperature
Velocity

Flow angle

above y-coordinates (psf)

11 1] 1] 1" (OK)
n(ft/sec)

1 1 "

(degrees)

NOP(1) - NLO(i) 4+ 1 cards requited

DESCRIPTION

COLS .

1-10

11-20

COLS.

1-10

11-20

21-30

31-40

COLS.

Mass fraction of H at above y-coordinates

in region 1

i n
1 1)

" n

"Repeat cards 21 and 22 for regions 2 and 3.

Input.region 1

" 'H

"o 1"

CARDS 20

followed by Cards 21

67

1-10

11-20
21-30
31-40
41-50
51-60

61-70

© FORMAT

7F10.4

FORMAT

7F10.4

FORMAT

7F10A



Format II (Computer punches data according to this format) If Istart = 1, the

input 1is -~

Card No. 20

syMBOL
P(I)
(1)
Q(1)

TH(I)

Y(I)

DESCRIPTION

Pressure at y in Region I (psi)

(o}

Temperatire " oo " (UK)
Velocity " "o " (ft/sec)
Flow Anglg " " " (degreés)
BLANK |

Y-coordinate e "o(ft)

There are % (NOP(I) - NLO(I)+1) cards

I=1

Card No. 21

SYMBOL

ALP(1,I)
ALP(2,1)
ALP(3,1)
ALP(&,I)
ALP(5,1)
ALP(6,I)
ALP(7,1I)
Same number of

Input region 3

THEN i 1
THEN " 2

DESCRIPTION

~ Mass fraction of H at Y(I) in region

1 " " H " 1" "
1 n’ " o - n " "
.o . m og o mooon
n " n N " 1" 1"
cards as éard 20
Cards 20 followed by Card 21
" no F{ 21

11 n - 1 1" 21

68

1-10

11-20
21-30
31-40
41-50

51-60

co1s.
1-10
1i-20-
21-30
31-40
41-50
51-60

61-70

7710.6
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Simplified scramjet fuel injector arrangement
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Figure 4 Initial flow profiles
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Figure 4 continued
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Flow properties along injector wall
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