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A COMPUTER PROGRAM TO DETERMINE 

EQUILIBRIUM-AIR FLOW-FIELD DATA ABOUT A BLUNT BODY 

BY THE METHOD OF INTEGRAL RELATIONS 

By Frances W. Taylor 
Langley Research Center 

SUMMARY 

A computer program (program D1251) has been developed in support of the study of 
the inviscid, adiabatic flow properties (pressure, temperature, density, velocities, and 
enthalpy) around a blunt body in equilibrium air by use of a modified method of integral 
relations. 
used in the digital approximation, flow charts, D1251 program code, instructions for the 
user, and a test case with input and output listings. 

This report describes the digital computer program including the methods 

INTRODUCTION 

Reference 1 presents a modified approach to the first-order approximation in the 
method of integral relations for the numerical calculation of the inviscid, adiabatic, sub- 
sonic flow field about a blunt-nose body traveling at hypersonic speeds. Solutions were 
obtained and computed flow-field data were presented for the adiabatic steady flow of air 
in chemical equilibrium. A computer program (program D1251) was developed to eval- 
uate the feasibility of this approach. Results obtained in reference 1 agree with results 
from inverse and property-derivative integral-relations techniques and experiment. The 
agreement indicates that this relatively simple method of solution provides an accurate 
description of the blunt-body flow field in the subsonic region. 

A description of the computer program for equilibrium air is presented herein ~ 

along with the methods used in the digital approximation, flow charts, program code, 
instructions for the user, and a test case with input and output listings. 

SYMBOLS 

Aj 

"0 

coefficients in governing differential equations 

tangential velocity gradient at the body surface 



Bj 

e 

h 

H 

Ij 

P 

Q 

R' 

r 

VR 
- 
WREF 

coefficients in governing differential equations 

coefficients in governing differential equations 

coefficients in governing differential equations 

functions appearing in the governing partial differential equations which are 
differentiated with respect to y 

static enthalpy 

u2 +v2 total enthalpy, h + 

functions appearing in the governing partial differential equations which are 
differentiated with respect to x 

pressure 

curvature of the body, - RB 
Rb 

universal gas constant 

radius measured from axis of symmetry of body (see fig. 1) 

normal distance from axis of symmetry to a point on the body (see fig. 1) 

body radius of curvature at x = 0 

local body radius of curvature (see fig. 1) 

temperature, OK 

free-stream velocity, cm/sec 

velocity components in the x- and y-direction, respectively 

resultant velocity 

molecular weight of cold air, 28.96 g/mole 
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x 

Y 

z 

Z 

Y 

6 

60 

77 

63 

P 

0 

Subscripts: 

j 

S 

r7 

coordinate along the body surface (see fig. 1) 

coordinate normal to the body surface (see fig. 1) 

compressibility 

axial coordinate (see fig. 1) 

ratio of specific heats 

shock displacement distance (see fig. 1) 

value of shock displacement distance at axis of symmetry 

transformed y-coordinate, y/6 

body inclination angle (see fig. 1) 

density 

shock-wave angle (see fig. 1) 

- 

used (as first subscript) to denote a particular governing differential equation: 

1 shock-geometry equation 

2 continuity equation 

3 x-momentum equation. 

4 y-momentum equation 

5 energy equation 

shock-oriented properties 

denotes location within shock layer: 

0 body surface 

1 at shock wave 

co free - str eam conditions 
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When double subscripts a r e  used, the first (j) denotes the governing equation num- 
ber and the second (q) denotes location within shock layer, that is, 0 for conditions at body 
surface and 1 for conditions at shock wave. 

Primes denote dimensional quantities. 

Figure 1. - Flow-field coordinate system. 

PROBLEM DESCRIPTION 

The equations which govern inviscid, adiabatic steady flow of equilibrium air over 
a blunt body traveling at hypersonic speeds a re  a system of nonlinear partial differential 
equations derived from the laws of conservation of mass, momentum, and energy. The 
modified method of integral relations, as described in reference 1, is used to transform 
the governing equations into a set of ordinary differential equations that are numerically 
integrated to yield the details of the thermodynamic and flow properties within the shock 
layer. The ordinary differential equations which form the basis for the program D1251 
are as follows: 

4 



d6 = -E1 = (1 + &6)tan(u dx 

-A2 d6 + B2 dw + E2 
dI2 0 A= 
dx C 

-A5 d6 + B5 dw + Eg 
d15, 0 -= 
dx C 

The equations for the fluxes of mass, momentum (in the x-direction), and energy at the 
body surface are' 

I2,o = pouo 

2i '3,O = + 

The quantities have been nondimensionalized as follows: 

X' x = -  
% 

y = -  Y' 

% 

6 = -  6' 

R;a 

where primes denote dimensional quantities. 
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The coefficients of the governing differential equations are developed in reference 1. 
The expressions for the coefficients are 

26 cos 0 
'2 3(I2,0 .. 12~1) + rb (I2,o - '2,l) 

26 COS 8 a1 
Bj = 6(3 + rb ')$ 

c = + +  6 cos rb q) ) 

36 26 cos ") I_ "2; d$ 
ae dx 

2 6 sin Ob 

rb 
d@b + 6(1 + 6Q) 

6 cos f3b 6 cos " + 6(1 + 6Q) ( 1 + rb )G49i - 6G4,0 - '('Q + rb jP3,O +I3,1) 

2S2Q cos % 36 cos f3b 
(I3,O + 213, 1) + rb 

- 
rb 

+ 62Q cos $(pouo2 + 2 p p 4  
rb 

6 



6 cos $ + 6 h  + rb ) (1+ 6Q)G5 9 + 6RF 

where 

2 
'3,O = + pOuO 

'5,O = POUOHO 

Limited provision has been made in the governing equations for coupled radiating- 
flow-field analyses, but a radiation subprogram is not included in this program. Thus, 
the radiation flux term RF is not programed. 

gration technique (see the appendix) to give shock-layer thickness, the shock angle, and 
the fluxes of mass, momentum, and energy at the body surface. The numerical integration 
proceeds from the stagnation point (x = 0); however, direct substitution of the initial values 

The governing differential equations are solved by a fourth-order Runge-Kutta inte- 
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into the governing differential equations at x = 0 results in indeterminate (O/O) expres- 
sions. (See ref. 1.) Application of L'Hospital's rule yields the proper starting values 
for the nonzero derivatives: 

These equations contain ti,-., the shock displacement distance at the axis of symmetry 
(x = 0). Since 6, i- LLL~al1y assumed, a correct value has to be established for the 
flow-field solution. The regularity conditions at the sonic point, that is, a sonic velocity 

uo and a zero mass flux derivative f!* = 0, provide the convergence criteria for the 
proper 6,. 

on the body which are consistent with the integrated fluxes. Rankine-Hugoniot relations 
and the shock angle are used to compute the properties immediately behind the shock. 
The fluxes pu, puv, and puH and the resultant velocity are assumed to vary linearly 
across the shock layer. Thus, the post-shock and the body properties along with this 
assumption of linear variation within the shock layer are sufficient to generate consistent 
velocity components and enthalpies across the entire shock layer. These quantities are 
computed by the following relations: 

A Newton-Raphson iteration technique (ref. 2) is used to obtain the set of properties 

'R, 11 = 'R, 0 VR, 1 - 'R, 0) q 
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The pressure distribution is then calculated from the quadratic expression 

The remaining state properties are computed from the equilibrium-air correlations of 
reference 1. 

The integration continues until the pressure at the body diverges, either increasing 
or decreasing rapidly, This indicates that the sonic point on the body, which is a singular 
point, has been reached. An increasing divergence of the pressure indicates that the ini- 
tial 6, was too large, and a decreasing divergence of the pressure indicates that '6, 
was too small. The program is stopped after a specified number of iterations on 6, 
or when a maximum value of x which is an input, has been reached. 

PROGRAM ORGANIZATION 

D1251 Labeled COMMON 

The following list contains all the FORTRAN variables appearing in labeled 
COMMON in the order and with the dimensional information used in program D1251: 

COMMON FORTRAN 
label variable DescriDtion 

/INPUTC/ R Universal gas constant 

PIN 

RHOIN 

UIN 

EMUREF 

Pm 

Um 

- 
WREF 

GAMMA Ratio of specific heats y 

RB Body radius of curvature at axis of symmetry (x = 0) 

RBX Body radius of curvature at any x-coordinate 

SMALLB Semimajor axis of an ellipse, nondimensionalized 
with RB 
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label 

/INPUTC/ 

FORTRAN 
variable 

AQVERB 

XMAX 

CII 

DELU 

DELL 

R1 

z 

E PS2 1 

NT 

CCI 

SSPEC 

CIMAX 

EELE 1(7) 

ITEXT 

Description 

Ratio of semiminor axis to semimajor axis of an 
ellipse 

Maximum value of x allowed 

Initial interval away from singular point of the 
'stagnation streamline 

Upper limit for 6 

Lower limit for 6 

Initial guess for weighted heat flux (set equal to 
zero in this program) 

Used in 77 distributions ETA = l./Z 
Number of points across shock layer where 
properties are desired 

Accuracy criterion for iteration on p 

Number of values in EELT array used by INTl 

Initial computing interval used by INTl 

Print control usqd by INTl (if SSPEC = 0, control 
will be returned after every acceptable integration 
step; if SSPEC f 0, control will be returned at the 
specified increment of the independent variable) 

Absolute value of maximum computing interval 
used by INTl 

Relative e r ror  used by INTl 

Time history print option used by INTl 
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COMMON 
label 

PUTC/ 

FORTRAN 
variable 

ITTEST 

TEAN 

RHON 

TCG 

KKKK 

KETEST 

PIG 

IGEO 

EELE2(7) 

EE LT( 3) 

NE 

IE RR 

WAR(8) 

Description 

Iteration limit in P 

Initial guess for T' 

Initial guess for p 

Accuracy criterion on iteration for p in M H  0 

Indicator' set in THEP when solution fails near 
singular point (Le., when p 0.00003) 

Number of iterations desired on 6, 

Accuracy criterion for the iteration for 6, used 
in CONT 

Control in GEO for body shape: 

1 sphere 

2 ellipsoid 

3 hyperboloid 

Relative zeros, used by INTl 

Values for return to program from INTl 

Number of differential equations to be solved, used 
by INTl 

Integer value supplied by INTl as an e r ro r  code 

Double-precision array used by INTl which contains 
the independent variable followed by the dependent 
variables 

11 



COMMON FORTRAN 
label variable 

/ E Q V m /  C CUVAR( 8) 

DDER(8) 

ERRVAL(8) 

COSTB 

SINTB 

SWMTB 

CWMTB 

SINSQW 

THETAB 

SMALRB 

ZB 

DELS 

W 

UINS 

TIN 

us 

VS 

Description 

Double-precision array used by INTl to store the 
values of the independent and dependent variables 
at which the derivatives will be evaluated in 
DERSUB 

Array in which the derivatives are stored 

Array used by I N T l  

cos eb 

sin % 

sin(w - %) 

cos(0 - %) 

sin2w 

'b 

axial coordinate 

w 

V S  

12 



COMMON FORTRAN 
label variable 

/EQVAR/ u 1  

v 1  

P1 

RHO1 

T1 

CAPHl 

STAENl 

A 0  

uo 

vo 

PO 

RHO0 

TO 

CAPHO 

X 

STAENO 

STAENT 

z1 

zo 

Descr iDtion 

u1 

V1 

p1 

T1 

H1 

Static enthalpy at shock 

aO 

uO 

vO 

PO 

PO 

TO 

HO 

Coordinate along body surface 

Static enthalpy at body 

Static enthalpy 

z1 

=0 
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MMOM FORTRAN 
label variable 

/EQVIQR/ PSTAG 

DAF 

OPERA 

DOSRB 

&D 

CAPQ 

E01  

ICOSW 

KEKONT 

DTBDW 

DUSDW 

DUIDW 

DVIDW 

DPIDW 

DROqlW 

DRBDX 

DTBDX 

DDELDX 

DescriDtion 

Stagnation pressure 

6 cos ob 
, computed in DERSUB, used in COEF 

rb 
sin $, 

'b 
computed in DERSUB, used in COEF 

6 computed in DERSUB, used in COEF 
rb 

Q 

Coefficient appearing in the differential equations, 
computed in COEF 

Control to set cosw to exactly o when w = 

Counter for the number of iterations for 6 ,  

d6 
dx 
- 
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COMMON FORTRAN 
label variable 

HONE 

XIl(6) 

DIlDX(6) 

DIODX( 6) 

ETA 

DIlDW(6) 

SINW 

cosw 

IREAD 

DELTN 

dw z 

Description 

Coefficients used in the governing differential 
equations computed in COEF 

sin w 

cos w 

If IREAD = 0, write the input; if IREAD f 0, do not 
write the input 

a 15 



The following table is a cross-reference between labeled COMMON and D1251 sub- 
programs (where X denotes labeled COMMON appearing in each subprogram): 

Subprogram 

EQUILIB 
MAIN 
RANH 
PROPIT 
CHER 
THER 
THEP 
FIRST 
COEF 
CALD 
DERSUB 
CHSUB 
CONT 
GEO 

/RED/ 

X 
X 

COMMON label 

/INPUT/ 

X 
X 

X 

X 
X 
X 
X 

X 
X 

X 
X 

X 

X 
X 
X 
X 

X 
X 

X 

X 

X 

D1251 Subprogram Descriptions, Flow Charts, and Listings 

Program D1251 is one of a series of programs developed to analyze blunt-body 
flow-field data by the method of integral relations. Since many of the same computational 
procedures were used in the various flow-field programs, each procedure was written as 
an independent subprogram to be called as needed. 

This section of the report presents a brief description of the subprograms used, a 
statement of the function of each subprogram, individual flow charts, and subprogram 
listings. A list of each subprogram and its description is given below: 

Subprogram Description 

EQUILIB Writes program title and calls MAIN 

MAIN Reads and writes NAMELIST input, initializes program variables, and 
computes stagnation-line solution 

RANH Calculates post-shock conditions by use of the Rankine-Hugoniot 
equations 

16 



Subprogram 

GEO 

FIRST 

THEP 

THER 

CONT 

Descrirhion 

Computes the body geometry 

Computes properties at the first step off stagnation line 

Thermodynamics routine which solves the correlation equation for 
equilibrium air 

Calculates partial derivatives of equilibrium - air proper ties 

Calls integration routine, computes thermodynamic properties within 
the shock layer, performs iteration on 6, for sphere-pressure 
results, and writes output 

CHER Performs an additional test on the 6, iteration 

PROPIT Iteration subroutine for body properties 

COEF Calculates the coefficients of the governing differential equations 

CALD Computes the governing differential equations which are used 
in DERSUB 

DERSUB Called by the Runge-Kutta integration routine INTl to evaluate the 
derivatives 

CHSUB Called by INTl to allow the user certain logical control 

A directed graph of the FORTRAN subprograms used in program D1251 is given in 
the flow chart on the following page. 
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EQUILIB 

EQUILIB writes the program identification and calls MAM. 

PROGRAM EQUILIB( INPUTIOUTPUTITAPE~=INPVTITAPE~=OUTPUT)  A I  
C A 2  
C A 3  
C E Q U I L I B R I U M  A I R  PROGRAMED BY FRANCES W e  TAYLOR A 4  
C A 5  
C A 6  

COMMON /RED/ I R F A D  A 7  
IREAD=O A 8  
W R I T E  ( 6 9 1 )  A 9  
C A L L  M A I N  A 10 
STOP A 1 1  

C A 12  
C A 1 3  
1 FORMAT ( 1 H 1 2 0 X 4 R H E Q U I L I B R I U M  A I R  PROGRAMED BY FRANCES W o  TAYLOR/ A 14 

1 )  A 15 
END A 16- 
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The function of subprogram MAIN is to call the NAMELIST input, to initialize the 
program, and to compute the stagnation-line solution. The stagnation-line solution is 
obtained by an iteration on po with the use of a Newton-Raphson technique. The pro- 
gram is ended after a specific number of iterations on bo, which is controlled by the 
input KETEST, or when a maximum value of x has been reached. The flow chart for 
subprogram MAIN is given below: 

NAMELIST D 
Initialize program 
variables and 
constants 

Compute values 
using RHO1 
and variable 
needed for RHO0 
iteration 

Iteration fo r  
RHO0 

STOP 

T 

Increase i teration 
count by 1 

20 



C 
C 
C 

C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

S U B R O U T I N E  M A I N  
DOUBLE P R E C I ' j I O N  VVARICCUVAR 

I NPUT 

I NPUT 
R 
P I N  
RHO I N  
U I N  
EMUREF 
GAMMA 
R B  
RBX 
S M A L L B  
AOVERB 
XMAX 
C I  I 
D E L U  
D E L L  
R l  

Z 
E P S 2 1  
N T  
cc I 
SSPEC 

GAS COWSTANT 
F R E E  STREAM PRESSURE 
F R F F  STREAM D E N S I T Y  
F R E E  STREAM V E L O C I T Y  
MOLECULAR WEIGHT OF COLD A I R  USED I N  THEP 
R A T I O  OF S P E C I F I C  HEATS 
BODY R A D I U S  AT X=O 
BODY R A D I U S  AT ANY X 
S E M I  MAJOR A X I S  OF AN E L L I P S E  
R A T I O  OF S E M I  MINOR A X I S  TO S E M I  MAJOR A X I S  OF E L L I P S E  
!NHEN X=XMAX THE PROGRAM IS STOPPED 
I N I T I A L  L I N E A R  I N T E G R A T I O N  S T E P  I N  F I R S T  
UPPER L I M I T  FOR D E L T A  
LOWER L I M I T  FOR D E L T A  
I N I T I A L  GUESS FOR WEIGHTED R A D I A T I O N  HEAT F L U X  R l = O  I N  
T H I S  PROGRAM 
USED FOR ETA D I S T R I B U T I O N S  F T A = l / Z  
ACC'JRACY C R I T E R I A  FOR RHO I T E R A T I O N  
NUMBEQ O F  VALUES I N  E L T  ARRAY USED B Y  I N T l  
I N I T I A L  COMPUTING I N T E R V A L  USED B Y  I N T l  
P R I N T  CONTROL USED B Y  I N T l  

B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
3 
B 
B 
B 
B 
B 
6 
3 
B 
B 
6 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
2 3  
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
3 4  
35 

37 
38 
39 
40 
41 
42 
4 3  
4 4  

?6 
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C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
C 
C 
C 
C 

1 

17 

2 

C 
C 
C 
C 
C 

C I MAX 
EELE I 
E E L E E  
I T E X T  
ELT 
I T T E S T  
T E A N  
RHON 
TCG 
K E T E S T  
P I G  
I GEO 

I DUM- 1 

ABSOLUTE V A L U E  O F  MAXIMUM COMPUTING I N T E R V A L  USED B Y  I N T l  
R E L A T I V E  ERROR U S E D  B Y  I N T l  
R E L A T  I Y E  ZERO U S E D  B Y  I N T l  
T I M E  H I S T O R Y  P R I N T  O P T I O N  =O NO P R I N T O U T  U S E D  B Y  I N T l  
V A L U E  FOR RETURN T O  PROGRAMS U S E D  B Y  I N T l  
I T E R A T I O N  L I M I T  I N  P R O P I T  
I N I T I A L  GUESS FOR S T A G N A T I O N  TEMPERATURE 
I N I T I A L  GUESS FOR S T A G N A T I O N  D E N S I T Y  
ACCURAcY ON I T T E R A T I O N  FOR D E N S I T Y  I N  RANH 
THE NIJMBER O F  I T E R A T I O N S  D E S I R E D  O N  D E L T N  
ACCURACY C R I T E R I A  F O R  D E L T O  I N  CONT 
A T E S T  I N  GEO R O U T I N E  FOR S P H E R E I E L L I P S O I D  OR H Y P E R B O L O I D  

I R E A D = I R E A D + I  
IF ( I R E A D - 1  1 9  i t 2  
R E A D  ( 5 r I E C H E M )  
IF(EOF*5)7r 17 
W R I T F  (6eIECHEM) 
I R E A D = I R F A D + I  
KEKONT = 0 
P I O 2 = 3 . 1 4 1 5 9 2 7 / 9 .  
C I N = C I  
J T T = O  
D F L T N =  ( D E L L + D E L t J  1 /2 e 

D E L T A = b E L T N  
#=PI02 
T H E T A B = P I O E  
Icosw=o 

I N  1 T I  A L  I Z A T  I O N  

PRODUCTS 

U I N S = U I N + + E  
P A L R H M z l  s 
X-  0 
SMALRB=O 
D R B D X = l  u 
DTBDX=-I u 
C A P Q = I  u 
QD=CAPQ+DELTA 
T= T E A N  

B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 

B 
0 
B 
B 
B 
B 
B 
B 
B 
6 
B 
B 
B 
B 
B 
B 
0 
B 
B 
B 
6 
B 
B 
B 
B 

45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
6 1  
62 

63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
03 
04 
85 
06 
07 
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C A L L  RANH B 88 
TWODFL=2e*DFLTA B 89 
THRD€L=J.*DELTA B 90 
DELS=DELTA**2  B 91 
A C = T W O D E L * ( ~ . + T ! A ! O D E L ) * R H O ~ * V ~ * D U ~ D W  B 92 
B C ~ - 2 . * ( 3 . + T H R D F L + D E L S )  B 93 
C C = ~ . * ( ~ ~ + T H R D E L + D E L S ) * P ~ + ~ ~ * ( ~ O + T H R D E L ~ D E L S ) * R H O ~ * V ~ * * ~  B 94 
D C = T W O D E L + ( 3 e + D F L T A )  B 95 
EC=-BC*RHOl * V I  B 96 
F C = 6 e * D E L T A  B 97 
GC=2a+(3a+THRDFL+DELS)+RHO1+VI+HOl*Vl*HONE B 98 
uo=n B 99 
P O = P I + ~ S * R H O l * V 1 * * 2  B l o o  
vo=o B 1 0 1  
COSRB=I  e B 1 0 2  
S I N T B = l  B 103 
G G 0 ( 4 ) = P O  B 104 
GGl ( 4  ) = P 1  +RHO1 + v 1 * * 2  B 105 
X I 1  (3 )=P l+RHOl * I . J1* *2  B 106 
X IO ( 3  ) =PO B 107 
DIM=2e+DELTA*SINTB/DRBDX B 108 
DWDX=-(RC*PO+CC)/AC B 109 
W Q I T E  ( 6 r 8 )  DWDX B 110 
RHOOAO=-(AC/Vl*nWDX+EC)/DC B 1 1 1  
CAPHO=-(AC*HONE/Vl*DWDX+FC*Rl+GC~/~DC*RHOOAO~ B 1 1 2  
RHODUM'RHON B 1 1 3  
STAENTzCAPHO B 114 

3 C A L L  THEP ( R ~ P D ~ M I R H O D U M I T O I Z O I S T A E N T I E M U R E F I P I N , R H O I N ~ U I N S ~ K K K K )  B 115 
GRODUM-PDUM B 116 
FRODUM=PDUM-PO B 1 1 7  
D E t R H O =  * 1 B 1 1 8  
RHODMP=RHODUM+Df=LRHO B 1 1 9  
C A L L  THEP ( R I P D ~ J M I R H O D M P I T X I Z X I S ~ A E N ~ ~ E M V R E F I P I N I R H O I N ~ U I N S ~ K K K K )  B 120 
FPRHO=(PDUM-GROoUM)/DELRHO B 121 
FROFPR=FRODUM/FpRHO B 122 
A F R F P R r A B S  (FROFPR 1 B 123 
I F  ( A F R F P R - E P S 2 1 )  51594 B 124 

4 RHODUM-RHODUM-FROFPR B 125 
GO TO 3 B 126 

5 RHOO=RHODUM B 127 
AO=RHOOAO/RHOO B 1 2 8  

C B 129 
C KEKONT COUNTS T H E  NUMBER OF P A S S E S  THRU MAIN.  K E T E S T  IS THE L I M I T  B 130 
C ON T H E  NUMBER O F  PASSES. B 1 3 1  
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C 
C 
C 

6 

7 
C 
C 
8 

TEST KFKONT 

I F  (KEKONT-KFTF+T) 6q797 
KEKONT=KEKONT+I 
DELTA=(DELL+DELU)/2* 
PSTAG=PO 
CALL F I R S T  
STOP 

FORMAT (lHl6X4HDWDXE15.8/) 
F N D  

B 132 
R 133 
B 134 
B 135 
B 136 
B 137 
B 138 
R 139 
B 140 
B 141 
E 142 
B 143 
B 144- 

24 



RANH 

M H  computes the post-shock conditions (properties, fluxes, and partial deriva- 
tives with respect to w) with the use of the Rankine-Hugoniot equations. It is called by 
MAIN for the stagnation-line solution and then by DERSUB in each integration step. The 
flow chart for subprogram RANH is given below: 

( - )  

I te ra t ion  
for RHO1 

Compute ' 
p r o g r a m  
va r i ab le s  I 

I 

fluxes X I l ( 2  

Compute p a r t i a l  
der iva t ives  
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C 
C 
C 

C 
C 
C 
C 

1 

2 

3 

4 

SUEROUT I NE R A N H  
DOUBLE P R F C I S I O N  VVARICCUVAR 

I NPUT 

R A N K I N E  HUGONIOT R E L A T I O N S  F O R  E Q U I L I B R I U M  C O M P O S I T I O N  

D T  BDU = 0 
S I NW=S I N  ( V  ) 
I F  ( I C O S W )  I r l r ?  

COSV= 0 
SWMTR=O 
GO TO 3 
cosw=cos(w) 
SWMTR=SIN(W-THFTAB)  
CVMTR=COS (W-THFTAR ) 

SWS=SINW*+2 
us=cosw 
RHO1 =RHON 
VS=-S I NW/RHO 1 
CAPHI=e5+3eS*PIM/(RHOIN*UINS) 
H O N E = C A P H l  

S T A F N l  = S T A E N T  

RHOlP=(PIN/(RHOIN*UINS)+SWS-PI) /VS++2 
F R H O l = R H O l - R H O I P  
D E L R O I  = e  1 
R H O I D = R H O l + D E L R O l  
VP=-S INW/RHOl  D 
STAP=CAPHI-(US+*2+VP**2)/2* 

STA€NT=CAPHl - (U++*2+VS**2 ) /2e  

C A L L  THEP ( R I P 1  VRHO1,TI q Z l ~ S T A E N T c E M U R E F ~ P I N ~ R H O ~ N ~ U I N S ~ K K K K )  

C A L L  THEP ~ R ~ P D ~ R H O ~ D ~ T X ~ Z X ~ S T A P , E M U R E F I P I N ~ R H O I N ~ R H O I N V U I N S ~ K K K K ~  

M 1  
M 2  
M 3  
M 4  
M 5  
M 6  
M 7  
M 8  
M 9  
M IO 
M 1 1  
M 12 
M 13 
M 14 
M 1 5  
M 16 
M 17 
M 1 8  
M 19 
M 20 
M 21 
M 22 
M 23 
M 24 
M 25 
M 26 
M 27 
M 28 
M 29 
M 30 
M 3 1  
M 32 
M 33 
M 34 
M 35 
M 36 
M 37 

M 39 
M 40 
M 4 1  
M 42 
M 43 
M 44 

M 3a 
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RHOIDP=(PIN/(RH9IN*UINS)+SWS-PD)/VP**2 

A F M F P = A R S ( F R H O I / F P R H O I )  
IF (AFMFP-TCG)  6 r 6 r 5  

GO T O  4 
6 UI=US*CWMTB-VS*sWMTB 

V I = US * S  U M  TB+ VS * C WWT R 
X I 1  ( 2 ) = R H O l * U I  
X I  1 ( 3 ) = P 1 + R H 0 1 * ~ 1 * * 2  
X I 1  ( 4 ) = R H O I * U l + v I  
X I 1 ( 5 ) = R H O I * U I * C A P H I  
X I 1  ( 1  )=O 
C A L L  THER ~ R ~ P 1 ~ R M O l r S T A E N T r E M U R E F I P I N I R n O I N I U I N S I C I P ~ C 2 P ~ C l D ~ C 2 D ~  
D R O l D W ~ S I N W * C O S Y * ~ C l D * ~ l e ~ l o / ~ H O l * * 2 ~ - 2 ~ * ~ l o ~ l ~ / ~ H O l ~  ) / ( ( S W S / R H O I *  

F P R H O ~ = ~ R H O I D - R H O I D P - F R H O I ) / D E L R O ~  

5 RHO1 =RHO1 -FRHOl  /FPRHOl  

I * 2 ) + ( I o - C I D / R H O I  ) - C 2 D )  
DSHIDW~SINW*COSW*~Io-I./RH01++2)+SWS/RHOl**3*D~OlDW 
DP1 DW=CI D + D S H l  DW+C2D*DROIDW 
DIJSDW=-SINW 
DVSD'$=-I a / R H O I *  (US+VS/RHOl*DROlDW 1 
DU~DW=DUSDW*CWMTB-DVSDW*SWMTB-US*SWMTB*(~O-DTBDW~-VS*CWMTB*~IO-DTB 

1DW) 
D V I D W = D U S D W * S l ~ M T B + D V S D W * C W M T B + U S * C W M T B * ( l o - D T B D W ~ ~ V S * S W M T B * ~ l ~ ~ D T ~  

I mr ) 

D C H l  DW=O 
D I 1 DW ( 2  =RHO1 *r)lil DW+UI*DROI DW 
D I  1 DW( 3 
D I I D W ( 4  =RHOI+V1*DUIDW+RHO1*U1+DV1DW+UI+V1+DROIDW 
D I l D W ( 4  = C A P H l * n I l D W ( 2 )  
RETURN 
E N D  

=DP1 DW+2o*RHO1 * U I * D U I  DW+UI * *2 *DR01  DW 

M 45 
t4 46 
M 4 7  
M 40 
M 49 
M 50 
M 51 
M 52 
M 53 
M 54 
M 55 
M 56 
M 57 
M 58 
M 59 
M 60 
M 61 
M 62 
M 63 
M 64 
M 65 
M 66 
M 67 
M 68 
M 69 
M 70 
M 71 
M 7 2  
M 7 3  
M 74 
M 75- 
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GEO 

Subprogram GEQ computes the body geometry. The user has a choice of three 
body shapes which are controlled by an input IGEO. IGEO = 1 computes sphere geom- 
etry, IGEO = 2 computes ellipsoid geometry, and IGEO = 3 computes hyperboloid geom- 
etry. GEO is called by MAIN for tkie stagnation-line solution and by DERSUB for each 
integration step. The flow chart for subprogram GEO is given below: 

Compute 
Hyperboloid 
g e omet r y 

4 Sphere-Cone 
geometry 

c 2  2 <  

1;’ 
Compute 
ellipsoid 
geometry 

RETURN c3 
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c 
C 

C 
C 
C 
C 

C 
C 
C 
C 
1 

C 
2 

C 

S U B R O U T I N E  GEO 

I N P U T  
DOUBLE P R E C I S I O N  V V ~ R I C C U V A R  
COMMON / I N P U T C /  R I P I N I R H O I N ~ U I N I E M U R E F ~ G A M M A ~ R B ~ R E X ~ S M A L L B ~ ~ O V E R E ~  

l X M A X ~ C I I 9 D E L U ~ D F L L ~ R l r Z I E P S 2 l r N T I C C t c S S P E C ~ C I M A X ~ E E L E l ~ 7 ~ ~  I T E X T r  I T  
P T E S T * T E A N , R H O N I T C G I K K K K * K E T E S T ~ P I G E O ~ E E L E ~ ( ~ ) * E E L T ( ~ )  

COMMON /FQVAR/ ~ E I I E R R I V V A R ( ~ ) I C C U V A R ( ~ ) . D D E R ~ ~ E R ( ~ ) * E R R V A L ( ~ ) * C O S T B ~ S  
I I N T R ~ S W M T B t C b l M T 9 r S I N S Q W I T H E T A S r S M A L R B I Z B ~ D E L S ~ D E L T A ~ W ~ U I N S ~ T I N ~ U S *  
2 V S r U l r V 1 ~ P 1 ~ 9 H O l ~ T l t C A P H l r S T A E N l ~ A 0 ~ U 0 ~ V 0 ~ P 0 9 R H 0 0 ~ T 0 ~ C A P H 0 ~ X ~ S T A E N  
3 0 r S T A E N T t Z l r Z O ~ P S T A G ~ D A F ~ O P E R A ~ D O S R ~ ~ Q D ~ C A P Q ~ E O l ~ I C O N T ~ I C O S W ~ K E K O N  
~ T I D T E D W ~ D U S D W ~ D \ / S D W I D U ~ D W I D V ~ D W I D P ~ D W I D R O ~ D W ~ D R B D X ~ D T B D X ~ D D E L D X ~ D W  
5 D X 1 H O N E ~ X I 0 ~ 6 ~ ~ X I I ~ 6 ~ r D I 1 D X o r D I O D X ~ 6 ~ ~ D 1 0 D X ~ 6 ~ ~ E T ~ ~ D 1 1 D W ~ 6 ~ ~ ~ ~ 1 ~ 6 ~ ~ B B 1 ~ 6 ~  
6 9 G G 1 ~ 6 ~ r G G 0 ~ 6 ~ ~ C C I ~ D D l r S I N W I C O S W I K O N F I P 1 0 2 ~ E E 1 ~ 6 ~  

I G E O = I  COMPUTE CPHERE GEOMETRY I G E O = 2  COMPUTE E L L I P S O I D  GEOMETR 
I G E O = 3  COMPUTE H Y P E R B O L O I D  GEOMETRY 

SYALLR=AOVERR 
I F  ( I G F O - 2 )  1 . 2 r 3  

SPHERE - CONF 

S M A L R B = S I N ( X )  

DRBDX=COS ( X  ) 
T H E T A R x P 1 0 2 - X  

DTRDXz-  1 
R E X - 1  
GO T O  4 
FLL I P S O  I D  
BSQ=sMALLS**P 
RSQ=SMALRS*+P 
BSMRS=RSQ-RSQ 
RACF=RSQ/RSMRS 
ZB=AOVERB*SMALLp-AOVERB*SQR ( B S M R S )  
AAA=AOVERB*SMALLB 
P f A N = ( ( S M A L L B / A A A ) * ( A A A - Z E )  / (SQRT(2.*AAA*ZB-ZB**2))  
T H E T A B r A T A N  ( P T A N )  
R B X ~ ( ( l ~ + A O V E R B ~ * 2 * R A C E ) + + O ) / ( A O V E R B / S Q R T ~ B S ~ R S ~ * ~ l ~ + R A C E ~ ~  
CAPQ= 1 /REX 
DTBDX=-CAPO 
GO T O  4 
H Y P F R R O L O I D  

L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
1 4  
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
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C 
3 BSQ=SMALLB**2 

RSQ=SMALRR**2 
BSPRS=BSQ+RSQ 
RACH=RSQ/BSPRS 
AAA=AOVERB*SMALLB 
SQBSPRS=SQRT(BSPRS) 

PTAN=SQBSPRS/(ACVERB*SMALRB) 
THETAB=AtAN(PTAN)  

ZB=-AAA+AOVERR*qQBSPRS 

R B X = ( ( I  .+AOVERR+*2+RACH)* * (3 . /2 . ) I / (AOVERB/SQBSPRS*( le -RACH) )  
4 CAPQ=l. /RRX 

QD=CAPQ+nFLTA 
RETURN 
END 

L 4 5  
L 46 
L 47 

L 49 
L 50 
L 51 
L 52  
L 53 
L 54 
L 55 
L 56 
L 57 
L 58 
L 59- 

L 4a 
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FIRST 

b 

Subprogram FIRST is used to compute the properties at the first step off the stag- 
nation line. 
point. The flow chart for subprogram FIRST is given below: 

The integration cannot start at the stagnation point since it is a singular 

Compute f luxes 

Compute propert ies  
f o r  f i r s t  s tep  off 
stagnation streamline 
x, %, q)’ rb 

. . _._ -. -- 

Call RANH Call CONT RETURN 
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SUBROUTINE F I Q S T  

DOUBLE P R E C I S I O N  VVARICCUVAR 
COMMON / I N P U T C /  R I P I N I R H O I N ~ U I N I E M U R E F ~ G A M M A R B R B X S M A L L B ~ ~ O V E R B ~  

l X M A X ~ C I I t D E L U ~ D F L L ~ R l r Z I E P S 2 l r N T I C C I I S S P E C ~ C I M A X ~ E E L E l ~ 7 ~ ~ I T E X T ~ I T  
~ T E S T I T E A N I R H O N ~ T C G I K K K K , K E ~ E S T I P I G ~ ~ G E O ~ ~ E L € ~ ( ~ ) ~ E E L T ( ~ )  

C I NPUT 

COMMON /EQVAR/ ~ E ~ I E R R ~ V V A R ( ~ ) ~ C C U V A R ( ~ ) ~ D D E R ( ~ ) ~ E R R V A L ( ~ ~ ~ C O S T B I S  
1 I N T B ~ S W M T R i C W M T R t S I N S Q W ~ T H E T A B ~ S M A L R B ~ Z B ~ D E L S ~ D E L T A ~ W ~ U I N S ~ T I N ~ U S ~  
2 V S ~ U l r V 1 ~ P l 9 R H O ~ r T 1 ~ C A P H 1 ~ S T A E N 1 9 A 0 ~ U 0 ~ V 0 ~ P 0 ~ ~ ~ ~ 0 ~ T 0 ~ C A P H 0 ~ X ~ S T A E N  
~ ~ ~ S T A E N T ~ Z ~ ~ Z O ~ P S T A ~ ~ D A F ~ O P E R A ~ D O S R B ~ Q D ~ C A P Q ~ E O ~ ~ I C O N T I I C O S W ~ K E K O N  
4TrDTBDWrDUSC'1rDVSDW*DUlDW*DVlDW~DPlDW,DROlDW*DRBDXrDTBDXrDDELDXrDW 
5 D X t H O N E t X I 0 ~ 6 ) ~ ~ I I ~ 6 ) ~ D I l D X ~ 6 ) r D I O D X ~ 6 ~ ~ E T A ~ D I l D W ~ 6 ~ ~ A A l ~ 6 ) ~ ~ ~ l ~ 6 ~  
6rGGl ( 6 )  tGGO(6) r C C l  rDOf  rSINld*COSW*KONFrPI02rEEI (61 

C 
x=c1 I 
I cos\!!= 1 
UO=AO*C I I 
W=V+DlFTl3X*C I I 
CAPHO=CAPHO+U0++2/2. 
S M A L R B = C I l  
CALL CEO 
T H E T A R = P I 0 2 + D T R n X * C I I  

X I 0 ( 2 ) = R H O O * U O  
X I O ( ~ ) = P O + R H O O * U O + * ~  
XIO(4)=RHOO*VO*IJO 
XIO(S)=RHOO*UO+CAPHO 

1 CALL RANH 
CALL CONT 
RETURN 
END 

D E L T A = D E L T A - ( ( I  .+QD)/CAPQ)*(W-THETAB)*DTBDX*CI I  

I 1  
i2 
i3 
1 4  
15 
I 6' 
17 
18 
19 
I 10 
I 1 1  
I I 2  
I 1 3  
I 14 
I 15 
I 16 
I 1 7  

I 19 
I 20 
I 2 1  
I 22 

I 2 4 .  
I 25 
I 26 
I 27 
I 28 
I 29 
I 30 
I 31- 

r 18 

r 23 
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THEP 

THEP is the thermodynamics routine that solves the correlation equations for equi- 
librium air (ref. 1). THEP is called by MAIN, RANH, PROPIT, and CONT. It has a 
calling sequence in which R, EMUREF, and the free-stream conditions PIN, RHOIN, and . 

UINS are constants. The values of density RHODUM and static enthalpy STAENT are 
given at the particular point at which THEP is called. The corresponding pressure 
PDUM, temperature TDUM, and compressibility ZDUM are calculated. There is an 
indicator KEZ which is set to 1 if "RHO IS SMALLER THAN ALLOWED." This is only 
used in PROPIT. When KEZ = 1, PROPIT returns immediately to CHER. CHER then 
sets DELL = DELTN and calls MAIN. The program starts again with a new 6,. The 
flow chart for subprogram THEP is given below: 

Compute 
HUM, RHO 

RETURN KEZ = 1 

STOP 

STOP 

t 
Compute 
program 
variables 

- STOP 

0 RETURN 
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3 

4 

C 
5 

S U B R O U T I N E  THEP ( R ~ P D U M ~ R H O D U M q T D U M ~ Z D U M ~ S T A E N T ~ E M U R E F ~ P I N q R H O I N * U  
1 INSIKEZ) 

I F  RHO I S  S M A L L F R  T H A N  ALLOWED WHEN THEP I S  C A L L E D  F R O M - P R O P I T  
T H E N  KEZ = 1 IN THEP AND THE PROGRAM RETURNS TO CHERe I N  CHER 
D E L L e D E L T N  AND M A I N  I S  C A L L E D  - THE PROGRAM STARTS W I T H  A NEW DEL 

K E Z = O  
HUM=EMUREF*UINS*STAENT/R 
RHO=RHOIN/1.P9313E-3*RHODU~ 
I F  (RHO.LE.aOOOn3) GO T O  12 
IF (RHOoGFe30.)  GO TO 13 
IF (HUM.LF.O.) GO TO i o  
IF ( H U M o G T m 5 8 0 0 e )  GO T O  1 
P = ( o 9 7 5 1 3 4 € - 3 ) + H U M * R Y O  
z=1.0 
GO TO 9 

P=.00345*RHO*EXP(*854*ALOG(HUM)) 
Z=l.O 
GO T O  9 
I F  ( H U M o G E o 3 5 5 0 A o )  GO T O  3 
RHOLOG=ALOGlO (RHO 1 

IF (HUM.GT.IO~O~.) GO TO 2 

XD=5.*ALOGlO (H IJM) -200  
P L O G ~ ~ 9 9 5 + R H O L O ~ + ~ ~ 1 5 4 5 + . 0 1 3 1 + R H O L O C ) + X D + ~ O l 6 * R H O L O G * X D * ~ 2 e 7 5 - X D ~ -  

P = E X P ( 2 e 3 @ 2 5 8 5 * D L O G )  
GO TO 5 
DV=10565+1~036*ALOG10(RHO) 
I F  ( H U M . G F . 1 ~ ~ 8 0 ~ 0 o )  GO TO 4 
X D = 5 o * A L O C l O ( H U M ) - 2 4 e  
P L O G = o 1 3 3 6 * X D + ~ ~ 0 9 3 4 * X D * * 3 + D V  
P = E X P ( 2 . 3 f 7 2 4 8 5 9 D L O G )  
GO TO 5 
I F  (HUMeGF.600000.)  60 TO 11 
P L O G = . 9 5 * A L O G l O ( H U M ) - 4 . 5 8 + O V  
P = E X P ( ? . 3 0 2 5 R 4 * D L O G )  
GO T O  5 
COMPUTE 7 ( H e R H 0 )  
X I  = l o O - A L O G l O  ( R H O )  
XD=ALOGIO(HUM)-4o+~O~2*Xl~oOO4*XI**2 
I F  (XDeGT.0.) GO TO 6 

l.O05*X~*(4.-XD)~(l.+RHOLOG) 

G I  
G 2  
G 3  
G 4  
G S  
G 6  
G 7  
G 8  
G 9  
G 10 
G 1 1  
G 12 
G 13 
G 14 
G 15 
G 1 6  
G 17 
G 18 
G 19 
G 20 
G 21 
G 22 
G 23 
G 24 
G 25 
G 26 
G 27 
G 28 
G 29 
G 30 
G 31 
G 32 
G 33 
G 34 
G 35 
G 36 
G 37 
G 38 
G 39 
G 40 
G 4 1  
G 42 
G 43 
G 44 

34 



6 

7 

e 

9 

10 

1 1  

1 2  

13 

1 4  
1 5  
C 
C 
1 6  
17 
1 8  
19 

z=1 .O 
GO TO 9 
I F  f X D e G T o O e 5 4 )  GO TO 7 
Z = l a 0 + 0 5 3 * X D * + 2  
GO TO 9 
IF (XD.GF.1.3) GO TO 8 
X I - 1  0 3 - X D  
Z = 2 e O + X I * ( - I . 7 8 + X I + ( . 2 1 + X I + ( 1 . 0 9 - . 4 4 6 + X I * X I ) ) )  
GO T O  9 
I F  ( X D o G E * E o )  GO TO 1 1  
X I = l  09-XD 
Z=3.831+XI*(-5~Ol9+XI*(3*41+~24*XI)) 
T = ( 2 7 3 . + P ) / ( i ' + R H O )  
7 D U I = Z  
TDUM=T 
P D U M = l o 0 1 3 2 5 E 6 * D / ( R H O I N * U I N ~ )  
GO T O  14 
W R f T F  ( 6 r 1 6 )  
GO TO IS 
W R I T E  ( 6 . 1 7 )  
GO T O  15 
W R I T E  ( 6 r 1 8 )  
K E Z =  1 
GO TO I4 
CRITF ( 6 1 1 9 )  
GO TO 15 
RETURN 
S T O P  

FORMAT ( l O X P 2 H H  IS ZFRO OR N F G A T I V E  ) 

FORMAT ( 1 0 X 2 5 H H  IS LARGER THAN ALLOWED ) 

FORMAT ( 1 0 X 2 8 H R H O  IS SMALLER T H A N  ALLOWED 1 
FORMAT ( 1 0 X 2 7 H R H O  IS LARGER T H A N  ALLOWED ) 

E N D  

G 45 
G 46 
G 47 
G 48 
G 49 
G 50 
G 71 
G 52 
G 53 
G 54 
G 55 
G 56 
G 57 
G 58 
G 59 
G 60 
G 61 
G 62 
G 63 
G 64 
G 65 
G 66 
G 67 
G 68 
G 69 
G 70 
G 7 1  
G 72 
G 73 
G 74 
G 75 
C 76 
G 77 
G 78 
C 79- 
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THER 

Subprogram THER is called by RANH to calculate the partial derivatives of 
equilibrium-air properties which are used in computing the derivatives at the shock 
wave. THER has a calling sequence in which R, EMUREF, and the free-stream condi- 
tions PIN, RHOIN, and UINS are constants. PDUM (Pl), RHODUM (RHOl), and STAENT 
are computed in M H .  The quantities C1P (ap/ah) and C2P (ap/ap) are calculated in 
THER. The flow chart for subprogram THER is shown below: 

Yes 
STOP ze ro  o r  negative 

r g e r  than allowed 

36 



S U B R O U T I N E  THER ( R I P D U M ~ R H O D U M ~ S T A E N T ~ E M U R E F ~ P I N I R H O I N ~ U I N S ~ C ~ P ~ C ~  
1 P9 C 1  D 9 C 2 D  ) 

C 
C 

Z=ZDUM 
P=PDUM 
HUM=EM(JREF*UIN~*STAENT/R 
RH0=9HOIN/lo29~13€-3*R~ODUM 
R U N = I  e 

XClPDP=5o*ALOGl~(HUM)-20* 
IF (RHO.LE. .OOO~~)  GO T O  8 
IF (RHO.GFo3Oo) GO T O  9 
IF ( H U M o L F e O o )  GO T O  6 
I F  ( H U M o G T o S B O O e )  GO TO I 
C I P = o 9 7 5 1 3 4 E - 3 / R U N * R H O  
C2P=.975134E-3*HUM 
GO TO 5 
I F  ( H U M o G T o 1 0 5 0 0 0 )  GO 
C l P = o 3 4 5 E - 2 * * 8 5 4 * R H O /  
C2P=.345€-2*HUM 
GO T O  5 
I F  ( H U M o G E e 3 5 5 0 n o )  GO 
C I P = 5 o * P / ( H U M * R I I N ) * ( .  

TO 2 
RUN+HUM*+ o I 46 ) 

TO 3 
P D P ) ) * A L O G I O ( R H O  

C 2 P ~ P / R H O + ~ 1 . + X C I P D P * ~ o O l 3 l + ~ O ~ 6 * ~ 2 ~ 7 5 ~ X C l P D P ~ ~ ~ o O O 5 * ~ 4 ~ ~ X C l ~ D P ~ ~  
GO T O  5 
DV~lo565+1o036+ALOG1O(RHO) 
IF ( H U M o G E 0 1 7 8 0 0 0 0 )  GO TO 4 
C2P=l.O36*P/?HO 
C I P ~ ~ o + P / ( H U M + R ~ N ) * ~ o l 3 3 6 + ~ O 2 8 O 2 * ~ 5 r + A L O G l O ~ H U M ~ ~ 2 4 ~ ~ * * ~ ~  
GO T O  5 
IF (HUM.CE.~OOWO.) GO TO 7 
C I P= .9ei*P/ (HIJM*RUN ) 

C2P=1.036*P/RHO 
C1D=ClP*Io01325F6/(RHOIN*R)*EMUREF 
C2D=C2P*1.01325F6/(1029313E-3*UINS) 
GO T O  1 1  
WRITE ( 6 t 1 2 )  
GO T O  10 
WRITE ( 6 9 1 3 )  
GO T O  10 
WRlTF (6e14)  
GO T O  10 
WRITE ( 6 9 1 5 )  

F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 

1 
2 
3 
4 
5 
6 
7 

9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 

a 
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1 0  
1 1  
C 
C 
12 
1 3  
14 
15 

GO T O  10 
STOP 
RETURN 

FORMAT ( 1 0 X 2 2 H H  IS ZERO OR N E G A T I V E  ) 

FORMAT ( 1 O X 2 5 H H  IS LARGER THAN ALLOWED ) 

FORMAT ( l O X 2 8 H 4 H O  IS SMALLER THAN ALLOWED ) 

FORMAT (1OX27HRHO IS LARGER THAN ALLOWED ) 

END 

F 45 
F 46 
F 4 7  
F 48 
F 49 
F 50 
F 5 1  
F 52 
F 53 
F 54- 
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CQNT 

In subprogram C T the array of independent variables is established and INTI, 
the integration routine, is called. The thermodynamic properties within the shock layer 
are computed in the 7 distribution. An iteration is performed on 6, for sphere- 
pressure results. The output from the integration and the 7 distribution are written 
in COMT. The flow chart for subprogram CQNT is given below: 

er  of differential 

Compute 
new DELTN 

continue until ETA 
distribution i s  
completed 
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C 
C 
C 

1 
C 
C 
C 
c 

2 

3 

4 
5 

6 
C 
C 
C 

S U B R O U T I N E  CONT 
DOUBLE P R F C I S I O N  V V A R i C C U V A R  
I NPUT 

COMMON / I N P U T C /  R~PIN~RHOINIUINVEMUREFICAMMAIRB~RBXISMARBRBXSMALLB~AOVE~B~ 
l X M A X ~ C I I ~ D E L U ~ D ~ L L ~ R l r Z I E P S 2 l r N f r C C I I S S P E C ~ C I M A X ~ E E L E l ~ 7 ~ ~ I T E X T ~  I T  
~ T E S T ~ T E A N I R H O N ~ T C G ~ K K K K I K E T E S ~ ~ P I C ~ I C E O ~ E E L E ~ ~ ~ ~ ~ E E L T ~ ~ ~  

COMMON /EQVAR/ N E , I E R R I V V A R ( ~ ) ~ C C V V A R ( ~ ) ~ D D E R ( ~ ) ~ E R R V A L ~ ~ ) V C O S T B * S  
~ I N T B ~ S W M T B ~ C W M T R ~ S I N S Q W ~ T H E T A ~ ~ S M A L R B ~ Z B ~ D E L S ~ D E L T A ~ W ~ U I N S ~ T I N ~ U S ~  
2 V S ~ W l r V l r P l r R H O ~ r T 1 r C A P H l r S T A E N l r A O I U O I V O ~ P O ~ R H O O ~ T O i C A P H O ~ X ~ S T A E N  
~ ~ ~ S T A E N T ~ Z ~ ~ Z O ~ P S T A G ~ D A F ~ O P E R A ~ D O S R B ~ Q D ~ C A P Q I E O ~ ~ I C O N T ~ I C O S W ~ K E ~ O N  
~ T ~ D T B D W ~ D U S D ~ ~ ~ ~ D \ ~ S D W ~ D U ~ D W I D V I D W ~ D P ~ D W ~ D R O ~ D W ~ D R B D X ~ D T B D X ~ D D E L D X ~ D W  
5 D X ~ H O N E ~ X I 0 ~ 6 ~ ~ ~ I l ~ 6 ) r D I 1 D X o r D I O D X ~ 6 ) ~ D I O D X ~ 6 ~ ~ ~ T A ~ ~ I l D W ~ 6 ) ~ A A l ~ 6 ) ~ ~ B l ( 6 ~  
6rGGl(6)~GGC)(5)rCClrr>D1rSIN~U~COSWrKONF~PI02rEE1(6) 

COMMON /ODD/ DELTN 
E X T E R N A L  DERSUR 
E X T E R N A L  CHSUB 
I T = O  
VVAR ( 1  ) =X 
V V A R ( 2 ) = D E L T A  
VVAR ( 3 )  = W  
D I ODX ( 4 ) =r) 
DO 1 K M - 2 9 5  
VVAR (KM+2 1 = X I 0  ( K M  ) 
C O N T I N U E  

I F  ICE0 IS EQUAL TO 2 DRBOX IS I N T E G R A T E D  
NE IS T H E  NUMBEQ OF E Q U A T I O N S  TO BE I N T E G R A T E D  

IF (IGEO-E) 2r3q3  
NE=6 
GO T O  4 
NE=7 
V V A R ( 8 ) = S M A L R B  
W R I T E  ( 6 9 2 3 )  ( V V A R ( J ) t J = l r B )  
C A L L  INT1 ( I T I N ~ ~ ~ ~ C C I ~ S S P E C I C I M A X ~ I E R R ~ V V A R ~ C C U V A R ~ D D E R ~ E E L E I ~ E E L  

~ E ~ ~ E E L T I E R R V A L ~ ~ E R S U B ~ C H S U B ~ I T E X T )  
IF ( I G F O o C F e 2 )  e0 TO 6 
Z R = R B - ~ Q R T ( R S + + ? - S ~ A L R B * * 2 )  
DELTROK = e 1 

COMPUTE E T A  D I S T R I B U T I O N  O N L Y  WHEN KEKONT = K E T E S T  KEKONT IS THE 
NUMBER OF P A S S E C  THRU MAIN.  8-31-67 

c 1  
c 2  
c 3  
c 4  
c 5  
C 6  
c 7  
C 8  
c 9  
c 1 0  
c 11 
c 1 2  
C 13 
C 1 4  
c 15 
C 16. 
c 17 
c 18 
C 19 
c 20 
c 21 
c 22 
C 23 
C 24 
C 25 
C 26 
C 27 
c 28 
C 29 
C 30 
C 31 
C 32 
c 33 
c 34 
c 35 
C 36 
c 37 
C 30 
c 39 
C 40 
C 41 
C 42 
c 43 
c 44 
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C c 45 
I F  (KEKONT-KETFQT)  1 7 . 7 9 1 7  C 46 

7 ETA=C, c 47 
I TTCONT=O c 48 
KZ=Z+ I c 49 
W R I T E  ( 6 r P 4 )  C 50 
DO 1 6  K = l r K Z  C 5 1  

C C 52 
ZE=ZB-DELTA*SIN(THETAB)*ETA c 53 
SMALLR=SMALRB+DFLTA*COS(THETAB)*ETA c 54 
E I 2 z X I O  ( 2  ) + ( X I  1 (2  ) - X I 0 ( 2 )  ) * E T A  c 55 
EI4=XI0(4)+(XI1(4)-XIO(4))*ETA C 56 
REVES~RH00*UO+*p+(RHO~*Ul**2-RHOO*UO**2)*ETA c 57 
VRK=UO+ (SQRT (111**2+V1 * + E ) - U O ) * E T A  c 58 
V K = E I 4 / E I 2  c 59 
SUK=VRK**P-VK+*p C 60 
I F  ( S U K )  72.8r8 C 61 

8 U K = S Q R T ( S U K )  C 62 
9 S T A E N T K - C A P H  1 - ({JK**2+VK**2 ) /2 a C 63 

DQRUS=OELTA*CAPO*RHOO*UO**2 C 64 
PEK=PO+DQRUS*ETA+(Pl-PO-DQRUS)*ETA**2 C 65 

C I T E R A T I O N  ON RHOK C 66 
RHOK =RHON C 67 

1 0  C A L L  THEP ( R I P K ~ R H O K ~ T K I Z K I S T A E N T K ~ E ~ U R E F ~ P I N I R H O I N ~ U I N S ~ K K K K )  C 68 
F R H O K r P K - P E K  C 69 
A B S F = A R S ( F R H O K )  c 70 
I F  ( A B S F - I o € - 4 )  1 4 r 1 4 9 1 1  C 71 

1 1  RHOKP=RHOK+DELTROK C 72 
C A L L  THEP ( R I P E P P K ~ R H O K P ~ T E P P ~ ~ Z E P P K ~ S T A E N T K ~ E ~ U R E F ~ P I N ~ R H O I N ~ U I N S  C 73 

1 9 KKKK 1 c 74 
FPRHOK=(PFPPK-PK)/DFLTQOK c 75 
ABFOFP=ARS(FRHOv/FPRHOK) C 76 
I F ( ABFOFP-1 s E-4 ) 1 4 I 1 4 1 2 c 77 

12 RHOKrRHOK-FRHOK/FPRHOK c 78 
I T T C O N T = I T T C O N T + l  c 79 
I F  ( I T T C O N T - 1 0 0 )  10r13r13 c 80 

13 W R I T E  ( 6 t 2 5 )  E T A * R H O K q S T A E N T K  c 81 
GO T O  15 c 82 

1 4  VRK=SQRT (UK**2+\/K**2) c 83 
W R I T E  ( 6 r 2 6 )  E T A I S M A L L R I Z E I P K I R H O K ~ S T A E N T K . Z K I U K I V K ~ V R K  c 84 

1 5  E T A = E T A + l  s / Z  c 85 
1 6  CONT I NU€ ~ C 86 
C I T E R A T I O N  O N  DFLTN - FOR T H E  SPHERE c 87 
1 7  P R A T  I O=BO/PSTAG c 88 
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C 
C 
C 
1 8  

1 9  

20 
21 
2P 

C 
C 
23 

24 

25 

26 
27 
28 
29 

P C O R E L = ¶ ~ - l e 2 5 + S I N ( X ) 9 9 2 9 o 2 8 4 9 S I N o + + 4  
P D I F = P C O R E L - P R A T I O  
W R I T E  (6929) ( V v A R ( J K ) r J K = l r 7 ) 9  ( X I ~ ( J J ) ~ J J = ~ ~ ~ ) ~ ( D D E R ( J L ) V J L = ~ * ~ ) ~  
I ~ D I l D W ~ N L ) ~ N L ~ 2 ~ 5 ~ s R H O O ~ P O ~ T ~ ~ 2 O ~ V O ~ U O ~ C A P H O ~ S M A L L R ~ 2 E ~ R H O l ~ P l ~ T l ~  
221 9 v 1 0 U l r C A P H 1  ~ S T A E N O I S T A E N ~ ~ P R A T I O ~ P C O R E L ~ P D I F  

WRITE ( 6  9 27 ) DRRDX 
I F  ( I G F O e G E . 2 )  W R I T E  (6928) V V A R ( 8 ) e R B X c T H E T A B  
I F  ( IGEOeGE.2 )  GO TO 25 
I F  ( P D I F )  1 9 9 2 0 9 1 8  

P I G  IS A N  INPUT V A L U E  

IF ( P D I F a L E B P I G )  GO TO 20 
D E L L = D E L T N  
C A L L  MAIN 
IF ( P D I F e G E e  (-sO5)) GO TO 20 
C F L U - D F L T N  
C A L L  M A I N  

RETURN 
UK=O 
GO TO 9 

IF (X-)<MAX) 5 9 5 9 2 1  

FORMAT ( I H O I I X 4 4 H P R O P E R T I E S  A T  F I R S T  S T E P  OFF S T A G N A T I O N  L I N E / 8 X l H  
1XD15e8r5X5HDELTAD15m8~9X1HWD15e8~5X5HIO~2~D15a8~5X5H10~3~D15e8/5X5 
2HI0(4)D15e8r5X5HIO(5)D15e8~4X6HSMALRBD1508/) 

FORMAT ( IH1/9X3HETA12X6HSMALLR9X2HZE13X2HP 13X4HRHO 2 0 X 1 9 H D I S T R I B U  
I T I O N  ACROSS/9X7HSTAENT 8 X 2 H T  1 3 X 2 H Z  1 3 X 2 H U  1 3 X 2 H V  1 3 X 3 H V R  1 4 X 1 1 H S H  
2 0 C K  L A Y F R )  

FORMAT ( I H 0 6 X 4 4 H I T T E R A T I O N  L I M I T - R E A C H E D  I N  E T A  D I S T R I B U T I O N 3 X 3 H E T  
I A E 1 5 s 8 9 2 X 4 H R H O  F 1 5 o 8 9 2 X 7 H S T A E N T  E 1 5 e 8 / )  

FORMAT ( l H 0 6 X 5 E 1 5 0 8 / 7 X 6 E 1 5 c 8 )  
FORMAT ( l H 0 6 X 5 H ~ R R D Y E 1 5 0 8 )  
FORMAT ( l H 5 6 Y 6 H ~ M A L R B D 1 5 e 8 ~ 2 X 3 H R B X E 1 5 o 8 r 2 X 6 H f H E T A ~ E l 5 a 8 / ~  
FORMAT ( l H O l O X 2 5 H B O D Y  AND SHOCK PROPERTIES/8XlHXDl5a895XSHD€LTADl5 
l e 8 ~ 9 X l ~ W O l 5 ~ 8 r 5 ~ 4 H 1 O ~ ~ ~ D l 5 a 8 ~ 5 X 5 H I O ~ 3 ~ D l 5 e 8 / 5 X 5 H I O ~ 4 ~ D l 5 a 8 ~ 5 X 5 H i O ~  
2 5 ~ D 1 5 e 8 ~ 5 X 5 H I l ~ ~ ~ E 1 ~ e 8 ~ 5 X 5 H 1 1 ( 3 ~ E 1 5 ~ 8 ~ 5 X 5 H 1 1 ~ 4 ~ E 1 5 o 8 / 5 X 5 H 1 1 ~ 5 ~ E 1 5 e  
3 8 9 5 X 5 H D E L D X E 1 5 e R ~ 6 X 4 H D W D X E l ~ e 8 ~ 2 X 8 H D I O D X ~ 2 ) E l 5 ~ 8 ~ 2 X 8 H D ~ O D X ( 3 ) E l 5 e 8  
4 / 2 X 8 H D I O D X ~ 4 ~ E 1 ~ s 8 ~ 2 X 8 H D I O D X ~ 5 ~ E l 5 e 8 ~ 2 X 8 H D I l D W ~ 2 ~ E l 5 ~ 8 ~ 2 X 8 H D I l D W ~ 3  
5 )E  15 48.9 2 X 8 H O  I 1 D\af ( 4 1 E l  5 a 8 / 2 X 8 H D I  1 DW (5  )El 50 8 9 2 5 X  0 6x4 HR 
6 H O O E 1 5 ~ 8 e 8 X 2 H P O E 1 5 c 8 0 8 X 2 n T O E 1 5 o 8 / 8 X 2 H Z O E l 5 a 8 ~ 8 X 2 H V O E l 5 o 8 ~ 8 X 2 H U O E l 5  
7e8~5X5HCAPHOE15~8~8X2HRO€l5e8/?X3HZElEl5o8~6X4HRHO1El5~8~8X2HPlEl5 
8 o 8 r 8 X 2 H T 1 E 1 5 ~ 8 r R X 2 H Z 1 E 1 5 c 8 / 8 X 2 H V 1 E 1 5 a 8 r 8 X 2 H U 1 E 1 5 0 8 ~ 5 X 5 H C A P H 1 E 1 5 a 8 ~  
~ ~ X ~ H S T ~ E N O E ~ ~ ~ ~ ~ ~ X ~ H S T A E N ~ E ~ ~ B ~ / ~ X ~ H P R A T I O E ~ ~ ~ ~ ~ ~ X ~ H P C O R E L E ~ ~ ~ ~ ~ ~ X  
8 4 H P D I F E 1 5 e 8 )  

END 

c 89 
C 90 
C 91 
C 92 
c 93 
c 94 
c 95 
C 96 
c 97 
C 98 
c 99 
c 100 
c 101 
c 1 0 2  
c 1 0 3  
C 104 
C 105 
C 106 
c 109 
c 108 
C 109 
c 110 
c 1 1 1  
c 1 1 2  
c 1 1 3  
C 114 
C 115 
C 116 
c 117 
c 1 1 8  
C 119 
c 120 
c 121 
c 122 
C 123 
C 124 
C I 2 5  
C 126 
C 127 
C 128 
C 129 
C 130 
c 131 
C 132 
C 133 
C 134 
C 135- 
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CHER 

An additional test on the DELTN (6,) iteration is performed in CHER. After 
PROPIT returns to CHER, KKKX is tested. If the RHO computed in THEP is too small, 
KKKK (KEZ) is set to 1. When this is the case, DELL = DELTN and CHER then calls 
MAIN to reinitialize the program with a new DELTN. CHER is called by DERSUB. The 
flow chart for subprogram CHER is given below: 

1 
VONE = CCUVAR(1I 

(--)-.? v 

Call  PROPIT 

Call  MAIN 
Accept answers  f r o m  
PROPIT for  body 
propert ies .  

v 
RETURN 
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SUEROU 
D O U B L E  

C I NPUT 
C 

COMMON 
l X M A X I C  

INE CHER 
P R E C I S I O N  VVARICCUVAR 

/ I N P U T C /  RvPINIRHOINIU 
I ~ D E L U I D F L L I R ~ ~ Z * E P S ~ ~  

E 
E 
E 
E 

N I E M U R E F I G A M M A I R B I R B X ~ S M A L L B * ~ O V E R B ~  E 
NTICCI  ~ S S ' P E C * C I M A X I E € L E I  ( 7 ) .  I T E X T I  I T  E 

E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  
12 
13 
14 
15 
16 
17 
1 8  
19 
26 
21 
22 
23 
24 
25- 
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PROPIT 

PROPIT is a subprogram called by CHER during each integration step to solve for 
the body properties through a Newton-Raphson iteration scheme. PROPIT has a calling 
sequence in which R, UINS, RHOIN, PIN, ITTEST, EPS21, and EMUREF are constants. 
The variables XIO, AO, and CAPHO are computed for the particular value of VONE, the 
independent variable X, when PROPIT is called. 
UGEN, TGEN, and ZDUM and the static enthalpy STAENT are computed by the subpro- 
gram. An indicator KKKK is set in THEP when RHO is too small. The flow chart for 
subprogram PROPIT is given below:. 

The body properties, PDUM, RHODUM, 

0 PROPIT 

Set  i terat ion 
,count t o  z e r o  
KTEST = 0 

RETURN 
Compute body 

yes propert ies  and 
s ta t io  enthalpy 

Compute 
CAPHO 

It e r ation 

RHODUM(RHO0) 

Increase 
i terat ion 

count 
STOP 

Continue i t e r a t ion  
u n t i l  accuracy c r i -  
t e r i a  are sa t i s f i ed  

(17 RETURN 
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5 

6 

7 
8 

C 
C 
9 

1 

4 

2 
3 

SUBROUTINE P R O P I T  (R~l~INS~XIO~TGEN~PDUMIRHODUMIITTESTIRHOIN~STAENT D 1 
1 ~ Z D U M P K K K K I E P S ~ ~ ~ A O ~ V O N E ~ C A P H O ~ U G E N ~ P I N ~ E M U R E F )  D 2  

D I M F N q I O N  X I O ( 5 )  D 3  
C K T E S T  IS THE NUMBER OF I T T E R A T I O N S  ALLOWED ON RHO D 4  

KTEST=O D 5  
CAPHO=X IO (5 ) / X I  n ( 2 )  D 6  
I F  ( V O N F - s O 2 5 )  I q l r 3  D 7  
UGEN=AO*VONE D 8  
STRENT=CAPHO-UGFN*+2/2e D 9  
RHODUM=X IO ( 2 ) /UGEN D 1 0  
PDUM=XIO(3)-RHOnUM*VGEN**2 D 1 1  

D 1 2  RETURN 
STAENT=CAPHO-e5*XfO(2)**2/RHODUM**2 0 13 

1 K K )  D 15 
I F  ( K K K K e E Q e l )  GO TO 7 D 16 
FRODUM=RHODUM-(X10(3)-PDUM)*RHODUM*+2/XIO(2)**2e - D 17 
D E L R H O = - o l  D 18 
RHODMP=RHODUM+DFLRHO D 19 
S T A D = C A P H O - O ~ * X I O ( ~ ) + * ~ ~ / R H O O M P * * ~  D 20 
C A L L  THEP ( R o P D ~ R H O D M P ~ T D * Z D p S T A D ~ E M U R E F q P I N ~ R H O I N ~ U I N S ~ ~ K K K )  D 21 
~ ~ R H O ~ ~ R H O D M P - ~ ~ I 0 ~ 3 ~ - P D ~ * R H O D M P * ~ 2 / X I O ~ 2 ~ * * 2 e - F R O D U M ~ / D E L R H O  D 22 
FROFPR=FRODUM/FPRHO D 23 
A F R F P R = A R + ( F R O F p R )  D 24 
I F  (AFRFPR-EDS2 1 ) 6 e 6 9 4 D 25 
K T E S T = K T E S T + l  D 26 
I F  ( K T E S T - I T T E S T )  5r8t8 D 27 
RHODUM=RHODUM-FROFPR D 28 
GO TO 3 D 29 
UGEN=X!0 (2 ) /RHODUM D 30 
GO TO 2 D 31 
RFTURN D 32 
W R I T F  ( 6 ~ 9 )  D 33 
STOP D 34 

D 35 
D 36 

FORMAT ( I H 0 6 X 3 4 H I T T F R A T I O N  L I M I T  REACHED IN P R O P I T )  D 37 
E N D  D 38- 

--B 

C A L L  THEP (RrPD~JMpRHODUMrTGENrZDUMcSTAENTrEMUREF.PINrRHOINrUINSrKK D 14 
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Subprogram COE 
erning differential equations. The flow chart for subprogram COEF is shown below: 

is called by DERSUB to calculate the coefficients of the gov- 

Compute coefficients 
of the governing 
differential equations 
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SUBROUT I NE COEF 
DOUBLE PRECIlj fOh)  VVARrCCUVAR 

COMMON / INPUTC/  R~PINIRHOIN~UINIEMUREFICAMMAIRBIRBX.SMARBIRBXSMALLB*~~VERB* 
I X M A X ~ C I I ~ D E L U I D F L L ~ R ~ ~ Z ~ E P S ~ I ~ N T ~ C C I ~ ~ S ~ E C ~ C I M A X ~ E ~ L E I ~ ~ ~ ~ I T E X T ~  I T  
~ T E S T ~ T F A N ~ R H O N I T C G I K ~ K K ~ K E T ~ S T ~ P I G ~ I G E O ~ E ~ L E ~ ~ ~ ~ ~ E E L T ~ ~ ~  

C I NPUT 

COMWON /EQVAR/ ~ I E q I E R 4 , V V A R ( 8 ) r C C U V A R ( 8 ) , D D E R ( 8 ) * E R R V A L ( 8 ) * C O S T B 9 S  
I I N T B ~ S W M T B ~ C W M T R ~ S I N S Q W ~ T H E T A B ~ S M A L R E I Z B ~ D E L S ~ D E L T A ~ W ~ U I N S ~ T I N ~ U S ~  
~ V S I U ~ ~ V ~ ~ P ~ ~ R H O ~ ~ T ~ ~ C ~ P H ~ ~ S T A E N ~ ~ ~ ~ ~ U O ~ V ~ ~ P ~ ~ R H ~ ~ ~ T ~ ~ C A P H ~ ~ X ~ S T A E N  
~ ~ ~ S T A E N T I Z I ~ Z O I P S T A G ~ D A F I O P E R A ~ D O S R @ ~ Q D ~ C A P Q ~ E O ~ ~ I C O N T ~ I C O S W ~ K E K O N  
4 T  e DTBDW 9 DUSDW e P\/SDW I D U I  DWI DV1 DIN 1 DP1 DW 9 DROl DW DRBDXp DTBDX r DDELDX e DW 
~ C X ~ H O N E I X I ~ ~ ~ ~ ~ X I ~ ~ ~ ~ ~ D I ~ D X ~ , D I O D X ~ ~ ~ ~ D I O D X ~ ~ ~ ~ E T A ~ D I ~ D W ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ B B ~ ~ ~ ~  
6 ~ G G 1 ~ 6 ~ ~ G C 0 ~ 6 ~ ~ ~ C l r D D 1 ~ S 1 N ~ ~ ~ C 0 S W ~ K 0 N F ~ P 1 0 2 ~ E E 1 ~ 6 ~  

CAPRI  =R 1 

DELS=OFLTA**P 
TPTOD=3c+2e*DAF 
A A  1 (2  ) = 3 e *  ( X  IO ( 2  1-X I 1 ( 2  ) ) +2 e*DAF* ( X  IO ( 2  )-X I 1  ( 2  ) ) 
A A 1 ~ 3 ~ ~ 3 ~ * ~ X 1 O ~ ~ ~ - X I 1 ( 3 ) ) + 2 . + D A F + o - X 1 1 ~ 3 ~ ~  
AA1 ( 4 ) = - T P T O D * X I I  ( 4 )  
AB1 ~ ~ ~ ~ 3 m + ~ X 1 0 ~ 5 ~ - X 1 1 ~ 5 ~ ~ + 2 . + D A F + o - X 1 0 ~ 5 ~ - X 1 1 ~ 5 ~ ~  
DO 1 J=2r4 
BBI(J)=DELTA*TPTOD*DIIDW(J) 
CONT I NVE 
C C I = D E L T A * ( 3 e + D A F )  
DDI=l e 

EOI=-(Ie+CAPQ*DFLTA)/CAPQ*SWMTB/CWMTB*DTBDX 
G G I  ( 2 ) = R H O l * V I  
GG 1 ( 3 ) =RHO 1 *U 1 *\I 1 
GGO ( 4  =PO 
GG 1 ( 4  ) =PI +RHO1 * V I  **2 
G C 1 ( 5 ) = R H O I * V I * C A P H I  
E E 1 ~ 2 ~ ~ 3 ~ * D O S R R * ~ X I O ~ 2 ~ + X I 1 ~ ~ ~ ~ * D R B D X - D E L S * 0 P E R A * ~ X 1 0 ~ 2 ~ + 2 e * X 1 1 ~ 2 ~  
l~*DTBDX+6o*~l~+OD~*~lo+DAF~*GGl~2~+DELTA*TPTOD*GGl(2~*DTBDX 
EE1~3~~3~*DOSRR+~RHOO*~lO**2+RHOl*Ul**2~*DRBDX~DELS*OPERA*~RHOO*UO* 
1 * 2 + 2 ~ * R H O I * U l * * ~ ~ * D T B D X + Q D * ~ 3 ~ + 2 ~ * D A F ~ * X 1 1 ~ 4 ~ + 6 ~ * ~ 1 ~ + Q D ~ * ~ 1 e + D A F ~ *  
? X I  1 ( 4 ) + P e * D E L T A * f P T O O * X I l  (4 ) *DTBDX 

E E 1 ( 4 1 = 3 . * D O S R ~ + X I I ( 4 ) * D R B D X - 2 e * D E L S * O P E R A * X I l ( 4 ) * D T B D X - 3 e * ( Q D + D A F  
1 ) * ( X I 0 ( 3 ) + X I 1 ( 3 ) ) - 2 , + Q D + D A F + o + 2 . + X 1 1 ~ 3 ~  )+6.*(l.+QD)*(l*+DAF) 
2*GG1~4~~6e*GS0~4~+QD*DAF*~R~OO*UO**2+2~*RHOl*Ul**2)+3~*DAF*~RHOO*U 
?O**P+RHOI*U1**2)+DELTA*~3m+2~*DAF~*RHOl*~Vl**2-Ul**2~*DTBDX 
E E I ~ ~ ~ ~ 3 e * D O S ~ R ~ ~ X I O ( S ) + X I I o ) + D R B D X - D E L S * O P E R A * ~ X I O ~ 5 ~ + 2 e * X I l ~ 5 ~  

l ~ * D T B D X + 6 ~ * ~ 1 e + O D ~ * ~ I s + D A F ) + C C 1 o + B . + D E L T A * R l + D E L T A * ~ 3 ~ + 2 e * D A F ~ * G  
PG 1 ( 5 ) *OTRDX 

RETURN 
END 

K I  
K 2  
K 3  
K 4  
K 5  
K 6  
K 7  
K 8  
K 9  
K IO 
K 11 
K 12 
K I3 
K 14 
K 1 5  
K 16 
K 1 7  
K 1 8  
K I 9  
K 20 
K 21 
K 22 
K 23 
K 24 
K 25 
K 26 
K 27 
K 28 
K 29 
K 30 
K 31 
K 32 
K 33 
K 34 
K 35 
K 36 
K 37 
K 38 
K 39 
K 40 
K 41 
K 42 
K 43 
K 44 
K 4 5  
K 4 6  
K 47- 
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CALD 

The derivatives of the governing differential equations which are used in DERSUB 
are  computed in CALD. CALD is called by DERSUB. The flow chart for subprogram 
CALD is given below: 

Compute derivatives 
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SUBROUTINE CALD 
DOURLE P R F C I S I O N  VVARICCUVAR 

C I NPUT 
C 

COWWON / INPUTC/  R ~ P I N I R H O I N I U I N I E M U R E F I C A M M A I R B ~ R B X I S M A L ~ ~ O V E R E ~  
l X ~ A X ~ C I I ~ 9 E L U ~ ~ F L L ~ R l r Z I E P S 2 1 9 N T I C C I I S S P E C ~ C I ~ A X ~ ~ E L E l ~ 7 ~ ~ I T E X T ~ I T  
~ T E S T Q T E A N ~ R H O Y I T C G ~ K K ~ K ~ K E T E S T ~ P I G E O ~ E E L ~ ~ ~ ~ ~ ~ ~ E L T ~ ~ ~  

COMMON /EQVAR/ ~ E I I E ~ R I V V A R ( ~ ) ~ C C U V A R ( ~ ~ ~ D D E R ( ~ ) ~ E R R V A L ( ~ ) ~ C O S T E * S  
~ I N T B ~ S W M T S ~ C W M T P I S I N ~ Q ~ ~ ~ ~ T H E T A B ~ S M A L R B ~ Z E ~ D E L S ~ D E L T A ~ W ~ U I N S ~ T I N ~ U S ~  
2 V S ~ U l r V 1 9 P l 9 R H 0 ~ ~ T 1 r C A P H l P S f A E N l r A O I U O I V O ~ ~ ~ ~ R H O O ~ T O ~ C ~ P H O ~ X 9 S T A E N  
3 0 r S T A E N T s Z l r Z O ~ P S T A G I D A F p O P E R a r D O S R B I Q D ~ C A P Q ~ E O l ~ I C O N T ~ I C O S W ~ K E K O N  
4TrDTBDWoDUSD\~~rD\ /SDW~DUIDW~DVlDWrDPIDWrDROlDWrDRBDXrDTBDXrDDELDXrDW 
5 D X ~ , H O N E ~ X I O ( 6 ) ~ X I 1 ( 6 ) 9 D I l D X ( 6 ) ~ D I O D X ( 6 ) 9 E T A r D I 1 D \ ~ ( 6 ) ~ A A l ~ 6 ) r E B 1 ( 6 )  
h r G G l ~ 6 ~ v G G 0 ~ 6 ~ r C C l ~ D D l ~ S I N W * C O S W ~ K O N F ~ P I O 2 ~ E E l ~ 6 ~  

C 
QRS=SYALRR**P 
R ~ C E = R S T / ( S M A L L R * * 2 - R B S )  
I F  (IGEO-2) 7 9 1  4 2  

GO TO 3 
1 DRBDX=¶o/SQRT( lc+AOVERE**2*RAC€)  

2 D R B D X = l o / ( l r + A O V E R B + * 2 * S M A L L B + + 2 + R B S ) )  
3 DOELDX=EOI 

€ P S I  1 - 1  o E - 2  
DWDX=(-AAI ( 4 ) + D n E L D X - E E I  (4) )/BB1 (4) 
D W D X P  = O WD X 
D I ODX ( 2 1 = (-AA1 ( 2 )*DDELDX-BB 1 (2  ) *DWDX-EE1 (2  ) 1 /CC1 
D I O D X ( 3 ) = U O * D I O n X ( 2 )  
D I O D X ( S ) = ( - A A ¶  ( ~ ) * D D E L D X - B E l ( S ) * D W D X - E E 1 0 ) / C C 1  
RETURN 
END 

H I  
H 2  
H 3  
H 4  
H 5  
H 6  
H 7  
H 8  
H 9  
H 1 0  
H 1 1  
H 1 2  
H 13 
H 1 4  
H 15 
H 16 
H 1 7  

H 1 9  
H 20 
H 21 
H 22 
H 23 
H 24 
H 25 
H 26 
H 27 
H 28 
H 29 
H 30 

H is 
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DERSUB 

DERSUB is a subprogram used by INT1, the integration routine, to evaluate the 
derivatives. The flow chart for subprogram DERSUB is shown below: 

DERSUB 

Update integrated 
variables 

Y e s  SMALRB 

is integrated 

Call RANH t- 1 Compute 
variables to be 
used in COEF 

etup a r r a y  
Call CALD 

ii-> RETURN 
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C 
C 

1 

SUBROUT IN€ D E R S ~ J B  
DOUBLE P R E C I S I O N  VVARvCCUVAR 
COMMON / I N P U T C /  RIDINIRHOINIUINIEMUREFIGAMMAIRBIRBXISMARBREXSMALLB*AOVERB~ 

~ X Y A X I C I I ~ D E L U ~ D F L L I R ~ ~ Z I E P S ~ ~ ~ N T . C C I I S S P E C ~ ~ I M A X ~ E E L E ~ ~ ~ ~ ~ I T E X T ~ I T  
~ T E S T ~ T E A N I R H O N ~ T C G I K K K K I K E T E S ~ ~ P I C I I G ~ I G E O ~ E ~ L E ~ ~ ~ ~ ~ E E L T ~ ~ ~  

COMMON /EQVAR/ N E ~ I E R R t V V A R ( 8 ) r C C U V A R ( B ) r D D E R o r E R ~ 8 ~ ~ E R R V A L ~ 6 ~ ~ C O S T E ~ S  
~ I N T B I S W M T R ~ C W M T R I S I N S Q W I T H E T A B , S M A L R B I Z B ~ D E L S ~ D E L T A I W ~ U I N S ~ T I N ~ U S ~  
2 V S ~ U l t V l r P l r R H O ~ r T l t C A P Y l r S T A E N l r A O I U O I V O ~ P O ~ R H O O ~ T O ~ C A P H O ~ X ~ S T A E N  
3 0 ~ S T A E N T ~ Z l r Z O ~ P S T A G ~ D A F ~ O P E R A ~ D O ~ R B ~ Q D ~ C A P ~ ~ E O l ~ I C O N T ~ I C O S W ~ ~ E K O N  
4 T  1 DTBDW *DUSDWID\/SDW D R O l  DW * DRBDXI DTBDX 9 DDELDX 9 DW 
~ C X t H O N F t X I 0 ~ 6 ~ ~ X I I ~ 6 ~ r n I 1 D X o r D I O D X ~ 6 ~ ~ D I O D X ~ 6 ~ ~ E T A ~ D I l D W ~ 6 ~  * A A l ( b ) r B E 1 ( 6 )  
~ ~ G G ~ ~ ~ ~ ~ G G ~ ~ ~ ~ I C C ~ ~ D D ~ ~ S I N W I C O S W ~ K O N F , P I O ~ ~ E E ~ ~ ~ )  

D U I  DW* D V I  DW* D P l  DW 

X=CCUVAR ( 1  ) 
D E L T A = C C U V A R ( E )  
W=CCUVAR(3)  
X I O ( P ) = C C U V A R ( 4 )  
X I O ( J ) = C C U V A R ( 5 )  
X I O ( 4 ) = C C U V A R ( 6 )  
X I O ( 5 ) = C C U V A Q ( t )  
I F  ( IGEOeGE.2 )  S M A L R S = C C U V A R ( 8 )  
C A L L  GFO 
C A L L  RANH 
DOSRR=DELTA/SMALRR 
COSTR=COS(THTTAR)  
S I N T B = C I N ( T H E T A R )  
DAF=DELTA+COSTB/SMALRB 
OPERA=SINTB/SMALRB 
C A L L  CHFR 
C A L L  COEF 
C A L L  CALO 
D D E R ( 2 ) = D D E L D X  
D D E R ( 3 ) r D W D X  
DO 1 I = 2 9 5  

DDER ( I +2 ) =D I ODX ( I 1 
CONT I NUE 
IF ( I G E O e G E e 2 )  n D E R ! 8 ) = D R B D x  
RETURN 
E N D  

J 1  
J 2  
J 3  
J 4  
J S  
J 6  
J 7  
J 8  
J 9  
J 1 0  
J 11 
J 12 
J 13 
J 14 
J 15 
J 16 
J 17 
J 18 
J 19 
J 20 
J 21 
J 22 
J 23 
J 24 
J 25 
J 26 
J 27 
J 28 
J 29 
J 30 
J 31 
J 32 
J 33 
J 34 
J 35 
J 36 
J 37 
J 38 
J 39 
J 40- 
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CHSUB 

CHSUB is called by INT1. It is written by the user and is described in the appendix. 
In program D1251 the features of CHSUB are not needed; therefore, CHSUB is a dummy 
routine. 

SUBROUTINE CHSUB 
000002 RETURN 
000003 END 

N 1  
N 2  
N +  

53 



USAGE 

Program Information and Deck Configuration 

The program D1251 was written in the FORTRAN IV language for the Control 
Data 6600 series digital computer under the Scope 3.0 operating system. The program 
requires a field length of 60 000 octal locations; the computing time depends primarily 
on the accuracy of the initial 6, and the number of iterations desired, KETEST. The 
average time for 10 iterations on 
the deck configuration needed for execution: 

is 1 minute per case. The following sketch shows 

/ 
NAMELIST 

InDut / 

and subprograms 
I Y 

Control Cards rl 
I I 

For the sample case (Ub, = 1.3714 X lo6 cm/sec (45 000 ft/sec), an altitude of 60.96 km 
(200 000 ft), and KETEST = 1), the run time was 11.37 seconds. A value of 6, of 0.04559 
was known to be accurate from previous cases; therefore, only one iteration was needed. 
The results of this case are discussed in reference 1. 

Input Description 

The input is loaded by using the FORTRAN IV NAMELIST. The input symbols are 
as follows where typical values are given in parentheses: 

$ IE CHE M 

R gas constant, ergs/mole-'K 
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PIN 

RHQIN 

UIN 

EMUREF 

GAMMA 

RB 

RBX 

SMALLB 

AOVERB 

XMAX 

CII 

DELU 

DELL 

Rl  

Z 

E PS2 1 

NT 

CCI 

free -stream pressure, dyn/cm2 

free-stream density, g/cm3 

free-stream velocity, cm/sec 

molecular weight of cold air, g/mole 

ratio of specific heats 

body radius at axis of symmetry x = 0, cm 

body radius along the x-coordinate, nondimensionalized with RB 

semimajor axis of an ellipse, nondimensionalized with RB 

ratio of semiminor axis to semimajor axis of an ellipse 

limiting value in the x-direction 

initial linear integration step away from the singular point of the stagnation 
streamline; used in FIRST (.Ol) 

upper limit for DELTA, nondimensionalized with RB 

lower limit for DELTA, nondimensionalized with RB 

initial guess for weighted heat flux, nondimensionalized (zero in this 
program) 

number of points across shock layer where properties are desired; used in 
computing ETA distributions, ETA = l . / Z  

accuracy criterion used in MAIN and PROPIT for R 0 iteration (. IE-5) 

number of values in ELT array in INTl 

initial computing interval for INTI (.01) 
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SSPEC 

CIMlYL 

EELEl 

EELE2 

EELT 

ITEXT 

ITTEST 

TEAN 

RHON 

TCG 

KETEST 

PIG 

IGEO 

print control option for INTl 

absolute value of maximum computing interval in INTI 

array of relative e r ror  for the dependent variables used by INTl (l.E-5) 

array of relative zero for dependent variables used by INTl (l.E-6) 

array of NT values to return to the program from I N T l  at specific values 

time history print option for INTl; if equal to 0, no printout is requested; 
if equal to 1, a printout is requested 

iteration limit in PROPIT (500) 

initial guess for T’, OK 

initial guess for RHO, nondimensionalized 

accuracy criterion for iteration on density in FtANH 

number of iterations desired on DELTN (10) 

accuracy criterion for pressure in CONT (-05) 

test in GEO 

1 sphere geometry 

2 ellipsoid geometry 

3 hyperboloid geometry 

Listing of Input Data for Sample Case 
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Discussion of Output 

The output of D1251 consists of printing only. The NAMELIST input and the first 
DWDX are printed in MAIN. The results from the integration routine and the ETA dis- 
tribution are printed in CONT. The frequency of the output in CONT is controlled by a 
print option in INTl. If SSPEC is zero, control is returned to the program after every 
acceptable integration step. The case included in this report has a value of SSPEC equal 
to .l. A time history of the computing interval may be obtained by letting ITEXT be 1. 
The output symbols are as follows: 

Properties at the first step off the stagnation line: 

X X 

DELTA 6 

W w 

SMALRB r b  

Distribution across shock layer: 

The ETA distribution is computed and printed only on the last iteration on 6, 
(KEKONT = KETEST). 

ETA 

SMALLR 

ZE 

P 

RHO 

STAENT 

T 

rl 

r 

2 

P 

P 

h 

T' 

57 



U U 

v V 

VR VR 

Body and shock properties: 

x X 

DELTA 6 

W w 

IO(2) - IQ(5) Ij,o 

Il(2) - Il(5) Ij,1 

DELDX d6 dx 

dw 
dx DWDX 

dIj,o 
DIQDX(2) - DIQDX(5) 

aIj, 1 
aw DIlDW(2) - DIlDW(5) - 

PO PO 

TO Tb 

ZO zO 
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CAPHO 

RO 

%El  

RHO1 

P l  

T1 

%I 

v 1  

u 1  

CAPHl 

STAENO 

STAENl 

PRATIO 

PCOREL 

PDIF 

DRBDX 

HO 

*O 

p1 

p1 

T i  

Z1 

v1 

U1 

H1 

h0 

h l  

1. - 1.25 sin x2 + .234 sin x4 

PCOREL - PRATIO 

- drb 
dx 
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Error Diagnostics 

The following table gives the error  diagnostics as the message and the corresponding 
subprogram which prints the message: 

Message 

is smaller than allowed 

RHO is larger than allowed 

H is zero or negative 

H is larger than allowed 

Iteration limit reached in ETA distribution 

Iteration limit reached in PROPIT 

Diagno.sis 

r Nonfatal 
Fatal 

Fatal 

Fatal 

Fatal 

Nonfatal 

Fatal 

Langley Research Center, 
National Aeronautics and Space Administration, 

Hampton, Va., April 1'9, 1970. ' 

Subprogram 

THEP 
THER 

THEP ( THER 

THEP { THER 

CONT 

PROPIT 
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Language: FORTRAN 

Purpose: To solve a set of ordinary differential equations. 

- Use: CALL INTl (II,N,NT,CI,SPEC,CIM IERR,VAR, CUVAR,DER,ELE 
ERRVAL,DERSUB, CHSUB, ITEXT) 

I1 INTl is a closed subroutine composed of an initialization section and 
an integration section. The user is required to enter the initialization 
section before he starts his first integration step. The above calling 
sequence is used for both initialization and integration, with the value 
of the code word 11 determining which of the two sections of INTl will 
be entered. 

The user must set 11 = 0 in order to initialize. 

During initialization the derivatives will be evaluated by using the ini- 
tial values of the variables, but no integration will occur and control 
will be returned to the calling program. When INTI is called with 
11 > 0, entry is made to the integration section. Upon each entry to 
INTI, the subroutine stores a 1 in I1 so that the user need not supply 
a value of I1 > 0 for repetitive integration. 

Besides serving as a means for specifying the entry point to 
the calling program, I can also be set to specified values in CNSUB: 

2 The user will store the integer 2 in I1 if the answers in C 
are not acceptable to him and he wishes to recompute the 
answers using a shorter interval. This shorter interval must 
be stored by the user in CI. It must be smaller than the com- 
puting interval just used. 

The user will store the integer 3 in 11 if he wishes to return to 
the calling program. The answers for the interval are con- 
sidered acceptable to the user and will be transferred to the 
VAR array (explained below) by MT1. 

3 

In DERSUB I1 may be set to: 

4 The user will store the integer 4 in II if he wishes to discontinue 
calculation of the present interval and return to the calling 
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N 

NT 

CI 

SPEC 

CI 

72 

program. On return to the calling program, the answers at the 
beginning of the interval will still be in the VAR array. 

If the user does not set I1 to a value in either CHSUB or DERSUB, 
II will always be 1 upon the return to the calling program. 

An integer value supplied by the user which is the number of differen- 
tial equations to be solved. INTl is compiled to solve a maximum of 
20 equations but may be recompiled for larger values of N if necessary. 

An integer value supplied by the user which is the number of values in 
the ELT block described later in this writeup. INTl is compiled with 
a maximum of 10 values in the ELT block but may be recompiled for 
more values if necessary. 

A floating-point value supplied by the user which is the computing 
interval that INTl will use initially. CI must be a signed value - posi- 
tive if integrating forward, negative if integrating backward. Upon 
entry to CHSUB, CI will contain the computing interval that INTl will 
use for the next step unless it has to take a short interval to hit an ELT 
value or a SPEC value described below. The computing interval used 
on the present step is available in CHSUB as the algebraic difference 
between CUVAR (1) and VAR (1). Since the subroutine is used on a 
binary computer and the interval variation is a halving and doubling 
process, CI should be a power of 2. 

A floating-point value supplied by the user which specifies how often he 
wishes INTl to return control to the caliing program so that the user 
may print his results. 
SPEC = 0.0: 
step. 
SPEC > 0.0: 
the independent variable for which the user desires control returned 
to the calling program. 

The first printout is made at the initial value of the independent vari- 
able. 
closest to the initial value of the independent variable. The remaining 
returns occur at values which have been updated from this point by the 
increment given in SPEC. The return times generated by the incre- 
ment given in SPEC are not altered by an intervening return due to an 
ELT value (explained in the section "ELT*'). 

A floating-point value supplied by the user which is the absolute value 
of the maximum computing interval that will be used. This value will 

I 
Control will be returned after every acceptable integration 

SPEC is the absolute value of the specified increment of 

The next return is at the nonzero integer multiple of SPEC 
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IERR 

VAR 

CUVAR 

be used if the doubling process would extend the computing interval to 
a value larger than CIMAX. CIMAX should be set to 0.0 if there is no 
desired maximum. 

An integer value supplied by INTl as an error  code. It must be checked 
at every return to the calling program. It may have the following 
values: 

1 

2 

3 

A normal return, no error.  

The ELT block is not monotonic in the direction of integration. 

The variables have failed to meet the local-truncation-error 
requirements nine consecutive times. The answers at the begin- 
ning of the interval are still in the VAR array. 

The variables have failed to meet the local-truncation-error 
requirements at least nine times over the last three intervals. 
An acceptable answer has been reached, however, and is in the 
VAR array. 

4 

A double -precision one -dimensional array containing the independent 
variable followed by the N dependent variables. The user must store 
the N+l initial values (in the double-precision mode) in the array for 
initialization. INTl will store the new values of the variables in VAR 
after each integration step when they are accepted by the user in CHSUB. 
The elements of the VAR block can be printed out in the calling pro- 
gram in accordance with the user's specification in SPEC. 

A double -precision one -dimensional array which is given values by 
INTl for two purposes. INTl will store in the same order as the VAR 
array the values of the independent variable and N dependent variables 
at which the derivatives are to be evaluated in the DERSUB subroutine. 
Although CUVAR must be in a double-precision array in IMTl to main- 
tain the "partial double -precision mode" of computation, the evaluation 
of the derivatives should be in single precision. Two suggested ways 
of doing this are  as follows: (1) Consider CUVAFt as a single precision 
array of 2(N+1) elements in the DERSUB subroutine and when using 
the ith element in a computation, assign to it the subscript value (2i-1), 
and (2) at the beginning of the DERSUB subroutine, transfer from 
CUVAR to some newly defined single-precision array and evaluate the 
derivatives using the latter. 

INTl will also store the tentative answers after each integration in the 
CUVAR array before calling CHSUB so that the user can check these 
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DER 

ELEl 

ELE2 

ELT 

values to decide to accept or reject the answers. If accepted, the 
CUVAR values will then be transferred to the VAR array. The decision 
as to whether the computation in the CHSUB subroutine should be done 
in single or double precision is a function of the individual application. 
In most cases single precision is adequate and can be accomplished by 
applying suggestions (1) and (2) on the preceding page to the VAR and 
CUVAR arrays. 

No values need to be initially stored in CUVAR. 

An N+1 single-precision array in which the user will store the deriva- 
tives evaluated in DERSUB. The derivatives should be arranged by the 
user in DERSUB in the same order as the VAR block so that DER (2) 
will be the derivative of the variable stored in VAR (2), for example. 
DER (1) will be unused. The derivatives must be computed using val- 
ues of the variables which have been stored in CUVAR (not VAR) by 
INT1. 
should apply the suggestion described under CUVAR. 

A one-dimensional array of N values supplied by the user each of which 
is the upper bound of local relative truncation e r ror  for the respective 
dependent variables. If the e r ror  for any variable exceeds its respec- 
tive ELEl value, the computing interval is halved and the integration 
restarted at the beginning of the present interval. If the e r ror  for all 
the variables is less than 1/128 of their respective ELEl values, the 
computing interval is doubled for the next integration step. 

A one-dimensional array of N values supplied by the user which repre- 
sents a small value or "relative zero" for the respective dependent 
variables. If the absolute value of any of the variables is less than its 
respective ELE2 value, the relative e r ror  criteria for that variable 
will not be applied. 

A one-dimensional array of NT values supplied by the user which are 
values of the independent variable at which the user specifically desires 
control returned to his program. The values in the ELT block must be 
monotonic in the direction of integration, or an e r ro r  return will be 
given by INT1. 

To avoid unnecessary double-precision computation, the user 

ERRVAL A one-dimensional array of N elements in which INTl stores an esti- 
mate of the local truncation e r ror  for each of the N dependent variables. 
The relative e r ro r s  are computed from these values and compared with 
the specified ELEl values. 
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APPENDIX - Continued 

DERSUB The name of a subroutine written by the user which will be called by 
INTl to evaluate the derivatives. The derivatives must be stored in 
the DER array. INTl will call DERSUB to evaluate the derivatives 
with the values of the variable it has stored in the CUVAR array. 

These evaluations should be done with the use of single-precision arith- 
metic. The name given to the DERSUB subroutine must appear in an 
EXTERNAL statement in the calling program. The user may return 
to the calling program by storing a 4 in 11. 

CHSUB The name of a subroutine written by the user to allow certain logical 
control. After each integration step, INTl will make available to the 
user in CHSUB the tentative answers in the CUVAR array. The VAR 
array will contain the last accepted answer (that is, the value of the 
variables at the beginning of the interval). Whenever the user speci- 
fies that the answers are acceptable, the values in the CUVAR block 
are transferred to the VAR block. In CHSUB the DER block will con- 
tain the values of the derivatives evaluated with the present CUVAR 
block. The user has three options: 

(1) Not change 11. In INT1, 11 = 1 denotes that the user has accepted 
the answers in the CUVAR block. Upon entry to CHSUB from 
INT1, I1 always equals 1. 

(2) Set I1 = 2. The user does not accept the answers and wishes to 
recompute the interval using a new computing interval which he 
stores in CI. This computing interval must be smaller than the 
computing interval just used. This new value of CI will now be 
stored by INTl as the normal computing interval for the sub- 
sequent integration steps. 

(3) Set II = 3. The user  accepts the answer but wishes to denote a 
condition that he can test in the calling program. Control will 
be returned to the calling program with the answers in the 
CUVAR array transferred to the VAR array. 

The name given to the CHSUB subroutine must appear in an 
EXTERNAL statement in the calling program. 

ITEXT An integer code word supplied by the user which gives him the option 
to have INTl print out a time history of the computing interval and the 
reasons for its variation. This printout should be requested only for 
problems which must be rerun because of unsatisfactory results the 
first time. 
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APPENDIX - Concluded 

ITEXT = 0: 

ITEXT = 1: 

No printout is requested. 

A printout is requested. 

Restrictions: See arguments listed under CALL statement. 

Method: MT1 is a fifth-order integration subroutine. The classical fourth-order 
Runge -Kutta formula is applied in conjunction with Richardson's "extrapolation to the 
limit" theory. INTl is a variable-interval-size routine in which the interval is varied 
to meet a specified local relative truncation error.  

Accuracy: The variable-interval-size mode of logic is used to make available an esti- 
mate of the local relative truncation e r ro r  which is then controlled as explained in 
the ELEl block discussion. 

Roundoff e r ror  is controlled by use of the "partial double-precision mode of computa- 
tion" as explained in reference (a) of this subroutine. 

Reference: (a) Henrici, Peter: Discrete Variable Methods in Ordinary Differential 
Equations. John Wiley & Sons, Inc., c.1962. 

Storage: 27038 locations 

Subroutine date: August 1, 1968 

76 



REFERENCES 

1. Garrett, L. Bernard; Suttles, John T.; and Perkins, John N. (with appendix C by 
G. Louis Smith and L. Bernard Garrett): A Modified Method of Integral Relations 
Approach to the Blunt-Body Equilibrium Air Flow Field, Including Comparisons 
With Inverse Solutions. NASA TN D-5434, 1969. 

2. Scarborough, James B.: Numerical Mathematical Analysis. Fifth ed., Johns Hopkins 
Press, 1962. 

NASA-Langley, 1970 - 1 L-7071 77 




