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COMPUTER PROGRAMS FOR PREDICTING SUPERSONIC AND HYPERSONIC
INTERFERENCE FLOW FIELDS AND HEATING

By Dana J. Morris and J, Wayne Keyes
Langley Research Center

SUMMARY

This paper describes computer programs which calculate peak pressure and heating
for six types of two-dimensional interference flow patterns. These programs were used
to obtain the theoretical values used in NASA TN D-7139. Depending upon the type of
inviscid flow pattern, the pressure and heat-transfer peaks occurring at the impingement
point are a result of shock—boundary-layer interaction, free shear-layer attachment, or
supersonic jet impingement. Peak-heating correlations for laminar and turbulent shock—
boundary-layer interactions are included in the programs for types I, I, V, and VI inter-
ference patterns. Heating correlations for laminar and turbulent reattaching shear layers
obtained from separation studies are included in the program for type III interference,.

INTRODUCTION

Shock interference heating is a problem in the design of the thermal protection sys-
tem and structural components of supersonic and hypersonic vehicles (refs. 1 and 2) such
as the space shuttle, hypersonic research aircraft, and hypersonic cruise vehicle, Small
areas of high heat transfer and pressure can occur on the vehicle surface because of the
influence of an impinging shock upon the local flow. Edney (ref. 1) made a detailed study
of interference flows and defined six types of shock interference patterns. He found that
the peaks of surface pressure and heat transfer are caused by shock—boundary-layer
interactions, free shear-layer attachments, or supersonic jet impingement, depending on
the type of pattern,

Edney also developed flow models and methods of calculating the flow field for each
type. Methods were developed to compute the peak pressure for the shear-layer attack-
ment and the peak pressure and heat transfer for the supersonic jet impingement. Semi-
empirical methods for calculating peak pressures and heat transfer for all six types of
interference patterns were developed in reference 2 by using the flow models of refer-
ence 1 and the heat-transfer correlations of Bushnell and Weinstein (shear-layer attach-
ment, ref, 3) and Markarian (shock-boundary interaction, ref. 4), Methods similar to
those of reference 1 are also discussed in reference 5.




This report describes computer programs generated during the investigation
reporied in reference 2 for six types of interference patterns. The flow model for each
type was developed on the basis of two-dimensional flow, Perfect-gas relations from
reference 6 were used to obtain the flow conditions in the inviscid flow field. Sutherland's
viscosity formula for air (from ref. 6) is included in the programs; however, any perfect
gas can be used by inserting an alternate viscosity law, Peak pressure and heat trans-
fer are nondimensionalized with respect to reference values (at the stagnation point on a
hemisphere or values ahead of the impingement point on a wedge). Each program
requires certain input based on shock and model geometries.

These programs are written in FORTRAN IV language for the Control Data Corpo-
ration 6000 series computer under the SCOPE 3.0 operating system. The standard
FORTRAN NAMELIST is used with $DATAIN as the NAMELIST name. Each program
is presented in a separate part of the report (parts I to VI), and the subprograms com-
mon to more than one program are presented in part VII. A discussion concerning the
application of the programs for a typical configuration is given in part VIII,

SYMBOLS
A constant in equation (2)
a speed of sound
Cp specific heat at constant pressure
Cy specific heat at constant volume

du
<-—ﬂ> stagnation velocity gradient on a sphere (eq. (6))
stag

Loy shock displacement length (see figs. 5 and 6)

lgg, shear-layer length (see egs. (3) and (4) and fig. 5)
M Mach number

N exponent in equations (1) and (2)

Npy Prandtl number




pressure

heat-transfer rate

radius of sphere

radius of "jet body' (see fig. 8)

radius of curvature of jet bow shock (see fig. 8)

surface coordinate (see fig, 8)

temperature

velocity

jet width at jet bow shock (see figs. 7 and 8)

impingement locations on wedge (see fig. 3)

jet coordinate in horizontal plane (see fig. 7)

jet coordinate in vertical plane (see fig. 7)

jet impingement angle relative to local body slope (figs. 6 and 8)
shock angle

bow shock angle

impinging shock angle

ratio of specific heats

standoff distance of jet bow shock at stagnation streamline (see fig. 8)
shear-layer thickness at wall (egs. (2) to (4))

flow deflection angle




Bb local body slope

6; shock generator angle
65 shear-layer angle relative to local body slope (see fig. 5 and eq. (2))
K viscosity
p density
Subscripts:
1to8 regions
aw adiabatic wall
J jet
pk peak
ref reference
stag stagnation-point value on spheré
u undisturbed value |
w wall : , | i
wedge | wedge value (undisturbed)
0 free stream
SPECIAL NOTATION
BS - bow shock (fig. 1) : ' i
p impingement point (fig. 1)
IS .impinging shock (fig. 1)




SL shear layer (fig. 1)
TS transmitted shock (fig. 1)
wrt with respect to

@, @, @, . ., regions in shock pattern (figs. 3 to 5, 7, 9, and 10)

TYPES OF INTERFERENCE

The six types of interference flow patterns from reference 1 are shown in figure 1.
The peak heating at the impingement point IP for types I, II, and V is the result of a
shock—boundary-layer interaction. Type III interference is characterized by an attach-
ing shear layer. The impinging supersonic jet of type IV interference causes the most
intense heating. An expansion-fan—boundary-layer interaction occurs in type VI and
results in a reduction in pressure and heat transfer. Figure 2 shows how the types of
interference patterns change on a hemisphere as the impinging shock moves around the
body.

PART I — TYPE I INTERFERENCE

PROBLEM DISCUSSION

A type I interference pattern occurs when two weak shocks of opposite families (BS
and IS) intersect, as illustrated in figure 1(a). The actual heating rise is the result of
the transmitted impinging shock TS interacting with the boundary layer. This type of
interference pattern will occur when the flow upstream of the impingement point is super-
sonic, or in the case of a blunt body, it will take place well below the sonic point. (See
fig. 2.)

Since the flow field associated with type I interference is supersonic throughout,
it is described in some detail. The following discussion concerns both the calculation
of the inviscid flow field and the prediction of the associated peak pressure and heat
transfer,

The flow model used in the present analysis consisted of weak bow and impinging
shocks generated by two wedges. A shear layer bounded by the transmitted bow and
impinging shocks occurs at the shock intersection A, as shown in figure 3,  Across the
shear layer it is necessary that the static pressures be equal (p4 = p5) and the flow
velocities be parallel. An iterative procedure is utilized to obtain the strength of the




transmitted shocks and the orientation of the shear layer relative to the free-stream
direction which satisfy these conditions,

The flow conditions in regions 2 and 3 are calculated from the Rankine-Hugoniot
equations of reference 6 once the flow conditions in region 1 and the strengths of the bow
shock and impinging shocks are specified. These flow conditions (region 1)k consist of
Mach number, stagnation or static pressure and temperature, ratio of specific heats, and
various other constants associated with the free-stream gas. To start the iterative pro-
cedure, a value of the flow deflection is assumed and conditions in regions 4 and 5 are
computed, again by using the Rankine-Hugoniot equations. If the pressures are equal,
within a specified tolerance, the calculation is terminated; if not equal, the shear-layer
deflection angle is increased incrementally toward the region with the lower pressure,
and the procedure is repeated. From the strength of the transmitted impinging shock
and the orientation of the body surface at the impingement point, it is possible to calcu-
late conditions in region 6 by use of the Rankine-Hugoniot equations, Two cases must be
considered: regular reflection and Mach reflection (ref. 7)., The former occurs for local
Mach numbers sufficiently high and shock angles sufficiently low to insure an attached
shock system at the wall. The latter case occurs if this condition is not satisfied, and
the pressure rise at the wall is approximated by using normal-shock relations.

The increase in heating resulting from the shock—boundary-layer interaction at
IP is determined from the empirical correlations of Markarian (ref. 4), which are based
upon the inviscid pressure rise across the interaction region. These correlations are
of the form

Wik _ <%_k>N (1)

Qu \Pu

where N is a constant which is dependent upon whether the interaction is laminar or
turbulent and the ratio ppk /pu is Pg /p2. For laminar and turbulent interactions, N
is 1.29 and 0.85, respectively. Calculation of the peak heating requires a knowledge of
the undisturbed, or reference, heat transfer Qu ahead of the interaction. The location
of the impingement point X; and the state of the boundary layer (laminar or turbulent)
on the wedge (present flow model) must be specified in order to determine Q,. Values
of Q, are obtained by using the reference temperature method of Eckert (ref. 8) for
laminar and turbulent boundary layers.

PROGRAM DESCRIPTION

The main program reads the input, calls the various subprograms, controls the
iterative solution to determine the deflection angle of the shear layer at point A (fig. 3),



and computes the heat transfer. Subprogram FTHETA is called to compute the flow
deflection angles, and FINDB is called to compute the shock angles in each region. The
subprograms OBLIQ, MLTRT, ABSVAL, PRATIO, and ISTROP compute flow variables
and ratios of the flow variables. PINPUT prints input variables. The flow charts and

listings of these subprograms are presented in part VII. The flow diagram and listing
for the main program follow,

Program Flow Chart — Main

TYPE I

A
/Read NAMELIST data/

®

Write heading

CALL ISTROP

Were CALL ISTROP
Compute No iree-stream Yes Compute
free-stream conditions stagnation
conditions input? conditions

CALL PINPUT

Write input

Convert angles to radians ]

®

Yes CALL FTHETA

Compute 6 ;

CALL FINDB
'\ Compute B;




CALL FINDB CALL FTHETA

Write heading
for ratios

Compute
by

Compufe
Bp

/ CALL OBLIQ \

Compute flow-quantity
ratios across shocks
2and 3

Set first guess for
shear-layer angle

Compute 0y

Compute B4

Decrease 6;

to find la

st

possible
solution

CALL PRATIO

Find pressure
ratio across
shock 4

This is type II
interference —

\ write message

increme

nt\

‘Compute pressure
ratio

No

exist?
Yes




®
/ CALL PRATIO \

Compute pressure ratio
across shock 5

Compqte pressure

Increase shear-layer
angle in direction
of smaller pressure

Assume normal
shock and
compute ratios
across it

Compute ratios
wrt region 1

CALL OBLIQ
Compute ratios of
conditions across
shocks 4 and 5

CALL MLTRT

Compute ratios
wrt free stream

Compute 96 ]

CALL OBLIQ

Compute ratios
of flow quantities
across shock 6

Compute ratios
wrt region 1

Write angles
and Mach

numbers for
each region




Calculate and write
flow conditions in
free stream

\
/  CALL ABSVAL  \

Multiply ratios by values

in free stream to obtain

values for regions 2 to 6
and write values

|

/CALL ISTROP\

Compute
stagnation
values

Write
stagnation
values

Compute and write
heat transfer

= NTIMES?




Program Listing — Main

PPCGEAM SHOCK [ INSUT 40JTPUT \TAPES=INPUT, TAPE6=0UT2UT )

C- '.|"‘.O'.Q;BCIib‘l‘hl....’.....“.l.‘.Q.l.'.e.ﬂ.’.....l...’."..'
C
C THIS PRONRAM PERFOFMS A TYPE T SHICK INTFRFERENCE PATTERN
C FOR TW0 DIMENSICNAL FLCW
c
r ‘l.I“..l‘.‘!.............“..‘...l...l.l.‘l...l...Il.'...‘.'..’..
DIMENSICN T2STAG(2), AFC2STRI2), V2STAR(2), REY25TRI(2), H4R(2), QFP
1(2), HPK(2), QPK(2)y STN2(2)
CIMEASICN STN1(2)
DINENSICN PN(2)
DUVENSTON AA(2), EN(2)
NDTMENSICN RE(2), TR{2), HFP(2)
COMNCN PZ, RHCZ, TZ, Pl0OPZ, RHO10Z, T10TZ,
1 pPZ?y 2HOL?, T12, P20PZ2, RHO2Z2, 7207122,
2 P73, RHOZ3, 712, P30PZ3, RHO3Z3, T20T13,
3 PZ4y RHNT74y TL4, PAGPZ4, WMO4Z4, T40TL4,
4 P15, FHOZ5, T715, P50PL5, RHO515, T50TL5,
5 P16y RHDZGE, Tl16,y PEAPLL, RHOO6Z6, TEOTLSE,
6 pP20P1, FHO201, T20Tl, A2CA1le U2CUL,
7 P20P2, RH(3NZ2, T30T2, A30A2, U30OU2,
8 P30P1, FHO201, T30T1l, A30Al, U30UY,
9 P4OP2, RHN4D2, T40T2, A4GA2Z, U40U2,
$ P40P1, RHDA0Ll, T40Tl, A40Al, U4CUL,
b PSNP3, MO503, T50T3, AS0A3, USDI2Z,
$ PELP2, PHU602, To60OT2, A60A2, ULDUZ,
$ PHUPL4, PHO604, T60T4, A60A4, UGCU4,
$ p50P1, PHO501, T50T1s A5CALl, U50Ul,
£ P6OP 1, "HNEOL, T60T1l, A60Al, U6CUL
CCMMCN Pl, RHOLl, T1l, #1, Ul, VISCl, REYI1,
1 22y RHO2, T2, %2, U2, VISC2y REY2,
2 P3, RMD3, T2, A3, U3, VISC3, RFY2,
3 94' RHOLV’, T‘I, A4' U‘(" VISCQ" QFY("
4 pP5y, RHOS, T5, A5, U5, VISCS, REYE,
5 P6y RHOG, TE, A€, U6, VISCEy, REYS
NAMELIST /LCATAIN/ RM1,GAMMA, THETAB,THETAI, TINCR,NTIMES IPT,T4P,AMW
1y TPFF VREF 3 XLy Sy TWALL 4 CPsPRYyPUNSANGLE, ANGLEZ,TOL
C TCL 1S THE CONVFRGENCE CRITERTION FOR CONDITION 1
C INITIALIZE CUNSTANTS
BETA=4FRETA
10=1
PNI1)=1.29
PN(2)=0.85
ALTL)I=0,332
AA(2)=,185
RN(1)=-.5
RN{2})=-2.584
C .............QC.Q.'...‘...."...0................'......"..'..’.'
c
C INPUT CATA
C
c ..".'0..’..!'."..'..'..Q'.IlIQD'O.'....".‘..."..h‘.lé.el......
101 PEAL (5,0CATAIN}

IF (ENCFILF 5} 102,103
102 5TQP
1032 CONTINUE

Eslie sIEN RO NG BRIV




104

105

106

&

107

(]

108

109

12

WRITE{E DATAIN}
FER{1}=SEPT{PR}
RR{2)=Ppxx(1,./3,}
THRCEC=THETAR
THICEG=THETAT

WRTTE {€£5144) RUN

GAS CONSTANT (FT-LRF/LBM=-R)
R=1544 .3/ AMW

DENSTTY (SLUG/CU-FT}
RHO=D%144,/ (32 (2kR*T)
YE (IPT) 104,104,105
STAGNAT TN CCNDITICNS

T2=7

REQZ=FKHC

pz=p

GO TO 106

FREE STPEAM CINDITICNS
T1=7

Pl=P

RHC1=RHC

CONTINUE

CALL ISTROP (GAMMA,RM1,Pl,PZ,PLOPZ,IPT}
ORINT OUT INPUT VARTABLES
CALL FINPUT (BM1,GAMMA,IPT,T,P,AMW,TREF,VREF,XLySTWALL,CP,PR)
WRITE (€,165) XL
1TYF2=0
ITYP? = 0 NCRMAL
CONVEPT ANGLES TQO RADIANS
TINCR=TINCR/57.296
THETAP=THRDEG/57.236
THETAI=TFETAT/ST.296
TNPRa=0
INPRI =0
SAVE THETA AND TINCR TC FESTORE AFTER CONDITION 2
SINCR=TINCE
STRFETA=THETAT
INITIALIZE THEOLD AND THIOLD FOR INTTTAL CSTIMATE FOR THETAF
THFCLE=THETAT4THETAR
THIOLD=THETAY
THTFST SAVES ORIGINAL THETAD IN CASE MULTIPLE THETABGS AKE READ
THIFST=T4IDEG
N3 142 1=1,NTIMES
WO TTE (&,148%)
IF {ANCLF.NEJ3ETA) G0 TQO 108
SETAL WAS INPUT INSTEAC OF THETAI
RETAI=THETAT
INPRAI=1
THETAT=FTHETA{GANMA ,RM1,BETAT )
60 TO 1C9
PETAI=FINDR{GAMMA,PML, THETAT, IERFOR)
IF (1EFROR=-2) 109,109,111
IF (ANGLE2.NE.RETA) 30 TO 110
RETAR WAS INPUT INSTEAL 0OF THETAR
RETAP=TIFTAR
INPRB=1
THETAK=-FTHETA{ GAMMA, %1, ARS(BETAB))
60 TO 112
RETAR=-FINDR{GAMMA, OM1 , ~THETAB, IERROF }
IF (TERROR-21 112,112,111
GO TO 142

104
105
106
107
108
109
110
111
112
113
114
115
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11e
117

118
119
120

THROFGC=THETAEXST,296
THIDFEGC=THFTAL%5T7,796
WRITE (£.146) THIDEG, THRDEG
WPITE (£4147)

EFRPIIXS IN FINDING BETA

TEPROR = 1 NNE SCLUTION WAS FCOUND, CONTINUE

2 SOLUTION DID NOT CONVERGE, USE LAST B COMPUTE

2 NC SOLUTICN WAS FOUND, START NEW CASE
4  NCT DEFINED
SINEI=SIN{RETAT)
SINRB=S IN{BETAB)
ARCEC=RETARYSET 276
RIDEC=RETAI*5T7,2%6
FIND RATIOS FOF FEGION 2 WITH RESPELT 70 REGIUN 1
CALL CRLTQ (GAMMARM1, THETAR, BETAS,RM2,P20P1,1,2,10)
FINE RATIOS FOR FEGION 2 WITH RESPECT 7O REGION 1
CALL CBLYQ (GAMMAL,RML, THETATI,RETAT,RM3,P3NP1,1,3, 10)
1S4=0

@ 6 0G0 0D 08 OCDOOCGO0H OOH OO ODOL OB OAID OGO G OO0V 0OH6H000CD 660D OBE6EGSEI PO

CONDITION 1
ITEeATE ON THETAF UNTIL P4 = P5

1T=1
NTHETA=,01
THETAF=THFOLC4+TFETAI-THIOLD
THETA4=—THETAR+THETAF
BRTA4=FINDB(GAMMA,PM2, THFETA4, IERRDOR)
IF (IERROR-3) 114,127,111
P4CP2=PRATIC{GAMMA ,FM2 ,SIN(RETAL})
P4OP1=P4UP2%EP2CPL
THETAS=~(THFTAI-THETAF)
RETAS=-FINDR(SAMMA RM2 , ABS(THETAS), IERROR)
1F (1FPROR-2) 115,127,111
PSOP2=PFATIN{GAMMA ,PM3, SIN{RETAS) )
P50P1=PSOP3%P3ANP]
1T=17T+1
TF (ARS(PS(0OP1-P40OP1)}~,CCl) 128,128,116
IF {17-59) 118,11R,117
WRITE (€,14G) PSOP1,P4CP1
G0 TO 143
INCPEASE THETAF IN THE DIRECTION 0OF THE SMALLER PRESSURE
IF (P5CF1-P4CPL) 119,128,123

HAVE SIGNS SWITOHED
IF {1SW) 122,120,121
ISh=-1
G0 O 122
THETAF=THETAF~DTHETA
DTHETA=CTHETA/10.0
GO TN 113
THE TAF=THE TAF=DTHE TA
GO TG 113
TF (ISW) 125,124,126
ISk=1
GO TC 126
THE TAF=THETAF4DTHETA
CTHETA=CTHFTA/1N0.0
50 TO 113
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148
149
150
151

162
163
164
165
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169
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THETAF=THETAF+¢DTFETA

5O 70 113
TFLEC=TFCTAF%57,256

WRITE (€,1501}

ITYP2=4

TINCP=TINCR/Z,.
THETAT=THETATI-TINCR

IF (TINCR-TOL) 143,107,107

O D 60 060 POLOHOHOGOH0 0L OO0 HPOCOOD G0 660G D P60 ODLOLOBL OO G0 CDOE0EOLEOO OO DO SO

ITERATION ON P24 ANC PS5 IS CCMPLETED. USF COMPUTED THETAF TO CALCUL
CONCITICNS 4-~6.

® 0 6 8008600009 0 0OL OV DLOP O GOD 0OV OO OO COD S OD L EDLOCPO OO0 OD 00 O OOV OCOO OPOO DO OO
STAP4=SIN(RETA4)

SINBS5=SIN(RETAS)

FING RATIONS FOP FEGION 4 WITH RESPECT TO REGION 2

CALL CRLIN (GAMMA,PM2,THETA4,83ETA4,RM4,P40P2,2,44,10)

FIND RATICS FOR FEGION 5 WITH RESPECT TC REGICN 3

CALL CBLID (GAMMA,RM3, ABS{THETAS),ARS(BFTAS) ,RM5,P5CP3,3,5,10)
TFDEG=THETAFR®180./3.1416

THFOLC=THETAF

THIOLD=THFETA]

FINC RATIOS FUR RECGION 4 WITH RESPECT TO REGION 1

CALL MLTRT (P40P2,P20P1,P40P1,1,4,10)

FIND RATIOS FD& REGION 5 WITH RESPECT TQ REGION 1

CALL MLYRT (P50P3,P30P1,P5CFL,1,5,10)

THETAE=THETAP-TEHETAF

TERFOR=1

RETAL=—FTINDR(GAMMA ,RM4 , ABS{THETAG) ,IERR(0R)

IF (TER?0QR-2) 123,129,133

CONDITION 2
SHOCK PEFLECT ION NCGT PLSSIBLE. ITSRATE ON THETAI 7O FIND LAST
POSSIBLE SHNCK PEFLECTICN.

RM2SN=RM2%R M2

RETA¢é=1.57C8

WRITE (€,4151)

IF 17YP2.05T.2 THEN ITERATICN CN CONDITICN 2 IS CCOMPLETED.
1F (17yP2-3) 130,122,122

1Typ2=1

THETAT=THETATI-T INCR

TF (TINCRP-TCL) 121,122,122

FJTERATION HAS CONVERGEL. RETURN TO INCREMENTING THETA NORMALLY
TINCP=SINCR

THETAT=STHETA+TINCR

1TYP2=2

RECALSE NBLIQUE SHOCK REFLECTICN NOT POSSIBLE BETWEEN 4 AND 6 USE
NORMAL SHOCK PELATIONS BFTWEEN 6 AND 2
POOP2=1o+2%CAMMA/ (GAMMA+1 . )% (RM2S0~1,)
PHOEOZ2=(GAMMA+]L ) ¥RM2SC/{(GAMMA-L  }RRM25C+2,)

T6OT2= (2. *GAMMAXEM2S Q- (GAMMA—L o ) )% ([ SAMMA~1, ) *RM25Q+2.)
TEQT2=TEQT 2/ ({ GAMMA+L o ) ¥%2%RM2SQ)

AECA2=ARATIC(TAO72)
SME=SORTI({GAMMA-Y () *RN2SQ+2 ) /(2 XGAMMAXEMZSQ-(GAMMA=L ) ) )
W6CU2=2ENA2ERME/RM2

WRTTE (6,152) POOP2,RHCED2,T6UT2,A6042,U60U2

FIND RPATINS FOR FEGION 6 WITH RESPECT TO REGIGN 1

CALL MLTRT (P6CP24PZIP1sP60PLs1,6,10])

GO TC 124
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177
178
179
180
181
182
183
184
185
185
187
188
189
190
191
192
193
194
195
196
107
198
129
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
213
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
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135

136

SHOCK REFLECTICN POSSIPLE. USE OBLIQUE SHOCK RELATICN BETWEEN &6 AN
CALL CRLIQ {GAMMA RM4,ABS{THETAG)},ARS{RETAS)} RM64POOP4, 4,6, 10)
P6CP2=PEUP4*P4OP2

FIND FATIOS FOR FEGICN 6 WITH RESPECY YO REGICON 1

CALL MLTRT (P6CP44P40OP1,P6CPLy146,10)

WRITE THETA AND BETA FCR EACH REGION

© 0 6000 ED0CQBLO0OOOO O GO0 VVOEEHLOOODNOVOY OO OHOOO6VOOHEDH 00OVH VOOLOELOY DO

WRITE (6,152)

WRTTF THETA AND BETA FCR REGICN 2
THFDEC=THETAF#57.296

THDEG=THRDEG

RETDEG=RETABX57.296

ARSTH=THADEG

ABSBT=8ETDEG

J=2

WRTTE (64154) J,THDEG.RETDEG,ABSTH,ABSRT RML,RM2
WOITE TRETA AND RFTA FCR REGION 3

ARSTE=THIDEG

ARSRT=RIDER

J=3

WRITE (€,154) JyTHIDES,BIDEC, ABSTH,ARSRT,0NF],RM3
WRTTE THETA ANC PETA FCR REGION 4
THDEC=THETA4%57,256

RETDEC=PFTA4*57,296

ARSTH=THFEDES :

ABCAT=RETDFG4THADES

)=4

WRTTE (65,1541 J§yTHNEG, BETOEG, ABSTH,ABSBT,PM2,rM4
WP TTE THETA ANC RETA FCR REGICN 5
THOFC=THETA5%57.296

RETCEG=BETAS%57,206

ARSTH=THEDEG

ARSRT=RETNEG+THINEG

J=5

WRITE (64154) JyTHDFG,RETDEG,ABSTH,ARSRT ,FM3,RM5
WRTTF THETO AND RETA FCR REGION 6
THPEG=THETA6%57.00¢

RETNEG=RETAG6%57.296

AASTH=THANEG

IF {8FTA6.FQ.1.579R) 6C TO 135
ARSRT=RETDEG+THFDEG

RM=F M4

50 TQ 135

ARSRT=BETUEG+THABDEG

RM=PM?

J=6

WRITE (€,154) J,THDES+3ETDEG,ABSTH,ARSAT ,RM,RM6

CALCULATE ANC WRITE PARPAMETER VALUES FOR FEACH REGION

6@ 0000000 20060 C00000G0 BOAGOOT0OEOODS00 000G AVLEV0060006D80000CDH0000 LS8

VISC1=VISLCI(VREF,TREF,T1,S)
AL=SQRT(322,2%GCAMMA%PRXT] }

Ul=AL1*0oNMY

REYL=FHOI*UL/VISCY-

WRITE (6,155)

WETTE (€,15¢6])

WRYTE ABRSNLUTE VALULS FOR KEGION 1

P I S S - N N N - P B - B B B R S - - Y PP

238
23¢9
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
2673
264
265
266
267
268
269
270
271
272
273
274
275
276
217
278
279
280
281
282
283
284
285
286
287
288
289
290
291
252
293
294
295
296
297
298
299
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J=1

WPTTE (€157 J5PlyRHOLT1 414Ul VISCL,REYI{RM]
W2 TTE ABRSOLUTE VALUES FCR REGICN 2

J=2

CALL ARSVAL (P20P14PlyP2,VREF;TREF,,S4J,IC:8M2)
WRITE ARSOLUTE VALUES FCR REGION 2

J=3

CALL ADRSVAL (P30P14P1lyP34VREF,TREF S, J,IC,RM3}
WRITE ARBSOLUTE VALUES FCR REGION 4

1=4

CARLL ARSVAL (P40P1,Ply P&y VREF,TREF,;Sy 1, I0C,RM4)
WP ITE ABSNLUTE VALUES FOR REGICN 5

J=5

CALL 2RSVAL (P50P1,P1l,P5,VREF,TRFF Sy J,IC,RM5)
WRITE ABSOLUTE VALUFS FOR REGICN 6

J=€

CALL BBSVAL (PENPL,Pl,PEVREFTREF S+ Jy1CsRM6E)

CALCULATE AND WRITE STAGNATION VALUES FOR EACH REGION

66 66906 06CEPPO000O0C0HHs0EL 00600020 C0LOOEOECOOOOOOHOCODONHOOOOL ESOCEO0L 0O OO

WPITE (6,159)

4=1

WRUTE (6,157) J4PZ,RHOZ,T2

)=?

CALL ISTROP (GAMMA,RM2,P2,PZ2,220022,2)
P7201=P72/07

WRLTE (£,158) J,PI2,FHCZ2,TI2,P220Z

J=3

CALL JSTRQP (GAMMA,RM3,P3,P73,P30P73,3)
PZ207=P2%/P1

WOITF (£4158) J4P73,%HCZ3,T13,P2307

J=4

CALL TSTROP (GAMMA,PM4 P4, PL4,P4OP L4, 4)
P7407=924/PF

WRITE (65158) JyPZ4yRHCZ4,TI4,P 1407

J=5

CALL ISTROP (GAMMA,F45,P5,PZ5,P50P75,5)
275C2=P15/°1

WRITE (€,158) J4P25,8HC25,T75,P1507

J=¢

CALL ISTROP (GAMMAGRMG (PG PLE 4 PEAD2646)
PZ602=P26/P2

WRITE (£¢158) JsPZEWPHCZE,TI6,PLEOL

©% 6200605000000 0800060050662000C0096GCC000060600$06000C0CC00O00PNO0CO0O06C66GCGOCO0 OGS

CALCULATE AND WRITE STANTON NUMBER, FLAT PLATE HEAT TRANSFER
COEFFICIENT(HFP), AND FEATING RATE(QFP) IN REGION 2

PO C0CP80090 0000006060000 U0VDEE0LEDLOTLOLEOCVLOONOOO0OC60CE 06 0DOOOEO6LOEO G OO

J = 1 IS LAMINA® AND J=2 IS TURBULENT
DO 137 y=1,2

RECOVERY TEMPERATURE

TRUJI=T2+RE (J)*(T7-T2}

ECKERT#S REFERENCE TEMPERATURE
T2STARPUS) = o 5% TWALL4T2 1 4.22%( TR JI=T2}
RHOZSTR{J} =144 .%P2 /(32 ,2%R4«T2STAR( J}}
V2STAR( J)=VISCI{VREF,TREF,T2STAR,S )
REYZ2STO{ 1) =RHO2STR{ JIRU2XXL/V2ZSTARL §)

307
308
309
310

311

312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
229
330
331
332
333
334
335
33¢
237
334
339
340
341
342

343
344
345
346
347
348
349
350
351
352
353
154
355
356
357
358
359
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139

140

141
142
143

144

145
146

147
148
149
150

151

152

LOCBL INCOMPRESSTRLE STANTCN NUMBER IN REGION 2 AT IMPINGEMENT
CF2=AR ) RREY2STREXAN( J}

IF (JoEQa2) CF2=AA{JI*xALOGLO(REY2STR J#xRN( 4}
STN2{J)=CF2¥PR&%{~-2./3,)

CCMPRESSIBLE FLAT PLATE HEAT TRANSFER COEF{BTU/SEC-FT2-R)
HFPLJ)=STN2{ J)*RHO2STR*¥U2%CP/ 778,

FREE STREAM STANTON NUMBER

STN1I(J) =778 ¥HFP (Y )L/ {RKECL*UL*CP)

FLAT PLATE HEATING RATE(RTU/SEC-FT2)
QFP{N)=rFP{ )= (TRIJ)I-THALL)

MARPKART AN HEAT TPANSFER RATIQOS

HR{ J)=PENP2%XPN( })

PEAK FEATING RATE

QPK{J)=FR(J)2QFP())

PE AK HFAT TRANSFER CQEF

HPK(J)=HFP (J)XHR(J}

WRITE (£,160)

WRITE (64161) CFP{1),HFP{1},;STN2{1}ySTNL{1),P60P2,HR{ 1) QPK{1)HPK
IS

WRITE (6,162) CFP{2)HFP{2),STN2{(2),STNL1(2),P60P2,HR{2),QPK(2)sHPK
1(2)

WRITE (6,163)

1TyP2 = INCREMENT THETAI NORMALLY
AM TTERATING CN CONDITION 2,

0
1
3 THETAI IS BETWEEN CONDITINN 1 AND 2. INCREMENT THETAIL
4 AM ITERATING CN CONDITION 1

ITYP=1TYP2+1

60 TO (141,140, 1414141,140,143), ITYP
LAST ITERATICN ON CCNDITION 2. RETURN TO INCREMENTING
NORMALLY

TINCR=SINCR

THETAI=STHETA+TINCR

ITYP2=TTYP2+2

IF (ITYP2-2) 143,128,143

TINCR=TINCR/2.

THETATI=THETAT+TINCF

IF (TINCR-TCL) 1394107, 107

STHETA=THETAI

THETAI=THETAT+TINCR

CONTINUE

RETURN THETAI AND TINCR TO CRIGINAL VALUES

THETAI=THIFST

TINCR=SINCR

GGQ 70 101

FORMAT (1H1,9Xs49HTHIS PROGRAM PERFORMS A TYPE 1 SHOCK INTERFERENC
1R 8H PAITERN,//312H RUN NUMRER F5.2/)

FORMAT (16H XL(WALL LENGTH)15X,F15.64,4H FT}

FORMAT (1HL,20HINPUT VARTABLES ARE /9H THETAI =4F9%,4, 19H DEG, AND
ITHETAR = ,F9.4,4H DEG//)

FORMAT (//12F &RATTIOS ARE /)

FORMAT (1H /1)

FORMAT {1X;21H50 ITERATICNS, PS5SOP1=,F10.4,5X,74P40P1l= ;F10.4}
FORMAT {//1X37HTHIS IS A TYPE 2 INTERFERENCE PATTERN)

FOAMAT (/71X 82KHSHOCK REFLECTICN NOT POSSISZLE AT THIS POINT ~ NORMA
1L SHOCK PETWEEN 6 AND 2 ASSUMED/}

FORMAT (I1X6FP6/P2=3FB . 4sbX; THRHO6/2=3FR 435X 6HTE/T2=24F3.445X:6HA
16/A2=4FB.445X,6HU6/U2=5F8. 4)

DD PP PRP D P -0 - - -5 4 AR 0 b I - - - S b — i~ g g L g g S

360
361
362
363
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365
366
3617
368
369
370
371
3712
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374
375
376
377
378
379
380
381
382
383
384
385

386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
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153 FORMAT (//7H REGION:5Xy L4HRELATIVE ANGLE 10X ,14HASSUOLUTE ANGLE/9X, 422
ISHTHET A BX, 4HRETA, TXySHTHETA; 8X34HBETA, 29H UPSTREAM MACH LOCAL 423
2 MACH) 42 4

154 FORMAT (IX;11,4F12.442F15.41}

155 FORMAT (//TH PEGION, 10X 31HP 31 2Xe3HRHO 3 11X IHT 3 11X 31HA, L IXs1HU,13 X,
12HMU2X,11HREYNOLDS NO,GH MACH NO)

156 FORMAT (14X e3HPST 14X LQHSLUG/CY FT,5X s THRANKINE y6X s 6HET/SEC, 6X 9 6HF
LT/SECe4Xy L1IFSLUG/FT-SEC 411 Xs4HYL/FT)

157 FORMAT (1X415,F12.443E15:543F126432FE15:5,FB8.4)

158 FOPMAT (LXyT154F12,44E15.543F12.632E15.5)

159 FORMAT (/1X,25HSTACNATICN CONDITIONS ARE/TH REGICN, 6X, SHPSTAG, 12X,
12HRHO s TXy SHTSTAG 4X s L2HPSTAG/PSTAGL s/ 914X y4HPSTA4X 1 LHSLUGS/CU FT
2+5Xy THRZANKINF)

160 FORMAT (//14b FEAT TRANSFERe/17X,1HQ. 14X, 34HFP 412Xy 8HSTANTON2,7X,8
IHSTANTONL s TX s SHPG/ P2y 10X 9 2HHR 3 12X ¢ 3HOPK 3 12X 4 3HHPK )

le1 FORMAT {8H LAMINAR,2X,8(F15.5}) ‘

1¢2 FOPMAT (10H TURBULENT,8(F15.5))

163 FOSMAT {1HQ.41FHF? = HEAT TRANSFER COEF{ATU/SQ FT-SEC-R)}/35H Q

425
426
427
428
429
430
431
432
433
434
435
436
437
438
439

L]

DO PP D P

1 HFAT TRANSFEPRP(®BTL/SQ FT=SEC)) 440

END 441~
C ©® 0600060000099 0C0 0% 0000000 T 0000000000 E6CLOD0E 000G 0CR0 G0 6GOOCO0DICOU S0 1
C ©® & 2000000 SHO00000C 060D V0060000 OQ0C0EN 0000000006000 00000 C0 0COBOHOOC 0L 0N 2

USAGE

Program SHOCK for a type I interference pattern uses the standard FORTRAN
NAMELIST input with $DATAIN as the NAMELIST name. The input includes the flow con-
ditions, gas properties, impinging flow deflection or shock angle, body angle, and impinge-
ment location on the body. The program can increase incrementally the shock generator
angle and also predict when a type II interference pattern will occur.

A description of the input and output variables and a sample case are presented,

input Description

The $DATAIN input for type I is as follows:

RUN run number for identification

RM1 M, free-stream Mach number

GAMMA Co/Cvs ratio of specific heats

THETAI 6;, shock generator angle, deg; or Bj, impinging shock angle, deg
THETAB Oy body angle, deg (input as negative angle); or By,s bow shock angle, deg

(input as negative angle)

18



TINCR

NTIMES

IPT

AMW

TREF

VREF

XL

TWALL

cp

PR

ANGLE

ANGLE2

TOL

increment for 6y, deg
number of times to increment 05

initial point; 0 for stagnation conditions, 1 for free-stream static
conditions

temperature at IPT, °R

pressure at IPT, psia

molecular weight (used to compute gas constant)
reference temperature for computing viscosity, °R
reference viscosity for computing viscosity, slugs/ft-sec
Sutherland's constant in viscosity equation

Xj, distance from leading edge to impingement point, ft
temperature at wall, °R

Cp» specific heat at constant pressure, ft-1bf/slug-R
Np,., Prandtl number

THET if 6; input; BETA if g; input

THET if 6, input; BETA if By input

b

acceptable tolerance for equal pressures (0.001)

Output Description

The output consists of printing only. A heading and pertinent input for identifica-

tion are printed before the calculated resuits,

19




RUN NUMBER

M1

GAMMA(CP/CV)

TEMP AT POINT "IPT"
PRES AT POINT "IPT"
MOLECULAR WEIGHT
REFERENCE TEMP
REFERENCE VISCOSITY
S(SUTHERLAND NUMBER)
TEMP AT WALL

cp

PRANDTL NUMBER
XL(WALL LENGTH)
THETAI

THETAB

P2/P1, etc.

RHO2/1, etc,

T2/T1, etc.

A2/A1, etc.

U2/U1, etc.

20

run number for identification

M,,, Mach number in free stream

ratio of specific heats

input as T, °R

input as P, psia

molecular weight (used to compute gas constant)
reference temperature for computing viscosity, °R
reference viscosity for computing viscosity, slugs/ft-sec
Sutherland's constant in viscosity equation

Tw, °R

cp, Specific heat at constant pressure, ft-1bf/slug-°R
Npy, Prandtl number

Xji, length from leading edge to impingement point, ft
6;, shock generator angle, deg

6y, body angle, deg

pz/pl, etc., pressure ratios for regions listed

pz/pl, etc., density ratios for regions listed

Tg/Tl, etc., temperature ratios for regions listed
az/al, etc., ratios of speeds of sound in regions listed

uz/ul, ete., velocity ratios for regions listed



RELATIVE ANGLE

THETA

BETA

ABSOLUTE ANGLE

THETA

BETA

UPSTREAM MACH

LOCAL MACH

REGION

P

RHO

T

A

U

MU

REYNOLDS NO

MACH NO

flow angle relative to flow in upstream region, deg

shock angle relative to flow in upstream region, deg

flow angle relative to free-stream flow, deg
shock angle relative to free-stream flow, deg
Mach number in upstream region

local Mach number

region in shock pattern

static pressure in region, psia

static density in region, slugs/ft3

static temperature in region, °r

speed of sound in region, ft/sec

velocity in region, ft/sec

static viscosity in region, slugs/ft-sec
Reynolds number per foot in region

Mach number in region

The following stagnation conditions are then listed:
PSTAG total pressure in region, psia

RHO total density in region, slugs/ft3
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TSTAG total temperature in region, °R
PSTAG/PSTAG1 ratio of total pressure in region to free-stream‘ total pressure

The pressure ratio and heat transfer for laminar and turbulent flow are listed as

Q heat-transfer rate, Btu/ft2-sec

HFP flat-plate heat-transfer coefficient, Btu/tt%-sec-OR
STANTON2 local incompressible Stanton number

STANTON1 compressible free-stream Stanton number

P6/P2 peak pressure ratio

HR Markarian heat-transfer ratio

QPK peak heating rate

HPK peak heat-transfer coefficient

Sample Case — Input

$OAT A IN

M1 = 0.6E+01,
GAMMA =  0.14F+01,
THETAB = —0.15E402,
THETAL = 0.56401,
TINCE = 0.5E401,
NTIMES = 1,

1pT = o,

T = 0.9E6+02,
p = 0.4E+03,
AMW = 0.2857F407,
TREF = 0.52€4+C3,
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VREF = 0.3301F-Cé¢,

XL = 0.25E+00,

S = 0.1¢86E+C3,

TWALL = 0.5564C32,

co = 0.5006E+04,

PR = 0.72E400,

RUN = 0.1E+01,

ANGLE = 0.65404725765109F+93,
ANGLE2 =  0.65404725765105E+53,
TOL = 0.1E-02,

$END

Sample Case — Output

THIC PROGRAM PORFCEMS 4 TYPF I SHOTK INTECFERENCE PATTERN

RUN NUMRER 1 .00

INPUT VARTARLES AFRE

M1 6.000

GAMMA(CD/C V) 1.40C0C2

TEMP AT PUINT O 90C.0030n0 RANKINE

PRES AT POINT C 40C. 2000060 PpSI

MCLECULAR WETGHRT 2£.970000

REFFRENCE TEMP 53C.000000 PANKTNEC
REFERENCE VISCOSITY 3.831020FE-07 SLUG/(FT-SEC)
S{SUTHERLAND NUMREFR) 158600

TEMP AT WALL 550,000 RANKTINE

ce £006.C00 FT=LBF/(SLUG-RANKINE)
PRANDTL NUMAER «72CCO0

XLEWALL LENGTH]) 0250000 F7
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INPUT VARTABLES ARE

THETAL = 5.0000 DEG., AND THETAB = -15.C000 DEG
RATIOS ARE
P2/Pl= 6.0734 RHO2/1= 3.1011 T2/Tl= 1.9585 A2/A1= 1.3995
P3/P1l= 2.0103 RHO3/1= 1.630¢ T3/71= 1.2328 A3/Al= 1.1103
P4/P2= 1.6648 RHO4/2=  1,4337 T4/72= 1.1612 AL/A2= 1.0776
P5/P3= 5.0297 RHO5/3= 2.,8268 T5/73= 1.7793 A5/A3= 1.3339
P4/Pl= 10,1109 RHO4/1= 4.4459 T4/T1l= 2.2742 A4/Al= 1.5081
P5/P1= 10.1111 RHO5/1=  4.6093 T5/71= 2.1936 A5/Al=  1.4811
P6/P4= 1.5933 RHOE/4= 13907 T6/T4= 1,1457 A6/A4=  1.0704
P&6/Pl= 16.1097 RHO6/1= 6.1828 T6/Tl= 2.6056 A6/Al= 1.6142
REGIGON RELATIVE ANGLE ABSCLUTE ANGLE
THETA BETA THETA BETA UPSTREAM MACH Loca
2 -15.0000 ~22.€719 -15.0000 -22. 6719 6.0000
3 5.0000 13.1598 5.0000 13.1598 620000
%4 5.3C83 18,2928 ~9.6917 3.2928 3.9918
5 ~1406917 ~2343922 ~9.6917 ~18+3922 5.3157
6 ~5.3083 ~19.8941 -15.,0000 -29.5858 3.6095
REGION P RHO T A u
PSI SLUG/CU FT RANKINE FT/SEC FT/SEC SL
1 2533 1.93645€6~-04 109,7561 S13.5679 3081.4074
2 1.5387 6.,00506E~04 214.95€3 718.7182 2868.9832
3 5093 3.15760E-04 135,3111 57002302 3031.1919
4 2.5615 80,60919E~04 249,6093 T74.4866 2795.4826
-1 .. 2.5€16 8-, 92574E~-04 . 240,7624 760.6377 281404446
6 . 4.0813 1.19726E-03 285.9789 828.9924 2716.2005
STAGMATION CONCITICNS ARE
REGICN PSTAG . RHO TSTAG PSTAG/PSTAGL
PSIA SLUGS/CY FT RANKINE
1 40000000 3.72856E-02 9C0.0000
- 2 231.0837 2.15402E-02 . 900.001065 « 577709
3 38665123 3.60280E-02 900.008771 +966281
4 . 228.0034 2.12530E-02. 900.003197 .570008
D . 25B.71Q8 ... . 2.41152FE-02 = 9C€0.009631 646777
& 225.6172 =  2.10362E-02 _ 900.004664 2564193
HEAT_TRANSFER _ e - RS
Q HFP STANTONZ STANTONL
LAMINAR 8.,13165E-Q1 3.30239%E-03 5.89526E~04 T.16914E-04
TURBULENT 4.02372E+00 1.44246E-C2 2+57501E-03 3,13143E-03
HFe HEAT TRANSFER COEF{BTU/SQ FT-SEC-R)

Q

HEAT TRANSFER(BTL/SQ FT-SEC)

uz2/ui=
U3/ul=
U4 /u2=
Us/u3=
U4 /UL=
Us/ul=
U6 /U4=
ué ful=

L MACH
3.9918
5.3157
3.6095
3.7001
3.,2765

MU
UG/FT-SEC
8.,4637TTE-08
1.72967E-07
1.06990E-07
1.99702E-07
1.92989E-0Q7
2:26522E-07

P6/P2
2.65250E+00

2.65250E+00

29311
9837
e 9744
.9285
»9072
» 9134
« 9716
.8815

REYNOLDS NO MACH NO
1/FT

7.05004E+06
9.96052E+06
B 9459TE+06
1.20513E+07
1.30168E+07
1.43563E+07

HR

3.51978E+400
2.29143E+00

6.0000
3.9918
5.3157
3.6095
3.7001
3.2765

QPK
2+86216E400

9.22008E+00

HPK
1.16237E-02

3.30530€E-02



PART II — TYPE Il INTERFERENCE

PROBLEM DISCUSSION

A type II interference pattern occurs when two shocks of opposite families (BS and
IS) intersect, as shown in figure 1(b). Both shocks are weak as in type I but are of such
strength that in order to turn the flow, a Mach reflection must exist in the center of the
flow field with an embedded subsonic region occurring between the intersection points (A
and B) and the accompanying shear layers. (See p. 557 of ref. 7.) Type II interference
occurs on a blunt body when the impinging shock intersects the bow shock near the sonic
point, as shown in figure 2.

As for type I interference, the flow model consisted of a weak impinging shock and
a stronger bow shock (M3 > Mz) generated by two wedges, as illustrated in figure 4. A
detailed analysis of the complete flow field is difficult because the extent of subsonic
region 5 is unknown and depends on the size and shape of the body (ref. 1). The condi-
tions in the supersonic regions (4 and 6) and the pressure ratio pg /pz across the trans-
mitted impinging shock at the shock—boundary-layer interaction IP can be calculated
since the influence of the impinging shock on these regions is small compared with the
influence of the bow shock (ref. 1).

Given the free-stream conditions in region 1 and either the body angle 60; or bow
shock angle By, the triple-shock configuration with a shear layer at point A is deter-
mined by an iterative procedure similar to that discussed for a type I interference in
part I with the exception that strong-shock relations are used between regions 1 and 5.
Flow data presented in references 1 and 2 indicate that the shocks and shear layer at
point A are nearly straight; therefore, the conditions in region 4 are approximately those
calculated by assuming no shock or shear-layer curvature and a nearly normal shock
between A and B, When the regular shock reflection between regions 4 and 6 is no longer
possible, it is replaced by a Mach reflection and a normal shock is assumed near the wall,
Once the pressure rise from region 2 to region 6 is known, the heat-transfer rise is deter-
mined with the same procedure as used for type I (eq. (1)). The reference, or undisturbed,
heating ahead of the shock-~boundary-layer interaction at IP is calculated in the same
manner as for type I. '

PROGRAM DESCRIPTION

The main program reads the input, calls the various subprograms, and computes
the heat transfer. The TYP4 subprogram computes the flow deflection angle of the shear
layer at point A (fig. 4). FTHETA is called to compute the flow deflection angle and
FINDB is called to compute the shock angles in each region. The subprograms OBLIQ,
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MLTRT, ABSVAL, and ISTROP compute flow variables and ratios of the flow variables.
PINPUT prints input variables, The flow charts and listings of these subprograms are
presented in part VII. The flow diagram and listing for the main program are given in
the following sections,

Program Flow Chart — Main

{ TYPEI )

/ Read NAMELIST data ]

Write heading

Were
free-stream

CALL ISTROP CALL ISTROP

mput
frecg-sit)geim conditions ?ompgte
values input? stagnation
values

/CALL PINPUT __ \
Write input /—

Convert angles to radians

Compute
63

Compute

Pu

Write heading
for ratios
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Write message -~
assume normal
shock and compute
ratios across it

CALL MLTRT

|

k3

CALL OBLIQ

< Compute flow-quantity
ratios across shocks

Set first guess for shear-layer angleJ

Compute shear-
layer angle

/ CALL OBLIQ \

Compute flow-quantity
ratios across shocks
4 and 5

CALL MLTRT N\
< Compute ratios wrt free stream

i

Compute 6g

CALL
Compute g

CALL OBLIQ

Compute flow-
quantity ratios
across shock 6

No shoclg Yes

CALL MLTRTX

Compute ratios
wrt region 1

o
u— Compute ratios
wrt region 1
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Increment
6y

®

Write angles
and Mach number
for each region

Calculate and write
flow conditions in
free stream

/ CALL ABSVAL  \

Multiply ratios by values

in free stream to obtain

values for regions 2 to 6
and write values

Compute
stagnation
values

Write
stagnation
values

Compute and write
heat transfer

No Does
I = NTIMES?

Yes

®



Program Listing - Main

PRUGRAM SHOCK{INPUT,UUTPUT s TAPED=INPUT s TAPEO=ULIPUT)

C e e 008 O8O 0L O DG OO HO00D OV GO 6 RO EG DO ROD R DO 80O 0060000 DD OGO VRO O
C
C THIS PRUGRAM PERFORMS A TYPE 11 5HUUK INTERFERENCE PATTERN
¢ FUK  Twl DIMENSICNAL FLOW
C
L ...‘0.“.9.'O.C.l...o.°..v..5..".".0....‘.lC.."'.Q‘.‘.......‘.@.
DIMENSICN T2STAR(2)y RHOZ2STR{Z)y V25TAR(Z), REY2STR{Z2)s HR{2), GFP
Llz)y HPK{2)y QPKI{ZIy STNZ(2)
DIMENS IUN PR{2)
UDIMENSLION AA{2) s RN(2)
DIMENSIGN STNL(Z)
DIMENSLUN RR(2) s TR{Z)y HFPLZ)
CUMMUN PZy RHOZ, TZ, PLlUOPZ, RHOLOZ,; TLuUlLl,
I3 Pl2y, RHUZZy Ti2sy P2OPL2y KHUZLZy TZ2UTLLZs
P2 PL3y KHOL3, 123 P30PZ3, RHO3L3, T3UTL3,
3 Pl4y RHUZ4y T1l4, P40OP L4y RHU4 L4 T4UT L4,
4 PL5y RHOZ5, TL5¢ PHUP LSy RHUY (S THULT LS,
5 Plbg RHOL()Q leg POUP LO RHUOZD’ I()U]LO,
3 P20P1l, RHOZOLs TeuTly A20ALe UZ0ULs
' P30P2y KKRLC30Z, 13U0Te¢y A3UAZ2, U3UULZ,
8 P3GPLs RHO30L1, T3uTl, A30ALl, U30ULl,
9 P4OP2, RHO4U2, T4UT Zy A4UAZs U4UUZ,
k] P40PLs RHO40Lly T4UT1ls A4UAL, U4UULy
$ P50P3, RERGS5U3y THUT 3, A50A3, ubDUI,
b Po0P2, RHGO6UZy Tould, ABLAZy Uuluc,
b P6UP 4, RHUBU4; TOUT 4y AGUA4; UOUU4,
% P50P Ly RHC50L,y THUTLl, ADUALs UbBUULy
b PoUGPly RECH01, ToUTl, A00Al, uvoUUi
COMMUN  PLly RHULy Tiy Aly Udls VISULs REYLs
1 P2y RHOZ2y T2, A2y U2y VISCZy REYZ,
Z P3' RH031 [51 A.‘)y U3, VISC3; Kthp
3 P4y RHO4y, T4y A4y U4y VISU4, KiVa,
“ P51 RHUﬁ, Tb. A‘)y U‘)y Vlb(,bn REYb'
o} P6by RHObL, Toy A6y Uby VISCOHs, REYG
NAMEL IST /DATAIN/ RML,GAMMA y THETAB s THETALyTINURsNTAMES o IPT TPy AMW
LyTREF ¢ VREF 3 XL Sy TWALL sCP o PRyRUNJANGLE s ANGLEZ s TuL
C TGL IS5 THE CUNVERGENCE C(RITERION FUK LUNDLITIUN L AND .2
c INITLALICE CUNSTANTS
vbETA=4HBETA
I-U=1
PN{1)=1.29
PN{2}=0.85
AM{l)=0.332
AA(2)=.185
RKN{l)==25
RN(2)=—2.584
L; PO D OB T OO OOOD OO VT DG IO OOD OB SC CD OBOOELOECOEODOD OO0 SO0 PSR OO OO0 GO G PER OO
G
G INPUT DATA
C
C B0 G B@ECOEOTE TGO O VRGOS COOT 58 EOETECCCE 0000 0G0 00 ETERGE OO C0CEEBEESE
Lol READ (5sDATAIN)

IF (ENDFILE 5) L02.103
Lg2 STOP

PRPPRPIPPPPPPRPD PPRPPEPRPDRPIPREPDRPRPLPRPRPERPPREDPRPEDRDDDDERRDERDRDRPRRDDRDDD

Vo l+-BE NN NS S S VU NI
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ld3 CUNT InUE
WRITE(6,DATAIN)
CRRULI=SQRT(PR)
RR{ZL)=PR¥%(1o/3.)
THBDEGL=THETAB
. THIDEG=THETAI
WRITE (645120) RUN

C. GAS CUNSTANT (FT~LBF/LBM—R)
R=1544,3/AMu
c DENSITY (SLUG/CU-FT)

RHO=P*144 ./ {32, 2%R%T)
AF (1PT) 104,104,105

C STAGNATLION CONDITIONS
104 TL=7

KHUL=RHU

. BL=P .

GU TO 106
C FREE STREAM CUNDITIONS
105 Ti=T

Pl=pP

RHUL=RHO

106 . CUNTINUE.

o CALL ISTROP (GAMMARMLePLePZ,PLOPL,IPT)

C. PRINT OUT INPUT VARIABLES
CALL PINPUT (RML sGAMMAsIPT s ToPoAMA o TREF o VREF s XL e Os TWALL 9CP4PR)
WRITE (6+121) XL

_ I1TYP2=0

c 1TYP2 = 0 NORMAL

C. 1 COULD NOT FIND BETA6

C 2 CALCULATE LAST PUINT BEFURE CONDITICN 1
G 3 INCREMENT NURMALLY UNTIL CONUITION 4

c 4 COULD NUT FIND BETA4 UR bLTAS

[ 5 CALCULATE LAST PUINT BEFGRE CONUITION 4

C___CONVERT ANGLES TG RADIANS
_ TINCR=TINCR/ 574296
.. THETAp=THBDEG/57.296
 THETAI=THETAI/57.296
INPBB=0
7 ineBl=0
C_ SAVE THETA AND TINCR TO RESTURE AFTER CONDITIUN 2
SINCR=TINCR
U STHETA=THETAI
€ INITIALIZE THFOLD AND THIULD FOR INITIAL ESTIMATE FOR THETAF
 THFOLO=THETAI+THETAB
. THIOLD=THETAI
€ THIF3T SAVES ORIGINAL THETAI IN CASE MULTIPLE THcTAG¢S ARE READ
THIFST=THIDEG.
DU 118 I=1.NTIMES
_WRITE (64125)
" IF (ANGLEJNE.BETA) GO TU 107
C. BETAI WAS INPUT INSTEAD UF THETAIL
BETAL=THETAI
_INPB1=1
THETAL=FTHETA( GANMA s RML 4 BET AL )
. 60 TO 108
LOT  BETAI=FINDB(GAMMARML,THETAIL, 1y 1ERROK)
 IF (LERROR-2) 108,108,110
108 1€ _(ANGLEZ2.NE.BETA} GG TO 109
C__ BETAB_ WAS INPUT INSTEAD OF THETAB
BETAG=THETAB
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109

110

1il

ANPBB=1
THETAG=~FTHETA( GAMMA s RML, ABS (BETAB))

L0 _TO 11l
BETAB=—FINDB(GAMMA yRML s ~THETAB Ly IERKUR)
JE _CIERRGR=2) 111,111,110

WRITE (64122)

_G0 . TU_ 119
. THBDEG=THETAB*57.296
_ JHIDEG=THETA1%57.296

WRITE (69123} THICEG,THBDEG

o _WRITE (6:124)

Lo

coccooc

CoOCoOe

CcCOoOCCOe

e

ERRURS IN FINDING BETA

IERROR = 1  ONE SOLUTICN WAS FUUNUy, CONTINUE

2 SULUTIUN DOlu NUT LONVERWEy USE LAST B CUMPUTE
3 NJ SULUTIGN WAS FUUND, START Ncw CASE

4 NOT DEFINED

PO DUV O ODOEOO LOEOOODPOVOVOVOL OO OPOVOOBIOOOEDODOOO0BLONOVOIODERDRDVOBIOS00

SINoI=5IN(BETAL)

SINBo=>IN(BETAB)

bbDEL=8ETAB*57.256

BLUEG=BETAI*57.256

FIND RATIOS FUR REGIUN 2 WITH RESPECT TU KEGIUN 1
CALL usLIiuw (GAMMARML,THETAB, BEETABsRMEyPLUP L Le2,5 1010
FINU RATIOS FOR REGION 3 wWITH RESPECT TU REGLIUN 1L
LALL 08LIQ (LAMMARML,THETAT ,BETALIsRM3,P30PLy1,43,40)
iSw=0

©ORBOD D O0LEVE 0 AEHDOBODDOOHL 00CEECHOVOCOVVOHVOVIVIVPOLOIVEOSEOVNODOOOOOE QOGBSO

CUNDLITIUN 1
ITERATE ON THETAF UNTIL P4 = P5

CVVOO0GCOVINAECOTCOROOPIOOCOO PO 0O CVOVOORIVDOANVODOOOVNODOVDOODYEVHOOOOEOGROQDS

DTHETA=.0L

THETAF =0.

BETAD=1.5708

CALL TYP4 (THETAF BETAS RML RM2,ABS(THETAB) y THETA4 ,BETA4»P20PLGAM
LMA,TOL, LERKOR)

BETAS=-BETAS

THETAF=—THETAF

TrnETAS=THETAF

ITERATICON UN pP4=P5 IS5 CUMPLETED

®OOBHWTOOPR00DNOODOCDOEOONOOY 0OV OCOVGCHEOOINVDIADOEIVIOOOOBGOGOEOGOEVPOLOIOOO OO

ITERATIUN ON P4 AND PS5 15 CCMPLETED. USE CUMPUTED THETAF TO CALCUL
CUNUITIONS 4-be.

@O0 0O 0VBREO0PEVYOOOOIVG VOGO VG IONOEDVOOODOLEL COOOLDLOECHLNAIVDOOVOIGGBOH GO

SINB4=SIN(BETA4)

SINB5=SIN{(BETAS)

TFDEG=THETAF*180./3.1410

THFULU=THETAF

THIULD=THETAI

FIND RATIUS FOR REGION 4 wWiTH KESPECLT TO REulOnN <
CALL OBLIQ (GAMMARMZ,THETA%, BETA4sRMePalP2, 2941013
FIND RATIOS FOR REGION 5 WITH KESPECT TO ReGlUN L
CALL uBLIY {GAMMA,RML,ABS{THETAF) s ABS(BETAS) ¢RM5ePSUPLeLs3,104
FIND RATIOS FOR REGIUN 4 WlTH RESPECT TU RELIUN L
CALL MLTRT (P4CP2yP2UPL,P40PLlsls4, LU}

P PP PPPRPEPRPRPPPLPPPRPIRPPRRRPRPRPRPRRRPERERPREPRPRPRDPRPRERPERERRERPERDRRPEPRP R

115
116
117
i18
119
120
i21
122
123
l24
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
L62
163
164
165
L66
167
168
169
170
171
172
173
174
175
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=000

oo

113

«

OO C 0o,

32

THETALG=THETAB-THETAF
BETAG=—FINDB(GAMMA yRM4 s ABS(THETAG) » Ly [ERRUOR)
IF (IE®WKOR-3}) 113,112,113

GO 6DOEO0COOD LO0 GO OGGILOD 0000000 0COVLEDOOO0OCOOCCOEVABIGOOOEOCDABOTOABDBGRTO

CONDITIUN 2
SHUCK REFLECTION NOT POSSIBLE.

RM2Sy=RM2%RM2

BETAb=1.5708

WRITE (65]120).

BECAUSE UBLIQUE REFLECTION NUT PUSSIBLE BETWEEN 4 ANU 6 USE NURMAL
SHUCK KRELATICNS BETWEEN 6 AND 2
POUPL=Lo+2 ¥GAMMA/Z (GAMMA+L . ) ¥ (RMZSW—1s)

RAGoU 2= (GAMMA+L o 1*RM2SQ/ ((GAMMA- Lo ) ¥KM2Swtl s )

T60T2= 12 ¥GAMMARRM25 Q= {GAMMA~L e 1 ) ¥ { (GAMMA=L . ) #¥RM2S5WtZ . )
ToUTL=TO0T2/ ({GAMMA+ L, ) #%2%¥RM254)

AbOAZ=ARATIO(THQT2}

KME=SJRT L{{GAMMA=] . ) ¥RM2SWt 20 ) /(L o ¥ GAMMARRM2S w—(GAMMA~L. ) ) )
UOUUL= A6 UA2%RME/ RM2 . .

WKITE (69127) P6UP2,RHUB0Z2yT6UTZyABUAZ, UbUUL

FIND RATIOS FOR KEGION & WITH RESPECT TO RbuwlON L

CALL MLTRT (P6OP2,P20PLyPO0OPL 101Ul

ou TU 114

SHOCK REFLECTIUN POSSIBLE. USE OBLIQUE SiHUCK RELATIUN BETWEEN 6 AN
CALL OBLIQ {(GAMMA,RM4, ABS(THETAG) 1 ABSIBETAG) sRMO 4 POUP4 456, 10)
PoUPL=PLOP4*P4UP2

FIND RATIOS FUR REGION 6 wITH RESPECT TOU KEGION i

CALL MLTRT (PoOP4,P4UPL4PO0OPL 41,6¢10UI

wRITE THETA ANC BETA FOR EACH REGLUN

R OG L0 L0000 000G L OO0 0FCOO VYOO VOO TC OO CPODOED 0OV DOROOOVD PODPOOPODOOC 6O
WRITE (6+128)

WKITE THETA AND BETA FCR REGION ¢

THFDEGL=THETAF*57,296

THDEG=THBDEG

BETDEG=BETAB%5 74296

ABSTH=THBUEG

ABSBT =BETDEG

=2

WRITE (64129) JyTHDEGsBETUEGy ABSTH. ABSBT yRML s RM2
WKITE THETA AND BETA FOR REGION 3

ABSTH=THIDEG

ABSBT =B IDEG

J=3

WRITE (65129) J, THIDEG,BIDEG,ABSTH,ABSBT,RML s RM3

WRITE THEIA AND BETA FUR REGIUN 4
THDEL=THETA4%57.,296
BETOEG=BETA4%57.296

ABSTH=THFDEG

ABSBT=BETDEG+THBDEG

J=4

WRLITE (6+129) JeTHDEG,BETDEG, ABSTHsABSHT o RM2 s RM4
WRITE THETA AND BETA FOR REGICN 5
THDEG=THETAS %57 ,296

ABSTH=S THEDEG

ABSBT=BETDEG

J=5

PR EPPPPRPPRPPRPRERPRBIPRPRRPERELLDPLPRPDRPEPDIBRPPEPEPRDPLEEDLDPEBDEDDEPEREED R

176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
is1
192
193
194
195
196
197
l98
199
200
201
202
203
204
205
206
207
204
209
210
211
212
213
214
215
2le
217
218
219
220
221
222
<23
224
225
<26
221
228
229
230
231
232
<33
234
235
236
2317



WRITE (651293 JoTHDEG,BETUEGs ABSTHABSBT sRMIsRHD

c WRITE THETA AND BETA FUR, REGIGN o
 THDEG=THETA6%57.296
i BETDEG=BETA6*57.296
 ABSTH=THBDEG
" IF (BETA6.EQ.1.5708) GO TO 115
. ABSBT=BETDEG+THFDEG
 RM=KM4
... 6L TO ll6
115 ABSBT=BETDEG+THBLEG
RM=RMZ
Li6.. Jd=6
B WRITE (69129} JoTHOEG yBETUEG, ABSTH,ABSBT o RMyRME
LA__ _!.._Q!.,QCQO.'-.“0.-.....‘.O‘.‘..“....’.C.l.........l.'."‘.......
.o
€ _ CALCULATE AND WRITE PARAMETER VALUES FUR EALH REGIUN
c o
C _AI“‘..Q..'..‘.‘.‘...QI.‘.I.".."l..'...‘.-..‘.QC‘..“"..'....‘..
_VISCL=VISCJ(VREF yTREF,T1,$)
L AL=SURT(32.2%GAMMA¥R¥TL)
. _Ul=Al%RM1
. REYi=RHOL*U1/VISC1
_WRITE (6,130)
 dRITE (6y131)
C.___ WRITE ABSOLUTE VALUES FOR REGION 1
LAFL o L
o WRITE (69132) JePLyRHOLyTLoALsULsVISCLyREYLyRML
C _ WRITE ABSOLUTE VALUES FOR REGION 2
o J=g.
o CALL _ABSVAL (P2UP1sPL¢P2yVREFsTREF+SsJdslUsRM2)
C . WRITE ABSOLUTE VALUES FOR REGICN 3
J=3
o CALL ABSVAL (P30PLsPLlyP3yVREF TREF¢Seds IURM3)
L WRITE ABSULUTE VALUES FUR REGIGN 4
. J=4
e CALL _ABSYAL (P4UPLyPLleP4,VREF ,TREF953Js [UsRME)
G.... _ WRITE ABSGLUTE VALUES FOK REGION 5
. Jd=5
. CALL ABSVAL (P50PL1sPLsPSyVREF s TREF ¢54uslusRMS)
C_ .. . WRITE ABSOLUTE VALUES FUR REGION 6
e N6
CALL ABSVAL (P6OPLyPLyP6,VREF yTREF +SydelUsRMO)
A.i;..,_. . _!.‘97’_.!,.’.IC.‘C.........Q“..l-Q“....OO...Q..'...‘...QQ‘..O.GO‘.‘.
o Soneess v
G CALCULATE AND WRITE STAGNATION VALUES FOR E£ALH REGION
[
‘C_m BHLO LD 6 OB OOO O DO QYOO OY 00O O OO VOO OO OOOHOBOO OOODVO OO0 0O 00 DD OHODOH

 ___WRITE (6:134)

J=1
ﬂRIIE ‘01132) JePLyRHOL,TL
J=2
CALL ISTRUP (CGAMMARMZ,yP2oPLe s P2UPLL2)

. PL20L=PL2/PL
e WRIYE (62133} J,PI2,RHOZ2,T22,P2202

e sl=3

CALL ISTROP (GAMMA,RM3,P3,PZ3 yP3UPLI, 3)

__._P1301=Pl3/PL

WRITE (6:133) JoPZ3,RHOL3,TZ3,P2302

e .JL— b
CALL LS!EQE (hAﬁﬁA:RMQ:941P141PQU924s4)

MRITE (691330 JsPLl4RHOZ4:TZ4,PL40L

PL4UL=PL4/PL .
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240
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245
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248
249
250
251
252
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254
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2617
268
269
270
271
272
273
274
275
276
217
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COC oo O

e

s

17

L1B
119

[

C

L20
Led
122
123
L24
L25
126

34

J=5

Call LSTRUP (GAMMAGRMS 3PS ¢P LS 4 PBLP LS b
PLBUL=PL5/PL

WRITE (64133) JsPISsRAULL T ZL54PLBUL

J=b

Cabl [STROP (GAMMAGRMO4PosPLOyPOURP L)
ProUl=PL6/PL

WRITE (69133) JePLoy RHULG,T Lo PLOULL

00 000060CCH D00 OROELLBCSOSOLOCEODICOHOVIOB VY 0COOVDOLOEUR COVOVDORIBOGOGO 06O

CALCULATE AND wRITE STANTUN NUMBER, FLAT PLATE HEAT TRANSFER
CUEFFICIENT(HFP) s AND HEATINo RATE(WFP) IN REGIUN <

© 9 0000 0VOG0 600 0OV 0GPEI OO PNO0COCINATOUD UGG AOOORECOIGOO POVYOODODIODOBOBOO

J = L 1S LAMINAR AND J=2 IS TUKBULENT

DU LL7 J=142

RECUVERY TEMPERATURE

TREV) =T2+RRUJVR(TZ-T2)

ECKERT#S REFERENCE TEMPERATURE
T2STAR(II=e DR {(THALLAT2)+.22%(TR(W)=T2}
RHGESTRUII=LG4 %P2/ {32 2%R¥ T2 STAR L J D)
V2STAR(JI=VISCJU(VREF TREFsT2STAR4S)
REYZOSTR{J)I=RHG2STRIJIRUZ2EXL/VZSTAR(Y)

LUCAL STANTON NUMBER IN REGIUN 2 AT IMPINGEWMENT
CF2=AA(J)*REY2STR*%RN(J)

LF (JoEWa2) CF2=AA(JI*ALUGLO(REYZSTR) *%RiN{J)
STN2{J)I=CF2%PR®%(=2./3.)

FLAT PLATE HEAT TKANSFER CUEF(BTU/SEC-FTZ2-K)
HEP(JI=STN2 (J)RRHC2STR*UZ2*(CP/TT8.

FKEE STREAM STANTON NUMBER
STNLLJ)=178.%HFP (J)/ {RHUL*UL*CP)

FLAT PLATE HEATING RATE(BTU/SEC-FT2)
QEPLI)SHFPLJ )R (TR(J)-TwALL?

MARKARIAN HEAT TRANSFER RATIUS
HR(J) =P o0P2%%PN{ )

PEAK HEATING RATE

GPRUJ)=AR{J ) XGFP (J)

PEAK HEAT TRANSFEK CUEF

HPK(J ) =HFP{J I EHR (J)

WRITE (6:135) .
WRITE (60:2036) QFPLL)sHFPUL) sSTNZIL) 3STNL (L) yPOUP2yHRIL) QPK{ L) HPK
1)

WRITE (0d37) WFPL2)sHFPIZ2) oS5TN2LL) 3STNLIL) sPOUP2oHRILZ ) o UPKE2) o HPK
1l2)

WRITE (64133)

THETALI=THETA LI+ TINCR

CONT INUE

RETURN THETAI AND TINCR TU ORIGINAL VALUES
THETALI=THIFST

TINCR=SINCR

GU Tu 101

FURMAT {LHL »9Xs49RTHIS PKUGRAM PERFORMS A TYPE 2 SHUCK INTERFERENC
LE+8n PATTERN,// s 13H RUN NUMBER F5.2/)

FORMAT (16H XL(WALL LENGTH) sL5X+Fl5.004H FT)

FURMAT (//33H NO SOLUTION = BOW SHOCK DETACHED)

FORMAT (1H1, 20HINPUT VARIABLES AKE /9H THETAL =,F9.4919H DEG, AND
LTHETAB = 4F9.4,4H DEG//)

FURMAT (//12H RATIOS ARE /)

FURMAT (LH /)

FURMAT {/1X+43HSHCCK REFLECTICN NOUT PUSSIBLE AT THIS PUINT/}
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L7 FURMAT (1Xs 6HPO/P2=3F30% 5K o THRHUG/ 22 F 8o, 54, 0HTA/T25FB.4:5Xs6HA A 361
167025, F8ete5 Ko GRUEIU2=F 804 ) A 362

148  FURMAT (//7H REGIONs 5Xy 14HRELATIVE ANGLE ¢LOAsL4HABSOLUTE ANGLE/9X: A 363
LSHTHETApBXs 4 HBETA TX o oHTHET Ay 8Xo4HBET A, 29H  UPSTREAM MACH LOCAL A 366

2 MACH) A 365

129  FURMAT (lreI11l,a4Fl2.492F12e%) A 366
130  FURMAT (//TH REGION, 10Xy 4HP o L2X o 3HRHO s LLX o AHT o L1 K9 LHA9 LA X LHUSL3X, A 367
12HMU s 3 X, 1 LHREYNOLDS NU,9H MACH NUJ A 368

134 FOKMAT (14X¢3HPSI 4X,LOHSLUG/CU FT 45X, THRANKINE 16X s0HFT/SECe6hs6HE A 369
LT/SECy4Xs LLHSLUG/FT=SEC, LIX s4HL1/FT) A 370

132  FORMAT (LXeI15¢FL2049E15:5¢3FL2e%02E1505¢Fba%) A 371
133 FURMAT (LXs15¢F1l2:41E15e593F12e692E15e51) A 372
L34  FOURMAT (/LXy25HSTAGNATIOUN CONDITIUNS ARE/TH REGIUN,0Xy3HPSTAG,L12Xy A 373
L3RKHU TXoSHTSTAGs4Xe L2HPSTAG/ PSTAGL e/ s 14 Xo4HPYIA2 4 X LAHSLUGS/CU FT A 374
295xy THRANKI NE) A 375

135  FURMAT (//14H HEAT TRANSFER ./ 17XeblHude 14X ¢ 3HHFP o'L2Xs BHSTANTUNZ2,7X»8 A 376
LHSTANTUNL » 7Xo5HPG6/P 25 10X s 2HHR 5 12X 9 3HWPK g L X ¢ 3HHPK A 377

136  FUKMAT (8H LAMINAR,2Xe8B(EL5.5)) A 378
137  FORMAT (1OH TURBULENT,8(EL5.5)) A 379
138  FURMAT (LHO s41HHFP = HEAT TRANSFER CUEF(BTU/S5W FT-SEC-R)/35H & = A 380
1 HEAT TRANSFER(BTU/SW FT-SEC)) ‘ A 381

END A 382-

Ci .‘l.......60.0._..000..0.0.'.OC....Qo...."‘..l....‘...--00.‘...-.- b ;
(l @ 00T O 0OVOO OOV OO EOOD DO DO OO0 0O OLOEO D OO OODODE OO OO C2OLOVBO SO OO OO 6O O B 2

USAGE
Program SHOCK for a type II interference pattern uses the standard FORTRAN
NAMELIST input with $DATAIN as the NAMELIST name. The input includes the flow con-
ditions, gas properties, impinging-flow deflection or shock angle, and impingement loca-
tion on the body. The program has an option to increment the body angle. These input

variables should be applied first to the type I program to determine whether the interfer-
ence is type I or II.

A description of the input and output variables and a sample case are presented.

Input Description

The $DATAIN input for type II is as follows:
RUN run number for identification
RM1 M, free-stream Mach number
GAMMA Cp /cv, ratio of specific heats

THETAI 6y, shock generator angle, deg; or B;, impinging shock angle, deg
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THETAB B}y body angle, deg (input as negative angle); or fy,, bow shock angle, deg
(input as negative angle)

TINCR increment for 6y, deg
NTIMES number of times to increment 6;
IPT initial point; O for stagnation conditions, 1 for free-stream static conditions
T temperature at IPT, °R
P pressure at IPT, psia
AMW molecular weight (used to compute gas constant)
TREF reference temperéture for compﬁting viscosity, °rR
VREF reference viscosity for computing viscosity, slugs/ft-sec
S Sutherland's constant in viscosity equation

!
XL Xj, distance from leading edge to impingement point, {t
TWALL temperature at wall, °R
CP cp» Specific heat at constant pressuré, ft -1bf/slug-°R
PR Npy, Prandtl number |
ANGLE THET if 6; input; EETA if Bi input

ANGLE2 THET if 6, input; BETA if By, input

b

TOL acceptable tolerance for equal pressures (0.001)
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Output Description

The output is printing only. A heading and pertinent input for identification are
printed before the calculations,

RUN NUMBER

M1

GAMMA(CP/CV)

TEMP AT POINT "IPT"
PRES AT POINT "IPT"
MOLECULAR WEIGHT
REFERENCE TEMP
REFERENCE VISCOSITY
S(SUTHERLAND NUMBER)
TEMP AT WALL

cp

PRANDTL NUMBER
XL(WALL LENGTH)
THETAI

THETAB

P2/P1, etc.

RHO2/1, etc.

run number for identification

Mo, Mach number in free stream

ratio of specific heats

input as T, °R

input as P, psia

molecular weight (used to compute gas constant)
reference temperature for computing viscosity, °r
reference viscosity for computing viscosity, slugs/ft-sec
Sutherland's constant in viscosity equation

Ty R

Cp» specific heat at constant pressure, ft-1bf/slug-°R
Np,, Prandtl number

X, length from leading edge to impingement point, it
6;, shock generator angle, deg

6y, body angle, deg

pz/pl, etc., pressure ratios for regions listed

p2/p1, etc., density ratios for regions listed
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T2/T1, etc.
A2/A1, etc.
U2/U1, etc.
RELATIVE ANGLE
THETA
BETA
ABSOLUTE ANGLE
THETA
BETA
UPSTREAM MACH
LOCAL MACH
REGION
P

RHO

MU

REYNOLDS NO

38

Tz/Tl, etc., temperature ratios for regions listed
az/al, etc., ratios of speeds of sound in regions listed

Uy /ul, etc., velocity ratios for regions listed

flow angle relative to flow in upstream region, deg

shock angle relative to flow in upstream region, deg

flow angle relative to free-stream flow, deg
shock angle relative to free-stream flow, deg
Mach number in upstream region

local Mach number

region in shock pattern

static pressure in region, psia

static density in region, slugs/ft3

static temperature in region, °R

speed of sound in region, ft/sec

velocity in region, ft/sec

static viscosity in region, slugs/ft-sec

Reynolds number per foot in region




MACH NO Mach number in region

The following stagnation conditions are then listed:

PSTAG total pressure in region, psia

RHO total density in region, slugs/ft3

TSTAG total temperature in region, °R

PSTAG/PSTAGI1 ratio of total pressure in region to free-stream total pressure

The pressure ratio and heat transfer for laminar and turbulent flow are listed as

Q heat-transfer rate, Btu/ft2-sec

HFP flat-plate heat-transfer coefficient, Btu/ft2-sec-°R
STANTON2 local incompressible Stanton number

STANTON1 compressible free-stream Stanton number

P6/P2 peak pressure ratio

HR Markarian heat-transfer ratio

QPK peak heating rate

HPK peak heat-transfer coefficient

Sample Case - Input

$DATAILN

RM1 = Q0.6E+ULy
GAMMA = U.14E+01y
THETAB = -0.35E+02,
THETAL = 0.5E+0l,
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TINCR = (0.5E+01,

NTIMES = 1,

IPT = Oy

T = 0.9E¢03,

P = U.4E+03,
AMi = 0.2897L+02,
TREF = 0eY3E+03,
VREF = Q.38U1E-06,
XL = 0.25E+400,

S = U.1986E+03,
TwALL = U«55E+03,
ce = U.0U06E+04,
PR = V. T2E+00,
RUN = U.lE+0l,
ANGLE = Ue09404T725762109E¢93,
ANGLEZ2 =

TOL = V. lE—-U2,y
$END

V69404 7257651C09E+93,

Sample Case — Output

THLS PROGRAM PEREORMS A TYPE 2 SHUCK INTERFERENCE PATTERN

RUN NUMBER 1.00

INPUT VARIABLES ARE

M1

GAMMA(CP/LV)

TEMP AT PUINT O
PRES AT POINT O
MOGLECULAR wEIGHT
REFERENCE TEMP
REFERENCE VvISCUSLITY
S{SUTHERLAND NUMBER)
TEMP AT walr

£p

PRANUTL NUMBER
XLIWALL LENGTH}
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6.000
1.4C00000
900.000000
400, 000000
28.5170000
530.C00000

3.,80L000E-07

158,600
550,000
6006.000
- 7120000
«250000

RANK INE
PSI

KANK INE
SLUG/{FT-SEC)

RANKINE
FI-LBF/(SLUG-RANKINE)

FT



¥

INPUT YARIABLES ARE

THETAL = 5.0000 DEGy AND THETAB = —-35.0000 DE&G
RATICS ARE
P2/PL= 23.0772 RHOZ/ 1= 4.7%63 T2/T1l= 4.811l4 AZ/ALs  2.1935
P3/Pl= 2.0103 RHU3/ 1= 1.6306 T3/T1= 1.2328 A3/Al= l.1103
P4/pP2= 1.7913 RHO4/2= 1.5078 T4/T2= 1.1880 A4 /A2=  1.0900
P5/Pl= 41.3370 RHU5/71= 5.2606 T5/Ti= 7.8578 A5 /Al= 2.8032
P4/Pl= 41.33171 RHO4/ 1= 1.2318 T4/Tl= 5.7160 As/ALl=  2.3908
P6/Pa= 1.9068 RHUG/ 4= 1.5734 T6/T4= 1.2119 A6/A4= 1.1008
P&/PL= 78,8202 RHU6/ 1= L1.37686 T6/Thl= 6.9271 A6 /AL=  2.6319
REGICN RELATIVE ANGLE ABSOLUTE ANGLE
THETA BETA THETA B8ETA UPSTREAM MACH LOCA
2l ~35.0000 ~48.0670 ~35.0000 —48.0670 6. 0000
3 5.0000 13.1598 5.0000 13.1558 6. 0000
% 11,3299 43.6580 ~23.6701 80,6580 1.8765
5 ~23.6701 -83.7595 -23.6701 —83.7595 5.3157
& —~11.3299 —64.7425 -35,0000 ~d8.4127 la 4741
REGION |4 RHO T A U
PSI SLUG/CU FT RANKINE FT/SEC FT/SEC SL
1 +2533 1.93645E-04 109.7561 513.5679 3081.4074
2 5.8465 9.28781E-04 528.0852 1126.5113 2113.9285
3 «5093 3.107T60E-04 135.3111 570.2302 3031.1919
4 104725 1.40040E-03 627.3680 1227.8483 1809.9101
5 10.4725 1.01869E~03 862.4436 1439.6234 671.7546
[ 19.9687 2020341E-03 760.2870 1351.61752 1295.6479
STAGNATION CONDITIONS ARE
REGICN PSTAG RHO TSTAG PSTAG/PSTAGL
PSIaA SLUGS/CU FT RANKINE
1 400.0000 3.72856E-02 900.0000
2 37.78l4 3.52176E-03 900.000039 « 094454
3 380.5123 3.602806-02 900.008771 «966281
4 37,0316 3.45186E-03 900.000057 « 062579
5 12,1574 1a13324€E~-03 899.999987 «030394¢
& 36,0393 3.35%$37€-03 900.000056 .0900938
HEAT TRANSFER
Q HFP STANTONZ STANTONL
LAMINAR L. 58922E+00 5441165E-03 4.11392E-04 1.17481E-03
TURBULENT 9.18804E+00 2.95032E-02 2.24282E-03 6.40483E-03
HFP = HEAT TRANSFER CUEF(BTU/Sw FT~SEC-R)
o = HEAT TRANSFER(BTU/SQW FT-Sc()

u2sul=
Us/ul=
ue/u2=
us/uL=
U4/Ul=
Ue/Us=
U6/ul=

L MACH
l.8765
5.3157
l.4741

« 46066
«9585

MU
UG/FT~SEC

8.46377E~08
3.79038E-07.
1.06990E-07
4.31811E~07
5441 T96E~07
4.96218E~07

P6/P2
3,41551E+00
3.41551E+00

<6860
-9837
.8562
«2180
<5874
«7159
«4205

REYNDLDS NO MACH NO

L/FT
7.05004E+06
5.17989E+06
8094597TE+06
5.86970E+06
1.26304E+06
5.75321E+06

HR

4877056400
2.84078E+00

6.0000
1.8765
5.3157
lo474L
<4666
<9585

QPK
7. 15069E+00
2.61012E#+01

HPK
2063929E-02
8.38L20E-02




PART III — TYPE Il INTERFERENCE

PROBLEM DISCUSSION

A type III shock-interference pattern occurs when a weak impinging shock inter-
sects a strong detached bow shock, as illustrated in figure 1(c). The shear layer ema-
nating from the shock intersection attaches to the surface with subsonic flow above the
shear layer turning upward and supersonic flow below the layer passing through an oblique
shock in order fo turn parallel with the surface. On a blunt body the shock intersection
occurs near or above the lower sonic point, as shown in figure 2,

Once the flow conditions in region 1 and either the angle 6; or p; are specified,
the triple-shock configuration at point A shown in figure 5 is solved by using an iterative
procedure similar to that discussed for type I. The iterative procedure for type III dif-
fers in that the strong-shock solutions of the Rankine-Hugoniot equations are used in
going from region 1 to region 2. The reflected shock at the attachment point C intersects
the transmitted bow shock at point B and results in another triple shock. The analysis
thus far is exact. Results from this analysis are used in the following approximate ana -
Iytic technique to determine the peak pressure and heat transfer at the shear-layer
attachment point. The reflected-shock angle at point C is obtained once the flow deflec-
tion angle 55 is specified. The reflected-shock angle and wall pressure (peak pres-
sure) in region 5 are obtained from the Rankine-Hugoniot relations for attachment on a
two-dimensional body. For attachment on a body of revolution, tangent-cone approxima-
tions (ref. 9) are used to determine the shock angle and wall pressure. In the present
analysis, the flow model consists of a plane shock intersecting the bow shock of a sphere
in the vertical plane of symmetry,

Peak heating at the wall is caused by the attaching shear layer, which is similar to
the case of a reattaching shear layer in a separation region. Correlations proposed by
Bushnell and Weinstein (ref. 3) for reattachment heating on two-dimensional ramps are
used, The peak heat transfer at attachment is

( )25 ) @)
Qpk = AP sl (Taw - Tw)|——5— 2
P woPp pwu558L

where up is the velocity in region 5, the subscript w indicates wall values, and Og1,
is the shear-layer thickness at attachment. The constants A and N (from data in
ref. 3) are 0.19 and 0.5 for a laminar shear-layer reattachment, and 0.021 and 0.2 for a
turbulent interaction. For the present case (ref. 2) the attachment angles are higher
than those of reference 3 and the attachment is three dimensional in nature. Therefore,
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values of A obtained from correlations of peak-heating data for free shear layers
reported in references 2 and 10 are used (0.40 for laminar and 0.06 for turbulent
interactions),

The shear-layer thickness at attachment is obtained from the following expressions
in reference 3:

Laminar,
0.5

Lay Bg\ °
_ SL™4
bgr, = 5.0( p4u4> (3)

Turbulent,

8y, = 0.1231gy. (4)

where lgy 1is the length of the shear layer from A to C in figure 5. The shear-layer
length is determined from the geometry of the triangle ABC formed by the shock and the
shear layer and from the shock length AB (or LSH>’ which must be obtained experimen-
tally or from some approximate method. Shear-layer transition data discussed in ref-
erence 11 are useful in determining the state of the shear layer at attachment.

The reference heating used is the stagnation-point value on a sphere obtained from
reference 12:

0.1( (5)

-0. 0.4
Qstag = 0.76 (NPI‘) 9 ch(pwuw) pstag“stag) (Tstag - TW) <_&s—

where (from ref. 13)

(‘i“ﬂ) =“.3<v-1> 142 R\ (6)
ds /stag Rp\ 7 (y - 1)Moc,2 < ')’Mooz>

PROGRAM DESCRIPTION

The main program reads the input, calls the various subprograms, and computes
the heat transfer. TYP4 computes the flow deflection angle of the shear layer. FTHETA
is called to compute the flow angle and FINDB is called to compute the shock angles in
each region. The subprograms OBLIQ, FINDM, PRATIO, MLTRT, ABSVAL, AND
ISTROP compute flow variables and ratios of the flow variables. PINPUT prints the
input variables. The flow charts and listings of these subprograms are presented in
part VII. For the axisymmetric option, FINDBC computes the conical shock angle at the
shear-layer attachment and PRATC computes the ratio of the pressure at the wall to the
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static pressure upstream of the conical shock by use of a tangent-cone approximation.

The flow diagrams and listings for the main program, PRATC, and FINDBC follow.
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Program Flow Chart — Main

TYPE IIT )

/ Read NAMELIST data /

;Write heading }

Compute Was
shock No _ shock Yes
displacement displacement
length

CALL PINPUT

()

Compute ratio
of shock
displacement
length to
nose radius

'\ Write input

' Convert angles to radians W

CALL ISTROP \ Were
Compute No stagnation Yes

CALL ISTROP

Compute

stagnation conditions
conditions input?

free-stream
conditions




CALL FINDB

Compute
By

Write heading
for ratios

CALL FINDM \

Find Mach number
in region 3

CALL PRATIO \

Find pressure ratio
across shock 3

’

(Set first guess for shear-layer anglii

CALL TYP4

Compute shear-
layer angle

/ CALLOBLIQ \

Compute flow-quantity
ratios across shocks
2,3,and 4

/ CALL MLTRT
\Compute ratios wrt free stream

Write angles and Mach
numbers for each region

Calculate and write flow
conditions in region 1

/ CcALL ABSVAL _\

Calculate and write flow
conditions in regions 2,
3,and 4

CALL ISTROP __ \

Calculate
stagnation conditions

l

Write stagnation
conditions

TN

Compute
b3
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CALL FINDBC

Compute
Bs

Was

Set code for
no iteration

on fg

Compute body angle @

Is -
Mach number Region 5 does
in region 4 not exist —

subsonic? write message

No
Toe two CALL FINDB
No dimensional Yes Compute
equations? Bs

Was
shock angle

No N Decrease 5 L. No

shock angle
found?

CALL PRATC

Compute pressure

ratio

CALL FTHETA

Compute flow
deflection
angle

Compute Mach number
along shock

l

Compute Mach number
at surface

|

Compute values using

found?

/ caLLoBLQ \
Compute flow-quantity
ratios across shock
CALL MLTRT
Compute ratio
wrt region 1

/ CALL ABSVAL _ \
\Compute flow quantitie?

three-dimensional

equations

®




e Ne Ne e le Nel
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@—— Increment 55 }

Write angles and flow
quantities in region 5

l

rCompute and write heat transfer ‘

Increment 6

Was

3 Yes Convert fy
5 to degrees
input? g

Is
iteration

on 55
complete?

No

Yes

No Does Vc
I = NTIMES?

Yes

Program Listing — Main

PROGRAM SHACK (INPYT ,NUTPUT , TAPES=INPUT ,TAPEA=OUTPUT)

© 0 006006 VOOOL OO0DO0OOODLHEDEO0OD0DEEO HPOEOVOBOE NOOODPOOSOOOCE POOOOOGO0600CO6 GO0

PURPDSE

THIS PRAGRAM PERFNRMS A TYPE II1 SHOCK INTERFERENCE PATTERN

900D OOLOOO0O00L 00O LOO0OLLOOOCLHLDO O VOOOOOSOCOLOVO000E000O0DHES0VO000CES0 0600

FOMMON

P7s RHODZ, Y1, Pl
P12y RHNZ2y T12,
P73, RHNI3, T13,
D24y RHNOZ4L, V74,
P75y RHNZIS, TIS5,

NPz, RHOLOZ, T10TZ,
pP20PL 2, RHO2Z2, T200T 12,
P3NP7Z3, RHOZI3, T3NTZ3,
P4NP7 4, RHO&4Z4, T4DTI4,
P5NPZ5, RHNS51I5, T50TZ5,

P20P1, R4N2N1, T20TL, A20Al, U20Ul,

PP P>PPD>D>> D>

O B NN N

- et ot s
WN=0
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102
103

104
105
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PINeL
P40P3,
PLNPY ,
PSR4,
P50OPL

e A PR 0N O

DIMENS ION RAT (3
NIMENSION VAL UL

FIMENSION DELTA(2),

RHMA3NL,
RHN4N3,
RHN401
RHN504,
RHMN5M]1 4

Pl, RHOL, TI,
P2, RHOZ, T2,
P3, RHD3, T3,
94, RHN4, T4,
P5, RHOS5, T5,

3}

T30T1,
T407 3,
T&4NT 1,
T80T 4,
T50T71,
Aly Ult
AZv UZ’
A2y U3,
A41 U‘fv
AS; USs

(7)Y, VALUZIT)Y,

CHWALL(2),

AZDAL,
AI’HA3Q
A4DAL,
ASQOAG
ASOAL,
VISCl,
VISC2,
V1sSC3,
VISC4,
VISCS5,

RATIQ(7 )

TR{2),

SET DEFAULTS FNR INPUT VARIABLES

NATA GAMMA/1.4/SVINC/5.0/NTIMFS/L/4yIPT/0/ 1AMW/28.9T7/

NATA THSVI/0./,BTSVI/0./

DATA TREF/532 .98/, VRFEF/.3BOTE-6/yRB/1.0/35/216./sTWALL/530./
NATA XU /L.0/,CP/6006./74PR/T2/

NATA ANGLE/4MTHET/,T0L /., 001/

DATA XLR3/0./

DATA BETA/4HBETA/
DATA CNDE/4HAXTIS/,CODEL/4HNONE/
PATA THETAS/D./3CKTHS/0/ 4RUN/1./

NAMELTST /DATAIN/ RMI,GAMMA, THETAT,TINCRyNTIMES, [PT,T,P,AMW, TREF,V
1REF,28,S, THALL XL o TPy PR, OPTION, TOL yANGLE  XLRB, THETAS, CKTHS  RUN

©€ 900 P0G COOOC 0DOCHAOOOIDLOOEO0 LIO600000SHBOCO006IOTLOGCOE06DOCOOLHCO0E O

TNPUT DATA

80 ¢ 06 000 ©COE0 DO EOPEEDH2OOECLCL0 0OODOOD0VOELOO0OOCHNOCOLOHOONEOLS DOSES

TINCR=SVINC
THETAT=THSVI
RETAI=BTSVI
XLRB=0D.

12=1

RPEAD (54DATAIN)
TF (ENDFILE 5)
<Tno

CONTINUF
WRITF(6,DATATNY

1025103

WRITF (65125) RUN

THSVI=THETAT
RTSVI=RBETATY
SVINC=TINCR

IF {XLRBR.NE.D.) GO TN 104

XLRB=XL/RA
50 10 1056
XL=XLRB%RA
CONTINUF
X1 12=XL

GAS CONSTANT(FT-LARF/LRM~R}

R=1544,.37 AMY

DENSTITY  ({(SLUG/(CU FT)

EHN=P %144./(32,

CALL PINPUT (RMI,GAMMAIPT TP s AMH TREFVREF, XL, Sy THALL,CP PR}

2XRET)

WRITE (6,126 XL12
WRITE (6,127) RB
WRITE (6,128) OPTION

THPR=D
TINCR=TINCR/B7,

2956

THETAT=THETAI/57.276

RETAI=RBETATI/ST.

256

U30UlL.
U&0U3,
U40U1L,
Us50U&4.
Usoul,
REY1l,
REYZ,
REY3,
REY4,
REYS

VALUJIALT)
QRATE (2}

PP PIE PP RDRPRDDPRR

P PP RD P>



106

107

10R

109

~ OO

inle oo Ne)

=IO OO0

[
[

THETAY=THETAT~T INCR
RETAY=RETAT-TINCR
IF (IPT}) 105,106,107

TZ=7
RHZ=RHNO
P1=p
GO T 108
Ti=T7
2HO1=RHN
01=p
COMTTNUE

CALL ISTRNP (GAMMA,RM1,P1,PZ,P1CPZ,IPT)

"~ 124 1=1,NTIMFS

ISW=0

TE (ANGLEJNEJBFTA) GO TN 109

RETAL WAS INPOT TINSTEAD OF THETAIL

INPBR=1

PETAT=RFETAT+TINCR

THFTAT=FTHFTA(GAMMA, P41, RTTAD)

a0 T 111

THFETAI=THETAT+TINCR

PETAT=FINDB({GAMMA,RM] , THFTAT,1,1ERROR)

TF (IFRRNR-2) 111,111,110

6pTH 1101,191,101,101), TERPOR

FRRORS IN FINDING BETA
[FRRNR = | ONF SOLUTTON WAS FOUND, CONTTINUE

2 SOLUTION DID NOT CONVFRGF, USE LAST BETA COMPU
3 NO SOLUTION WAS FOUND, START NEW CASE
4 NOT DEFINFD

RIDFG=RETAT*180./3.1416

THIDEG=THETAI*180./3.14%416

WRITE (6,129)

WRITE (6,130) THINEG,BIDEG

FTTERATE MM THETAR UNTIL P2 = P4

© 6 00066050980 VDO000EO 0060 E06 0L 008D Q066D 0HOE6EOVOOLELES S OSSO0 ¢SS IBESE

THETAF=0,

RETAZ2=1,5708

OM3=FTNDM(GAMMA, RM1, SIN(BFTAT) yRETAL, THETATL}

P3NPL=PRATIO{GAMMARML, SIN(RETATY)
A TYPE 4 INTFRFERENCF PATTERN WITH INITIAL MACH NO RM1
ENTFRING AT ANGHLF O DEGRFEES

CAL TYP4 (THETAF,BETA2,RM1RM3,THETAT THCETA4 BETA4,P30PL,GAMMA,TO

1t o TFRRORY)

IF {IFRROR-3} 112,101,101

CALCULATE AND WRITE PARAMETER RATIOS FOR 2/1, 4/35 4/1

WRITE (6,131)
10=1
CALL O8LTO (GAMMA,RMI ARS(THETAFI ;BETAZRM2,P20P1,1,2,10}
FaLt 08LTQ (GAMMARMI, THETATIBETAI;RM3,P30P1, 1,310}
CAtL D8LTQ (GAMMA,RMZ, THETAL RETA4RM4,P4&NP3,3,4,10}
ALY MUTRT {P&ANPIPIOPL;PEOPLI 14,10}
WRITF THETA AND BETA ANGLES AND MACH NUMBER
WRITE (6,132)
THFDEG=THFTAF®5T . 256

PRI DD DIPDLDDDDRPIPDPEPDDRPRDPPLPDDRPDERELDRDDRDD DRI RREE LR R RS >

108
109
110
111
112
113
114
115
116
17
118
119
120
121
122
123
124
125
126
127

128
129
130
131
132
133
134
135

49
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IF (THETAF.LT.3.) BFTA2=3,14159-BFTA2 A ise
PETNEG=RETAZ%5T.296 A 137
J=2 A 138
WRITE {(64133) J,THFDFG.RFTYDEG, THFDEG, BETNEG,RM1,RM2 A 139
THNEG=THETAI%57,294 A 140
AETDEG=RAETAI®*57,276 A 141
J=3 A 142
WRITE (64133} J,THDFG,BRETDEG,THDEG ,BETDEG,RM1,RM3 A 143
THNEG==THET A4 %57 ,236 A 144
RETNEG=~RFTAL%57,296 A 145
ABSTH=THFDFG A l46
ABSBT=THIDEG+RETNEG A 147
=4 A 148
WRITE (6,133) JyTHDFG,BETNFG,ABSTH ABSBTRM3, RM4 A 149
.lO..0.0.0...l..l..ll.'.l"'.l."l.....".’....!.'..C..l...'....l' A 150

A 151
CALCULATE ABSNLUTE VALUES FOR PDINTS O THRU 4 A 152

A 153
..ll.il.....‘il'l'..!'..l....I..-....D.l.l..tl'...0'.'........‘O‘O A 154
WRTITE {6,134) A 155
WRITE (6y1735) A 156
VISC1=VISCH(VREF,TREF,T1,5) A 157
A1=SART (32, 2¥GAMMARR%RT 1) A 158
U1=ALEPML A 159
PEY1=HI1HUL/VISC A 160
J=1 ; A 161
HRITE (6,136 JeP1lyRYNL4TL AL U1,VISCLsREYLRM1 A 162
J=? A 163
CALL AASYAL (P2NP1,P1yP2,VREF,TREFS,J,10,RM2) A 164
3=3 A 165
FALL ABSVAL {P30P1,P),P3,VREF, TREFSyJ,10,RM3) A 166
=4 A 167
CALL ABSVAL (P4NDP1,P1 P4, VREF,TREF+SsJy 104RM4) A 168
MRITE (6,137 A 169
WRITE (6,136) Jy,PL,RHNZ,TZ A 171
J=2 A 172
CALL ISTROP (GAMMA,RM2 ,P2,P212,P20P12,2) A 173
PZI207=P22/P7 A 174
WRITE {6,136} Jy4P12,RHNI2,T22,PI2N7 A 178
J=3 A 176
CALL ISTROP (GAMMA,RM3,P3,P73,P30P13,3) A 177
£Z307=P23/°2 A 178
HRITE (641361 JP23,RHNZ3,T13,PZ3NZ A 179
J=4 A 180
CALL ISTROP (GAMMA,RM4, P4, P14, P4OPZ4,4) A 181
D74N2=P74/P2 A 182
WRITE (6,136) JyP764,RHNZ4,T14,P76401 A 183
TF {OPTINN.FO.CADEL) 6O TN 124 A 184
© 0 8 PO OO0 6D O VG OO0 OO U H OO GO O QOUD OOO OO0V OO OOL OO ES OO OO O CE COR DC OV POO OO DO A 185

A 186
CONDITION 1 A 187
TNCREMENT THSTA 5 UNTIL RFFLECTION AT PT & NNT POSSIBLE AT WHICH A 188
TIME REFINE THETAS TO FTIND MORE PRECISELY WHEN THIS OCCURS A 189

A 190
© 6 9 D6 8 &0 006G OGS B6 & %8 &6 ©6 6HOOVE OO0 O GG DO OO O G OO N GO O OO ECH6 DB GO0 UV OEDH OGBSO A 191
TF {(CKTH5.FEQ.0) GN IO 113 A 192
PTHFTA=THETA5/57.296 A 193
THETAS=DTHETA A 194
[SW=1 A 195
50 10 114 A 196
NTHETA=5,0/57.296 A 197



OO0

117

THETA5=DTHETA
1SK=0
THNEG==THETAS*180./3.1414
THETAR=THETAF~THETAS

THRDEG= THETAB*180./3.1416
HRITE (6,129) :

TF (RM&4,LF.l.) WRITE (6,138)
IF (RM4,LF.1.) 6N TN 124
KRITE (6,139)

TF (NPTION.NF.CONE) GN TO 115

AXTSYMMETRIC CASF. THETAS,RM5,P50P4 ARE INPUT

9 50000000000 00000S00DLOGVLOO0EOESYONOOHOS OO 9050000000000 06000CGOD

WRITE (6,140}

RETA5=FINDBC (RM4, GAMMA, THETAS, [ERRDR)
1F (IERROR.GT.2) 60 TD 123

PRESSURE RATIN AT SURFAGE
P5OP4=PRATC (RM&, GAMMA , THETAS )
THETA=FTHETA( GAMMA, RM4, BETAS)

SACH NUMBER ALDONG SHNCK
RMSO=FINDM(GAMMA, RM4 , SIN{BETAS ) BETAS, THETA) %%2
GM1H= (GAMMA=1,) /2.

P5P4=PRAT ID{GAMMA, RM4, SIN({BETAS))
PESP5=P5IP4/P5P4

MACH NUMBER AT SURFACE
RM5=SQRT({P5SPS&*(-GMLH) %( 1. +GMLH¥RMSQ)~1.) /GMLH)
TSOTIS5=1. /(1. +(GAMMA=1, ) %RMS%%2/2, )
TS=TZ%T50TZ5

P5=P4EPEIPL

PHNS5=P5%144,/ (32, 2%R*T5)
VISC5=VISCJI(VREF, TREF,75,5)
A5=SQRT{32.,2%GAMMAXRATS )

1J5=A5%RMS

PEYS5=RHO5%5/VISCS

60 T2 117

06 B 0G0 OD0 VOGO OOBOVOEODYCOOGE GO0 HOQVOCOTLOO0O0OECDODOOOOEOO8DH000G600 GO D

TWO-DTMENSINNAL CASE,
CALCULATE AND WRITE PARAMETER RATINS FOR 5/4, 5/1

P60 000 HH0 GO OO0 0CO 9000 0CUDOODVEO0EO OO LOOO06000DHLOOHLOOO0OODOORGOO00OC S0 DO

BETAS=FINDR{GAMMA,RM&,THFTAS,]1, IERROR)

TF {IERRNAR-3) 116,121,121

RETDEG=BETAS5%180./3.1416

THSV=THETAS

WRITE (6,141) BETIEG

T0=-1

CALL DRLIQ (GAMMA ,RM4,THETAS,BETAS4RM5,P50P4%444,5,10)

CALL MLTRT (P50P4,P40P1,P50P1,1,5,10)
CALCULATE ABSOLUTE VALUES AT 5

CALL ABSVAL (P50P1,P1,P5,VREF, TRFF,S¢5,-1)

BETDEG=-3ETAS%*57,296

RRDFEG= (THFTAF-RAETA51%57,296

WRITE (6,142) THDEG, THRDEG,BFTDEG,BBDEG

WRITE (6,143} P50P4

HWRITE (641447 PS,RHNDS,T5,A5,U5,VISCS5,REYS,RM5

© % 8 00 & 0O 60 GEG GGG DOACOEOEHS0G GBE BTYEEOVO BOE VL EVVE G SEOESG0S B0 TBEE S
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198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213

214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
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CALCULATE AND WRITF STANTOAN NUMRER ¢HEAT TRANSFER COFFFICIENT(H),

HEATING RATE{DRATE}; AND SHFAR LAYER THICKNESS(DELTA} FNDR
LAMINAR ANG TURBULENY FLOW.

"% #0069 60 6C0BYC000ECO0000COECROREHYGG GOND GO0 VEAOE0HDOOONDCOOOOHOE BO00OC

VISCOSITY AT WALL (SLUG/FT=-SFC}

VHALL=VISCJIVRFF,TREF,TWALL:S)

DENMSITY AT WALL (SLUG/FY CUBF}
CHNW=PEX144,/7(32,2%R¥TWALL)

KRITF-(64145) RHNKW,, VWALL

WRITE {64,146

SHEAR LAYER LENGTH{FFFT)
XL1I3=XL12%CNS{BFETA4G=-THFTAG)~XL L2*SIN(BETA4-THETA4) /TAN(BETAS)
SHEAR LAYFR THICKNFESS AT WALL(FT)
TELTALLY=5.0%SORT XL 13%VISC4/{RHO4%U4) )
NDFLTA(2)=1.H6%XL13/13.

STANTON NUMRER [N REGTIOM §

CTH=ERAOWRUS/ (VWALL#SIN{THFTAS) Y
CHWALL(L )= 13/{CHEDEL TA( 1)) ¥%,5

CHWALL( 2V =, D21/ {CHEDEL TAL2) ) %% 2

RECOVERY TEMDPERATURE (DEG-RY
TR{L)=T54({TZ~-T5)*%SHRT(PR)
TREZ2Y=TS5+(T7=To)%R{PR*%X{1,/3.))

HEAT FLOW(BTU/FT2-SFCY,
OR=RHNWRIIS*CP/TT8 .

ORATE(1 ) =Q7%{TR{L)-TWALLI*CHWALL (1)
ODRATE(2)=0R%{TR{2)~-TWALL)*CHWALL{2)
HY=0R*=CHWYALL( L)

H2=0R¥CHWALL( 2)

FIND HEAT TRANSFER FCR A BLUNT BNOY WITH NO IMPINGING SHOCK

GM1=GAMMA-1,

5P 1=GAMMA+1,

T15=T2

VISCASITY AT STAGNATION COND IN REGION S{SLUG/FT-SEC)
Y5 S=VISCI(VREF,TRFEF,T75,5)

FOMVERSION FACTAR { (RTU-SEC2)/(FT2-LBF) )
AD={,T6/PR&x*{ 611 /(TT8.%SQORT(32.2))

NELTA HFAT BETWFEN TWALL AND TZS(FT-LB8F/SLUG)
DO=CP*(TZ5-TAHALL)

AM1SQ=RM1%RM1

CALC STAGNATINN PRESSURE RATIN ACRNSS A NDORMAL SHOCK FOR FREE

STREAM UNDITINNS

TY=(GPL*RMLISN)/ (GM1%RM1SQ+2,.)
TX=6P1/{2.*GAMMA%RM]I SQ-GML)
P7S=P7RTYXE(GAMMA/GMT ) ¥TX**({1,./GM1)
AYS={ (144 #VWALL ) Z{R*TWALL} I ¥¥ (1)
CDS={{144.%YS5SH/{AXT75) ) x%{ .4}
STAGNATION VEIOCITY GRADIENT

UGRDTS=U1/RBXSORT (GMI/GAMMAR(]1 42 /{GMI*RMLISQ) 1 %{1.-1./{GAMMA%RMLS

101 ))

STAGNAT ION HEATING-3D{BTY/FT2~SEC)
AWS3D=AQXBOSECQSENQRSORT(PLIS*XUGRDTS)
N-PEAK RATIJS

ORADL=DRATE(1)}/QHS3D
ARANDT=QRATE(2}/QHS3D

STAGNATINN HFAT TRANSFER CODEF(BYU/SQFY-SEC-R}
HS3=QWS3N/{TZ5-TWALLY

H-PFEAK RATINS

HIHS3=H1/HSS

H2HS3=H2/HS1

PPPPPPPEPPPPEEPDPDPPE PP R RPEPPDDPPREDEPPPPREEEDD DR

257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299

300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
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127

123

124

125

126
127
123
122
139

131
132

133

PEAK PRESSURF RATID

PSNPLS=P5/PZS

WRITE (65,147} PHNOPIS

WRITE (6,148} XL13

WRITE (6,149) QWS3N,HS3

WRITE (64150}

WRTITE (641511 CHWALLUL) ,QRATE(1),DELTA(L),QRIDL,HIHS3CHWALL{2},0R
LATFE(2),DELTA(2)+OR3DT,H2HS3

ARF WE [TERATING NN THETAS TO FIND PT AT WHICH CONDITION 1 OCCURS
IF NOT, CONTINUE TNCPEMENTING THETAS,

IF (CKTHS.NE.D.) THETAS=THETAS%57.296

TF (ISW) 119,119,118

50 Th 124

THETAS5=THETAS+DTHFTA

coTD 114

¢ 5 00000008000 GE0U6O000ONDGEOGO G006 O60000VOGVHLO0GHOHBIOO0 66065000 BOLOO

ITERATE AN THETAS

© 0 0D ©OO 00000 COO0LVODO60VACESEBLOOLGECIOL COH IO DO LOEL VOO OOODLEOE GO0 O

BETAS=FINDB(5AMMA ,RM4 s THFTAS 1, TERROR)
IF (IFRROR.GE.3) 67 TN 121
INCRFASF THETAS
THSV=THET a5
TE (DTHETALLT.TOL) G0 TN 122
NTHETA=DTHETA/2,
THETAS=THETAS +NTHETA
TERRIR=~1
70 TN 120
DECREASF THETAS
1F (DTHETALLT.TOL) GO TO 122
NTHETA=NTHETA/2,
THETAS=THETAS-NTHETA .
TERRNR==1
nRTO 120
THETAS=THSV
TSw=1
6 TY 114
FIND LARGEST THETAS FNP AXTS CASE
DMGQ=RM4 %D Y4
THETAS=ASIN(SORT((1.~1./RMSQ)/ (GAMMAX(141./R4SQ))))
THETAS=THETA5=,001
15W=1
"I TY 114
COMT INUE
nn 7Y 101

FORMAT (1H1,25X,7H% % %, //1X,5THTHIS PROGRAM PERFORMS A TYPE 3 S
1NOCK TNTERFERFNCE PATTFERM//26X, TH® ¥ %/3 11H RUN NUMRBER,F7. 2}

EARMAT (30H XLISHOCK NISPLACEMFENT LFENGTH) Fl6.6,4H FT)

CARMAT (12H NOSF RADIUS,20X3F15.5,4H FT)

FORMAT {1X,5HOPTINN 35X, A4)

FORMAT (1H1)

FORMAT (//1X,19HINPUT VARIABLFS ARE/AH THETAI=,;F9.4,4H DEG,5X6HBE
1TAT=3FO.4,4H NES/Y

FORMAT {//1X,10HRATINS ARE/)

FORMAT (//7H REGITONGSXy L4HRELATIVE ANGLF 10Xy L4HABSDLUTE ANGLE,/9X
1oRHTHRTAG R G 4HBET A, TX; SHTHETA; 8X 3 4HRET A 5X,y L3HUPSTREAM MACH 2 X, 10H
2LOCAL MATHY

FORMAT (11X 11 ,4F12:.4,2F15.41)

PP PR PR RPRPERRERPRELEDEEPERER
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134
135

136
137

138
139
140
141
142

143
144

145
146
147
148
149
150

151

O

TIRMAT (/7/7H REGION, 10X, 1HP 4 12X, 3HRHD, 11Xy THT o LLX s EHA, 11X 1HU, 13X
174MU, 3X, LITHREYNILOS NN, OH  MACH NO)

FIRMAT (16X, 3HPST 44X, LOHSLUG/CU FT,5X, THRANKI NE,6X6HFT/SEC,6X o 6HF
1T/ SFCy4X, 11HS LUG/FT=SEC, 11X, 4HL/FT)

TIRMAT (1X415,F12.4¢F15.5,3F12.4,2E15.5,F8, 4)

FORMAT (/1X+25HSTAGNATIOM CONDTTINNS ARE/TH REGION;6X,5HPSTAG 4 12Xy
L2ZHRHNy TXy SHTS TAG 44X 1 2HPSTAG/PSTAGL, / ¢ 14X 4HPSIA 14X, 11HSLUGS/CU FT
245X, THRANK INF )

FORMAT (51H REGION § DOES NOT EXIST SINCE REGINN & IS SUBSONIC)

FARMAT {/716X,45H % % ® % & % % % % # & &% % % %/}

FORMAT (//46H FNR A 3-DIMENSINNAL CASE THE FOLLOWING VALUES,28H RE
1FER TN SURFACE GONDTTINNS)

FORMAT (1X,7HBETA5 =,F10.3)

FORMAT (L7H THFTAS RELATIVE=,F1C.3,10H,ABSOLUTE=,F10.3/16H RETAS R
1ELATIVE=,F10.3,104,ABSOLUTE=,F 10, 3)

EORMAT (7TH O50P4=,F10.44/)

EORMAT (1X,30HABSOLUTE VALUFS AT CONDITION 5/1X,2HP=,F9.4 42X, 4HRHO
1=9FL1.642X o 2HT=3F9.4,2X e 2HA= ,FO, 442Xy 2HU=, FO. 44 2X 4 3HMU=,E1 1.4, 2X
2, 12HREYNALNS NO=yE11.42X, RHMACH NO=,FB,4)

FORMAT (14H  RHO WALL = ,E11.4/15H VISC WALL = ,Ell.4)

FORMAT (1H )

FNRMAT {/23H PEAK PRESSURF RATID  ,FB.4)

FORMAT (25H XI L3(SHEAR [ AYER LENGTH)37X,F15.5,4H FT)

FORMAT (48H STAG HEATIMG-2D ND INTERFERENCE (BTU/SQ FT-SEC),E15.5,
120H  H(BTU/SQA-FT=SEC—R),F15,5,/)

FORMAT (//17Xy26HSTANTON  Q{RTU/SQ FT-SEC),6X, 9HDELTA(FT) ,6X,9HQR
1ATI0-1D,6X,9HHRATIO=3D,)

FORMAT (1X, THLAMINAR, ?F18.5,3F15,5/10H TURBULENT,E16.5,E18,5, 3E15,
15)

END
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Program Flow Chart — PRATC
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Function PRATC computes the pressure ratio across a conical shock. The flow

diagram is as follows:
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( PRATC )

Compute pressure ratio
across a conical shock

( Return )




Program Listing — PRATC

FUNCTION PRATC (R¥,GAMMA,TFETA)

CALCULATE PRESSURE RATIOS(P2S/PL) FCP AXISYMMETRICAL CASE ALONG
THE SHEAR LAYER

RYSQ=F MRRM

QME=RM%XRE

G2=1.-1./FMSQ

C3=GAMNAX(L.41./FFSQ)

Fl=(GAMMA+T .}/ 4e—(GAMMA=1,) %% 2/ 160+ €o /RMEFRMSC— 10}/ (RMERLKXSIN( THE
1TA)} .
F2=o5%(GAMMA4T7 o) /{GAMMA+ 1. }#G2*( 1ot Lo /RME)
F3z,5%{GAMMA+T o} /{GAMMA+ 1, }%G3% (L. +1./FME)

SINSC=SIN(THETA) #%2
CP2S=.5%(F24F1*SINSC—SORT((F2=F1*SINSQV¥#2~( {F3-FL)*SINSQ)#x2))
PRESSURE ON SHEAR LAYER - P2S/Pl

PRATC=CP2S*RMSC¥CAMMA/ 2, #1.

FETURN

END
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Program Flow Chart — FINDBC

Function FINDBC calculates the shock angle when a conical shock is assumed,

flow diagram is as follows:

FINDBC

rCompute shock angleJ

Program Listing — FINDBC

FUNCTICN FINCBC (PM, CAMMAyTHETA, IERPCR)
CALCULATE BETA USING A CCNICAL RELATICNSHIP
PRINT=TERKOR

IERRCR =0

EMSQ=RMERM

Gl=(GAMMA+L.) /2,

G2=1.=1./RMSQ

G3=GAMMAX(l.+1</RNSQ)

CHECK FCR STANC~CFF

IF {THETA.GT.ASIN(SQRT{G2/G3))) €C TO 1
SINSQ=SIN(THETA) #%2

C1=G2+G1*SINSQ

C2=(62-G1l*SINSGC)#%2

C3={(G3-GL)I*SINSG)*%2

FINDBC=ASIN{ SQRT (1o/RMEk24,5%{CL=SCRT(C2-C3))))
PETURN

[ERRCR=3

NO SCLUTICN POSSIBLE

THOEG=THETA%*57.266

IF {POINT.GE.O} WRITE (6,2} RN,GAMFA,TEDEG
RETURN

FORMAT {38HNO SNLLTICN FCUND FOR RV, GAMMA, THETA,3FLC.4)
END
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USAGE

Program SHOCK for a type III interference pattern uses the standard FORTRAN
NAMELIST input with $DATAIN as the NAMELIST name. The input includes the flow
conditions, gas properties, impinging flow deflection or shock angle, shock displacement
length, nose radius, and shear-layer angle relative to the local body slope. (See fig. 5.)
The program can also increase the shock generator angle 6; incrementally and the
shear-layer angle 55 (if 65 is not specified) up to the maximum value for a type III
interference, The ratio of shock displacement length to nose radius may also be used as
an input instead of the individual lengths.

A description of the input and output variables and a sample case are presented,

Input Description

The $DATAIN input for type III is as follows:
RUN run number for identification
RM1 M,,, free-stream Mach number
GAMMA Cp /cv, ratio of specific heats
THETAI 6;, shock generator angle, deg; or Bj, impinging-shock angle, deg
TINCR increment for 6; (Default = 59)

NTIMES  number of times to increment 6;

IPT initial point; 0 for stagnation conditions, 1 for free-stream static conditions
T temperature at IPT, °R

P pressure at IPT, psia

AMW molecular weight (used to compute gas constant)

TREF reference temperature for computing viscosity, °R

VREF reference viscosity for computing viscosity, slugs/ft-sec
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S Sutherland's constant in viscosity equation
RB nose radius, ft

TWALL  temperature at wall, °R

XL Lgy, shock displacement length, ft
CP Cp, specific heat at constant pressure, ft-1bf/slug-R
PR Npy, Prandtl number

OPTION  AXIS for conical shock at shear-layer attachment; 2-D for plane shock at
shear-layer attachment

TOL acceptable tolerance for equal pressures (0.001)
ANGLE THET if 6; input; BETA if p; input
XLRB ratio of shock displacement length to nose radius (0 if XL and RB input)

THETAS 55, shear-layer angle relative to local body slope, deg (optional, input as
negative angle)

CKTH5 0if 5 not input; 1if 6 input

Output Description

The output from this program consists of printing only. A heading and pertinent
input for identification are printed before the results of the calculations.

RUN NUMBER run number for identification

M1 Moo, Mach number in free stream
GAMMA(CP/CV) ratio of specific heats

TEMP AT POINT "IPT" input as T, °R

PRES AT POINT "IPT" input as P, psia
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MOLECULAR WEIGHT
REFERENCE TEMP
REFERENCE VISCOSITY
S(SUTHERLAND NUMBER)
TEMP AT WALL

CPp

PRANDTL NUMBER

molecular weight (used to compute gas constant)
reference temperature for computing viscosity, °R
reference viscosity for computing viscosity, slugs/ft-sec
Sutherland's constant in viscosity equation

Ty, °R

Cps specific heat at constant pressure, ft-1bf/slug-°R

Npy, Prandtl number

XL(SHOCK DISPLACEMENT LENGTH) length, ft

NOSE RADIUS nose radius, ft

OPTION type of calculation chosen (AXIS or 2-D)

THETAI 6;, shock generator angle, deg

BETAI Bi, impinging shock angle, deg

P2/P1, etc. pz/pl, etc., pressure ratios for regions listed
RHO2/1, etc. Py /pl, etc., density ratios for regions listed
T2/T1, etc. TZ/TI, etc., temperature ratios for regions listed
A2/A1, etc.

U2/U1, etc.
RELATIVE ANGLE
THETA
BETA
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a9 /al, etc., ratios of speeds of sound in regions listed

Uy /ul, etc., velocity ratios for regions listed

flow angle relative to flow in upstream region, deg

shock angle relative to flow in upstream region, deg



ABSOLUTE ANGLE

THETA

BETA

UPSTREAM MACH

LOCAL MACH

REGION

P

RHO

T

A

U

MU

REYNOLDS NO

MACH NO

flow angle relative to free-stream flow, deg

" shock angle relative to free-stream flow, deg

Mach number in upstream region
local Mach number

region in shock pattern

static pressure in region, psia

static density in region, slugs/ft3
static temperature in region, °R
speed of sound in region, ft/sec
velocity in region, ft/sec

static viscosity in region, slugs/ft-sec
Reynolds number per foot in region

Mach number in region

The following stagnation conditions are then listed:

PSTAG
RHO
TSTAG

PSTAG/PSTAG1

total pressure in region, psia
total density in region, slugs/ft3
total temperature in region, °R

ratio of total pressure in region to free-stream total
pressure
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The pressure ratios and heat transfer for laminar and turbulent flow are listed as
a function of conditions in region 5:

THETAS5
RELATIVE flow angle in region 5 relative to upstream flow, deg
ABSOLUTE flow angle in region 5 relative to free-stream flow, deg
BETAS
RELATIVE shock angle in region 5 relative to upstream flow, deg
ABSOLUTE shock angle in region 5 relative to free-stream flow, deg
PEAK PRESSURE RATIO ratio of peak pressure pg to stagnation pressure on
sphere
XL13(SHEAR-LAYER LENGTH) length of shear layer, ft

STAG HEATING 3D NO INTERFERENCE  stagnation-point heat-transfer rate on sphere,
Btu/ftz—sec

H stagnation-point heat-transfer coefficient on sphere,
Btu/ft2-sec-R

STANTON peak Stanton number

Q peak heat-transfer rate, Btu/ft2-sec

DELTA shear-layer thickness at wall, ft

QRATIO-3D ka /Qsta o ratio of peak heat-transfer rate to stagnation-
point value

HRATIO-3D Hpk/Hstag’ ratio of peak heat-transfer coefficient to

stagnation-point value
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RHO WALL

VISCWALL

¢DATAIN

M1 =
GAMMA =
THETAE =
TINCR =
NYIMES =
IPT =
T =
P =
ANW =
TREF =
VREF =

Re =

THALL =
XL =
CF =
PR =
OFTION =
TOL =
ANGLE =
XLRB =
THETAS =
CKTHE =
RUN =

$END

(53]

density based on Ty
viscosity based on Ty

Sample Case — Input

0.6E+L 1y
0.14E+C1y
0.5E+01,
0-5E+01,

|

O

0.9E+03,
0.4E+03,
0.28STE+Q02,
0«53E+03,
0+3801E~Cb
0-.5E+00,
0.1986E+03,
0.55E+C3,
0-2E+GO,
C.60CEE+Q4G,
0.72E+00
0.14095221760901-267,
0.1E-02,
0.69404725765109E+93
0.0,
C.2E+02,
0.1E+01,

0. 1E+01,
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* * *

Sample Case - Output

TRIS FRCGRAM PERFORMS A TYPE 3 SHOCK INTERFERPENCE PATTERN

* * %

RLN RLVMBER 1.CC

INPUT YARTABLES ARE

31 €.CCO
GAMMB{CF/CV] 1.40000C
TEMP AT POINT O SCC. 0000C0 RANKINE
PRES AT PCINT © 400.00000C PSI
MCLECULAR WEIGHT . 28.S7CCCC
FEFERENCE TEMP €30.CC0C00 RANKINE
FEFERENCE VISCOSITY 3.8010C0E~-CT SLLG/(FT-SEC)
S(SUTFERLANC NUVMBER) 1584.€CC
TEMP BT wWALL 550.,0CC RAMKINE
CF 60C6.0CC FT-LBF/{SLLG-RANKINE)}
PRANDTL NUMBER «7200C0
XL{SFCCK DISPLACEMENT LENGTHE) . 2CCCCC FY
NCSE FADILS «50000 FT
CFTICH AXIS
INPUT VARIABLES ARE
THETAIL= 5.000C DEG BETAI= 13.1597 DEC
RATICS ARE
F2/P1l= 40.7108 RHO2/1= 5.25C7 12/T1= 7.171%534 AZ/ALl= 2.7845
F2/P1l= 2.0103 RHC3/1= 1.6306 T3/T1= 1.2328 A3/74l= 1.1103
F4/P3= 20.2512 RHC4/3= 4.6€67 T4/T3= 4.2365 A4/A3= 2.0831
F4/Pl= 4C.T104 FHC4/1= T.eCS6 T4/Tl= 5.3499 A4/Al= 2.3130
REGICH RELATIVE ANGLE ABSOLUTE ANGLE
TFETA BETA THETA BETA UPSTREAM MACH LOC
M ~31.6177 99.4CS3 -31.6177 99.4063 6.CC00
2 5.0000 13.15%8 £.0000 13.15¢%8 - 6.0C0C
4 —-3€.6177 -51.6C52 -31.6177 -46.9052 2157
REGICA P RHC 1 A 15
PSI SLUG/CU FT RANK INE FT/SEC FT/SEC SL
1 2533 1.93645E~-04 109.7561 €13.567% 3081.4074%
2 10.3139 1.01677E-03 850.G€25 1430.0257 T€T7.4393
E} .5C6G3 3.15760E-04 135.3111 570.2302 3031.191%
4 10.3138 1.47356E-02 5€7.18C4 11€7.8711 1638.7491
STACGMATICN CONDITICNS ARE
REGICH PSTAG RHC TSTAG PSTAG/PSTAGL
PSTA SLUGS/CU FT RAMKINE
1 400.0000 3.72856E-02 9C0.CCO0
2 12.5472 1.16958E-03 9C0.0000 «C314
2 386.5123 3.60280£-02 9C0.CC88 «G€62
4 45.6812 4.28605E-03 9€0.0C838 «115¢C

yz/sut=
u3sul=
U4/u3s=
U4/Ul=

AL MACH
+53617
5.3157
1.6321

MU
UG/FT—-SEC
8.46377E~-C8
5.36831E-07
1.0699CE-C7
4.10988E~07

«2491
.5837
«£356
« €292

REYNCLDS NO MACH NO

1/FT
7.05004E¢C6
1.45355€+4C¢
8.94597E+C¢
6.95122E+G€

€.0000

«5367
5.3157
1.6321



€9

FCR A& 3-DIMENSICNAL CASE THE FCLLOWING VALUES REFER TC SURFACE CONDITIONS

THETAS RELATIVE= ~20.0005 ABSOLUTE= -51.617
BETAS RELATIVE= ~46.1199ABSCLUTE= -17.7137
F50P4= 1.6763

ABSCLLTE VALUES AT CONDITION 5

P=  17.28%3 RHC= 2.1550E-03 T= 673.0642 A=1271.77S4 U=1€51.2774 MU= 4.5468E-07 REYNCLDS NO= 7.8263E+06 MACK NO= 1.298s
RHC WALL = 2.6372E-03
VISC WALL = 3.9108E-C7

FEAK FRESSURE RATIC 1.4577

XL13{SFEAR LAYER LENGTH} +14221 FT

STAG HEATING-3D NC IMTERFERENCE (BTU/SQ FT-SEC) 2,71457E+CC  HIBTL/SQ-FT-SEC-R} 1.06130E-02
STANTON Q(8TU/SQ FT-SEC) CELTA{FT) QRATIO-30 FRATI0O-3D

LAMINAFR 1.24518E-03 1.32119E+01 T«15164E-04 3.556T9E+00 3.94415E+0C

TURBULENT 1.48276E-03 1.62729E+(C1 1.75029E-02 40.38084E+00 %4 .,69669E+400




PART IV — TYPE IV INTERFERENCE

PROBLEM DISCUSSION

Type 1V interference can occur when the weak impinging shock intersects a strong
bow shock ahead of a subsonic flow region, as shown in figure 1(d). In general, on a blunt
body this shock intersection is located between the lower sonic point and just above the
body axis, as shown in figure 2. The impinging shock causes a displacement of the bow
shock and the formation of a supersonic jet that is embedded in the subsonic region. (See
figs. 1(d) and 6.) A jet bow shock is produced when the jet impinges on the surface,
creating a small region with high stagnation heating.

The flow model used in this discussion consists of a two-dimensional impinging
shock intersecting the bow shock of a sphere in the vertical plane of symmetry. A sketch
of the shock and jet pattern is shown in figure 7. The geometry of this complex flow pat-
tern is calculated by using the following methods. The solution of the triple shock at
point J4 (flow conditions in regions 2, 3, and 4 and the shear-layer deflection angle) is
obtained in the same manner discussed for type III in part III. As for type III, the free-
stream flow conditions in region 1 and the angle 6; or fB; are specified. The continua-
tion of the bow shock between regions 3 and 5 and the shock between regions 4 and 6 are
determined from the triple-point solution at point J9. It is assumed that at point J9 a
shear layer (jet boundary) exists between regions 5 and 6 (P5 = Pg)- The flow up through
region 6 is supersonic with the exception that the flow in regions 2 and 5 is subsonic.

The location of point Jg is determined from the shear-layer and shock angles sur-
rounding region 4 and the shock displacement length Lgyg (J1 - Jz), which must be
obtained experimentally or by some approximate method. The pressure differential
between regions 5 and 2 causes the jet to turn upward (p5 > pz). Since the flow in region 7
must turn upward and the pressure p; must equal po (shear layer between regions 7
and 2), a Prandtl-Meyer expansion fan centered at point Jg occurs between regions 6
and 7. The line between J g and J4 used to describe the jet geometry is constructed so
that it bisects the expansion fan. Details of the intersection of the expansion fan with
the reflected compression waves at point J4 on the lower jet boundary are neglected
because of the small distances and turning angles involved. Instead, a single compression
wave centered at J4 is used to turn the flow upward further and increase the pressure
from region 7 to region 8. The pressure pg must equal pg since a shear layer exists
between regions 8 and 5. Therefore, the conditions in regions 6 and 8 and all subsequent
even-numbered regions in the jet are the same. Likewise, the conditions in all odd-
numbered regions are the same. Also, the incremental increase in the flow deflection
angle between adjacent regions is constant (i.e., 0g - 07 = 6n ~ 66, etc.). These approx—
imations are justified since it was assumed that the mixing between the jet flow and the
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slowly moving flow in regions 2 and 5 is negligible. On the basis of this reasoning, an
expansion fan centered at J5 and intersecting the lower jet boundary at Jg completes the
jet geometry through region 8. (See ref. 7.) Peak heating at jet impingement is anal-
ogous to that on a blunt body submerged in a supersonic flow field of width W. In order
to calculate the heating, the location of the jet bow shock in the jet and the resulting jet
stagnation velocity gradient at the wall must be determined. The location of the jet bow
shock within the jet depends on the standoff distance of the complete shock configuration.
Results obtained in reference 2 for M, = 6 to 20 indicate that the nominal location of
the jet bow shock is in either region 7 or region 8. Therefore, the jet stagnation heating
is calculated by assuming that the jet bow shock lies near the center of either region 7
or region 8,

A flow model of the impingement of a supersonic jet on a plane surface is shown
in figure 8. The flow conditions upstream of the jet bow shock are known from the pre-
vious analysis once the location of the jet bow shock is specified. The inclination of the
jet o is assumed to be normal to the wall on the basis of measurements made in ref-
erence 2, The jet width W is the perpendicular distance from the jet boundary to the
opposite junction for a specified region, as shown in figure 7. The jet bow shock is
assumed to be a circular arc of radius R,. At the wall the sonic line must be normal
to the surface, and at the shock the jet-boundary streamline lies between the sonic line
and the constant-pressure boundary, as shown in figure 8. It was shown in references 14
and 15 that this orientation of the sonic line is possible for Mj < 2.8 and y=1.4.

The velocity gradient along the wall in the jet stagnation region is calculated by
using equation (6), where the Mach number and velocity are the values in the jet ahead
of the bow shock for a specified region and the "jet body'’ radius ij is computed in
the following manner: The data from references 1 and 2 indicate that the ratio of the
standoff distance of the jet bow shock to the jet width 6]- s /'w' is approximately 0.45 for
jet Mach numbers from 1,2 to 2,5 and v = 1.4, The shock standoff distance is deter-
mined by multiplying the ratio by the calculated jet width for a specified region. The
radius of the jet body, which in this case is assumed to be a sphere, is calculated by
using the correlation shown in figure 17(a) of reference 16 for 5js /ij as a function
of the inverse of the normal-shock density ratio for a specified jet region and this value
of st. Therefore, the velocity gradient at the jet stagnation point is computed once the
necessary quantities are known for the given region that includes the jet bow shock.

Another approach for calculating the velocity gradient at the jet stagnation point
utilizes the Belotserkovskii strip integral method (refs. 17 and 18). It has been shown
in reference 14 that this approach does not work for the low supersonic jet Mach num-
bers encountered in the present study (Mj < 2.5). Therefore, empirical methods, such
as the present relation between 5js and W, must be used to obtain the velocity gradient,

65




The heat transfer at the jet stagnation point for a given region (7 or 8) is calculated
by using equation (5) of part III and the computed flow conditions and velocity gradient for
that jet region. Equation (5) and the velocity-gradient equation (6) are also used to calcu-
late the reference stagnation heating on a sphere by use of the physical body radius.

A simple expression for ka /Qstag derived in reference 1 is useful for predicting
peak heating levels, This method is based on the same analogy as the present method but
assumes a two-dimensional jet body at the impingement location. The expression from
reference 1 is

0.5
Q P :
Pk__ 1.03(2 SBE )
Qstag W Fstag

For the derivation of this expression, a wall to total temperature ratio of 0.5 and a
Prandtl number of 0.7 were assumed,

PROGRAM DESCRIPTION

The main program reads the input, calls the various subprograms, and computes the
heat transfer, TYP4 calculates the flow deflection angle of the shear layer. FTHETA is
called to compute the flow deflection angle, and FINDB is called to compute the shock
angles in each region. The subprograms OBLIQ, FINDM, PRATIO, MLTRT, ABSVAL,
and ISTROP compute flow variables and ratios of the flow variables. PINPUT prints the
input variables. The flow charts and listings of these subprograms are presented in
part VII. The main program for type IV interference calls JET to calculate the layout of
the jet regions. JET calls HEAT to compute the jet stagnation and the reference heat-
transfer values. The flow diagrams and listings for these two subprograms are presented
after the main program listing. The flow diagram and listing for the main program follow.

Program Flow Chart — Main

( TYPEIV )
/ Read NAMELIST data/

Write heading

®
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Calculate ratio

®
|

of shock dis-
placement length
to nose radius

e Calculate
Yes ; No shock
dls%}:;cgethment displacement
input? length
Write input
( Convert angles to radiansJ
Were
Compute No stagnation Yes Compute
stagnation co_ndltlgns free-stream
conditions input? conditions
No Vg?s Yes
1
input?

Compute 6;

—S Write 6 \

LT_Y

Set first guess for
shear-luyer angle

Find Mach number
in region 3

CALL PRATIO

Find pressure ratio
P3/Py

CALL TYPE4
xCompute shear-layer angle/

_CALL FINDM

Find Mach number
in region 4 /
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CALL PRATIO \
Find pressure ratio
Dy/P3

/ - CALL TYP4
\Compute shear-layer angle /

/ CALL FINDM

Find Mach number
for each region

Write angles and Mach
number for each region

/  CALL OBLIQ \

Compute and write
ratios across shocks

CALL MLTRT
Compute and write ratios/

wrt free stream

/ CALL ABSVAL _© \
\Obtain values for each regior7

/  CALL ISTROP
Compute stagnation values /

Is
Mach number
in region 6
supersonic?

Write message

pressure ratio

Calculate stagnatio;]

Does
I=NTIMES?

Increment
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PRIGEAM SHICK{INPUT sOUTPUT; TAPES=INPUT,; TAPEE=0UTPUT)

PUSIOSE

MOR AL TP INGEA

COMMON P2, RHY)
0722y KH
P73¢ RH
074y RA
P75y RH
Plby RH
P20OP 1,
030P1,
P4OP 3,
P40P1,
PSOP3,
PHEOP &4,
E5NP1,
P6ENPL,
COMMON  Pl,y RHO
P2y RHO
P3, RHD
P4y RHJ
P5, RHO
P&y RHO
DIMENSIOY VARI
DIMENSION RAT(3

@R D@~ LTS LN e

U4 W IN

ENT

Ly Tl

Program Listing — Main

P10

022y TI2y

013, 71

3y

324y T4
025, T15,
NLé6y T1lts

RHO201,
RHO3C1L,
RHO4C3,
RHO4C1,
RHO5C3,
RHO604%,
RHO501,
RH0O601,
1y, T1,
21 TZ'
3, T3,
4y Thy
59 T5,
6y T6,

17)y VARD(17,1)

0}

T2
T3

PZy

RHO10Z
p20PZL2,
P30P23,

THIS PROGPAM PEFFORMS A TYPE 4 SHOCK INTERFEPENCE PATTERN WITH

Y1072,

RHDJ2Z2y T2CT12,
RHO3Z3s T3CTLI3,

P40PL4, RHO4Z4y T4CTZ4,

PSOPL5,
P6OPLE,

0Tl
OT1l,

74073,
T407 1,
15073,

Té
15

0T 4,
071,

76071,

Al,
A2,
A3,
Ad,
AS,
Ab,

EQUIVALENCE (RAT(1),P1)
{7), VALUZI(T)}),

DIMENSION VALUL
DIMERSICY DELTA

(2)y CHWALL(2),

Uly
U2,
U3,
U4,
Uss,
Ubs

A20Al,
A30Al,
A40A3,
A40AlL,
AS0A3,
A6OAS
AS50AL,
AGOALy
VISCl,
VISC2,
VISC3,
VISC4y
VISCS,
VISCG,

PHOS575s T5CTL5,
RHO&Z6y TOCTLS,

U2CUL.
u3gul,
L40U3,
L43UlL,
U50U3,

UEDU4)

us0UlL,
LU60UlL
REY1ly
REY2,
REY3,
REY4s
REYS,
REY6

RATIO(T)y VALUJLT)

TR{2),

C SET DEFAULTS FOR INPUT VARTABLES

DATA GAMMA/L .4/ 3SVINC/S5 0/ ¢ NTIMES/L1/5IPT/0/ sAMW/ 28,97/

DATA THSVI/0/4BTSVI/O0./

DATA TREF/530.00/yVREF/ «3801E~6/4RB/1.0/45/198.86/53THALL/ 5300/

DATA TOL/D.0CL/

DATA XL/1.0/,CP/6006474PR /aT0/

DATA BETA/4HBET

A/

DATA ANGLE/4HTHET/,TOL/.001/

DATA RUN/1./
DATA XLEB/0.0/

NAMELIST /DATAIN/ RMLyGAMMA,THETAIsTINCR,NTIMES, IPT, TP ¢AMW, TREF,V
1REFGRBySy TWALL 9 XL sCP PR, TOL »IPRINT XLRB,RUNJANGLE

P OVE DO OLOODODOEOOLOEOOEED BLOL VLD SOLVVVOODOOVBODEVL0000PTOGDBIS 290000

INPUT DATA

s kakalinkel

(D1 TINCR=SVINC
THETAI=THSVI
BETAI=BTSVI
READ (5,NDATAIN)
IF (ENDFILE 5}

102 STOP

103 CONTINUE

WRITE (6,DATAIN

WRITE (6,116} R

THSVI=THFTAL

BISVI=RETAI

102,103

}
UN

QRATE(2)

C VGO0 0O COOCHVO0 08 PO BVOO GO VG GO0 OOVOY POVOVEON $LO6BOVCEE000006060° 6889088

PR PP PP PP PP R DPEDDDPERREERDEEIDRED>RD PR
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105

106

107

1c38
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SVIMC=TINCR

IF (XLRB.ME.0.0) GO TO 104
XLRB=XL/RB

GO 70 105

XL=XLRB*RB

CONTINUE

XL12=XL

GAS CONSTANT(FT-LBF/LBM~R]}
R=1544.3/7AMW

DENSITY (SLUG/Z{CU FT)
RHO=P*144,/(32+2%R%*T}

CALL PINPUT (QMluGAMMA,IPT,T,P,AMN,TREF:VREFoXL,S'TWALL9CP09R)
WRITE (69117) XL12

WRITE {6,118) RB
THIDEG=THETAL
THETAI=THETAL/57.296
INPB=0

TINCR=TINCR/57.296

IF (IPT) 10651064107

TZ=7

PHQ Z=RHC
pZ=p

G0 1O 108
Ti=T

RHO 1=RHO
Dl1=P
COMTINUE

CALL ISTROP (GAMMA,RM1,P14PZ,P10OPZ,IPT)
DO 115 I=1.NTIMES

ISW=0

IF {ANGLE.NELBETA) GC T0 109

BETAI WAS INPUT INSTEAD OF THETAI
BETAI=THETAL

INPB=1

THETAT=FTHETA(GAMMA yRM1 4BETAI}
THIDEG=THETAI*57.296"

WRITE (£&9119) THIDEG

A A RZEEREE R ER N E RN ERERERE SN FEYE R Y ER R RN FR YR R R R NN YN Y NN N NN ST YN

CALCULATE AND WRITE PARAMETER RATIOS FOR 3/1

. . .
(AR R R R EREEREEERENYRY A IR LN R YA NN L E N Y E R R Y NP FENEERXNEFN FINEY R RN ISR

BETAI=FINCB(GAMMA ;RM1,THETAI,1, IERROR)
IF (IERFANP~2) 111,111,110
60 70 (101,101,1061,1C1), IERROR ~
ERRORS IN FINDING BETA
IERROR = 1 ONE SOLUTION WAS FOUND, CONTINUE
2 SOLUTION DID MOT CONVERGE, USE LAST B COMPYUTED
3 NO SOLUTION WAS FCUND, START NEW CASE
4 NOT DEFINED
BIDEG=BETAI*180./3.1416
THIDEG=THETAL*180./3.1416

ITERATE OGN THETAF UNTIL P2 = P4

AN BRAE AR A A R R A LR E AR N E AR N ERIE L LR R ER R RIS NI SN E NN PN NEE RN RS EERR XN

THETAF=0.
BETA2=1,5708
RM3=FINDM{GAMMA ,RM1 ySIN{(BETAI),BETAI,THETAI)
P30P1=PRATIO{GAMMA, RM1, SINIBETAL))
A TYPE 4 INTERFERENCE PATTERN WITH INITIAL MACH NO RM1

>>>>>>>i>>>>>>>>>P>>>>>>>>P>>>D>=>>>>>>>>>>>>>>>>b>b>>>>>>DP>>>>
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113

ENTERING AT ANGLE O DEGREES
CALL TYP4 (THETAF,BETA24RM 4RM3,THETAI,THETA4,BETA4,P30P1,GAMMA,TO
1L s IFRROR)
IF (IERROR-3) 112,101,101

0P SO O N0 IBODOP OB S OG COOS 0 P0 OB DBOETIBOREEPNEIIARIENCONROECIOEOOEOEDBROOIODODTSTS

A TYPE 4 INTERFERENCE PATTERN WITH INITIAL MACH NO M3
ENTERING AT ANGLE THETAI RADIANS

YRRy Y Y R PR RN NP NP R IR N FE N R EEANEE RS EX N AN EERLE S AL LESRE B A

BETA5=1.57(8

THETAS=C .

RM4= FINDM(GAMMA,RM3,SIN(BETA4),BETA#,TFETA4)

P4OP3=PR AT [O(GAMMA, RM3, SIN( BETA4))

CALL TYP4 (THETA5,BETA5yRM3 4RM4&,THE TA4, THETAG,BETA6,P40OP3,GAMMA,TO
1L yTERROR) '
IF (IERRNR~3) 113,101,101

WRITE THETA AND BETA ANGLES AND MACH NUMBER

WRITE (6,120)

THFDEG=THETAF#57.296

THFP=THETA5%57.296
RM2=FINDM{GAMMA ,RML s SIN{BET A2)yBETA2, ABS(THETAF))
THE TA2=THETAF

THDEG=THETA2%18G./3.1416

IF (THETAF.LT.0) BETA2=3.1416-BETA2
RETDEG=BETA2%180./3.1416

ABSTH=THFDEG

AAAT2=ABSTH

ABSBT=BETDEG

J=2

WRITE (6,121) J,THDEG,BETDEG,ABSTH, ABSBT yRM1,RM2
THOEG=THETAI*57.296

BETDEG=BETAI*57.296

ABSTH=THIDEG

ABSBT=81DEG

J=3

WRITE (€4121) JyTHDEG,BETDEGyABSTH,ABSBTvRMlsRMB
THDEG=THETA4%180. /3.1416
BETDEG=BETA4*180./3.1416

ABSTH=THFDEG

ABSBT=THIDEG-BETDEG

AAAB4=ABSBT

J=4

WRITE (6,121) J,THDEG,BETDEG,ABSTH, ABSBT ,RM3,RM4
£ M5=F INDM (GAMMA ,RM3 , SIN(BETA5) ,BETA5, ABS{THETAS))
THDEG=THETAS5%57 .296

IF (THETA5.LT.0) BETAS=3.1416-BETAS
BETDEG=BETA5%57 4296

ABSTH=THIDEG-THFP

ABSBT=THIDEG-BETDEG

J=5

WRITE (&4121) J,THDEG,BETDEG, ABSTHy ABSBTyRM3,R45
RME=F INDM ( GAMMA yRM4 SIN (BETA6) yBETA6, THETAG)
THDEG=THETA6%57 .296

BETDEG=BETA6%57.296

ABS TH=THIDEG-THFP

AAATE=ABSTH

ABSBT=THFCEG+BETDEG

ABR6=ABSAT

J=6

WRITE (64121) JyTHDEG,BETDEG,ABSTH,ABSBToRM4,RM6

2 9 00 088 W S0 CANALESE 0000 U 0P S0 ENN00 ORPER RSN SIRRECROICEIROSOIRSIOIOTRTSE
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160
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CALCULATE AND WRITE PARAMETER RATIOS FOR 2/1y 4/35 4/1

OO TOHDOLEDDSODEPE TD DDDP O OC TONDDSDD DN HOEDLO O D PIVDIOOOPIDROOD VOO DR D

I0=2

WRITE (64122)

CALL 08LIQ
CALL NBLIYQ
CALL 0OBLIQ
CALL 0OBLIQ
CALL O8LIQ
CALL MLTRTY
CALL MLTFT

. CALL ML TeT

PV SPSOBOECOPIINOND BO POTI EL 0PIV ODIOLD SS DI SIILTIDIBDOL089LANIIEERISOE O

(GAMMA R ML ABS{THETAF) sBETA2,R¥2,P200P1,1,2,10)
{GAMMA,RM1s THETAI,BETAIyRM3,P30P 1,1,y 3,10)
(GAMMA ;RM3 4 THETA4¢BETA4,RM4,P4CP3,3,4,10C)
(GAMMA,RM3,ABS{THETAS)+BETAS5,fM5,P50P3;3,5,10)
{GAMMA R M4, THETAG,; BETAL, RME, P6CP4 145 6, 10)
{P4OP3,P30P1,4P40PLly1ls4sl)
(PS5OP3,P30P1L,4P50P1¢14541)

(P60P4sP4OPL ,P60PLy14651)

CALCULATE ABSOLUTE VALUES FGﬁ POINTS 3 THRU 4

© 92 O60PINVGONDPUBNOGOED G PBDTD CRLOD VDCOCOCHPIE OL GG IOOVOLIIDPOODOOIOIOBOT B OIODS

WRITE (6+123)
WRITE (&,124)

VISCI1=VISCY

(VREF,TREF,T1+5)

Al=SQRT (32 .2*GAMMAXE*T] )

Ul=Al1%*2M]1
CEY1=RHCL %Y
J=1

WRITE (6412
in=1

J=2

CALL ABSVAL
J=3

CALL ABSVAL
J=4

CALL ABSVAL
J=5

CALL ABSVAL
J=6

CALL ABSVAL

1/vIscl

5) JsP1,RHOL,T1,AL,UL,VISCI,REY14RM]1

(P27PLyP1yP2yVREF, TREF,SsJy 10,RV2)
(P30P1,P1,P3,VREF,TREF s S,y 10,RV3)
(P40OP Ly PLyP4yVREF, TREF»SsJ,10,RV4)
(P50P1,P1,P5,VREF,TREFySyJ,10,RN5)

{(P6OP Ly PLsPESVREF,TREFsSyJds I0sRMG)

WRITE (6,126)

J=1
WRITE (6,12
J=2

5) JePZyRHOZ,TZ

CALL ISTROP. {GAMMA,RMZ2,P2,P12,P20P22,2)
PL20Z=P12/PL" ,
WRITE (65125} J,PZ2;RHOZ2,T12,PZ220Z

J=3
CALL ISTROP

(GAMMA; RM3,P3,P13,P30P23,3}

PZ30Z=P13/PZ .
WRITE (65125) JyPI3,RHOZ3,TI3,PZ30Z

J=4
CALL ISTROP

(GAMMA; RM4 o P4 3P 14 3P40PL4%44)

P1402=P14/PZ
WRITE (65125) JyPZ4,RHOZ4sT74,PZ40Z

J=5
CALL ISTROP

{GAMMA, RM5, P54PZ154,P50PZ5,5)

PZ502=P15/PL
WRITE (65125) J4PZ5,RHOZ5,T25,P250L

J=6
CALL ISTROP

{GAMMA; RM6 s P64,PZ6y POOPLOE)

P160Z=PLl6/PL
WRITE (65125} JyPL64RHOZ6,T16,PZ60L

IF (RM6.GE.

1.} GO TC 114

184
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115

121
122
123

124  FORMAT (15X, 3HPSI 44X, LLHSLUGS/CU FT 45X THRANKINE » 6Xy 6HFT/SEC16Xy6H

125
126

127

WRITE (65127)
GO YO 115
CALCULATE AMPLIFICATION FACTOR

CALL JET (GAMMA;AAAB49AAAT24P29PZ6sRMEsAAATECPsTL6,PRy YREFSTHWALL y
1TREFyAMW,S,PZ2,RM1y T1,PZ,ABB6, XLRByRBy IPRINT)

THETAI=THETAT+T INCR .

XLRB=0.

GO T0 101

FORMAT (1H1,:25%X,9H% % % , //1X,81HTHIS PROGRAM PERFORMS A TYPE 4
LSHOCK INTERFERENCE PATTERN WITH NORMAL IMPINGEMENT,//26X,TH* * *
2/ 911H RUN NUMBER,yF7.2)

FORMAT (30H XL{SHOCK DISPLACEMENT LENGTH),F16.6,4H FT)

FORMAT (12H NOSE RADIUS18XyF15.5;4H FT)

FORMAT {(1H1,19HTHETAIL = 1F8 445 6H DEG)

FORMAY (//12Xy14HRELATIVE ANGLE10X,14HABSOLUTE ANGLEy /9Xy SHTHETA,
18Xy 4HBETA9 TXsSHTHET A, 8X s 4HBET A 5Xs 13HUPSTREAM MACH 2X,10HLOCAL MAC
21}

"FORMAT (1XyT194FL2.495XF124495X,F1244)

‘FORMAT (//1X;10HRATIDS ARE/)

FORMAT (//TH REGION,IIX!lHPIIZXQBHRHOIIIX!1HT111X!1HALLLXIlHulex!m

12HMU, 3X s 11HREYNOLDS NOs9H MACH NO)
LFT/SECy4X s LLHSLUG/FT~SEC, 11X, 4H1/FT)

FORMAT {1Xy15,F1244+E15.593F120492E1545,F8.4)

FORMAT {/1X,25HSTAGNATION CONDITIONS ARE/TH REGICNs6Xy5HPSTAG,L2X,
L3HRHO, 7X, SHTSTAG 1 4X s 12HPSTAG/PSTAGL 5/ 4 14X 4HPSTAy4Xs LLHSLUGS/CU FT
245X o THE ANKINE)

FORMAT (1HC,5THMACH NO. IN REGION 6 IS LESS THAN 1.0 ... GO TO NEX
1T CASE)

END

>P>PBPR>PDD

73



Program Flow Chart — JET

Subroutine JET

No

\Write input parameters\

Calculate coordinates
of first part of jet

/ CALL HEAT \
Compute and write heat -transfe?

reference values

Compute flow field in
jet region

\Write flow fiela

/ CALL HEAT \

Compute and write
heat transfer

Compute heat-transfer
ratios

Write ratios

Ni Y Write jet
: REGION = 8? 2 coordin]ates =




Program Listing — JET

SUBRDUTINE JET (GAMMAsB4 o THETZ29P2:P06 AMBTHET69CP T (069 PRy AMUR s TH
1TRy AMWT S sP02sAML s T1sP0O1,BEsXLRBsRB IPRINT)
DIMENSION XJ(15)y YJ(15), THET(15)
DIMENSION VARI(11l)y VARDI1141)
DATA VARI/ 12902490349 %2704955056450505¢40655:693.72543.76/
DATA VARD/ olye2903p 0b5053e65aT5085:951cplcl/ '
IF {IPRINT.EQ.D) GO TO 2
WRITE (6y10) GAMMA,B4; THET2 P2 ,P06y AMECPsTCE,PRyAMUR s TH TRy AMWT» S

2

o

1, THET6,P02,AML,y Tl 4B6
KODE=1

PI1=3.1415927
2TD=180.0/P1
THET(2)=THET2/RTD
THET(6)=THET6/RTD
B4R=B4/RTD
RO6R=B6/RTD
XL12=XLRB*RB

XL13=XL12%{SIN(B4R)}=COS{B4R }*TAN(BER)} )/ (SINITHET(2))-COS(THET(2) }*

LTAN(B6R) )

XJd{1)=0.

Ydltl=C.
XJ{2)=XL12*%COS(B4R)
YJ{2)=XL12*S IN{B4R)
XJ{3)=XL13%COS(THET(2})
YJ(3)=XL13%SIN(THET(2))
GP1=GAMMA+] .,

GM1=GAMMA~-1.

GPOM=GP1/GML

GMOP=GM1/GP1

P7=pP2

POT7=P0O6

PRT=PT/PIT
Z1=PRT7*%{(-GML/GAMMA)-1.,
IF {(21.GE.Q.) GO TQ 3
WRITE (6411) 21

CALL EXIT

CONTINUE
AMT=SQPRT{2./GM1*Z21)
AMUB6R=ASIN{1./AME)
AMUBSD=RTD*AMUBER
AMUBTR=ASIN(1./AMT}
AMUBTD=PTD*AMUBTR

IF {AM6.GE.1.Q) GC TC 4
WRITE (6,12) AMO6

CALL EXIT

IF (AM7.GF.1.3) GO TC 5
WRITE (6,13) AM7

CALL EXIT
22=SORT(GMOP®(AME*%2~1.))
I3=S0RT{AMEe**2~1,)
ANJER=SORT(GPOM IATAN(Z 2)-ATAN(Z3)
ANUED=ANUERERTD
L4=SORT(GMOP#{AMT *%2-1,})
Z5=50RT (AMT*%2-1,.}
ANUTR=SQPT(GPOM I *ATAN{Z 4} ~ATAN(Z5}
ANUTD=AMUTRXATD
DTHET=ARNUTR=-ANUG6R

DELTA=( AMUBER+AMUBTR4DTHET]) #(.5
EPS=DELTA-DTHET-THET(6)

UOUCUTCUTUoOCUU0UOoOOUOUDOU0DUDUDODUDUUUOUOODUUOUODUDDODUVUOULULUDUUOOUUCOUCO
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ANT=EPS

DTHETD=F TD*DTHET

DELTAD=RTD*DELTA

EPSD=RTO™EPS

AMT C=RTC*ANT

XJCE) =AYI3)=YIHL2)+ X2 V= TAN{THETI6 1) #+XJ{3)#TAN{ANT ) ) /{TAN{ANT) +TA
IN(THET(6)))
YJU4)=YI(2) 4 (XJ {4 I-XJ{2) ) XTAN{THET(6))
ZLJ=SQRTI{XI{4)=XJ(3)hex2+(YI{4)=YI(3))¥%x2)
ILK=2.%7LJ*COS(DELTA)

EPSB=DELTA-DTHET

ZLM=2.%ZLIJ*COSLEPS8)

IWB=2L J*SIN(EPS8)

IWT=ZLJ%*SINIDELTA)

TTS=SQRT(2.%CP*T06)

CONSTANT INPUT TO SUBROUTINE HEAT

RG=1545./AMWT
AQ={UoT6/PRYX{,6) )}/ {TTB.26%SORT(32.2))
AMUW=VISCI{AMUR 3y TR, TW,4S)
AMUI=VISCJIIAMUR yTRy 706, S)
DO=CP*(T06-TW)

AM12=AM1*%2

CALCULATICN OF UGRDTS

Ul=AM1*SQRT{GAMMA%RG*T1 %32,.2)

WRITE (6414}

CALL HEAT (RGyTWsTCOEyAMUWSAMUL,AQyDQsUGRDTS ,PSMIZPOLAMI2,6GP 1,GM1,
1GAMMA QWS ,UL4RB )

BEGIN LONPING

MAXR=2

NREG=6

DO 9 I=1,MAXR

NREG=NREG+1

NREGM1=MNREG~1

NREGM2=NREG-2

NRE GM4=NP EG-4
THET(NREG)=THET(NREGM1) +DTHET
THETD=THET(NREG)*RTD

ALPHA=90.

ALPI=ALPHA+THET (NREG)*RTD

ALPHAP=ALPHA

SIGN=1.

IF (ALPHA.LE.9C.) GO TO 6
ALPHA=180.-ALPHA

SIGN=-1,

CONTINUE .

IF (MODINREG+2).EQ.C) GO TO 7
XJINFEGM2)=XJ(NREGM4) +Z LK*C OS{ THET(NREG) )
YJUNREGM2 )=YJ(NREGM4 ) +ZLK*S IN( THET(NREG) )
ZLW=ZWT

RMACH=AMT

GO 70O 8

ILW=IW8

FMACH=AM6

XIOMREGMZ2 J=XJ(NREGM&}+Z LM¥C OS¢ THET{NREG}}
YJUNREGM2 1 =Y J{NREGM4 I +Z L M*S IN{THET{NREG} )
HRITE (645151 NREG
TT=T0E/{1a+GML/ 2 %R MACH %% 2}

SRR RwEEAACA AR Rwis v R vivivieclviviolvBviviviviviviviolvlvivEvEviv vl viv v v vl v vivEvlciv vl vEoRwvEvRo R el wieReRwk=Rw)

111
112
113
114
115
11e
117
118
119
120
121




11
12
13
L4
13
16

17

18

UT=RMACHS SQRT{SAMMASRGETTH32.2)

DEL OW=.45

SDS=DELOWHZLW

SMACH=R MACH® %2

ABC=2.+GM1%SMACH

RHOJOS=ABC/ {GP L *SMACH)

CALL MTLUP {RHOJOS,CELOR,;1ls1leLllsls~1sVARI;VARD)
nN=SDS/DELOR

WRITE (6516) THETD, ZLW, RMACH,RN

CALL HEAT {RGyTW;TO&yAMUW,AMULAQyDQsUGRDT ,PW P06 SHACHGPL1;GMLGA
1MMA , QW, U7 3RN) '
RQW=QW/ QWS

RL=RB/ZLM

PWR 1=PW/PSNI

KTLR=RA/XL13

PLJI=XL13/ZLY

RATLJ=F LJ*PWK]

PWR=PSMI/PW

QRED=1.03%SQRT{RL /P WR}

WRITE (€517) RLyPWFI,ROWyQRED

CONTINUE

WRITE (6,18) (XJUI),YJ(T1)y1=1,6)

RETURN

FORMAT {1HQ,8HGAMMA = ;E12.59s9Xs5HBSG = sE12.5313XBHTHET2 = ,EL2.5
1710Xe5HP2 = 3E12.5¢/91H ;6HPO6 = yE12.5411Xs6HAME6 = 4E12.55,12X,5HC
2P = 4E12.5,L13X,6HT06 = 3EL2.557/9lH s5HPR = ;E12.5,12Xs THAMUR = ,E1]
3255 L1Xs5HTH = 3EL12.5913Xs5HTR = 3E12654/ 91K yTHAMWT = 3E12.5510X,
44HS = 3E12.59L4XsBHTHET S = 4E12.5910X36HPO2 = ;£12.55/51H y6HAM1 =
5 051205711)(,5"”-1 = 4E£12.5913X35HBG6 = yE1259//)

FORMAT (1HCy23HERROR MESSAGE eee Z1 = 4E12:54//)

FORMAT (1HOy24HERRGR MESSAGE cee AM6 = jE12.5,//)

FORMAT (1HO924HERROR MESSAGE eoe AMT = E12.5,//)

FORMAT (1HOy 4LHCONDITIONS WITHOUT SHCCK INTERFERENCE ARE)

FORMAT (//31HO,21HCONDITICNS IN REGIGN ,12)

FORMAT (1HOyBHTHETA = yEL2.594H DEG3Xy12HJET WIDTH = ,E12.5,5H FE
1ET93XyL1HMACH NOo = »E12.593X915H NOSE RADILS = sE12.5,5H FEET)

FORMAT {(1H »30HRATIOC NOSE RADIUS TO JET WIDTHe24Xy3H = 3E12.59/91H
1 p26HP WALL/P PITOT FREE STREAM¢28Xs3H = 4E12.5¢/31H o5THHEAT TRAN
2SFER RATIO (WITH INTERFERENCE TO 3-D WITHOUT) = yEL12.5¢/91H 4 26HHE
3AT TRANSFER RATIO{EONEY )927Xe3H = 4E12.5)

FORMAT (//27TH COORDINATES OF THE JET ARE¢/9yIHOs 4HJSL (sEL2.551HesE L
1253 1H) g/ ¢lH 3s4HI2 (4EL2.59 IHg9EL2591H) o/ 9 1H s 4HI3 (4EL12e591HssEL
22659 H) 9/ g 1H 44HJISG (4EL2.551He¢E12:501H) /¢ 1H s4HI5 (4EL12.5,1Hy4E1L
32e5,1H) 9/ s 1H 34HIE (sEL2:591HysEL2.501H))

END

vRwBelvlvEvEwivlclvBuvlvEvinBwivivivielwlelvisBolelelvivivielvielelvRwieleRelelelwleRwilwiele]
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Program Flow Chart — HEAT

@broutine HEA@

Calculate velocity gradient
and stagnation pressure
and heat transfer

Write velocity gradient
and stagnation pressure
and heat transfer

Return to JET

Program Listing — HEAT

C ©® O P OO 00 OO0 B VO POO OB OC DOV VL BO 08 0CPLOOO 0 COCH OO BOOS &0 6000060 0QHOO G OO D C 1
SUBROUTINE HEAT (RG,TWy;TO6, AMUW,AMUL;AQ, DQs UGRDY+ PW, P01l AM12,6P1+G C( 2

1M1y GAMMA,QW,UsR ) C 3
TERML=(GP1*AMI2)/(GNL*AMLI242.} C 4
TERM2=GP1/(2.*GAMMA*AM1 2-GM 1) c 5
PW=POLHTERML =% ( GAMMA/GML I *TERM2%% ({1 . /GM1] C 6
UGRDT=U/R%SQRT(GM 1/ GAMMAX (1 .42, /{GM1*AML2)) *(Lo=1o/ (GAMMARAMLZ) ) ) C 7
BR={{144 . %AMUW) /{RG*TW) ) **%( 1) C 8
CO=({144.%AMUL) /{RGXT06) ) *%(.4) C 9

EQL =PW¥*,5 c 1¢
OW=AR*BQ*CQ¥DA*EQL*SART(UGR DT ¢ 11

WRITE (¢41) PHoUGRDTyQW c 12
PETURN c 13

C c 14
1 FORMAT (1HD,22HWALL PRESSURE = sEL2e5,4H PSIy/1H 22HVELOCIT C 15
1Y GRADIENT = 3E12.5¢6H 1L/SECe/y1H 22HSTAGNATION HEATING = sEL2 C 1lé
2.5914H BTU/SQ.FT-SECs/} c 17
END c 18-

USAGE

Program SHOCK for a type IV interference pattern uses the standard FORTRAN
NAMELIST input with $DATAIN as the NAMELIST name. The input includes the flow
conditions, gas properties, flow deflection or shock angle, shock displacement length Lgpy
(see fig. 6), and nose radius. The program can increment the shock generator angle and
lists the peak pressure and heat transfer in regions 7 and 8 (see fig. 7) for each angle.
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A description of the input and output variables and a sample case are presented.

Input Description

The $DATAIN input for type IV is as follows:

RUN

RM1

GAMMA

THETAI

TINCR

NTIMES

IPT

T

P

AMW

TREF

VREF

RB

TWALL

XL

XLRB

run number for identification

M,,, free-stream Mach number

p /cv, ratio of specific heats

6i, shock generator angle, deg; or g;, impinging shock angle, deg
increment for 6; (Default = 59)

number of times to increment 6;

initial point; 0 for stagnation conditions, 1 for free-stream static conditions
temperature at IPT, °R

pressure at IPT, psia

molecular weight (used to compute gas constant)

reference temperature for computing viscosity, °R

reference viscosity for computing viscosity, slugs/ft-sec

nose radius, ft

Sutherland's constant in viscosity equation

temperature at wall, °R

Lgy shock displacement length (J1 - Jg in fig. 7), ft

ratio of shock displacement length to nose radius (may be input in place
of XL)
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CPp Cp, specific heat at constant pressure, ft-1bf/slug -°R

PR Np,, Prandtl number

TOL acceptable tolerance for equal pressures (0.001)
ANGLE THET if 6; input; BETA if g; input

IPRINT 0 to suppress extra printout; 1 for complete printout

RUN NUMBER

M1

GAMMA (CP/CV)

TEMP AT POINT "IPT"
PRES AT POINT "IPT"
MOLECULAR WEIGHT
REFERENCE TEMP
REFERENCE VISCOSITY
S(SUTHERLAND NUMBER)
TEMP AT WALL

CP

PRANDTL NUMBER
XL(SHOCK DISPLACE-

MENT LENGTH)
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Output Description
run number for identification
M,,, Mach number in free stream
ratio of specific heats
input as T, °R
input as P, psia
molecular weight (used to compute gas constant)
reference temperature for computing viscosity, OR
reference viscosity for computing viscosity, slugs/ft-sec
Sutherland's constant in viscosity equation
Tw> CR
Cps specific heat at constant pressure, ft—lbf/slug—oR
Npy, Prandtl number

distance from Jy to Jo (see fig.7), ft




NOSE RADIUS
THETAI
RELATIVE ANGLE

THETA

BETA
ABSOLUTE ANGLE

THETA

BETA
UPSTREAM MACH
LOCAL MACH
P2/P1, etc.
RHO2/1, etc.
T2/T1, etc.
A2/A1, etc.
U2/U1, etc.
REGION
b

RHO

nose radius, ft

0;, shock generator angle, deg

flow angle relative to flow in upstream region, deg

shock angle relative to flow in upstream region, deg

flow angle relative to free-stream flow, deg
shock angle relative to free-stream flow, deg
Mach number in upstream region

local Mach number

pz/pl, etc., pressure ratios for regions listed

Py /pl, etc., density ratios for regions listed
Tz/Tl, etc., temperature ratios for regions listed
az/al, etc., ratios of speeds of sound in regions listed
Uy /ul, etc., velocity ratios for regions listed
region in shock pattern

static pressure for region, psia

static density for region, slugs/ft3

static temperature for region, °R

speed of sound for region, ft/sec
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U velocity for region, ft/sec

MU static viscosity in region, slugs/ft-sec
REYNOLDS NO Reynolds number per foot in region
MACH NO Mach number in region

The following stagnation conditions are then listed:

PSTAG total pressure in region, psia

RHO total density in region, slugs/ft3

TSTAG total temperature in region, °R
PSTAG/PSTAG1 ratio of total preséure in region to free-stream

total pressure

Reference conditions without interference are listed as

WALL PRESSURE pstag’ stagnation pressure on sphere, psia
VELOCITY GRADIENT stagnation velocity gradient on sphere, 1/sec
STAGNATION HEATING Qstag’ stagnation-point heat-transfer rate on sphere,

Btu/ft2-sec

The peak conditions for regions 7 and 8 are listed as follows:

THETA jet flow angle, deg

JET WIDTH W, jet width, ft

MACH NO. jet Mach number

NOSE RADIUS Rpj, nose radius of "jet body," it

WALL PRESSURE peak pressure at wall (jet stagnation pressure), psia
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du
VELOCITY GRADIENT <—d—w> , jet stagnation velocity gradient, 1/sec
5 /stag

STAGNATION HEATING ka, jet stagnation heat-transfer rate, Btu/ft2 -sec
RATIO NOSE RADIUS TO JET WIDTH Rb/ w
PWALL/P PITOT FREE STREAM ppk /pstag

HEAT TRANSFER RATIO ka /Qstag , ratio of peak heating in region to reference
heating on sphere

HEAT TRANSFER RATIO (EDNEY) ka /Qstag’ heating ratio calculated from
equation (7)

COORDINATES OF JET (J1 to J6) coordinates of jet as defined in figure 7

Sample Case — Input

$DATAIN

RM1 = 0.,6E+Q1,
GAMMA = 0.14E+01,
THETAT = 0.5E+01,
TINCR = 0.5E+01,
NTIMES = 1,

1pPT = 0y

T =  Q0.9E+032,

P = 0.4E+02,
AMW = 0.2897E+02,
TREF = 0.53E+(C3,
VREF =  (0.,3801E~Cé€;,
RSB = 0.5E+0C,

S = 0.1986E+03,
TWALL = 0.5EE¢(3,
XL = 0.15E+CCy
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ce = Q. 6CCEE+04G,

PR = 0.72E+00,

TOL = 0.1E~02,

IPRINT = 0,

XLRB = 0.0,

RUN = 0.1E+01,

ANGLE = 0.694047257€5109F+93,
$END

Sample Case — Qutput

THIS PROGRAM PERFCRMS A TYPE 4 SHOCK INTERFERENCE PATTERN WITH NORMAL IMPINGEMENT

* ok %
RUN NUMBER 1.00
INPUT VARIABLES ARE
M1 6.000
GAMMA(CP/CV) 1.400000
TEMP AT POINT O 300.,000000 RANKINE
PRES AT POINT O 400.000000 PSI
MOLECULAR WEIGHT 28.970000
REFERENCE TEMP 53C.000000 RANKINE
REFERENCE VISCOSITY 3.801000E-07 SLUG/(FT-SEC)
SUSUTHERLAND NUMBER) . 198.€00
TEMP AT WALL 550,000 RANKINE
cp €006.C00 FT-LBF/(SLUG-RANKINE)
PRANDTL NUMBER . . - 2720000
XL{SHOCK DISPLACEMENT LENGTH) 150000 FT
NOSE RADIUS +50000 FY
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g8

MU

THETAI = 5.0000 DEG
RELATIVE ANGLE ABSOLUTE ANGLE
THETA BETA THETA BETA UPSTREAM MACH L OCAL MACH
2 -21.6175 99,4092 ~21.6177 $9.4092 6.0000 «5367
3 5. 0000 12,1598 5.0000 13.1597 6.,0000 5.3157
4 36.£6174 51.9049 -21.6177 -46+9049 5.3157 1.6321
5 2T.27C6 82.1113 ~22.2706 ~T7.1114 5.3157 5036
[ 9.3470 48,7307 -22.2706 17.1131 l1.6321 1.30138
RATIOS ARE
PZ/P1l= 40.7107 RHOZ2/1l= 5.2507 T2/T1= T7.7534 A2/A1=  2.7845 U2 /ul=
P3/P 1= 2.C103 RHO2/1= 1.6306 T3/7T1= 1.2328 A3/Al= 1.1103 u3/uli=
P4/p3= 20,2512 BHO4/3=  4.6667 T4/T3= 4.3395 A4/43= 2,0831 Ua /U3=
P5/P2= 32,1787 FHOS5/3= 5.0833 T5/73=  6.3303 A5/A43= 2,5160 us/u3=
P5/P4= 1.5890 RHOG6/4= 1,3881 T6/T4= 1.1%48 A6/A4=  1.0699 Ué /U4=
P4/Pl= 40.7104 FHN4/ 1= T.6096 T4/T1=  5.3499 A4/A1l=  2.3130 U4 /ul=
P5/0 1= £4.,6882 RHO5/1= 2,28R8 T5/Tl=  T.R043 AS/Al=  2.7936 us/ul=
PA/PL= 64,6890 RHC6/1= 10.5626 T6/Tl= 6.1243 A6/Al=  2.4T47 us/ul=
REGICN PHO T U
PST SLUGS/CY FT RANKINE FT/SEC FT/SEC SLUG/FT-SEC

1 »2533 1.93645E-04 109.7561 513.5679 3081.4074 8,463 77E-08

2 10.3138 1.016772-C3 350.9807 1430.0242 767.4385 5.36830E-07

3 5093 3.15760E-04 135.3111 570,2302 3031.1919 1.06990£-07

4 10.3138 1.472356F-03 587.1804 1187.8711 1938.7491 4.10988E~-07

5 16.3834 1.60509E-03 3C€.56€3 1434.7097 T22.4796 5.39255E-07

5 16.3886 2.04540F-03 672.1822 1270. 9459 1654.5151 4.54249E-07
STAGNATION CONDITICNS 8RE
REGICN PSTAG RHO TSTAG PSTAG/PSTAGL

PSTA SLUGS/CY FT RANKINE

1 400.,0C00 3.72856E-02 3CC.0C00

2 12.5472 1,16958E-03 859,9981 .0314

2 386.5123 2,60280E-02 960.0088 « G663

4 45,9812 4,286055-03 9CQ. 0088 .1150

5 15.4866 1.81€41E-C2 2C0. 0088 « 0487

5 45,5199 4. 24305E-03 3€0.0088 «1133
CONDITIONS WITHOUT SFOCK TNTERFEPENCE ARE
WALL PRESSURE = 1.186C4E+01 PSI
VELOCITY GRADIFENT = 3.48123€+03 1/SEC
STAGNATION HEATING = 2,7129SE+00 RTU/SQ.FT-SEC
CONDITIONS IN REGION 7
THETA = ~1.28803E+401 DEG JET WIDTH = 3.95747E—-02 FEET MACH NO. = 1.62535E+00
WALL PRESSURE = 4,03125E+01 PSI
VELOCITY GRADIENT = 4.07153E+04 1/SEC
STAGNATION HEATING = 2.34103E+01 BTU/SQ.FT-SEC
RATIC NOSE RADIUS TC JET WIDTH = 1.26343E+01
P.WALL/P PITOT FREE STREAM = 3.39893E+00
HEAT TRANSFER RATIC (WITH INTERFERENCE TO 3-0 WITHOUT) = 6.30497E+00

HEAT TRANSFER RATIC(EDNEY)

6. T49T0E+Q0

«2491
9837
«639¢6
22383
« 8534
6292
02345
5369

REYNOLDS NO

1/F7
7.05004E+06
1.45355€406
B+9459TE+06
6.95122E+06
20.15046F+06
T.44998E+06

NOSE RADIUS

MACH NO

6.0000
« 5367
5.,3157
1.6321
«5036
1.3018

3.68847TE-02 FEET
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CONDITIONS IN REGICN 8
THETA = -3,48998E+00 DEG JET WIDTH = 3.33868E-02 FEET
WALL PRESSURE

VELOCITY GRADIENT
STAGNATION HEATING

4.4566TE+D1 PSI
7.30754E+04 1/SEC
3,29761E+01 BTU/SQ.FT-SEC

[ O )

RATIO NOSE RADIUS TO JET WIDTH

P WALL/P PITQT FREE STREAM .

HEAT TRANSFER RATIO {WITH INTERFERENCE 7O 3~D WITHOUT)
HEAT TRANSFER RATIO(ECNEY} =

% 4 n

COQRDINATES OF THE JET ARE

{ O« 2 Q. )
{ 1,02482E-01,-1,09533€E~01}
43 ( 1.52T70E-01,;-9,40498E~-02)
{ Le77751E~-01,-1.40358E~C1})
{ 2.20376E~Cls;-1.09509E-01)
{ 2:58936E~Cls~1.45310E-011}

MACH ND. =

1.49760E+01

3.75762E400

8.88128E+00
T.T2665E400

1.30180E+00

NOSE RADIUS

1.829956€E-02 FEET



PART V — TYPE V INTERFERENCE

PROBLEM DISCUSSION

Type V interference involves the interaction of {wo weak shocks of the same family.
The interaction produces a shear layer, a supersonic jet, and a transmifted impinging
shock, as shown in figure 1(e). On a blunt body the shock interaction occurs near the
upper sonic point, as shown in figure 2. A complete solution of the type V flow field
shown in figure 9 is not presently available because of the embedded subsonic flow
(region 4). It is possible, however, to follow the treatment for type II interference and
solve only the supersonic regions adjacent to the body surface in order to obtain the peak
values of pressure and heat transfer at the shock—boundary-layer interaction IP,

The method of solution for type V is similar to that for type II interference with the
exception that the impinging shock is of the same family and directly influences the flow
on the model. As in the case of types I and II, the flow model consisted of two wedges
creating the bow and impinging shocks. The flow conditions in regions 2 and 3 are obtained
by using the Rankine-Hugoniot equations once the free-stream conditions in region 1 and
the flow angles (91,93) or shock angles (61,63) are specified. The triple-point configura-
tion at point B is solved in the same manner as discussed in part II for a type II inter-
ference., The transmitted impinging shock may reflect as a shock or a Mach reflection
depending on the Mach number in region 5 and the surface inclination. Once the pres-
sure ratio across the shock—boundary-layer interaction Pg /p3 is calculated and the
state of the boundary layer and the impingement point are specified, the peak heating ratio
is obtained from equation (1),

PROGRAM DESCRIPTION

The main program reads the input, calls the various subprograms, and computes
the heat transfer. TYP4 calculates the flow deflection angle of the shear layer at point B
(tig. 9). FTHETA is called to compute the flow angle and FINDB is called to compute the
shock angles in each region. The subprograms OBLIQ, FINDM, PRATIO, MLTRT,
ABSVAL, AND ISTROP compute flow variables and ratios of the flow variables. PINPUT
prints the input variables. The flow charts and listings of these subprograms are pre- -
sented in part VII. The flow diagram and listing for the main program follow.
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Compute

Program Flow Chart — Main

—©

/ Read NAMELIST data

for new case

/CALL ISTROP\

Compute

Were

No stagnation Yes

stagnation
conditions

conditions

input? free-stream

conditions

/cALL PPUT

CALL FINDB

Write input

‘ Convert angles to radians

—©

Was Yes CALL FTHETA

\, Compute gy

By
input?, Compute 65 /

/ CALL FINDM

CALL FINDB

/\Compute Mach number in region 2

/ CALL PRATIO
\Compute pressure ratio 92/p1/

—0

Is
iteration for Set 903 to
maximum Yes ____>®

0 minimum
3 value
complete?

No

No “[;'as Yes CALL FTHETA
3

Compute B3

input? Compute 69 /

CALL PRATIO
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V\Compute pressure ratio p3/1)2




CALL FINDM
Gompute Mach number in region 3 /

/  CALL TYP4 \

\Compute shear-layer angle

Decrease No
63

)
Yes Increment
63

Write heading

CALL OBLIQ \
Compute ratio of
flow quantities across
shocks 2, 3,4, and §

CALL MLTRT

Compute ratios of
flow quantities wrt free
stream (region 1)

CALL FINDB

Compute 36

CALL OBLIQ \

Does

Write message —
assume normal shock No flection Yes Compute ratios
and compute ratios retlectio £ titi
' oxist? of quantities across
across it shock 6
1

shock

CALL MLTRT

Compute ratios wrt
region 1

; Write angles and \
Mach number for

each region
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Calculate and write
flow conditions in
free stream

/  CALL ABSVAL _ \

Multiply ratios by values

in free stream to obtain

values for regions 2 to 6
and write values

CALL ISTROP

Compute stagnation
values

Write stagnation
values

Compute and write
heat transfer

Increment No Does
65 I=N3?
Yes

Increment No Does
0y II = N2?
®
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Program Listing — Main

PROGRAM SHOCK{INPUT ;GUTPUT ;TAPES=INPUT (TAPEG=0UTPUT)

PO O DENAO B OO0 GO0 B0 EHOOGOOOOCD DVBOLQGCOBDOOVGOS SO 0600000C0V0 00800000

THIS PROGRAM PERFORMS A TYPE V SHOCK INTERFERENCE PATTERN
FOR ThO DIMENSICNAL FLOW

600 0000000 0EC0008D C0EAIVGB00 0OCBO0COAD AN OELOLOUCEODOENOEOEORG80 6659

COMMCN PZ, RHOZy TZ, P10

P22y RHCZ24s T12,
P23s RHGZ3,s 113,
P24y RHOZ4s Tl4o
P15y RHOLS,y Ti5,
P16y RHOZ6s T1b6y
pP20Pl, RHDO201, T2
p30P2, RHO302y T3
P30P1l, RHO3Cl, 13

PZs, RHULOZ,

T10TZ,

P20PZ2, RHUOZ2ZZ2s T20T12e
P30PZ3, RHU3Z3, T3UTZ3,
P40PZ4s RHU4L4y, T40TZ4,
P50PZ5+ RHU525, T50TZ5,
P60OPZ6y RHU6LO6y TO6UTZOs

0Tl, A20Al,
072y A30AZ,
0Tl, A30AlL,

P40P2, RHO4C2, T40T2; A40AZ,

P40P1ls RHO401, T4
PS50P3, RHO503, T5
P60P5, RHO6CS5,y Tb
P50P1, RHOEQL, 75
P60OPL, RHO6CLy T6

0Tl , A40Al,
073, ASUA3,
075, AbLOAS;,
0T1l, AS50A1ls
0T1l, A6UAlL,

COMMON  P60OP 3, RHDE03, T80T3, AGLDA3,

CCMMCN  PL, RHOls Tly Aly
P2y RHO2s T2y A2y

P3, RHO3, T3, A3,

P4y RHO4s T4,y A4,

PS5y RHO5s TS5, A5,

= P6y RHOGy TH, Ab,
DIMENSION T3STAR{2), RHO3

DIMENS ION PN(2), HR(2)

Ul, VISCI,
U2, VISCZ,y
U3, VISC3,
U4y VISC4,
USe VISCS,
Uty VISCE,

STR{2)y; V3STAR(2),
TNL{2), QFP(2), QPK{2), HFP(2), HPK(2), TR(2),

SET DEFAULTS FOR INPUT VARIABLES

CATA BETA/4HBETA/,TGL/.00
DATA TINCR/5.0/4TSTART/5.

CATA GAMMA/1.4/yN2Z¢N3 4N6/Ls Ly L/ sANGLE 2 ,ANGLE 3/2%4HTHET/
IPT/0/sAMN/28.97/ s TREF/532.98/VREF/ «380TE-6/4XL/ 1.0/
THWALL/530./¢5S/216./4CP /60064 /4PR/T2/

DATA

1/
o/

U20Ul
U30U2s
U30UlLy
U40U2ys
U40UL s
USOU3
U60uUS ¢
J50U1
U6lul
(VISTSIVE)
REY 1,
REY2,
REY3,
REY4 s
REYS5,
REY6

DATA TH2SVeBT2SVTH3SV,BT35V/4%0./+5SVINCR/5.0/

DATA AR/57.296/

ISW3 USED TO INDICATE ITERATION ON THETA3 HAS BEGUN
NAMELIST /DATAIN/ RMLoGAMMA, THETA2,THETA3 s TINCRyN2yN3

RR{2)»

REY3STR{2)y STN3{(2)y S
AA(2)y RN(2)

TOL, ANGLE

12, ANGLE3¢BETA2,BETA3 ,IPToT P oty TREF s VREF 9 XL sS» TWALL »CPy PRy RUN

101

L.-8547

SET CONSTANTS FOR STANTON
ISW3=0

SIGN=1.

PN(1)=1.29

PN(2)=0.85

RN{l)==.5

RN(2)=-2.584

AA{1)=0.332

AA(2)=.185

SIGN3=1.

NUMBERS

P P P e e R A R RN T R RN AL R R R R AN AR A

TINCR=SVINCR

THE TA3=TH3SV%57, 296+ TINCR
BETA3I=8T3SV®57,296+TINCR
THETAZ2=TH2 SV

BET A2=BT2SV

I>>P>>>>>>>>>>>>>>D>>>>>b>>>>>DPPDPb>x>>I>>>D>>>>>>>>>>D>>>D>D

O W = O N




162

103

104

105

196

QOO

107

108

el aRe!l

92

READ {5¢DATAIN}

IF (ENDFILE 5} 102,103
STOP

CONTINUE
RR{1)=SQRT(PR)
RR{2)=PR%¥¥{1./3,)
WRITE (65123) RUN
R=1544.3/AMW
DENSITY(SLUG/CU FT)
RHO=P*144. /{32, 2%R%*T)
IF (IPT} 10451044105
STAGNATION CONDITICAS

TZ=T

RHOZ=RHO

PZ=p

GO0 10 106

FREE STREAM CONDITIONS
T1=T

P1=pP

RHO1=RHO

CONTINUE

CALL ISTROP (GAMMA,FM1,PlL,PZ,PLOPZ,IPT)
PRINT QUT INPUT VARIABLES

CALL PINPUT (RML,GAMMA; IPT ;TP AMW,TREF,VREF ¢ XLy Sy THALL ;CP PR}
WRITE (69124) XL

ITYP2=0

CONVERT ANGLES TOD RADIANS

TH2SV=THE TA2

BT2S5V=BETAZ2

SVINCR=TINCR

TINCR=TINCR/57. 296

THETA2=THETA2/57 .296-TINCR
THETA3=THETA3/57.2G6~-TINCR
BETA2=BETA2/57.296-TINCR
BETA3=BETA3/57.2G6~-TINCR

TH3SV=THETA3

BT3SV=BETA3

TINCR3=TINCR

BEGIN DO LOUP TO INCREMENT THETAZ2

DO 121 II=1,N2

CALC NEEDED VALUES IN REGION 2

IF (ANGLE2.NE.BETA) GO TO 107
BETA2=BETA2 +SIGN*T INCR
THETA2=FTHETA(GAMMA ;RM1,BETA2)

GC TC 108

THETA2=THETA2+#SIGN*TINCR

IERROR=1

BETAZ2=FINDB{GAMMA,RM1 ,THETA2,1,1ERRCR)
IF (IERROR.GT.2) GO TO 122
SINB=SIN{BETA2)
P2OP1=PRATIC{GAMMA, FM1, SINB)

RM2=F INDM{GAMMA RML ySINB,BETA2, THETA2)
THETA3=TH3SV-THETA2
BETA3=8T3SV-THETA2

ISW3=0

BEGIN DO LOOP TO INCREMENT THETA3

DO 120 I=1sN3

If (ISW3.LT.0) GO TO 121

NS R A S SN 5 P S SN PN NN N R Y - N "N N ey PP PEPDLDLPLPEPLP DR

139
1ol
152
103
104
Lus
106
107
108
109
1190
111
112
113
114
1i5
116
117
118
119
1z0
121
122
123



169 IF [ANGLE3.NE.BETA} GC 70O 110 A 124
BEY A3=BET A3+SIGN3*T INCR3 A 125

IF {BETA3.LT7.0.,} GO TO 120 A 126
THETA3=FTHETA(GAMMA, RM2, BETA3) A 127

GO 10 111 A 128

1io0 THETA3=THETA3 ¢S [GN3*T [NCR3 A 129
IF (THETA3,LT.0.) GC TU 120 A 130
[ERRCR=1 A 131
BETA3=FINDBIGAMMA; RM2;THETA3, 1,1 ERROR]} A 132

If {IERROR.GT.2) GC TO 112 A 133

111 SINB=SIN{BETA3) A 134
T2DEG=THET A2%57,296 A 135
T3DEG=THE TA3%57,296+T2DEG A 136
P3CP2=PRAT IO(GAMMA, RM2, SINB) A 137
RM3=FINDM{GAMMA ,RMZ ¢y SINB ;BETA3 , THETA3) A 133

C B B2 00D PO 0 H0NG 00D GVDO 0O BOT LOOY B E D BDOEO VY OO0 OD BED S Ve VEEVCDSOCRC 00O A 139
C A 140
C ITERATE ON THETAF UNTIL P5 = P4 A 141
C A 142
C GO DS OO DD OO0 De N T OO OE D GDDY BOSAY O GEGE OO OO OO 06N O DDIL B OO L DO S ODD A 143
THETAF =0. A L44
BETA4=1.5708 A 145
[ERROR=] A 146

CALL TYP4 (THETAFBETA4,RM2,RM3,THETA3 ;THETAS §BETAS, P30P2,GAMMA,TO A 147

1L s IERRCR) A 148

IF (IERROR.GT.2) GO 1O 112 A 149

IF (ISW3.£Q.0) GO TO 114 A 150

C ITERATION CN THETA3 HAS BEGUN. ‘A 151
C s A 152
C INCREMENT THETA3 A 153
TINCR3=TINCR3/2. A 154
SIGN3=1. A 155

IF (TINCR3.GT.TOL) GO TO 109 A 154
ISW3=~1 A 157

GO0 T0 114 A 153

c DECREASE THETA3 A 159
112 TINCR3=TINCR3/2. A 16U
SIGN3=-1. A 161
ISW3=1 A 162

IF (TINCR3.GY.TOL) €CC TO 109 A 163

IF (TINCR3.LT.1.E~10) GO YO 113 A lo4
ISW3=-1 A 165

GO YU 109 A 165

113 THDEG=THETA3%57.296 A leT
J=3 A 168

WRITE (65140} JoTHDEG,RM2,RM3 A 169

GO 10 121 A 170

C e @ 0O B GO0 O POGGBOC QDE O 0D PG G0 OO TDOHO BOOOO DEODIB Y GECI OV TVIOBCDOO DO A 171
C A LT2
C CALC AND WRITE RATICS FOR POINTS 1-5 A 173
C A 174
C BB BV O QO OB O G IB GCL 0 GV ¢ G TE B RGO ROCES OSSO EC OO QOO O OO OO GBS0 B ELV OO BED & BB A 175
114 CONT INUE A LT76
WRITE (65125} T2DEG.T30DEG A LTT

WRITE {6,132} A 178

I1C=2 A LT9

CALL OBLIQ {GAMMAGRML,THETAZ2,BETA2,RM2 (P20PLs1,:2,101 A 180

CALL UBLIQ (CGAMMA, RM2 ;ABS(THETA3},BETA3,RM3:P30P2; 2, 3,10} A 181

10=1 A 182

CALL OBLIQ (GAMMA; RMZ ABSITHETAF) sBETA4RM4yP 40P 2y 2, 4,101 A 133

CALL OBLIQ {(GAMMARM3 (ABSITHETAS) ;BETAS, RM5,P50P3,3,55, 10} & 184%

CALL MLTRY (P30P2,P20P1,P30P1,1s3,10}) A 185
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116

117

[aRalaNal

CALL MLTRT (P4OP2,P20PLsP40PL 1410
CALL MLTRY (P50P3,P30PL,P50P 1, 1,5, I0)
THETAS6=THETAS i

TERROR=1
BETA6=FINDB(GAMMA,RM5 ;THETA6 41 IERRUR)
I+ (IERROR.GT.2) GC TO 119

ITYP2=4

CALC AND WRITE RATIOS FOR 6/5 AND 6/1
[0=1

CALL 0OBLIQ (GAMMA,RM5,THETA6+BETAG6+RM6,P60P5,5,6,10)

CALL MLTRT (P6CP5,P5CPL,P60OPLsL6,10)
P6OP3=P60OP5%P50P3
CONTINUE

PRINT RELATIVE, ABSOLUTE ANGLES AND MACH NUMBER AT PUINTS 2-5

PO RVOOVCOVN OO OGOV G OB 0 VY VOV LVUBOOOCOOODOOOVUGOEDOCOHGOLOBOIPOHOY DOOOD B3 8060

WRITE (65133)

THDEG=THETA2%*AR

BETDEG=BETAZ*AR

ABSTH=THDEG

ABSBT=BETDEG

J=2

WRITE (65134) J,THDEG,BETDEG, ABSTH,ABSBT RM1,RM2
THDEG=THE TA3%*AR

BETDEG=BET A3*AR

ABSTH=AR¥{ THETA3+THETA2)

ABSBT=AR*(THETA2+BETA3)

J=3

WRITE (65134) JyTHDEGyBETDEG, ABSTH,ABSBT ,RM2,RM3
THETA4=THETAF

THDEG=AR*THETA4

IF {THETA4.LT.0) BETA4=3.14159-BETA4
BETDEG=AR%*BETA4

ABSTH=AR*{ THETA4+THETA2)

ABSBT=AR* (BETA4 +THETAZ)

J=4

WRITE (64134) JyTHDEG,BETDEG,ABSTH;ABSBT ,RM2,RM4
THDEG=-AR*THETAS

BETDEG=-AR*BETAS

ABSTH=AR*{ THE TAF+THETA2)

T5ABS=ABSTH

ABSBT=AR*{ THETA2+THETA3-BETA5)

J=5

WRITE (6¢134) JgTHDEGBETDEG,ABSTH,ABSBT ;RM3, RM5
PRINT THETA6 AND BETA6 IN REL AND-ABS DEGREES
THOEG=THETA6%*AR

BETDEG=BETA6%AR

ABSTH=T5ABS5+ARXTHETAb

IF (BETA6.EQ.1.5708) GO TO 116
ABSBT=TS5ABS+AR*BETAS

RM=RM5

GO TO 117

RM=RM3

ABSBT=ABSTH+BETDEG

J=6

HRITE (65134} JeTHDEG,BETDEG, ABSTH ABS BT 4R, RM6

2B 0866 EC B0 CBOGLDLOC0EEGSCO CVOEIO O OCEOBE OO0 SVGROIOECOICT I CREET BBA

CALC AND WRITE ABSOLUTE VALUES FOR Py T DENSITY,VEL,VISC;REYNCLDS

PP PP PP PPLPLPLPEPRPPP PP ERPRIPERDDEDRRRERE D

186
187
188
189
190
191
192
193
194
195
196
197
193
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
230
237
238
239
240
241
242
243
244
245
245
247



sNaNoNaNalaNel

(@
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WRITE (65135)

WRITE (6,136}
VISCL=VISCJ{VREF,TREF,T1,5)
ALl=SQRT{32. 2%¥GAMMAXR®TL )

Ul=A1%RM1

REY1=RHO1*UL/VISCL

J=1

WRITE (65139) JsPLsRHOLsT1,AL,UL,VISCLsREY1;RML
10=1

J=2

CALL ABSVAL (P20P1yPLlsP2,VREF;TREFSsJ,10,RM2}
J=3

CALL ABSVAL (P30PL4P1lsP33VREF,TREF3SsJylU;RM3)
J=4

CALL ABSVAL (P4GPL 4Pl P4, VREF,TREF,S¢Jy [04RM4&)
J=5

CALL ABSVAL (PSOPL,PLsPS5,VREFsTREF;;S+JsIUyRM5)
J=6

CALL ABSVAL (P6CPLsPLyP6yVREFsTREF S, J10,RM6)
WRITE (6,138)

J=1

WRITE (64137) J+PZ,RHQZ,TZ

CALL ISTROP (GAMMA,FM2,P2,P22,P30P12,2)
PZ20ZI=P22/P1

J=2

WRITE (64137) JsPZ2,RH0Z2,T22,P22012
CALL ISTROP {(GAMMAsRM3,P3;,P13,P30P13,3)
P2302=PZ3/P1

J=3

WRITE (65137) JyPZ3,RH0Z3,TZ3,P2302
CALL ISTROP (GAMMA;RM4,P44PZ 4P 4UPZ44+4)
PZ402=PZ4/P1

J=4

WRITE (6,137) JsPZ4,RHOZ4sT24¢P2401Z
CALL ISTROP {GAMMARM5,P5,PZ5,P50P25,5])
PZ502=P25/P1

J=5

WRITE (64137) JyPZ5,RHEZ5,T15,P2501

GO VORA OO0 OOCODOOPLPGOO OO OO0 OPOHVDOBDODY POOOCHODVOCOOEVIOAONDVOEOOEI HOE NSO SO BGS

CALCULATE AND WRITE STANTON NUMBER, FLAT PLATE HEAT TRANSFER
COEFFICIENT {HFP)y, AND HEATING RATE(QFP) [IN REGIUN 2

J =1 IS LAMINAR AND J=2 IS TURBULENT

DO 118 J=1,2

RECOVERY TEMPERATURE

TR{JI=T3+RR{JI(TZ~T3)

ECKERT#S REFERENCE TEMPERATURE

TASTAR(I )= S#{TUHALL+T3)+.22%(TR{J)-T3)
RHO3STR(J)}=144.%P3/(32.2%R¥T3STAR(J)})

V3 STAR(J)I=VISCI(VREF,; TREF; T35TAR, S}
REY3STR(J)=RHO3STR{J)*U3%XL/V3STAR(J)

LOCAL INCOMPRESSIBLE STANTON NUMBER IN REGIUON 2 AT IMPINGEMENT
CF2=AA(J Y *REYISTR¥=*RN(J)

IF {JsEQe2) CF2=AA{J)*ALCGLO {REY3STR)**RN(J)

STN3{J)=CF 2%PR%*%{-2./3, )

CCMPRESSIBLE FLAT PLATE HEAT TRANSFER CUOEF{BYU/SEC~FT2-R}
HFP{J}=STN3l J) *RHO3STR®U3*CP/TT8.

FREE STREAM STANTON NUMBER
STNL{JI=TT8.%¥HFP LI} /(RHOL%ULECP)

PPPDDPDDDDDDDDD>)>>>>>1>1>1>1>1>]>1>1>>>J>)>J>>>>J>I>>J>D>b1>>1>1>1>1>f2>1>1>>>I=-X>>]=r1>l>l‘>

248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
26%
265
266
267
268
269
270
271
272
273
214
275
276
277
278
279
280
281
282
283
284
235
286
287
288
289
230
291
292
293
294
295
296
297
298
299
3300
301
302
303
304
305
306
307
308
309

95




118

119

120

121

122

123

124
125

126
127
128
129
130
131

132
133

134
135

96

FLAT PLATE HEATING RATE(BYU/SEC-FT2)
QFP{J)=HFP{J) % TRIUJ}-TWALL)

MARKARIAN HEAT TRANSFER RATIOS

HR(J ) =P60P 3%=PN{ J)

PEAK HEATING RATE

QPK{J)=HR (J)*QFP(J)

PEAK HEAT TRANSFER COEF

HPK( J)=HFP (J)*HR (J)

WRITE (64126)

WRITE (6+127) QFP(L)sHFP{L)sSTN3(L)sSTN1(L)sP6UP3,HR{1)yQPK{1), HPK
L(1) :

WRITE (6,128) QFP(2)sHFP(2)5STN3(2),STNL(2),P60P3,HR(2),QPK{2), HPK
1(2)

WRITE (65129) ,

60 TU 120

BECAUSE OUBLIQUE REFLECTION NOT POSSIBLE BETWEEN 4 AND 6 USE NORMAL
SHOCK RELATICNS BETWEEN 6 AND 3

RM35Q=RM 3%RM 3

BETA6=1.5708

WRITE (6,130)

P6OP3=1.+2. *GAMMA/ (CAMMA+L . ) *(RM35Q-1.)
RHOGD3=(GAMMA+1. ) ¥RM3SQ/ { (GAMMA~1. ) %RM35Q+2.)

T60T3= (2. *GAMMA%RM3S Q- (GAMMA=1.) ) #{ (GAMMA~ 1o ) #RM35Q+ 2. )
T6OT3=T60T3/{ (GAMMA+ 1. ) %&24RM35Q)

A60A3=ARATI0(T60T3)

RM6=SQRT( ( (GAMMA=1 . )%RM35Q+2.) /(2. ¥GAMMA%XRM3S G- (GAMMA=1.)))
U6 QU3 = A6 CA3%RM6/ RM3

WRITE {65131) P6OP3 ,RHU6U3,T60T3, A60A3 ,U60U3

CALL MLTRT (P60P3,P30PL,P60P1,1,6,10)

ISW6==2

G0 TO 115

CONTINUE

HFAVE FINISHED INCREMENTING THETA3

CONTINUE

HAVE FINISHED INCREMENTING THETA2

GO T0 101

THDEG=THETA2%57 .296

J=2

WRITE (6,140) JsTHDEG,RML

GO TO 101

FORMAT (1H1:33H TYPE S5 SHOCK IMPINGEMENT PATTERN//LLH RUN NUMBER,2
1X3F5.24/7)

FORMAT (16H XL{WALL LENGTH) 315XsF15.694H FT)

FORMAT (1H1,20H INPUT VARIABLES ARE/8H THETA2=3F9.4,13H DEGy THETA
13=94FSe4s 4H DEG)

FORMAT (//14H HEAT TRANSFERy/1TXs lHQ¢ 14X ¢3HHFP 12Xy BHSTANTAN3 57 X»8
LHSTANTONL s 7XsSHP6/P3 ¢ LOXs2HHR 312X 3HQPK 12X 9 3HHPK)

FORMAY (8H LAMINAR2X:8(E15.5))

FORMAT (10H TURBULENT ,8(E15.5)) ’ .
FORMAT (1HO¢41HHFP = HEAT TRANSFER COEF{(BTU/S5Q FT~-SEC~R)/35H Q =
1 HEAT TRANSFER(BTU/SQ FT-SEC))

FORMAT (/ 1Xs 82HSHDCK REFLECTION NOT POSSISLE AT THIS POINT -~ NORMA
1L SHOCK BETWEEN 6 AND 3 ASSUMED/}

FORMAT (1Xs 6HPO/P3=3F8.455Xs THRHOG/3=3F 8.4 95X ¢OHTO/T3=,3FB.445 Xy 6HA
L6/A3=3FBab ¢SX6HUG/U3=yFBo4%4)

FORMAT (//1X, 1OHRATIOS ARE/}

FORMAT (/712X 14 HRELATIVE ANGLE1OX9L4HABSOLUTE ANGLE /79Xy SHTHE TA,
LBXK s 4HBETA; TXs SHTHETA; 8X,4HBETA, 30H  UPSTREAM MACH LOCAL MACH)
FORMAT (IX 11 e4Fl2e452F15.41)

FORMAT (//7H REGION 11X lHP s 12Xe3HRHO s LEXs LHT s LLX s LHALL Xy LHU L3X,

R R P g Y 4 S S R R R PN N T S S Y SR R R B3 -3 A A P ]

310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
428
329
330
331
332
333
334
335
336
337
338
339

344
345
346
341
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371



136
137
138

139
140

LZHMU 33X, LLHREYNOLDS NU,9H HMACH NO)

FORMAT (15X 3HPSI 34 XL LHSLUGS/CU .FT5X s THRANKINE6Xs 6 HFT/SECs6X 506H
LFT/SEC+4Xs L1HSLUG/ FT—-SEC: L1Xs 4HL/FT)

FORMAT (1X¢159F1243E15593F12.452E15.5)

FCRMAT (/1X;25HSTAGNAT ION CONDITIONS ARE/7H REGIUN,LLXsLHP ¢12Xy 3HR
1HO s L1X3lHT 4 8X24HP/PQ/15X ¢3HPST 34X s LIHSLUGS/ CU FT 45X, THRANK INE )
FORMAT (1XsI54F12045E15e593F12:.452E15.5:F8.4)

FORMAT (1HO,46HNG SOLUTION FOUND GIVEN THETA AND MACH NUMBER , LOMF
10R REGION; 12,10X+3F10.4)

END

® @ 0O BHODOO0DOLOGH0 6O OVGDODEOGO 00060 S2D06 28 HDHO0OOBOITVNE OBOEOGSIBBBLOO 8OO

USAGE

LDPEI>EP>D>D>PD PP

372
373
314
373
376
3717
373
379
380
381-

Program SHOCK for a type V interference pattern uses the standard FORTRAN
NAMELIST input with $DATAIN as the NAMELIST name. The input includes the flow
conditions, gas properties, impinging flow deflection or shock angle, and impingement
location on the body. The program can increment the shock generator angle and the body
angle.

A description of the input and output variables and a sample case are presented.

Input Description

The $DATAIN input for type V is as follows:

RUN run number for identification

RM1 M, free-stream Mach number
GAMMA o /cv, ratio of specific heats

THETA2 6; , shock generator angle, deg

BETA2 B;, impinging shock angle, deg
ANGLE2 THET if 6; input; BETA if g; input
THETA3 01y body angle, deg

BETA3 By» oW shock angle, deg

ANGLE3 THET if 6, input; BETA if B, input
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TINCR increment for 6o and 6, deg

N2 number of times to increment 6;

N3 number of times to increment 6,

TOL acceptable tolerance for equal pressures (0.001)

IPT initial point; 0 for stagnation conditions, 1 for free-stream static
conditions

T temperature at IPT, °R

P pressure at IPT, psia

AMW molecular weight (used to compute gas constant)

TREF reference temperature for computing viscosity, °R

VREF reference viscosity for computing viscosity, slugs/ft-sec

XL Xj, distance from leading edge to impingement point, ft

S Sutherland' 5 constant in viscosity equation

TWALL temperature at wall, °R

CP cp, Specific heat at constant pressure, ft -1bf/slug-°R

PR Npy, Prandtl number

Output Description

The output consists of printing only. A heading and pertinent input are printed for
identification before the calculations.

RUN NUMBER run number for identification

M1 Mo, Mach number in free stream
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GAMMA (CP/CV)

TEMP AT POINT "IPT"
PRES AT POINT "IPT"
MOLECULAR WEIGHT
REFERENCE TEMP
REFERENCE VISCOSITY
S(SUTHERLAND NUMBER)
TEMP AT WALL

Ccp

PRANDTL NUMBER
XL(WALL LENGTH)
THETA2

THETAS3

P2/P1, etc.

RHO2/1, etc.

T2/T1, etc.

A2/A1, etc.

U2/U1, etc.

RELATIVE ANGLE

THETA

ratio of specific heats

input as T, °R

input as P, psia

molecular weight (used to compute gas constant)
reference temperature for computing viscosity, °R
reference viscosity for computing viscosity, slugs/ft-sec
Sutherland's constant in viscosity equation

Tw, R

Cp> specific heat at constant pressure, ft-1bf/slug-R
Np,., Prandtl number

Xj, length from leading edge to impingement point, ft
61, shock generator angle, deg

By body angle, deg

pz/pl, etc., pressure ratios for regions listed

Py /pl, etc., density ratios for regions listed

T2/T1, etc., temperature ratios for regions listed

ay /al, etc., ratios of speeds of sound in regions listed

“2/“1’ etc., velocity ratios for regions listed

flow angle relative to flow in upstream region, deg
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BETA shock angle relative to flow in upstream region, deg

ABSOLUTE ANGLE

THETA flow angle relative to free-stream flow, deg
BETA shock angle relative to free-stream flow, deg

UPSTREAM MACH Mach number in upstream regior;

LOCAL MACH local Mach number

REGION region in shock pattern

P static pressure in region, psia

RHO static density in region, slugs /ft3

T static temperature in region, °R

A speed of sound in region, ft/sec

U velocity in region, ft/sec

MU static viscosity in region, slugs/ft-sec

REYNOLDS NO Reynolds number per foot in region

MACH NO Mach number in region

The following stagnation conditions are then listed:

P total pressure in region, psia

RHO total density in region, slugs/ft3

T total temperature in region

P/PO ratio of total pressure in region to free-stream total
pressure

100



The peak pressure ratio and heat transfer for laminar and turbulent flow are listed

as

Q heat-transfer rate, Btu/ft2-sec

HFP flat-plate heat-transfer coefficient, Btu /ft2 -sec-R

STANTON3 local incompressible Stanton number

STANTON1 compressible free-stream Stanton number

P6/P3 peak pressure ratio

HR Markarian heat-transfer ratio

QPK peak heating rate

HPK peak heat-transfer coefficient
Sample Case — Input

$ DATAIN

RM1 = J.6E+01,

G AMMA =  (.1l4E+01l,

THETAZ = D.5E+01,

THETA3 =  0.35E+02,

TINCK = Q.5E+01,

N2 = ly

N3 = 1o

TOL =  0.1E-02,

ANGLEZ2 = 0.694047257651L09E+93,

ANGLE3 = 0.694047257651C9E+93,

BETAZ =  D.0

BETA3 = (JoS5E+01L,

IpT = Uy
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T = Q.9E+03,

P = 0.4E+03,

A MW = 0.2897E+02,
TREF = 0.53E+03,
VREF = 0.380LE-06,
XL = 0.25E+00,

3 = 0.1986E+03,
TWALL = 0.55E+03,
cp = 0.6006E+04.,
PR = 0.72E+00,
RUN = 0.1E+01,
$END

TYPE 5 SHOCK IMPINGEMENT PATTERN

RUN NUMBER 1.00

INPUT VARIABLES ARE

M1

G AMMA (CP/CV)

TEMP AT PUINT O
PRES AT POINT O
MOLECUL AR WEIGHT
REFERENCE TEMP
REFERENCE VISCOSITY
S{SUTHERLAND NUMBER}
TEMP AT WALL

ce

PRANDTL NUMBER
XLIWALL LENGTH)
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Sample Case — Output

64000
1.400000
300.000000
400.000000
28.970000
530.000000
3.801000E~07
158.600
550.090
6006.000

+ 720000
2250000

RANKTNE
PSI

RANKINE
SLUG/{FT-SEC)

RANKINE
FT-LAF/{SLUG-RANKINE}

FT



g01

INPUT VARIABLES ARE

THETAZ

RATIOS

pa2spl=
P3/P2=
P4rp2=
P5/P3=
P3/PL=
P4sPL=
P5/PLl=
P6/P5=
P&/P 1=

WS W

REGION

[ A N

REGION

=  5.0000 DEG. THETA2= 35,0000 DEG
ARE
2,0103 RHO2 /1= 1.6306 12/71=
L4.4557 RHO3 /2=  4.2890 73/72=
32,6463 RHO4 /2= 5.0944 T4/72=
2.2584 RHI5 /3=  1.7619 T5/713=
29.0599 RHO3 /1= 645937 T3/T1=
65.6280 RHO4 /1= B. 3069 T4/Tl=
65,6287 RHO5 /1= 12.3221 T5/711=
2.1516 RHO6/5= 1. 7064 T6/75=
141.2090 RHO6 /1= 21.0261 To/Ti=
RELATIVE ANGLE ABSOLUTE Al
THETA BETA THET A
5. 0000 13.1598 15,0000 13.
30.0000 41.7590 35.0000 46,
15.2998 86,0870 20.2%98 Sl.
14,7002 ~-40.8059 20,2998 ~5,
14,7002 5941159 35,0000 79.
p KHU T
pslI SLUGS/CU FT RANKINE
+2533 1. 93645E-04 109.7561
.5093 3. 15760E-04 135,3111
7.3622 1. 3542%E~03 456.0559
16.8265 1. 60856E-03 867.1188
16.6267 2.385106~-03 584.5741
35,7745 4, 07161E-03 737.1088
STAGNATIGN CONDITIONS ARE
P RHO T
PSI SLUGS/CU FT RANKINE
40 0. 3000 3. T285¢E~Q2 900.0000
386.5123 3, 6U2BOE-02 300.,0088
79.4888 7. 4094 0E-03 900.0089
18.9404 1. 7654 SE-03 900.0088
75.2889 7. 01791E~-03 900.0089

1
2
3
4
5

HEAT TRANSFER

LAaMINA
TURBUL
HEP =
o =

Q
33 1.80
ENT 1.19
HEAT
HEAT TRANSF

HFP
333E+00
347E+0 1

ER(BTU/5Q FT-SEC)

64 3777LE-03
3.92648E~02

TRANSFER CGEF(BTU/SS FT-SEC-R)

L.2328 A2/7A1= 1.1103
3.3704 A3/A2= 1.8359
6.4083 A4/42= 2.5315
1.2818 AS/A3= 1.1322
4.1552 A3/fAal= 2.0384
7. 9004 A4/Al=  2.8108
5.3261 AS/s7Al= 2.3078
1. 2609 A6/AS=  1.1229
E.TL55 A6/AL=  2,.5915
NGLE
BETA UPSTREAM MACH Laoc
1568 €.0000
7550 5.3157
0870 5.3157
8059 2.2062
4157 1.6426
u
FT/SEC FT/SEC
513.5679 3081.4074
570.2302 3031.1919
104 6. 8696 2309.6012
1443.5201 £28.6374
1185.2319 1946.8091
1330.9120 1399.0370
P/PO
<5663
.1987
« 0474
«1882
STANTNN3 STANTONL

3.39326F-04
2.08909F~-03

1.38453F-03
8.52398E~03

v2/ul=
u3/uz=
U4 /u2=
Us/u3=
u3/ul=
Ua/ul=
us/ul=
U6 /us=
us/Uyl=

AL MACH
5.3157
2.2062

«4355
1.6426
1.0512

MU

SLUG/FT-SEC
8.46377€E-08
1.06990E-07
3.37666E-07
5.43812E-07
4.09613€-07
4+85434E~-07

P6/P3
4.85924E+00
4.85G24FE400

9837
. 7619
. 2074
«B429
.« 7495
- 2040
-6318
- 7186
.« 4540

REYNOLDS NO

L/FT
7.05004F+06
8.94597F+06
G.26320F+06
1.85950F+06
1.13407€E4Q7
1.17345F+07

HR

7.68551E+00
3.83339€E+00

MACH ND

6.0000
5.3157
2.2062

«4355
1.6426
1.0512

aPK
L. 38595E+01
4.57504£+01

HPK
4.901598~02
{.50517E-01



PART VI - TYPE VI INTERFERENCE

PROBLEM DISCUSSION

Type VI interference involves the intersection of two weak shocks of the same
family, which leads to the entirely supersonic flow field shown in figures 1(f) and 10.
The expansion fan emanating from this intersection interacts with the boundary layer at IP
and results in a local decrease in pressure and heating. A study of this type of interfer-
ence is important because it provides a means for predicting the onset of type V, which
does lead to significant increases in local heating.

The flow conditions in region 3 are determined by using the oblique-shock relations
of reference 6 and the specified free-stream conditions and flow angle 6; or shock
angle B;, in a manner similar to that for type I. Once the body angle 6y, is specified,
the flow in region 4 is calculated. An iterative scheme is used to determine the location
of the bow shock that separates regions 1 and 2 so as to satisfy continuity of the pres-
sures and flow direction across the shear layer between regions 2 and 5. The flow from
region 4 must pass through an expansion fan to turn parallel to the shear layer. The
relations for a Prandtl-Meyer expansion from reference 6 are used in the above iteration
to go from region 4 to region 5. In order to turn parallel with the surface, the flow passes
through a series of reflected expansion waves in going from region 5 to region 6. For low
Mach numbers and small turning angles, the total reduction in pressure from region 4 to
region 6 at the wall is approximately twice the decrease across the first expansion fan,
(See p. 451 of ref. 7.)

The heat-transfer relation (eq. (1)) is used to calculate the reduction in heating
with p6/p4 ufed as the pressure ratio. This expression can be used since it has been
shown in references 2 and 19 that the equation gives good predictions of the heating
reduction for laminar and turbulent expansion-fan—boundary-layer interactions.

PROGRAM DESCRIPTION

The main program reads the input, calls the various subprograms, and computes
the heat transfer. FTHETA is called to compute the flow angle and FINDB is called to
compute the shock angles in each region. The subprograms OBLIQ, FINDM, PRATIO,
MLTRT, ABSVAL, and ISTROP compute flow variables and ratios of the flow variables.
PINPUT prints the input variables. The flow charts and listings of these subprograms
are presented in part VII. TYP6 using EXPNS calculates the deflection angle of the
shear layer. The flow diagrams and listings for the main program, TYP6, and EXPNS
follow.
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Program Flow Chart — Main

( TYPE VI )
Read NAMELIST data
for new case
; Write heading §

@

Were CALL ISTROP

No ) stagnation Yes

Compute it Compute
stagnation co&%ﬁtgns free-stream
conditions conditions

/ CALL PINPUT \

{

\  Write input /

‘Eonvert angles to radians }

()

¢ By
Compute 84 W Compute 6;

/ CALL FINDM N\
o N
'\ Compute Mach number for region 3 /

Was
Yes 6y, No Compute B4
input? [ E—

CALL FTHETA
Compute 6y,

Compute 64 ‘

Yes

I

This is not a type VI case —
write message
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No Was B4 Yes
computed
yet?

Compute g 4

/  CALL FINDM ___\

N e
Compute Mach number in
region 4

/  CALL PRATIO __\

Compute pressure ratios
pg/pl and p,/pg

Compute pressure ratio p4/p1
and pressure in region 4

/ CALL TYP6

Compute shear-layer
angle

—
This is not a type VI

case — write message
and decrease 6,

to find possible case

Has
iteration \
on 9i
begun?

Increment O

first or last

Write angles
iteration?

and headings
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/ CALL OBLIQ _ \

Compute ratios between flow
on either side of shock for
regions 2, 3, and 4

/ CALL MLTRT _ \

Compute ratio of flow
conditions for each region

wrt free stream

l

Write angles and Mach number
for each region

Calculate and write flow
conditions in free
stream (region 1)

/ _CALL ABSVAL \

Multiply ratios by values in
region 1 to obtain values
for regions 2, 3, and 4
and write values

l

Compute stagnation pressure
in regions 4 and 5

:

Compute stagnation density
in region 5

/  CALL ISTROP \
Compute pressure, density,
and temperature from
stagnation values

i

Compute and write remaining
flow quantities for region 5

/ CALL ISTROP \

Compute and write stagnation
values for all regions

l

Compute and write
heat transfer

Increase 6 No
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Program Listing - Main

PRUOGRAM SHUCK[INPUT,UUTPUT sTAPES=INPUT s TAPEG=0UTPUT)

GPPO B VO PO VDOOLPVOOAOO0E BSBLAAIVBY VAR ORI BBVOOD VOV BOBBLODVOEGDSDEDS DO

PURPUSE _
THIS PRUGRAM PERFORMS A TYPE VI SHOCK INTERFERENCE PATTERN
FOR TWO DIMENSIONAL FLOW

CCOOCOOO0

VOO 0RE U0 00 GO OVOO HDOUOWOOEVOVLVIVIODOBUOGROO RS B OVEIDBLY POV B3OS LIS 0S

COMMUN PZy RAOZ, TZ, PLOPZy, RHOLUZ, T1OTZ,

Vo=, N

108

P20PLl,s RHG2CL, T20TLle A20AL,
P30Pls RHUO301, T30T1l,s A3CAL,
P4UP3y RHO403, T40T7T3y A40A3,
P40OPl, RHGO4D1ly T40Tls A4CAl,
P50P4, RHA0504, T50T4, A50A4,
P50PL, RHAGS501, T50T1s A50ALs
Ply RHOLls Tly, Aly Uly VISCl,
P2y RHO2y T2y A2y U2y VISCZs
P3y, RHO3s T3y A3, U3y VISC3,
P4y RHO4e T4y Aby U4 VISC4s
PS5y RHOS5e T5y A5y Ubs VISCSe

PO CE~NO VTSN -

DIMENSLUN T4STAR{Z2)e RHO4STR(2)s V4STAR(Z),

1(2)y HPKIZ2) s wPK{2)e 5TN4(2)
DIMENSIUN STNi{2)

DIMENSTUN PN(2)

DIMENSIUN AA(2)s RNL2)
UIMENSIGN RR{2)y TR(2}, HFP(2])

NAMELIST /LATAIN/ RML;GAMMAGTHETABy THETALsTINCRyNTIMESyIPToT 3P ¢ AMK

PL2y RHOZ2y TZ2s P20PL2y RHUZZZ2y T2CT 14y
P43y RHOZ3, T13s P30UPZL3,; RAG3Z3, T3GTL3,
Pl4y RHOZL4y Tl4s P4OPL4y RHG4L4s T4CT L4,
P25, RHOZ5y TL59 P50PL5y RHUOLZDs THCT LS5,

V20Ul
U30UL,
U40U3
U4QUL+
Ub0U4
LUS0ULl,
REYls
REYZ2
REY3
REY4 e
REYS

LyTREF JVREF s XL oS o TWALL yCPy PRy RUNy ANGL E5 ANGLEZ2, TOL

SET CUNSTANTS FUGR STANTUN NUMBERS
BETA=4HBETA

PN{li=1.29

PN(2)=0.85

AA{L)=0.332

AA{2)=.185

RN{l)=—a5

RN{2)=—2.584

CONVERGENCE TEST FUR THETAF
TUL=. 001

NTIMES=1

TINCR=5,

® D PV G OO OEOUEOEVOODNBED DORLVEGOD PO OO0 E VPGV PODVDELE BDOOVOOOBGON®OGD SBVVOBEOS

INPUT DATA

2 RO6GBOPOCVECCOVDROOOD 6 0EEVDOOOG 00 CCEOI® OO VDODOOOO 2CGEBETIVUDBY VIPD 2008 80

READ (54DATAILIN)

IfF {ENDFILE 5) 1024103
STOP

CONT INUE
WRITELGsDATALIND
RREL)=SWRT (PR}
RR{Z2}=PR¥%{])./3.}
WRITE (6133} RUN
THSDEG=THETAS
THEDEG=THETAI

REY4STRL{Z) s HRL2)y

>>>>1>J>>)>>1>>]>>‘)>>>>1>I>>>>>>>P>P>>>>>>>>>>>>>>>>2>>1>>>>>]>>

P > P
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109

O OO0

<

THIFST=THIDEG

SINCR=TINCR

GAS CONSTANT(FT-LBF/LBM-R}
R=1544.3/ANH

DENSITY {SLUG/CU FT}
RHO=P* 144/ {32 2%R*T}

IF (IPT) 10%s104,105
STAGNAT1UN CONDITIONS

T1I=T

RHUZ=RHO

Pi=pP

GO 10 106

FREE STREAM CUNDITIONS
T1=T

Pl=p

RHOL1=RHO

GO ISENTROPICALLY TO EITHER FREE STREAM OR TO STAGNATION
CALL ISTROP (GAMMA;RM1yPLlsyPLsPLOPZ,IPT}
PRINT OUT INPUT VARIABLES

CALL PINPUT (RML,GAMMAIPT TPy AMW,TREF,VREFy XL S, THALL CP4PR)
CONVERT ANGLES TO RADIANS
TINCR=TINCR/57.296

THETAB=THBDEG/57.296

THETAI=THETAL/57.296

INPBI=0

INPHB=0

15uW=0

DO 113 I=1,NTIMES

BETAI WAS INPUT INSTEAD OF THETAI

IF (ANGLE.NE.BETA) GU YO 107

BETAI=THETAI

INPBI=1

THETAI=FTHETA{ GAMMA, RML, BETAL)
THIDEG=THETAI*57.296

WAS BETAIL INPUT

IF (INPBI.GT.0) 60 TO 108
BETAI=FINDBIGAMMARML,THETALy 1y I ERROR}
THETAI TOO LARGE

IF (IERRUR.GT.2) GO TO 121
RM3=FINDMIGAMMA, RMLs SIN(BETAL )}y BETAL,THETAIL)
IF (ANGLEZ2.NE.BETA) 6GU TO 109

BETAB wAS INPUT INSTEAD OF THETAB
BETA4=¢+THBDEG/57.296—THETAI

INPBY=1
THETAB=FTHETA{ GAMMA RM3, ABS{BETA4)) + THETAI
CONT INUE

THDEG=THETAB*57.296

® D BOODDOS COBB ECDGEDOB WO ODGOI VO OEBONO VO OR0VOOO0 COVBOVAIVOEOIQROOVIVOOR B O

ITERATE ON THETAF UNTIL P2=P5

D BOGBO OO CVOED OGNS COOR OOV COVIBOVVOOD GCOVD OO OO DOROOOOCEOVSIBI BOVOOO

THETA4=THETAB-THETAI

INPUT ERROR IF THETA4 NEGATIVE

IF (THETA4.LT.0) GU TO 123

If (INPBB.GT.0)} GO TU 110
BETA4=INCBIGAMMARM3,THETA4 s L5 I ERROR])

THE TA4 TUO LARGE

IF (1ERRUR.GT.2) GU TO 122

RM4=F INDM{GAMMA RM3 o SIN{BETA4 ) s BETA4 o THET A%}
P30OPL=PRATIOVIGAMMARMLSINIBETAL}}
P4LOP3=PRATICIGAMMA RM3,SINEBETA4S

P PP P PP PP PP PP PP RRP P

pey

p=gib - = O <4
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111

OO0

OO

OO0

110

P40OPL=P4UPI%P30PL

P4=pP40PL*PL

CALL TYP6 {THETAF sBETA2sRML )RM4yRMS o THETABsPL P4 P5,GAMMATOL 5 LERR
LOR,OPTION,P2501}

WAS A SOLUTION FOUND

IF (IERKUR) 11ls11isL15

HAS ITERATION ON THETALI BEGUN

IF (ISwebtwsld GU TU 119

HAS LTEKATLION ON THETAS BEGUN

IF (1Sw.tweld) LU TO 116

IF (ISwelEeO) WRITE lo9l134)

LE (1SwelEsO) WRITE Lb9l35) THIUEBGLe THDEG

CALCULATL AND WRITE PARAMETER RATIUS FOR 2/1y 3/1y 4/3% 4/1

10=2

WRITE (6y124)

THETAZ2=ABSITRHETAF)

CALL UBLIw (GAMMAZRMLoABS{THETAZ) ¢BETAZyRM2,P20PLy132:1C/2)
CALL UBLIG (GAMMA,RML,THETAI;BETALsRM3,P30P1, Ly 3,10)

CALL UBLiw (GAMMAZRM3 s THETA4,BETA4RM4sP40P3,3,4,10)

CALL MLTRT (P40P3,P3UPLyP40PLyls4sl)

WRITE THETA AND BETA ANGLES AND MACH NUMBER

BB BVOVDLOTOD OOOTOVGOOOVIONDCIOODO OV OB DOVDOOD 00O EO0COOODIOVBAAOGDD Y OO

WRITE (64125)

THFDEG=THETAF%57.296

THETA2=THETAF

THUEG=THETA2%180./3.1416
BETDEG=BETA2%180./3.1416

ABSTH=T HFDEG

ABSBT=BETOEG

J=2

WRITE (64138) Js THDEGsBETDEGABSTH, ABSBTRML, RM2
THOEG=THETA I %57.296

BETDEG=BETAI*57.296

ABSTH=THIDEG

ABSBT=BETDEG

J=3

WRITE (65138) JsTHUEGyBETOEGyABS THe ABSBT gRML,RM3
THOEG=THETA4%57.296

BETUEG=BETA4%57.296

ABSTH=THETAB%57.296

ABSBT=BETDEG+THIDEG

J=4

WRITE (64138) JsTHDEGLBETDEG,ABSTH, ABSBTRM3, RMé4
THDEG={ THETAF-THETA4) ¥57. 296

ABSTH=THETAF¥57.2%6

J=5

WRITE (65138) JoTHOEGyBETUEG,ABSTHyABSBT RM4sRM5

CALCULATE ABSOLUTE VALUES FUR POINTS O THRU 4

£ B B0 HVELB 0P GO LT CEDOO CEOTBRESRETOED 2O BIVLOBS PO CEDCEIBCCOOCDOEG S

WRITE (65126}
WRITE {65127}
VISCL=VISCIIVREF,TREFTL.S}

PrEPPEpPPPPRPPPPPPPPPIPRPPRPPRPPPRPRPRPEPPRPRPRPPEPPRPRPPRPEPRPRPRRPELEEDRPRPERPDRERPRRR R

12l
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
58
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182



[a]

(98

ArL=SQURT{32.2%GAMMA®R%TL}

Ul=AL%RML

REYL1=RHO1*UL/VISC1

J=1

WRITE (69128) JsPLyRHOLyT1yALsULVISCLIREYLRHML
10=1

J=2

CALL ABSVAL (P2C0PLsPLlsP23VREFsTREFsSsJeI0sRM2)
J=3

CALL AdSVAL (P30PLsPLlsP3sVREF¢TREF+SsJeI0sRM3)
J=4

CALL ABSVAL (P40OPLsPLl P4y VREFsTREF+SyJ 1 1UsRNM4)
PZ404=(1le *{GAMMA~L o ) ¥RM4%¥RM4G/ 26 ) ¥% (GAMMA/ (GAMMA—-1.) )
PZ4=PLl404*P 4

PZ5=P14

TL5=TL

RHOZL5=P 14%1 4%/ (32.2%R*T L)

CALL ISTROP (GAMMARM5,P5,4P154P53P25,0)
VISCS5=VISCI(VREF,TREF T5,5)

AS=SURT(32. 2%¥GAMMA%®R%T5)

US=A5%RM5

REYS5=RHU5*US/VISCS

J=5

WRITE (69128) JoePS5;RHUSsT55A5,US53VISCH5REYS5+RMS
WRITE (65129)

J=1

WRITE (69128) JePLyRHOL»TLZ

J=2

CALL ISTRUP (GAMMAJRM2,P2,P123P20PL2y2)
P220i=PL2/PL

WRITE {69¢128) JePZ2yRHOZ2,T1Z2,P220L

J=3

CALL ISTROP (LAMMAYRM33P34PL343P30PL3,3)
P230L=P23/PL

WRITE (69128) JsPL3yRHOL3yTZ3,PL3UL

J=4

CALL ISTRUP (GAMMA;RM4 P4y PL4yP4UPL4 2 4)
PZ24Ul=PLl4 /Pl

WRITE (64y128) JQPL49RHUL417L4|PZQUZ

J=y

PZbUL=PL5/PL

WRITE (65128) J9PLSsRHOL5sTL54PL50Z
PH0P4=P5/P4

PRESSURE DROP FOR REG[UN 6 IS SAME AS FUR REGIUN 5
POUP4=2 . 0U%P50P4—1.0

© 2000 0BHOOOP B0 OHO0OOCOONVOCOO0OLOPRROOV COODOGCOOOO GROOLVAOOGSS OO COOVEOELO O

CALCULATE AND WRITE STANTON NUMBERy FLAT PLATE HEAT TRANSFER

GOEFFICIENT(HFP)y AND HEATING RATE(WFP) IN REGIUON %

®BO0LPOOO ON LD OODIOE POD VOQOOGOV0 0GOOOL00VO00CIVNVDOOL2 TWLASAORACO C0ODAODO 000 B 0

J = 1 IS LAMINAR AND J=2 IS TURBULENT
DO 112 u=ls2

RECUVERY TEMPERATURE
TR{JI=T4+RR(JI*(TZI-T4)

ECKERT#S REFERENCE TEMPERATURE
T4STAR(JI )= 5% (TWALL#T2) . 22¥{TR{J)-T 2}
RHU4STRLJI=144%P4/132. 2%R¥T4STARLI) )
V4STARGJI=VISCI(VREF s TREFT4STARS)
REYSSTHUJI=RHOGSTRES I RUSLHXL/VASTARLY)

LOCAL INCUMPRESSIBLE STANTON NUMBER IN REGIGN 4 AT IMPINGEMENT

CF2=AA{JI*¥REYGSTR¥*RN{J}

PP PP PEPPBPLRPLPEPRLLIPRPPEPDRBPIRPEPPEPRERPLPLPEPRPEDERPRPEPRPEERD PR

183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
221
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
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Ll

113

114

115

Ll6

117

L2e6
Le7t

128

112

IF (JeEWe2) CF2=AALJ) *ALOGLOIREYGSTRI*SRNEI)
STNG(J) =CE2#PRE® (=247 34 )
COMPRESSIBLE FLAT PLATE HEAT TRANSFER COEF(BTU/SEC-FT2-R)
HEP (J1=ST NG {J ) ¥RHG4STR¥UGCP/ 774
FREE STREAM STANTGN NUMBER
STNLEJI=TT8%HFP (J )/ (RHO L¥UL¥CP )
FLAT PLATE HEATING RATE(BTU/SEC—FTZ2)
QFP(J)=HEP (J) *(TR{J)~TWALL)
MARKARI AN HEAT TRANSFER RATI0S

HR(J =P 60P4*%PN(J )

PEAK HEATING RATE
QPK(J)=HR (J ) *uFP{J]}

PEAK HEAT TRANSFER COEF
HPK{J)=HFP(J)EHR(J)

WRITE (641301

WRITE (651310 QFP{L)HFP(L)ySTN4LL) o STNL{L) sP6OP% sHR(L) yQPK (L) s HPK
1{1)

WRITE (65132) QFP(2)4HFP(2)3STN4(2) s STNLL2) sP60P% yHR(2) s QPK(2) 5 HPK
1(2)

IF (ISWoLT.0) GO TO 114
THETAI=THETAI4TINCR

RESTURE THETAI TO STARTING VALUE
THIDEG=THIFST

TINCR=SINCR

60 TO 101

NG TYPE 6 SOLUTION WAS FOUND.

IF (iSWeEW.0) WRITE (64137)

ISH=2

TINCR=TINCR%. 5

THETAB=THETAB-T INCR

IF (ABS{TINCR)-TOL) 118,107,107
TINCR=TINCR*.5

THETAB=THETAB+TINCR

IF (ABS(TINCR)-TOL) 118,1C7,107
THETAI=THETAI-TINCR

TINCR=TINCR/2.

IF (ABS(TINCR)-TOL) 118,120,120
ITERATION COMPLETE. DO CALCULATIONS FUR LARGEST THETAIL
ISW=-1

GO TO 107

ITERATIGN ON THETAI IN PROCESS.
TINCR=TINCR/2.

IF (ABS(TINCR)-TOL) 118,120,120
THETAI=THETAI+TINCR

G0 TO 107

THETAI TUO LARGE

G0 TO 117

THETAB - THETAI TOO LARGE

GO TO 117

THETAB LESS THAN THETAI

WRITE (6,136)

GO TO 114

FORMAT (//712H RATIOS ARE /)

FORMAT (/712X 14HRELATIVE ANGLE 10Xe 14HABSOLUTE ANGLE,/9X¢5HTHETA,
LoXy4HUETA I Xe SHTHETA; BAs4HBETA, 2914 ULPSTREAM MACAH LUCAL MACH)
FURMAT L//7H REU[UN,LOX,lHP,LdX13HKHUyllX'lhT'llK'lHAyllA|lHU'lJX|
L2HMU 3K, LLAREYNOLDS NU,9H  MACH NUJ

FURMAT (L4X g3nPSLs4Xs LOHSLUG/CU FT 54 THRANKINE6Xy 6HFT/SEC s 6X 9 6HF
LY/SECs4Xe LIHSLUGAFT=-SEC s LLKs4HL/FT)

FURMAT (LXsIosFl2e4sELlDo5p3F)2:4026L05.5¢F8.4)

PrrPProPPPPPRPRPRRPEIPREPLPLRPLLPLPPLPEPPELDLEPRPIPREDDDERRRPE LR

245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
2606
267
268
269
270
271
212
273
274
275
276
277
218
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299

300

301
302
303
304
305




129

130

131
i3z
133

134

L35

136
137
138

OOOOO0

O

FORMAT (/LA 25HSTAGNATICN CUNDITIONS ARE/TH REGIUNyoXsB5HPSTAG 12X,
L3HRHUy TXe DHTSTAG» 4X 9 L2HPSTAG/PSTAGLe /s LaKo4HP ST A 44X LIHSLUGS/CU FT
235Xy THRANKINE}

FORMAT {//14H HEAT TRANSFER,/LIXsLlHU 914Xy 3HKEP ¢L2X¢BHSTANTONG 57X 8
LHSTANTUNL ¢ 7Xs5HPG6/P4 ¢ LOX 9 2HHR 912X o 3HUWPK o L2 Xy IHHPK )

FORMAT {oH LAMINAR2Xy8(ELD.5))

FORMAT (10OH TURBULENT38(ELD.5}}

FURMAT {LH1,50H THIS ) PRCGRAM PERFURMS A TYPE 6 SHUCK INTERFERENCE.
L13H PATTERN//L12H RUN NUMBER sF5.2//71}

FORKMAT (1H1)

FORMAT (LHO 20HINPUT VARIABLES ARE /SH THETAL =3F9.4919H DEGe AND
LTHETAB = sF9.444H DEG//)

FORMAT (/28H THETAB IS LESS THAN THETAI }

FURMAT (/743H NO SULUTION wWAS fFOUNU FCOR A TYPE o6 PATTERNI

FORMAT (1lXy11ls4FLl2e492F15.4)

ENU

0® PQ 000G EP OIS VOGO BVO OISO VOODEOOONOH OO O OO AMOBL 8aDBOLOOOBODOD BROSOGOO0D

Subroutine EXPNS

PP PEPPEPRPPPDLPRR

306
307
3u8
309
310
311
312
313
34
315
316
317
318
319
320
321-

Subroutine EXPNS calculates the Mach number across an expansion layer by using
an iterative procedure. The flow diagram and listing follow.

EXPNS

Calculate Mach number

SUBROUTINE EXPNS (RNUyRMj;GAMMA, IERRGR)

PURPUOSE

FIND MACE NUMBER ACROSS EXPANSION LAYER KNCWING NU AND GAMMA.
RM SHOULU ORIGINALLY HOLD INITIAL GUESS.

FIM) = A % ATAMN(SGRT{B8%(RM2-1.3)) - ATAN(SURT(RM2-1.}) - NU

GPLl=GAMMA+1,
GMl=GAMMA~-1,
CALCULATE THE 2 COEFFICIENTS IN F({M}
A=SWURT{GP1/GM1)
B=GML/GP1
1ERRUR=0
IT=0
TOL=,0001
CALCULATE NEW VALUE FOR RM
CONT INUE
RMZM1=RM*RM-1.
DFM=A%3%RM/ (SGRT (BRRM2MLII* (L o #B*RMZM L) }-L o /{IRWHSART{RM2ZML} )
FM=A%ATAN(SURT{B*RM2ML} -ATANISQRT(RMZML} }-RNU
RML=RM~FM /DEM
HAS RM CONVERGED
IF (ABS{RML-RM}-TOL) 3,3,2
CONTINUE ITERATING

[s=3i s sR =< TN v i v v SRl v "R s S v v s v o R v SN e < v R w IR v

T O

&L &

i9
21

113




2 RM=RM1 B
IT=1T+1 3
IfF (IT.GT.50) GO T 4 B8
IF (RMeLE.Lo) GO TU 5 3
60 TO 1 B
C ITERATION IS CGMPLETE 3
3 RM=RM1 8
RETURN B
c HAS EXCEEDED NUMBER OF ITERATIONS ALLOWED B
4 IERROR=1 B
RETURN B8
C THE MACH NUMBER HAS FALLEN BELJIN THE LOWER LIMIT OF 1. 8
5 IERROR=2 B
RETURN )
END )
C .0“l.....-...‘.‘.QQ........‘.O.'.‘-I.l...ﬂ.‘..‘.‘..QIQ...'....‘.. E

Subroutine TYPG6

Subroutine TYP6 calculates the shear-layer angle for a type VI flow interference
pattern. The flow diagram and listing follow.

TYP6

Compute Prandtl-Meyer
angle for region 4

Set first guess for shear-
layer angle

|

Compute flow quantities
for regions 5 and 2

Are pressures
across shear layer

equal?

Increase shear-layer

114

angle in direction of
lower pressure

Yes
° -={ Return )
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SUBRUUTINE TYP6 (THETAFsBETAZ ¢RMLsRM4G s RMIsTHETAGy PLeP4s PO GAMMALTO

LLy TERRUK,UPTIUN,P20PL)

PURPUSE

CALUCULATE THETAF FOR A TYPE o SHGCK INTERFERENCE PATTERN
DESCRIPTIUN OF VARIABLES

THETAF = DEFLECTION ANGLE FUR PUINT 2 IN RAUIANS, DUTPUT

BETAZ2 = SHOCK{WEAK) ANGLE FOR PGINT 2 IN KADIANS, OUTPUT

KM1 = INITIAL MACH NUMBERy; INPUT

RM4 = MACH NUMBER AT PUINT 45 INPUT

RM5 = MACH NUMBER Al POLINT 55 OUTPUT

THETAB = ANGLE OF SECOND SHUCK DEFLECTIUN. USED AS INITIAL
ESTIMATE FOR THETAF

Pl = ABSOLUTE PRESSURE AT POCINT 1, INPUT

Pe = ABSOLUTE PRESSURE AT PUINT 4, INPUT

P5 = ABSJLUTE PRESSURE AT PUINT 5y UUTPUT

GAMMA = CP/CV

TOL = CCNVERGENCE CRITERIA FOR THETAF

IERRUR = U NO ERROR

L EXCEEDED ALLUWABLE NUMBER UF ITERATLONS
2 NO SOLUTIGN FOUND FOR THETAF
DATA OPT/4HAXIS/
ISENTROPIC PRESSURE RATIO ( P STAGNATION /7 P )
PLZOP {GAMMAy GMLyRM) =1 . +GML¥RM¥RM/ 2. } ¥ (GAMMA/ GM1)
FOR EXTRA PRINTOUT SET DEBULG TU 1.
DEBUG=0. '
KRM42M1=RM4*RM4—1 .
GPl=GAMMA+L,
GML=GAMMA~1.
CALCULATE COEFFICIENTS #OR EQ OF Nu
A=SQRTLGP L/GML)
B=GML/GPL
CALCULATE NuU4
RNU4=AXAT AN (SURT (BRRM42ZML) )-ATAN(SJRT{RM42M1) }
IERROR=0
[T=0
SET INITIAL ESTIMATE FOR RM5
RM5=KM4
SET INITIAL ESTIMATE FOR THETAF
THETAF=THETAB
THETAF INCREMENT
DTHETA=.1
ISK=0
FIND wEAK SHOCK ANGLE FOR 2
TERR=]
BETAZ=FINCB{GAMMA,RML ,ABS{THETAF)} 19 IERR)
WAS A SGLUTION FOUND
[F [IERR.GT.2) GO TO 8
FIND PRESSURE AT PY 2
SINBZ=SINIBETAZ2)
P20P1=PRATIO{GAMMA;RM1,SINB2)
ISH=1
P2=P20P1%P]
FIND PRESSURE AT PT 5
KNUS=RNU4+ABS(THETAF-THETAB)
CALL EXPNS {RNUSRM5,GAMMA, IERR}
IF {IERR.GT.0) GG TC 10
STAGNATION PRESSURE AT 4
PLUP4=PLUPIGAMMALGMLyRH4}
P4O=pPLUuP4%P 4
PLOPS5=PLOP{GAMMA s GM] sRMD }

mmmmmmmmmmmmmmmmmmmmmmmmrﬁrnrnrrmmmmmmmmmmmmmmmmmmmmrﬂmmmmmmrnmmrnm
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laX %

L3

11
L2

NAMELIST input with $DATAIN as the NAMELIST name.

P50 IS5 SAME AS P40
P5=P40/PLOPS
INTERATIUN CUMPLETE
IF (DEBUGGT.0) WRITE {6511} THETAFsPZeP5eRNUSsRNUS sRM5
IF (ABS{P5-P2} LT -TCL) RETURN
CONTINUE ITERATING
IF (IT.GT <50} GO T0 7
IT=1T+1 ’
IF (P5.6T.P2) GO 10 4
P2.GT.P5 - LECREASE THETAF
THETAF=THETAF-DTHETA
IF (ISwW) 1le3,52
DTHETA=UTHETA/Z2.
THETAF=THETAF +DTHETA
60 10 1
ISk=—1
GO TO0 1
P5.6T P2 ~ INCREASE THETAF
THETAF=THETAF+DTHETA
IF (ISW) 55651
DTHETA=DTHETA/ 2.
THETAF=THETAF-DTHETA
GO TO 1
ISkW=1
GO T0O 1
HAS LEXCEEUED ALLUWABLE NUMBER UF ITERATIJNS
1ERRUR=1]
RETURN
NU SULUTION wAS FOUND FOR BETA2. THETAF IS TUU LARGE. IF ISW IS
O = THEN OURIGINAL ESTIMATE FOR THhETAF WAS TCO LARGE
THETAF=THETAF=-OTHETA
LF (lov) Lelys9
OTHETA=DTHETA/ 2,
IF (DTHETA.GT.0.0001) GO TO 1
A TYPE 6 INTERFERENCE PATTERN WAS NCT PUSSIBLE. HAS DEGENERATED
TU A TYPE 5
JERRUR=Z
RETUKN
wWRITE (6sld) LERRyRNU% s RMG s KNUSyRMH
CALL eXIT

FORMAT (1OFL2.5)
FURMAT (1544F12.555K¢24HNU SULUTION FUUND FOR M5)
END

POBOLTH 60 0GTBOVEEOEO00 VOBLOOOOEGUDDOD GV IVOOLBNBOO DOVOCEOOOOD 0O 0COO0S VI D O @

USAGE

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

Program SHOCK for a type VI interference pattern uses the standard FORTRAN

The input includes the flow

conditions, gas properties, flow deflection or shock angle, impingement location on the

body, and body angle.

predict when a type V interference pattern will occur.

1186

The program can increment the shock generator angle and also

A description of the input and output variables and a sample case are presented,




Input Description

The $DATAIN input for type VI is as follows:

RUN

RM1

GAMMA

THETAI

THETAB

TINCR

NTIMES

IPT

AMW

TREF

VREF

XL

TWALL

cpP

run number for identification

M, free-stream Mach number

Cp /cv, ratio of specific heats

8;, shock-generator angle, deg; or g, impinging shock angle, deg
Gb, body angle, deg; or Bb’ bow shock angle, deg

increment for 6;, deg (Default = 5°)

number of times to increment 6;

initial point; 0 for stagnation conditions, 1 for free-stream
static conditions

temperature at IPT, °R

pressure at IPT, psia

molecular weight (used to compute gas constant)
reference temperature for computing viscosity, °R
reference viscosity for computing viscosity, slugs/ft-sec
Sutherland's constant in viscosity equation

X;, distance from leading edge to impingement point, ft
temperature at wall, °R

specific heat at constant pressure, ft-1bf/slug-°R

Cp,
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PR Npy, Prandtl number

ANGLE THET if 6; input; BETA if B; input
ANGLE2 THET if 0y, input; BETA if B input
TOL acceptable tolerance for equal pressures (0.001)

QOutput Description -

The output consists of printing only. A heading and pertinent input for identifica-
tion are printed before the resuits of the calculations.

RUN NUMBER run number for identification

M1 M, Mach number in free stream

GAMMA (CP/CV) ratio of specific heats

TEMP AT POINT "IPT" input as T, °R

PRES AT POINT "IPT" input as P, psia

MOLECULAR WEIGHT molecular weight (used to compute gas constant)
REFERENCE TEMP ‘reference temperature for computing viscosity, °R

REFERENCE VISCOSITY reference viscosity for computing viscosity, slugs/ft-sec

S(SUTHERLAND NUMBER) Sutherland's constant in viscosity equation

TEMP AT WALL Tws °R

CP Cps specific heat at constant pressure, ft-lbf/slug-°R
PRANDTL NUMBER Npy, Prandtl number

XL(WALL LENGTH) X, length from leading edge to impingement point, ft
THETAI 6;, shock generator angle, deg
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THETAB
P2/P1, etc.
RHO2/1, etc.
T2/T1, ete.
A2/A1, ete.
U2/U1, etc.
RELATIVE ANGLE
THETA
BETA
ABSOLUTE ANGLE
THETA
BETA
UPSTREAM MACH
LOCAL MACH
REGION
P

RHO

0y, body angle, deg

pz/pl, etc., pressure ratios for regions listed

Py /pl, etc., density ratios for regions listed

T /Tl, etc., temperature ratios for regions listed

ag /al, etc., ratios of speeds of sound in regions listed

Uy /ul, etc., velocity ratios for regions listed

flow angle relative to flow in upstream region, deg

shock angle relative to flow in upstream region, deg

flow angle relative to free-stream flow, deg
shock angle relative to free-stream flow, deg
Mach number in upstream region

local Mach number

region in shock pattern

stafic pressure in region, psia

static density in region, slugs/ft3

static temperature in region, °R

speed of sound in region, ft/sec

velocity in region, ft/sec
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MU static viscosity in region, slugs/ft-sec
REYNOLDS NO Reynolds number per foot in region
MACH NO Mach number in region

The following stagnation conditions are then listed:

PSTAG total pressure in region, psia

RHO total density in region, slugs /it3

TSTAG total temperature in region, °R

PSTAG/PSTAG1 ratio of total pressure in region to free-stream total
pressure

The pressure ratio and heat transfer for laminar and turbulent flow are listed

as

Q heat -transfer rate, Btu/ftz—sec

HFP flat-plate heat-transfer coefficient, Btu/ft2 -sec-°R
STANTON4 local incompressible Stanton number

STANTON1 compressible free-stream Stanton number

P6/P4 pressure ratio

HR Markarian heat-transfer ratio

QPK peak heating rate

HPK peak heat-transfer coefficient
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SDATAIN
SRR
GAMMA
THET AB
THETAI
"TINCR
NTIMES
et

T

p

AMH
TREF
VREF
XL

s
THALL
ce
PR

RUN
ANGLE
ANGLE2
ToL

$END

0.6E+01,

0.14E¢01,

0.15E+02,

0.5E+01,

Q.5E+0L,

1,

0y

0.9E+03,

D4E+03,

0.2897E+02,

U.53E+03,

0.3801E-06,

Ue25E+00,

0.1986E+03,

0.55E+03,

0.6006E+0%,

0.72E+00,

0. 1E+01y
0.69404725765109E+93,
0.694047257651C9E+93,

0.1€E-02,y

Sample Case — Input

Sample Case — Qutput

THIS PROGRAM PERFORMS A TYPE 6 SHOCK INTERFERENCE PATTERN

RUN NUMgER

1.00

INPUT VARIABLES ARE

M1

GAMMALCP/CY)

TEMP AT POINT O

PRES AT PJINT 0
HOLECULAR wEIGHT
REFERENCE TEMP
REFERENCE VISCOSITY
S{SUTHERLAND NUMBER)
TEMP AT wALL

ce

PRANDTL NUMBER
XLlwall LENGTH)

6,000
1.400000
900.600000
400, 000000
28.970000
530. 6000060
3.801000E-07
198,600
550.000
6006, 000

- 120000
250000

RANK INE
PSl

RANK INE
SLUG /L FT-SEC)

RANK INE
FI-LBF/{SLUG-RANKINE}

FT
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INPUT VARIABLES ARE

THET AL = 5.0000 DEuwy AND THETAY = L5.0000 DEG
RATIOS AKRE
P2/PLl= 6.2657 RAUZ/ L= 3.1465 T2/Tl=  1.9913 AZ/ALl=  la4ill uesdl= «9286
P3/Pl= 2.J0103 RHO3/ 1= 1.6306 T3/Tl= 1.2328 A3/Al= 1.1103 u3/ul= «9837
P4lP3d=  3.23L3 RHO4/ 3= 2.2085 T4/T3= 1l.4631 A4/A3=  L.2050 U4 /Us= .9582
P&/PL= 6.4957 KHU4/ 1= 3.6013 T4/Tl= 1.8037 A¢/Al=  1.3430 U4/Ul= « 9425
RELATIVE ANGLLE ABSOLUTE ANGLE
THETA BETA THETA BETA UPSTREAM MACH LOCAL MACH
2 15.3412 23.0363 15.3413 23.0383 6. 0002 3.9483
E 50000 13,1598 5.0000 1341598 6.0000 5.3157
& L0.0000 Lo. 7264 15,0000 23.72064 543157 4.2108
5 503413 18.7264 15,3413 23.7264 4421038 402348
REGION P RHO T A [¢] MU REYNOLDS NO  MACH NOD
PSI SLUG/CU FT RANKINE FT/SEC FT/SEC SLUG/FT-SEC L/FT
i 22533 1.936456-04 LOv.7561 513.5679 3038L.4074 Be46377E-08 7.05004E+06 6.0000
2 1.5874 65.06309¢~-04 218.55%0 124.7174 280b1. 4275 1.75803E-07 9.917T31E+06 3.9483
3 «5093 3.15760E~04 135.3111 570.2302 3031.1919 1. 060990E-07 B8.94597E+06 5.3157
4 Leb457 GeYT365E-04 197. 9700 685.7376 2904. 3537 1.59424E-07 1.27045E+07 4.2108
5 L5870 0.79541E-04 195.9276 686.1654 2908.5544 1.57775e~07 1252728407 4.2388
STAGNATICUN CONDITIONS ARE
REGICN PSTAG RHO TSTAG PSTAG/PSTAGL
PS1A SLUGS/CU FT RANKINE
i 400.0000 3.72856E~0G2 900.0000
4 224492506 2,09662£~02 $00.0010 «5623
3 386.5123 3.602806~02 900.008y <3663
4 329.6872 3.07311e-02 900.0107 «B242
5 329.6872 3.07314E£-02 900.0000 8242
HEAT TRANSFER
Q HFP STANTON4 STANTONL Po/P4 HR apK HPK
LAMINAR 8.37207E~01L 3.435%3E-03 5.66997E-04 Ta 45904E-04 9.28770E-01 9.09079E~-01 7.61087€E~-01 3.12353E-03
TURBULENT 4.25952E+00 1.5367CE-02 2a53586E-03 3. 33601E~03 9.2877T0E-01 9.39122E-01 4.00021E+00 l. 44315E-02



PART VII - SUBPROGRAMS

A description of each of the subprograms common to more than one main program
is presented along with a flow chart and listing.

FTHETA

Function FTHETA computes the flow deflection angle given the Mach number ahead
of the shock, the ratio of specific heats, and the shock angle, The flow diagram and list-

ing are as follows:
FTHETA

Compute flow deflection
angle

Return

!

FUNCTICN FTHETA (GAMMA,RM,BETA)
C FIND FLCW ANGLE
SINB=SIN(BETA)
STNBSQ=STNR*SINB
CUS2B=COS{2.*BETA)
RMSQ=RMXRM
RMSR2=RMSQ*xSINBSQ
TANR=TAN(BETA)
TANTH=2 % (RMSB2-1. )}/ (TANBX(RMSQ%{GAMMA+COS2R)+2.))
FTHETA=ATAN{TANTH) '
RETURN
END

C © 66800000000 OOEOOCO0H00600CODPOOEEVBDOLVOOVLOOOOONOOOOLO0000QCGC00OGO OO GO ©O

PRIBIOIODITDIEIEI®E

PINPUT

Subroutine PINPUT prints out the input variables. The flow diagram and listing

for this subroutine are as follows:
PINPUT

\ Print variables\
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SUBkROU
17}

c PRINT
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
RETURN

FORMAT
FORMAT
FORMAY
FORMATY
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
10 FORMAT
11 FORMAT
12 FORMAT
ENC

VOOV HPWLNO

Subroutine OBLIQ calculates the flow-property ratios across an oblique shock.

TINE PINPUT (FMLoGAMMA; IPT e ToP s AMW,TREF sVREF s XL e So TWALLCP P

OUT INPUT VARTABLES
(€s11)

(6,11) RM1
(€512) GAMMA
(€:2) IPT,T
{(6,2) IPT,P
{654) AMW
(€35} TREF
{6:,6) VREF
(6¢47) S
(€+,8) TWALL
(é€5,9) CP
(6,10) PR

(1HO, 20HINPUT VARIABLES ARE /)

(14H TEMP AT POINT,12,15XsF15.6,94 RANKINE)
(14H PRES AT POINT,12,15XyF15.6,6H PSI )
(17H MOLECULAR WEIGHT,14X,F15.6)

(15H REFERENCE TEMP,16X3F15.64,9H RANKINE)
{20H REFERENCE VISCCSITY 11XsE15.6515H SLUG/(FT-SEC})
{21H S(SUTHERLAND NUMBER);10XsF15.3)

(134 TEMP AT WALL,18X,F15.3,9H RANKINE)

(3H CPy28XyF1l5.3,23H FT-LBF/{SLUG-RANKINE})
(15H PRANDTL NUMBER,16X;F15.6)

(3H M1,28XyF15.3)

{13H GAMMA(CP/CV),18X,Fl15.6)

OBLIQ

flow diagram and listing are as follows:
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( OBLIQ )

/ CALL PRATIO \
\Compute static pressure ratiy

/ CALL DENRAT \
\Compute static density rati?/

PP D DD P

The



A0 O0O

/ CALL TRATIO \

Compute static temperature
ratio

/  CALL ARATIO  \
xCompute ratio of speeds/

of sound

Does

Yes CALL FINDM
IOPT = +1? ‘ / \

P

Compute Mach
\___number

Compute velocity ratio |«

Yes

.X . R
\W rite ratlos\

SUBROUTINE OBLIQ (GAMMA;RMI, THETAJ BETAJRMJISRATL2J,10PT) F 1
I EEREEEEISEEEEREXE NI Y I I BN I IS NN I NI I I B A N B A R BN B R L A B A 4 F 2
PURPOSE F 3
TC CALCULATFE THE 0OBL IQUE SHOCK RELATIONS FOR PRESSURE, DENSITY, F 4
TEMPERATURE, SONIC VELOGCITY, VELOCITY, AND MACH NUMBER FOR F 5
CONDITIONS 1 BEFORE THE SHOCK AND J AFTER THE SHOCK F &

F 7

USAGE F 8
F 9

CBLIQIGAMMA, RMI, THETAJ, BETAJ; RMJy RAT, [: Js I0PT } F 10

F 11
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DESCRIPTION 0OF VARIABLES

GAMMA
RM I
THETAJ
BETAJ

(LA I

6200 C000 600

CGMMON P12,

RATID OF SPECIFIC HEAT CAPACITIES({CP/CV)

MACH NUMBER BEFORE THE SHOCK

DEFLECTICN ANGLE OF THE STREAMLINES IN RADIANS
SHOCK ANGLE IN RADIANS

MACH NUMBER AFTER THE SHOCK

PJOPI DOWNSTREAM PRESSURE OVER UPSTREAM PRESSURE
RHOJOI DOWNSTREAM DENSITY OVER UPSTREAM DENSITY

= TJOTI DOWNSTREAM TEMPERATURE OVER UPSTREAM TEMP

AJCAL DCOWNSTREAM SONIC VELOCITY OVER UPSTREAM SOMIC
uJou I DOWNSTREAM VELOCITY OVER UPSTREAM VELOCITY
UPSTREAX CCNDITIONS

DOWNSTREAM CONDITIONS

1,-1 CALCULATE RMJ

2y=2 DO NOT CALCULATE RMJ

POSITIVE PRINT RATIOS

NEGATIVE DO NOT PRINT RATIOS

S 0D O D OO OO DOONVOG VGV OOVEOROONEONEEOOALOSLIVIBOOOIOVES oo SO

RHOZ, TZ, P1lOPZ, RHOL0Z, T10TZ:s

P12y RHD22, 122, P20P22, RHD212, 120712,
P23, RHOZ3, T13, P30PZ3, RHO3Z3, T30TZ3,
Pl4y RHOL4y Tl4s P40OPL4y RHO4 244 T40T1l4,
P75, RHOZ5, TI5s P50PZ5, RHO515, T50TL5,
Pl6y, RHOI6 TL6, P6OPLE, RHO6LL, TO6OTI6,
P20P1y RHO201s, T20T1ls A20A1l, U20Ul,
P30P2, RHO302, T30T2, A30A2, U30U2,
P30Pl, RHO3CLly, T30T1ls, A30Als, U30UL,
P40P2, RHO4C2, T40T2, A40A2, U4CU2Z,
P40OPl, RHO4Cly T40T1ls A40ALl, U4UUL,
PS0OP3, RHO5C3, T5073, A50A3, U50U3,
P60OP5, RHO6(CS5, T60TS5y A6OA_. UGOUS,

PS0P 1, RHOS5QL, T50T1, AS0AL,s U50UL.
P60Pl, RHO6CLl,s T60TLl, A60AL, UOLOUL
COMMON P60P3, RHO6C3, T60T3, A60A3, UBUU3

CCMMCN Pl.,

P2y
P3y
P4y
PS5,
Péy

RHOl, Tl, Al, Uls VISCLs; REYl,
RHO2, T2, A2, U2¢ VISC2s REY2,
RHO3, T3, A3, U3, VISC3s REY3,
RHO4s T4y A4, U4s VISC4, REV4,
RHOS, TS5, AS; U5s VISCS5, REY5,
RHO6, T6, A6, Ubsy VISC6y REYS

DIMENSION RAT({5)

FIND RATIOS USING UBLIQUE SHUCK RELATIGNS

SINB=S IN(BETAJ)

PJOP I=PRATI
RHOJO I=DENR

TJOT I=TRATI

CALCULATE PRESSURE RATIOS
O{GAMMA s RMI, SINB)

CALCULATE DENSITY RATIOS
AT {GAMMA; RMI, SINB)

CALCULATE TEMPERATURE RATIUS
O{GAMMA yRMI,SINB)

CALCULATE SOMIC VELOCITY RATIO

AJOAI=ARATIO(TIOTI)

CALCULATE MACH NUMBER AT CONDITION J

1F (IABS{IOPT)I-1) 2,142

RMJ=F ENDMAG

UJOuI=AJ0A1

AMMA sRMI ,SINB, BETAJ, THETAJ)
CALCULATE VELOCITY RATIO
#RMJ/RHI

RAT{1}=PJ0OPI1
RAT (2 ) =RHCJOI
RAT(3)=TJOTI
RAT (4 )=AJ0AI
RAT{5)=UJ0UL

AT T T AN AN T AT AT AT AT T AN AN N AN I MR A N AN AN R NN I MM AN A D AN NN TN



" IF IOPT POSITIVE WRITE RATIOS F
IF (IOPT) 43,3 £

3 CONTINUE F
WRITE (695) JoelsPJOPIL pJsl sRHOJOL 9 Jol s TIOTLoJe 19 AJOALGd, 1,UJOUI F

4 RETUKN F
C £
5 FORMAT (1Xo1HP; Il 2F/Ps Il IH=3F 8e 495Xy 3HRHU 91 L lH/ 411 51H=9F8. 445Xy F
LIHT 11 62H/T9l o lH=9FB8.4 45X 1HAs 11 s2H/ AgllolH=pFB.%49e5Xs 1HUy Ily 2H/U, F

211, 1H=4F8.4) F

[

END

PRATIO

Function PRATIO computes the ratios of the static pressures across an oblique
shock, The flow diagram and listing are as follows:

PRATIO

Compute static pressure
ratios

( Return )

FUNCTION PRATIO (GAMMA,RM,SINB) c

c FIND RATIOS OF STATIC PRESSURES, SINB=SIN(BETA) C

PRATIO=2%GAMMAX (RM¥k 2% S INB%#2~1,}/(GAMMA+1.)+1.0 C

RETURN c

END C

C’ .‘l-‘..'....."....'!....‘.l.....l....'....l.'.l.II.I.....CIIOCOOO D
DENRAT

Function DENRAT computes the ratios of the static densities across an oblique
shock. The flow diagram and listing of this function are as follows:

DENRAT

Compute static density
ratios

PN
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FURCTICN DENRAT {GAMMA,RMy SINB}

FINC RATIOS OF STATIC CENSITIES, SINB=SIN(BETA}
RMSQ=RM*RM

SINBSC=SINB*SINB
DENPAT=(GAMMA+] o ) *RMSQ*SINBSQ/{ (GAMMA~1 . )*RMSQ*SINBSQ¢2,)
RETURN

END

2D 6800 GHPO0O000POCOE 0000 2600 OLO POEOCOOOSELCO0OHDHNBRANEREGOBO0CO00E00CO

MOVOUOoOOQ

TRATIO

O NN

Function TRATIO computes the ratios of the static temperatures across an oblique
shock. The flow diagram and listing are as follows:

( TRATIO )

Compute static temperature
ratios

Return

FUNCTICN TRATIO (GAMMA,RM, SINB)
FIND RATIOS OF STATIC TEMPERATURES, SINB=SIN(BETA)
SINBSC=SINR®SINS

RMSQ=RM*R M

RMSR2=RMSQ%SINRSQ
GAMMAR=2%{ GAMMA=1, ) /{GAMMA+1 . ) %%2
TRATIC=1.+GAMMARY(RMSRZ=1, ) *{ GAMMA%XRMSB2+1,)/RMSB2
RETURN

ENC

€9 6P BVVDOOOELODOEORPIOCNOOOOO0NGEVENOODOOOODO0OOEL®OHOHE0VOEDVDOBOEGCODOGEO06 60

MmMMmmmMmMmmnmmm

ARATIO

Function ARATIO computes the ratios of the speeds of sound across an oblique

shock. The flow diagram and listing are as follows:

128

ARATIO

Compute ratios of speeds
of sound

( Return )

st
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FUNCTICN ARATIO (T20T1} F 2
o FIND RATIOS QOF SPEEDS CF SOUND F 3
ARATIC=SQRT(T207T1) 4
RETURN F 5
END F 6
C "0....‘0...0.....'.‘.C‘.l..‘.“.l'.l.‘.......l.‘i‘llﬁﬂl‘l......QQ G 1
FINDM
Function FINDM computes the Mach number behind an oblique shock. The flow
diagram and listing are as follows:
FINDM
Compute Mach number
FUNCTICN FINDM (GAMMA, RM1,SINB,BETA;THETA) G 2
o FIND MACH NUMBER, SINB=SIN(BETA) G 3
SINBSQ=SINB%SINB G 4
RMSQ=RMI*RM1 G 5
RMEB2=RMSQ*SINBSQ G 6
C=(1.+{GAMMA-1 . )*RMSB2/2. )}/ {GAMMA%*RMSB 2—{ GAMMA—1.)/2.} G 7
FINDM=SQRT(C)/ABS{SIN(BETA-THETA)) G 8
RETURN 6 9
END G 10
C .l.l‘...l....l......Q....l..........OC...Ol‘-‘......li.'.l...l.... H 1

MLTRT

Subroutine MLTRT computes the ratios of the flow quantities in each region with
respect to the free-stream values by multiplying the ratios across oblique shocks. The
subroutine flow diagram and listing are as follows:

MLTRT

ﬁ/[ultiply ratios together]

Is IOPT Yes

nonnegative?

,\\Write new ratios\

Return
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SURROUTINE MLTRT {(RATICJ,RATIOIRATIOI,1,J,10PT]}

MULTIPLY RATICS TO OBTAIN RATIOS WITH RESPECT TO FREE STREAM

DIMENSICN RATIOJS(51};,

COMMCN PZ,
PL2,y
PZ3,
PLG,
D75,
P16,

AR RE e OONCVI D WN

COMMCN Pl
P2y
P33,
P4y
5,
D6,
DO 1 K=1,5

(& B O S

P20P1L,
P30P2,
P3QpPl,
P40P2,
P40OP1,
pP50P3,
P6OP2,
P6DPSG,
P50P1,
P60P1,

RHOZ

TZy

RHOZ2, T
RHOZ3, T
RHOLG4, T
RHOZ5, T
RHOZG6, T

RHO1,
RHOZ,
RHO 3,
RHO4
RHOS,
PHOG,

Ti,
T2
T3,
T4,
T5,
Té6y

RATIQIL(S),

P1OPZ,

L2,
L2
L4y
25,

L€y

RHDO201, T2
RHO302,
RHO301, T3
RHO402,
RHO401,
FHO503,
RHO602
RHD604,
RHOS501 »
PHO601,

Al,
A2,
A3,
Phy
AS,
Aby

pP20PZ2,
P20P 13,
P4OP L4,
PSCPLS,
PEOP LG,

071,

73072,

aTl,

T40T2,
T40T1,
15073,
T60T2,
T60T4,
75071,
T6071,

Ul,
Uz,
U3,
U4
Us,
Uby

RATJCT(K)=RATICJIIK)I#RATIDI(K)

IF (ICPT) 3
WRITE (6,4)
RETURN

FORMAT (1X,1HP 311, 2H/P 11, 1H=3F B4 ;5Xs3HRHO,11,1H/ 411 y1H=4FBo4,5X,
1IHT 11,25/ T 11 s1H=9F8,4s5Xs1HATIL42H/ A3 1141H=3FBo4y5Xs1HUs1152H/ U,

2113 1H=4F8a4%}
END

292

A20A1,
A30A2,
A30ALl,
A40A2,
A40AL,
AS0A3,
A6DA2,
A60AL,
AS5DAL,
A60Al,
VISCY,
VISC2,
VISC3,
VISCé4,
VISCS,
VISCe,

(Je I, RATUNT(KY K=1,5)

FINDB

RATIOT(5)
RHO10Z,
RHO2Z22, T20TZ2,
RHO3 73y T30TZ3,
RHO4Z4, T40TZ24;,
RHO525y 750715,
RHO6265 T60TZ6y

TIOTZ,

U2CUlL
U3gu2,
U3gul,
U40uU2,
U40ULl
Usous3,
U6CU2 s
U60U4,
Us0ul,
us0uUl
REY1,
REY2,
REYZ,
REY 4,
REY5,
REYS

I rIrI I LTI r LI IIIIIIIFIILIIIIXIIXLIIIXIIIILIITXT

Function FINDB solves a cubic equation for the shock angle by using the upstream
Mach number and the deflection angle. A code is provided which allows the user to spec-
ify a strong-shock solution or a weak-shock solution. The flow diagram and listing are

as follows:
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Compute check to determine
whether three real unequal

roots exist

Is check

Select root

negative?

Compute roots

Strong-shock
solution?

Select root

leEala el lakaReNe RaNal

TN
={ Return )}

FURNCTICN FINDGS (GAMMA, RM, THETA, IERKOR}

PURPOSE
FIND SHOCK ANGLE

DESCRIPTICN OF VARIABLES
GAMMA cp/CV

M UPSTREAM MACH NUMBER

THETA DEFLECTION ANGLE

ITYPE 2 FCF STRONG SKFCCK SOLUTICN AND 1 FOR WEAK SHOCK SOLUTION

IERROR 0 FCR NO ERROR

3 NO SCLUTICN POSSIBLE

DATA P1/3.1415627/
DIMENSICN BETA(3), ZZ(3),
IPRINT=TERROR

TERRQOR=0

ZANS(3)s TANANS(3)

IF {ABS(THETA).LT..001) GO TO 4

FMINIT=RM
THFETAC=THETA
FMSC=FMINIT®FMINIT
SINTFE=SIN(THETAC)
SINSC=SINTHE*SINTHE

PI=—{(FMSQ+2,0) /FMSQ-GAMMA*SINSQ

GAMMI=GAMMA=1.0
SAMPI=GAMMA®+] .0
GAMSC=GAMPIRGANPL
FM4=FMSQHXFMSC

O B ) e prd g femd pued Duad baa) pu) pong pond bmd ] S0 e fn) Bond) e oo Pt paf o= pott pend pmd

OO U PN e




C

QZ={2.0%FMSQ+1.,0)/FM4L %+ (GAMSQ/4 +0+GAMML/FMSQ) %S INSQ

COSTHE=COS(THETAC)

COSSQ=COSTHEXCOSTHE

RZ=~C0SSN/ FM4

PISC=pI%P7 _
=,3333333%(3,0%CGZ~P2SQ)

PZ3=PZ2%P2SQ

BZ=140/2T70%{2,0%P 239 ,0%PZ%QZ+27.0%RZ}

BZ22=P2/2.0

BZSQ=R22%BZ2

AZ2=47/3.0

AICUR=DZ3%A2I%RAZ3

ARGCK=BZSQ+AZCUR

IF {ARGCK) 2,1,1

TERRQCR=3

THCEG=THETA*57.2%26 )

IF {IPRINT.LE.O) WRITE (&6,6) GAMMA,RM,THDEG

RETURN

COSPHI==BZ2/SQRT(-AZCUB)

PART=2,0%SQRT(~AZ3)

PHI=ACOS(COSPHI)

PHI3=PHI/ 3.0

PZRY2=P71/3.0

2Z{1)=PART*COS{PHI3)-PZBY3

ZZ(2)=PARTHCOS{PHI3+,6£66666T%P1)-PZIBY3

ZZ{3)=PART*COS{PHI3+1.3333333 %P1 )~PZRY3

00 3 I=1,3

BETAUIN=ASIN(SCRT{ZZ(1}))

TEME1=AMAX1{BETA(1),BETAL(2))

TEMP2=AMAX1(BETA(2) (BETA(3))

TEMP3=AMAX1(BETA{1),BETA(3))

WEAK SHOCK

FINCR=AMINL(TEMPL,TEMP2,TEMP3)

RETURN

IF (ITYPE.EQ.2) GO TO 5

FINCB=ASIN{1./RM)

. RETURN

FINLB=1.57C8
RETURN

FDPMAT (32H NO SOLUTION POSSIBLE FOR GAMMA=,Ff3, 495H, RM‘1F8.4912H9
1 ANC THETA=,F8,4)

END

ABSVAL

i
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Subroutine ABSVAL calculates values of static pressure, static density, static tem-

perature, speed of sound, velocity, statié viscosity, and Reynolds number per foot for a
region through the use of the ratios of values in that region with respect to free-stream

yalues and the free-stream conditions.
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The flow diagram and listing are as follows:
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PP PP OO NS LN

ABSVAL

Compute values from
ratios

/ CALL VISCJ \

\Compute viscosit:,y

Compute Reynolds number

SUBRCUTINE ABSVAL (RAT,VALUL,VALUJyVREF;TREFySyJs IOPT,RMJ)

0 9P 006 PP PGP INOPNCEN 0003 CEBED eSS EPOOEOCEe@iPNOEIINOEOGROIB0BF000nes a0

PURPOSE

CALCULATE ABSCLUTE VALUES FOR PARAMETERS P, RHU, T,
AND REY FOR POINT J GIVEN VALUES AT POINT 1 AND THE RATIUS FOR

J OVER 1

CP D OO DSOS SO D BLED S ICINIGOOROOPNEDIRITILOEDD OO S PAPVESDSEPSPESSsOEBES

COMMON | PZy RHOZ, TZy

PZ3, RHOZ3, TZ
Pl4, RHOZ4s T1Z
P25, RHOZS5, TL

P20P1, RHOZCI,
P30P2, RHO302,
P30P1, RHO301,
© P40P2, REO4(C2,
; P40P1l, RHO4CL,
Y p5OpP3, RHOS03,
P60PS; RHOG05,
PS0P1l, RHOS5CIL,
. P6OPLy RHOG601,
COMMON P60P3, RHO603,
COMMON Pl, RHOL, Tl,
P2, RHO2, T2,
P3, RHO3, T3,
P4y RHO4, T4,
PS5, RHOS, T5,
P6y RHOG6, T6,

W

Return

Is IOPT
nonnegative?

Yes

-\ .
\W rite values\

P10OPZ, RHU1OZ, T10TZ,

P12, RHOZIZ2y T1I2s P20PL2,

3, P30PL3,
4y P4OPL4,
5y P50PZ5,

P16y RHOI6,s T1l6y PO6OPZ6,
T20T1, A20AL,
T3072, A30A2,
T30T1, A30Al,
Y4072, A40A2,
T40T1, A40Al,
"TS0T3, AS50A3,
T60T5y A60AS5,
T50T1, AS50AlL,
T60T1, A60AlL,
T60T3, A6UA3,
Al, Ul, VISCl,
A2, U2, VISC2,
A3, U3, VISC3,
A4y U4y VISC4,
A5, U5, VISCS,
A6y Uby VISCE,

RED2Z 2,
RH0O3Z3,
RHO4 24y
RHOS525,
RHD6 L6,y

1207722,
130713,
T40T 24,
T50TZ5,
T6OT 16,

U20Ul 4
U3gu2,
U30ul ,
U402,
U40Ul
uUs50U3,
Us0us,
USGU1L,
Usoul
u6ou3
REY1ly
REY2,
REY3,
REY4,
REY5,
REY6

Ay Uy VISCs

PR L2 222222 2222L22

O Wy & Ui W



DIMENSION RAT(S), VALUL(T), VALUJ(T} 32
C CALCULATE Py, RHOy T, Ay AND U AT POINT J 33
D0 1 I=145 : 34
1 VALUJ{T)=RAT(T)®vALUL(I) : 35
C CALCULATE VISCGSITY 36

VALUJL6)=VISCI{VREF,;TREF,VALUJ(3},5)

RRERZ2L2E2EZ2E222&
[
w

C - CALCULATE REYNOLDS NUMBER( RHO*U*XL/VISC )
VALUJSH{T )=VALUJ{2)*¥VALUJL{5) /VALUJ( 6) 39
IF (10PT) 34242 - ' 40
2 HRITE (654) Jo (VALUJ(L)yI=1,7),RMJ 41
3 RETURN 42
c 43
4 FORMAT (1XsI15¢F12.49E15.593F12.492E15.54F8.4) 44

END

ISTROP

Subroutine ISTROP calculates the static values or the total values of pressure, den-
sity, and temperature for a region with the use of isentropic relations. The flow diagram

and listing are as follows:
( ISTROP )

i

Calculate ratios using
isentropic relations

Dividé to get No Stagnation Yes Multiply to get

stagnation values ;ﬁ:ﬁg local values

] Return }

/)

SURROQUTINE ISTROP (GAMMA,RM1,VALUL,VALUZ,RATIO,IPT) K 1
C LE N ENESEERNBEENEEERENEEREEEEEEEENEEENNNSBNFEFNNENNNENENEEEREFEYFNERNENENRENNWN] K 2
c K 3
c PURPOSE K &
c CALCULATE ISENTROPIC RELATIONS FOR P, RHO, T FROM STAGNATION K 5
c TO POINT 1 WITH M = RML K 6
c : K 7
c DESCRIPTION OF VARIABLES K 8
c GAMNA K 9
c RM1 ‘ K 10
c VALUL  VALUE OF P, T, RHO AT CONDITICN 1 K 11
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RHO AT CONDITICN 1 OVER ZEROD
1PT 0 DR 1, CONDITION WHICH WAS INPUT. CALCULATE THE OTHER.

AL G AR PA RPN B OO LPES DOACGANR S g AARERSANEP PR P L0000 0PEROORSIRDASREDS

RH0222, T20TZ1Z2,
RHO323, T30TZ13,
RHO4Z4ys T40TZ4,
RHO525, TS0DTZ5,
RHD6Z6y T60TZ6,

Uy20ul.,
u3gL2,
U30ul,
U40uU2,
u40Ul,
UsQu3,
u60u2y
uy6lUu4,
Usgul,
Ue0oul
REYL,
REY2,
REY2,
REY4s
REYS,
REYE

C VALUZ  VALUE OF P, T, RHO AT CONDITION ZERQ
C RATIC RATIO OF Py, Ty
c
C
DIMENSICN VALUL{7), VALUZ(3), RATIO(3)
COMMCN PZ, RHOZ, TZ, PlOPZ, RHO10Zy TI1QTZ,
1 PZ2y RHOZ2, T12, P20CPL2,
2 P13, RHOZ3, TZ2, P30PZ3,
2 Pl4, RHOL&4, TL4, P40OPZ4,
4 P75, RHOZ5, TZ5, P5QPZ5,
5 P16y RHOZG, TZéy PGOPL6,
6 P20P1, RHO201, T20T1l, A20Al,
7 P30P2,y RHQ302, T320T2, A3DA2,
8 pP30P1l, RHO301, T30QTL, A30Al,
9 P4OP2, RHO402, T40T2, A40A2,
$ P40Pl, RHO40Ll, T40Tl, A4DAl,
$ P50P2, RHG503, T50T2, AS50A3,
$ p60lP2, RHO602, T60T2, A60A2,
$ P6QP4y RHDG04, T60T4, A6DA4,
$ P50P1,y RHOS501, T50T1, AS0Al,
$ P60P1, RHO601, T60T1l, A6DAlL,
COMMCN Pl, RHO1l, T1, Al, Ul, VISCl,
1 P2, ®HO2, T2, A2, U2, VISC2,
2 P32, RHO3, T3, A3, U3, VISC3,
3 P4, RHG4y Téh, A4, U4,y VISCéh,
4 P5, RHUS! TS, AE’ U51 VISCS,
5 P6, RHOG6, Tby A6y, Ub, VISC6,
C= (1. +{GAMMA—-Y , JERMLI%%2/2,)
P10PZ=1,/Cx%= ( GAMMA/{GANMA-1,})
RHC10Z=1./C%%(1 . /{GAMMA-1,))
Ti0TZ=1./C . ‘
FATIO(1)=P1CPL
XATI0(2)=RHE10Z
RATIO(3)=T1CT2Z
IF (IPT) 3,3,1
1 DO 2 1=1,3
2 VALUZCD)=VALUL(T)/RATIC(T)
PETLRN
3 D0 4 1=1,3
4 ', VALUL(IV=VALUZ(T)=PATIC(I)
RETURN
END
(o

VISCa

£ 9 90509009 02 PSEVEIPER PPV EOOIPINEOPEIDREESVSRDIEVPIPOADPIRNPOEDOERSLIGSDOSTS

r-xAxxxxxzxxxxxxxx'xxzxxzxxxxzxxxxxxxxzxxx;:xxx

Function VISCJ computes the viscosity by using Sutherland's formula (eq. (A2) of
ref. 6). The flow chart and listing are as follows:

VISCJI

@mpute viscosit&j
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FUNCTION VISCJ (VREF,;TREF,T,S)

L 2
C FINC VISCOSITY L 3
VISCI=VREFX(T/TREF)**%] 5% TREF+S)/(T+S) L 4
RETURN L 5
END L 6-
TYP4

Subroutine TYP4 computes the shear-layer deflection angle by iterating until the

static pressures in and are equal and the flow directions are parallel on either

side of the shear layer for the shock pattern shown in the following sketch:

@ @ Shear layer
M, A~ /

The flow diagram and listing for this subroutine are as follows:

( TYPE4 )

\

/ CALL PRATIO \

Compute pressure
ratio po /p1

i
Compute 04

/CALL FINDB -

Compute gy

/ CALL PRATIO \
\ Compute pressure
ratio p 4 /p3

Compute pressure ratio py /pl
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o=

SUBKUUTINE

Are
pressure
ratios
equal?

Increase shear-layer angle
in direction of smaller
pressure

/ CALL FINDB \

\\ Compute ﬁ%;/}

Are 50
iterations
complete?

TYP4 (THETAF,BETA2,RMIyRM3,THETAL»THETAG,BETA4,P30P1,6A

LMMA,TUL s TERROR)

PURPUSE
CALCULATE §
FLOW DIRECT
ANGLES AND
UESCRIPTION
INPUT
THETAF
BETAZ
KML
RM3
TrieTAl
THETA4
BET A4
TuL =

WOt oou o

UUuTPUT
LERRUR =

HEAR LAYER INCLINATICN BY MATLHING STATIC PRESSURE AND
IUN UN EITHER SIOE OF SHEAR LAYER. ALS0 CALCULATES FLUOW
SHOCK ANGLES.

OF VARIABLES

DEFLECTION ANGLE FOR RML IN RAUVIANS. INPUT ESTIMATE
SHOCK(STKONGI ANGLE FOR RML IN RADIANS . INPUT ESTIMATE
MACH NUMBER AT INITIAL PUINT
MACH NUMBER AT COMCITIGN 3. WEAK SHOCK BETWEEN 3 AND
DEFLECTION ANGLE FOR RML IN RADIANS
DEFLECTIUN ANGLE FOR RM3 N RADLANS
SHOCK(WEAK) ANGLE FUR RM3 IN RAUIANS
CONVERGENCE CRITERIA FUR Pa/PL = Pe/Pi

0 NO ERROR .
L ONLY 1 SOLUTIGw FQOUND ///
2 CONVERGENGE CRITERIAN NUT FUUNU

3 NO SOLUTION FOUND P

Ny

ccodco

coooooocoococooCCoO

O 0w O PN e



10

il

le

i

L0
lo

L7
L
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IT=1

LSW=u

MeTHz=0

ISutiN=1

DIHETA=.1

DTHET=.1

SINBZ=SIN(BETAZ)
PcOPL=PRATIU(GAMMA,RMLySINBZ)
THETA4=THETAI-THETAF

CALLULATE WEAK SHUCK SULUTION
TERRUR==1
BETA4=FINUB{GAMMARM3yABSITHETA4) s IDULNy 1ERRUK)
It (1ERROR-3) Zyl4sl4

P4LPs=PRATIO(GAMMA,RM3, SIN(BETA4)I

P4UPL=P4UP3%P30P1
IF (A3S(P20PL-P4&CPLI-TOL) 1243453
1 (P2UPL-P4CPL) 441247
THETAF=THETAF+DTHETA
I (ISw) 6499410
ISw=1
vu TU 10
UDTHETA=DTHETA/ 10,
THETAF=THETAF-DThETA
Gu TU 10
THETAF=THETAF-DTHETA
IF (1Sw) 104958
DTHETA=UTHETA/10.
THETAF=THLTAF+DTFETA
Gu TU 10O
[Sw=-1
CALLCULATE STRONG SHUCK SULUTLLUN
LERRUR=-1
BETAZL=FINDB (GAMMARMLyABS{THETAF) y2» L eERRUR)
11=1T+1
iy (LERRUR=3) 11+20,20
If (IT-50) 1l+1,412
ITERATION UN Pa=Pd id> CUMPLETLED
THFODEG=THETAF*180./3.14106 »
Ke TURN )
USE 2 STRUNG SHUCK SULUT IUNS IF PceubT.P4
LF (P20P1l.LTP40P1) RETURN
IF {METHZ2.6T «0) RETURN
METHZ=1
THETAF=0.
BETAZ=1.5708
1Suln=2¢
UVIHETA=~.l
UTHET=.1
ISw=0
It=1
WRITE (oscl)
GU TU 1
IF (iSwW) 19,154,159
bAD INI1T IAL GUESS
THETAF=THETAF+DTHET
i {THETAF=THETAIL) 10,17,47
THE TAF INCREMENTED TCC FAR
Ir (DTHET-.001) 13+1d5i8
DTHET=DTHET/ 2.
DIt TAa=S5IGN(DTHET DIHET A)
THETAF=THETAF-DTFET
60 TJd Lo
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L hAVE INCREMENTED THETAF TUU FAST g 86
L9 DTHETA=DTHETA/Z2. a a7
. IHETAF=THETAF- ISW*DTHETA g 88
. 4F LABS{DTHETA)-L001) 13,13,10 0 89
G NO SOLUTION FUR BETAZ a %0
c 0 92
¢ FURMAT (/ZBHTRY 2 STRUNG SHOCK SQLUTIONS) 0 93
END' 0 94-

PART VIl -~ PROGRAM APPLICATIONS

This section briefly discusses where the various types of interference patterns may
occur and how the programe-may be used to compute the peak pressures and peak heat
transfer on a practical configuration such as the mated space shuttle (orbiter, rockets,
and fuel tank). Shock interference patterns can occur on the nose and between the indi-
vidual bodies (during the ascent phase of the trajectory), as shown in figure 11, These
patterns may also appear on the leading edges of wings and conirol surfaces, as shown in
figure 12, The highest interference heating will exist in regions where subsonic flow is
present and either a supersonic jet (type IV) or attaching shear layer (type III) is formed,

The undisturbed flow field over a complex vehicle can be computed with various
methods. In fact, complete numerical solutions of the inviscid equations for an arbitrary
body at angle of attack are currently under development, Various approximate techniques
such as in references 20 and 21 are available now. Once the conditions in the local invis-
cid flow field, the state of the surface boundary layer, and the approximate location and
type of interference pattern are known, the peak pressure and heating can be determined
by using the appropriate program. It should be noted, however, that these computer pro-
grams must rely on some empirical inputs such as impinging shock angles, shock length,
and in the case of the supersonic jet, some relation for the shock standoff distance. Real-
gas effects must obviously be considered for high velocities,

Langley Research Center,
National Aeronautics and Space Administration,
Hampton, Va., February 12, 1973,
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