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A COMPUTER PROGRAM FOR CALCULATING THE PERFECT GAS 

INVISCID FLOW FIELD ABOUT BLUNT AXISYMMETRIC BODIES 

AT AN ANGLE OF ATTACK OF 0' 

By Ernest  V. Zoby and Randolph A. Graves, Jr. 
Langley Research Center 

SUMMARY 

A method for the rapid calculation of the inviscid shock layer about blunt axi- 
symmetric bodies at an angle of attack of Oo has been developed. The procedure is 
of an inverse nature, that is, a shock wave is assumed and calculations proceed along 
rays  normal to the shock. The solution is iterated until the given body is computed. 
The flow field solution procedure is programed at the Langley Research Center for  the 
Control Data 6600 computer and requires a core storage of 500008. The geometries 
specified in the program are spheres, ellipsoids, paraboloids, and hyperboloids which 
may have conical afterbodies. 

The normal momentum equation is replaced with an approximate algebraic 
expression. 
Comparisons of the present results with shock shapes and surface pressure distribu- 
tions obtained by the more exact methods indicate that the program provides reasonably 
accurate results for smooth bodies in axisymmetric flow. However, further research 
is required to establish the proper approximate form of the normal momentum equation 
for  the two-dimensional case. 

This simplification significantly reduces machine computation time. 

INTRODUCTION 

In the past few years,  a large effort has been devoted to developing methods for  
solving the inviscid flow field over blunt bodies traveling at supersonic and hypersonic 
speeds. Early investigations are documented by Hayes and Probstein (ref. 11, and some 
of the more recent work is discussed by Grose (ref. 2). Except for  the time asymptotic 
technique, the methods are primarily restricted to the subsonic and slightly supersonic 
par t  of the flow field with the downstream supersonic flow being computed by the method 
of characteristics. A simple approximate but accurate method was developed by Maslen 
(ref. 3) and was shown to be applicable throughout the subsonic and supersonic regions 
of the flow field. This method was extended to include nonequilibrium chemistry in 
reference 2 where it was shown to provide significant reductions in machine storage 
and computing time over the more exact methods. However, the method as developed 
in reference 3 is inverse, that is, the shock shape is specified and a resultant flow 



field and body are computed. This situation is undesirable since the body shape is 
usually specified and the flow field and shock shape are to be determined. In addition, 
the method neglects the normal velocity component and its gradients in the normal 
momentum equation; these factors account for  recompression across  the shock layer 
in the stagnation region. Jackson (ref. 4) devised an iterative scheme to solve the 
direct problem based on the analysis of reference 3 .  

In this paper an approximate method has been developed for solving the direct 
problem of a perfect gas inviscid flow field over blunt bodies at an angle of attack of Oo. 
The solution incorporates the normal velocity component and the effect of its gradients 
by replacing the normal momentum equation with an analytic expression developed by 
Maslen (ref. 5). The present solution uses the basic iterative technique of reference 4 
which scales the shock to the specified body in the subsonic and low supersonic region 
of the flow field. In the downstream supersonic section of the flow field, the shock 
shape is computed by a "marching" procedure for successive points. The method 
provides a rapid technique for computing the perfect gas inviscid axisymmetric flow 
field about blunt bodies such as spheres,  paraboloids, ellipsoids, and hyperboloids 
with an option for  conical afterbodies. 

This paper presents a discussion of the computational method and results and 
will serve as a user 's  manual for  the program. A comparison of the results with the 
results of more exact methods indicates that this method is reasonably accurate. The 
method is programed at Langley Research Center for the Control Data 6600 computer 
and requires a core storage of 500008. A detailed discussion of the program is given 
in appendix A, and the program listing with a sample case is given in appendix B. 

SYMBOLS 

Symbol 

a 

b 

d 

Ht 

h 

2 

Program name 

ABA nondimensional major axis (parallel to flow) of 
ellipse, a*/r 

nondimensional minor axis (perpendicular to flow) ABB 
of ellipse, b*/Q 

nondimens ional 

nondimens ional 

diameter, d*/n 

HSO 

nondimensional 
h* 

static enthalpy, 
u y 2  



Symbol 

J 

L 

P 

MS 

MW 

Nit 

Nt 

NX 

n 

P(X, Y) 

P($) 

g, 

PS 

Pst 

* 
Pw 

AR 

denotes step through shock 

body type 

characteristic length (all dimensions 
nondimensionalized with this term) 

shock Mach number 

f ree-s t ream Mach number 

iteration number 

number of points across  shock layer 
not including shock point 

number of rays in subsonic region 

flow type (0 = Two dimensional; 
1 = Axisymmetric) 

nondimensional pressure through shock 

nondimensional pressure through shock 

nondimens ional 

nondimensional 

nondimens ional 

body pressure,  2 
(P*u*2)w 

ps* 
( P*u*2)w 

shock pressure,  

body stagnation-point 
Ps t _ _  pressure,  

(P*U*2) 

free-s t ream pressure 

increment in radius of curvature 

Program name 

L 

MS 

MINF 

IT 

NT1 

NX 

N 

PI 

PI( I, NT 1) 

PS 

PST 

DR 

3 



Svmbol Program name 

Rb 

RS 

Rst 

r 

rb 

r C  

'd 

rn 

rS 

S 

* u- 

U 

US 

V 

VS 

4 

nondimensional body radius of curvature at 
stagnation point, R@ 

nondimensional shock radius of curvature, Ri/Q 

nondimensional stagnation-point shock radius 
of curvature, RS;/Q 

RKB 

RKSX 

RKSl 

nondimensional cross-sectional radius, r */f RI 

nondimensional cross-sectional body radius, rb y? RI(1,NTl) 

analytically computed nondimensional c ross -  RW4C 
sectional body radius, r,*/p 

nondimensional maxitnum cross-sectional REND * shock radius, rd/Q 

nondimensional nose radius, ri/ .  

nondimensional cross-sectional shock 
radius, r;/Q 

nondimensional entropy 

free-stream velocity 

nondimensional shock layer velocity in 
x-direction, u*/UL 

nondimens ional velocity be hind shock in 
x-direction, u.$/Uz 

nondimensional shock layer velocity in 
y-direction, v*/Uz 

nondimensional velocity behind shock in 
y-direction, vg/Uz 

RS 

UI 

us 

VI 

vs 



Symbol 

X nondimensional coordinate measured along 
shock wave from axis of symmetry, x*/Q 

Program name 

xs 

xt XTC nondimensional total a r c  length to limiting 
Mach number, X[/Q 

nondimensional coordinate normal to shock, y*/a YI 

YI(I, N T ~ )  

ZI 

Y 

Y t  

z 

nondimensional value of y f rom shock to body 

nondimensional distance measured along axis 
of symmetry from shock wave (see fig. 1) 

nondimensional coordinate measured along 
axis of symmetry, Z$Q 

Zb 

nondimensional value of z for shock point, 
z ;/Q 

zs 

ratio of specific heats GAM 

Z ST 

Y 

6 nondimens ional shock stagnation-point 
standoff distance, S */Q 

convergence criterion, 1 x 10-4 E E M  

E4(IT) 
N 

E e r r o r  

increment in shock angle 

' b  

OS 

body angle THB 

T HS 

RHI 

RHOS 

shock angle 

nondimensional local density, p */p*, 

nondimensional shock density, p , * / p z  P S  

* 
P ,  f ree-s t ream density 
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Symbol 

IJ st 

* 

* S  

second derivative of stagnation-point shock 
radius of curvature 

nondimensional local s t ream function through 
shock layer,  J/ */pzU, t2  

nondimensional shock s t ream function, 
ILslp,uy * *  

Program name 

SDERRX 

SY 

SFS 

An asterisk * denotes a dimensional quantity. An n as a subscript denotes Nit. 

RESULTS AND DISCUSSION 

The inviscid flow field over blunt bodies is described by the governing equations 
fo r  an inviscid, nonconducting gas. 
an orthogonal curvilinear coordinate system fixed at the axis of symmetry of the shock. 
(See fig. 1.) Assumptions that the shock layer is thin and that the flow field is axisym- 
metric a r e  made so that the resulting equations are 

The equations, for this analysis, a r e  written in 

Continuity: 

x-momentum: 

y - momentum: 

1 aP 2 U u ( g ) y  + v(%) + Rs = - - P <ay>, - 
X 

Entropy: 

u ( E )  + v(%) = 0 
Y X 

(3) 

(4) 

i 6 



Analysis 

By following the analysis of reference 3,  a Von Mises transformation is introduced 
s o  that the independent variables a r e  the distance along the shock x and the s t ream 
function $ . The s t ream function is defined by 

If these transformations a r e  applied to the governing equations, the continuity equation 
is automatically satisfied; the y-momentum equation becomes 

and the entropy equation is 

The two momentum equations and the condition that the flow is isoenergetic implies 
that 

Ht = h + u2 + v2 (9 )  

In addition to equations (7) ,  (8), and (9), the equation of state is 

o r  

For a perfect gas 



I 
l and for the condition of isentropic flow along a streamline (eq. (8)) 

I Note that all the previous parameters were presented in a nondimensional form. Dis- 
tances a r e  divided by a characteristic length V ; density and velocities by their respec- 

function by ( p  U ) m pn+'. 

tive free-stream values; pressure by (p * U *2 )m : the enthalpy by i U L 2  and the stream 
* *  

In the analysis of reference 3, Maslen assumed that (E) in equation (7) is 
ax  + 

small and that the streamlines a r e  nearly parallel to the shock, that is, v<< u. Thus, 
equation (7) can then be approximated as follows with u and r replaced by us and 
rs, respectively, 

I Integrating from the shock toward the body yields 

I 
I This analytic equation allows an independent evaluation of the pressure throughout the 

shock layer and removes many of the usual mathematical problems associated with the 
subsonic and supersonic regions. 

I With equation (15) and an equation for  the shock shape, a simple procedure can be 
set up for computing the flow field. The calculations proceed along rays normal to the 
shock until the body (IL = 0) is reached. Maslen (ref. 3) concluded that the accuracy of 
such a technique is adequate for  general purposes. However, as previously noted, the 
analysis neglects the normal velocity t e rm in equation (9) and the (%)$ t e rm in the 

normal momentum equation (7). The (%)$ t e rm contributes to the recompression in 

the stagnation region. In this investigation, preliminary calculations verified that the 
body pressure distributions resulting from equation (15) were approximately 10 to 15 per- 
cent lower in the stagnation region than results obtained from more exact methods. 

I 

In a more recent investigation, Maslen (ref. 5) considered the (%)$ t e rm and 

by following an analysis s imilar  to reference 3 developed an approximate analytic 
expression for  the pressure. This expression can be written for axisymmetric flow as 

8 



Equation (16) is the pressure equation programed in the present computer code. 

With the effects of the normal velocity gradients included in equation (16), an 
approximation to the normal velocity component is necessary. The constant density 
solution for a sphere (ref. 1) was used as a model, and an approximate expression was 
developed for this investigation as 

* v(*) = v - 
4s 

Preliminary calculations indicated that equation (17) was satisfactory as an initial guess 
for the normal velocity profile, but better agreement was obtained with existing results 
if the normal velocity component is reevaluated during each iteration by 

This equation was determined after several trial calculations and comparisons of the 
data. The rationale for equation (18) is simply the improved agreement of results with 
published data. 

The y-coordinate measured normal to the shock wave is computed with equa- 
t i on  (5) w r i t t e n  as 

and f rom the flow field geometry (fig. 1) 

r = rs - y c o s  e s  

Substituting equation (20) 

rS 
y = coss 

into equation (19) and solving for y gives 

(21) 

9 



for  axisymmetric bodies and 

for two-dimensional bodies. In addition, the distance measured along the axis of 
symmetry from the shock wave is 

z = zs + y s i n e s  (23)  

Although the use of equations (16), (17) o r  (18), and (21)  with an equation for  the 
shock shape may produce better agreement with published results than the method in 
reference 3,  the method is still inverse, that is, the computed flow field corresponds 
to a given shock. The problem of greater engineering interest is the direct problem, 
that is, computing the shock shape and flow field for a specified body. 

Problem Description 

The basic steps of an interactive procedure presented by Jackson (ref. 4) a r e  
incorporated in this investigation along with the previously discussed flow equations 
fo r  developing a direct solution of the perfect gas flow field over blunt axisymmetric 
bodies at an angle of attack of Oo. Note that although the use of the analytic pressure 
equation (eq. (16)) removes many of the usual mathematical problems associated with 
the subsonic and supersonic regions, the solution of the direct problem will require 
separate iterative schemes for the two regions. 

In the supersonic region, changes in body shape at a point cannot affect the shock 

The shock shape and flow field are computed at successive downstream points. 
shape o r  flow field at upstream points; therefore, a step-by-step marching procedure is 
used. 
However, disturbances, for example, changes in the body shape, in the subsonic region 

the entire subsonic region at once. As discussed by Jackson (ref. 4), the need for 
computing the entire subsonic-low-supersonic region simultaneously can be illustrated 

distance and curvature at the stagnation point are different for  the two bodies since the 
scale of the respective subsonic regions is different. Consequently, the shock shapes 
cannot be calculated by only considering the body shape near the axis of symmetry and 
computing ahead. 

I 

I 

influence the entire region, and this fact requires an iterative procedure for  describing 

I 
I 

by two flat-faced cylindrical bodies with different body radii. The shock standoff 

A summary of the iterative techniques is given in the following paragraphs. A 
more detailed discussion of the iterative techniques is included in the program descrip- 
tion in appendix A. 

10 



For the subsonic region, the shock shape is represented by a Taylor series in 
te rms  of the a r c  length as 

The shock shape is computed from the axis of symmetry to a point % on the shock 
defined by a shock Mach number of approximately 1 . 3 .  
paper, this region is referred to as the subsonic region. The conditions immediately 
downstream of the shock are determined from the Rankine-Hugoniot relations and the 
equation 

For the remainder of this 

dx 
Rs(x) des = - 

Along rays perpendicular to  the shock, the flow properties are calculated at local 
values of the s t ream function by equations (16), (17) or (18), (13), and (9). The calcu- 
lations continue until the body ($= 0) is reached. The geometry of each grid point is 
calculated by equations (21) o r  (22), (20), and (23). The computed body will probably 
not agree with the specified body in size o r  shape. The shock shape and flow field are 
then scaled to give approximate agreement with the specified body. The difference in 
the shape of the specified and computed body is defined by an e r r o r  e .  This e r r o r  is 
the difference between the radius of the calculated body rc and the radius of the 
specified body at the last computed body location in the subsonic region. Depending on 
the magnitude and sign of the e r r o r  te rm 7 ,  the u s t  value in equation (24) is changed 
and a new shock shape, a new calculated body, and a new e r r o r  result. For consistency 
on successive iterations, the position of xt is computed so that it corresponds to the 
same shock angle and Mach number as on the first iteration. The process is repeated 
until the e r r o r  is less than some convergence criterion ( E  = 

- 

for this program). 

For this region the specified bodies are given in the program by analytic equations. 
A sphere, an ellipsoid, a paraboloid, o r  a hyperboloid may be specified. 

If the calculation of the supersonic region is needed, a step-by-step marching- 
ahead procedure is used to compute the shock shape and flow field. The last converged 
values of the shock radius of curvature and shock angle in the subsonic region are 
incremented. The a r c  length is computed and held constant for  the following iterations. 
By holding the a r c  length rather than the shock angle constant for iterations in the 
supersonic region, the shock inflection point resulting from the overexpansion of the 
flow and the subsequent recompression were found to be easier to compute. The flow 
properties and the geometry of the grid points are then computed with the same equations 
as for  the subsonic region. The calculated body is compared with the specified body, and 
an e r r o r  is computed. A new increment in the shock radius of curvature is determined 

11 



and the process is repeated until satisfactory convergence is obtained. 
is used to extend the solutions to any downstream distance 'de As the calculations 
proceed downstream of the shock inflection point, an option is included for computing 
sharp cone results (ref. 3) when the shock angle is within a small value (0.001 radian) 
of the equivalent sharp cone shock angle. This option was included since it was difficult 
to obtain satisfactory convergence when the shock is nearly straight and the shock radius 
of curvature is extremely large. In addition to the calculation of the flow field over the 
analytic body shapes discussed previously, an option is included for computing the 
supersonic flow fields over conical afterbodies. 

The procedure 

I 

Comparison of Results 

A comparison of results of existing computational methods for shock shapes and 
surface pressure distributions with results of the present method is given in figures 2 
to 11. These computational methods used for comparison a r e  based on the solution 
of the full governing inviscid flow equations. Comparisons a r e  presented for a range 
of Mach numbers and body shapes. 

In figures 2 to 8, a comparison of existing shock shape and surface pressure 
distributions for hemispheres, paraboloids, ellipsoids, and hyperboloids (refs. 6 to 8) 
with the corresponding results of the present method is shown. 
the present method and the published results is, in general, very good. 

The agreement between 

I 

In figure 9 the shock shape and pressure distribution for a hemisphere-cylinder 
at M, = 7.7 (ref. 9) a r e  compared with the present results. The present calculations 
yielded shock standoff distances over the cylindrical section of the body which a r e  
approximately 12 percent smaller than those obtained from reference 9. This comparison 
is similar to that shown in reference 3 .  The reason fo r  this disagreement may possibly 
be explained by the assumption in the present analysis of a thin shock layer which is not 
strictly valid over the cylindrical afterbody. However, the body pressures  a r e  predicted 
very accurately. 

In figure 10, the shock shape and pressure distribution over a spherically blunted 
30' half-angle cone for M, = 8 and 7 = 1.4 computed by the method of reference 10 
a r e  compared with the present results. The agreement is very good. At a shock axial 
location of approximately 2 (see fig. lO(c)), there is an inflection in the shock shape. 
This shock inflection results from the overexpansion of the flow and subsequent recom- 
pression to cone conditions. In figure 11, a similar comparison is made on a spherically 
blunted 40° half-angle cone at M, = 38.4. The flow field computed by the method of 
reference 10 is in chemical equilibrium. A good match of the shock standoff distance 
was not obtained with the present method for Y = 1.4 as would be expected. The 
shock standoff distances for the present method shown in figure 11 were obtained with 

, , 

12 i 



Y = 1.16. This is the shock stagnation value computed by the method of reference 10. 
Pressure distributions a r e  shown for Y = 1.16 and Y = 1.4. Both agree reasonably 
well with the results obtained by the method of reference 10. 

The results presented previously were for axisymmetric blunt bodies. The 
present computer code can be applied to two-dimensional bodies. However, initial 
comparisons of results from reference 11 on two-dimensional cylinders for M, f rom 
4 to 20 and results from the present method indicated some problem areas. Primarily, 
it was noted that the computed pressures  across  the shock layer were higher than the 
body stagnation-point pressure.  In developing equation (16), Maslen (ref. 5) assumed 
the J, dependence of the recompression te rm and pointed out that equation (16) was an 
approximation whose validity could only be established by comparisons with experimental 
data or exact theoretical analyses. Since the results of the present investigation indicate 
that the recompression te rm suggested by Maslen is applicable to axisymmetric bodies 
but not to two-dimensional bodies, further research is required to establish the proper 
form for  two-dimensional bodies. 

From the results presented, it is shown that the present program provides 
reasonably accurate estimates for quantities such as standoff distances, shock shapes, 
and surface pressure distributions for axisymmetric flow over smooth bodies. 

Existing data for the flow parameters through the shock layer were not as readily 
available as the shock shape and pressure distribution data. Qualitative comparisons 
with the results of reference 12 were good except for the profiles near the stagnation 
line. For example, the tangential velocity is more nonlinear than the results of 
reference 12 in this region. With the approximations in equations (16) and (17) o r  (18), 
such deviations, especially in the stagnation region where the effects of the normal 
velocity are predominant, a r e  not surprising. In general, the present program provides 
a reasonably good flow field description. More accurate results could probably be 
obtained by refining the expression for  the normal velocity component (eq. (18)). 

CONCLUDING REMARKS 

A computer program has been developed for solving the direct problem of a 
perfect gas inviscid flow field over blunt bodies at an angle of attack of 0'. The geome- 
tries specified in the program a r e  spheres, ellipsoids, paraboloids, and hyperboloids 
which may have conical afterbodies. The calculation procedure is of an inverse nature, 
that is, a shock wave shape is assumed and calculations proceed along rays normal to 
the shock, but the shock shape is iterated until the specified body is computed. 

The simplifying assumption which significantly decreases machine computation 
time is that the normal momentum equation is replaced by an explicit analytic expression. 

13 



Although these calculations are of an approximate nature, a comparison of the present 
results with existing shock shapes and surface pressure distributions indicates that 
the program provides reasonably accurate results. 

The option for two-dimensional bodies is included in the program. However, 
attempts to apply the present approximate form of the normal momentum equation to 
two-dimensional bodies were not successful, and further research is required to 
establish the proper form for  the two-dimensional case. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Hampton, Va., August 30, 1973. 

14 



APPENDIX A 

DETAILED PROGRAM DESCRIPTION 

As an aid to a better understanding and a further description of the calculation 
procedure, flow diagrams a r e  presented with a discussion of the processes. 

Flow Diagram for Subsonic Calculation Procedure 

1 Prov ide  i n p u t  
I 1 

compute shock r a d i u s  
o f  c u r v a t u r e  

Comput shock ang le  

I I 

Increment  < 
shock - 
p o i n t s  

Compute shock geometry 

I Compute r a t i o  o f  c a l c u l a t e d  I t o  known body dimension 
I 

t 
1 

I I Scale corn u ted  l eng ths  
w i t /  r a t i o  

Compute s t a n d - o f f  d i s t a n c e  

Compute a n a l y t i c a l  body 
r a d i u s  (RW4C) on l a s t  
ray .  Compute e r r o r ,  E4 

= (RI(NX,NTl) - I . )  x 100 
RW4C 

I 

I 1 

I> I I No 

Compute ost 

W r i t e  da ta  e 
15 



APPENDIX A - Continued 

- 

Flow Diagram for  Supersonic Calculation Procedure 

Increment  l a s t  va lues f o r  
shock r a d i u s  o f  c u r v a t u r e  
and shock angle 

r 

1 I 
Compute shock p r o p e r t i e s  

p r o p e r t i e s  and  geometry * ITEST = 1 

r a d i u s  p o i n t  

1 

I ComDute E4 J 

E4 :O 

I 
Compute -- sharp cone 

f low f i e l d  

16 



APPENDIX A - Continued 

Input 

The input for  the program is very simple and is primarily restricted to subroutine 
INITIAL except for  the cone half-angle THC required in subroutine SUPER. In 
INITIAL, the necessary inputs are the free-stream Mach number MINF, the ratio of 
specific heats GAM, the type of body denoted by L, the type of flow denoted by N, and 
the radius of curvature of the body RKB. The number of rays is given by Nx or  NX 
and the number of points on the rays is Nt or NT1. A maximum of seven and a 
minimum of four rays  can be used. Similarly, a maximum of 15 and a minimum of 10 
(for consistent results) points along the rays can be used. The stagnation line is 
considered to be a ray although no calculation is made along this ray. Also, the number 
of points on a ray do not include the shock point. 

Shock Shape 

Equation (24) is used to represent the shock-wave shape in the subsonic region. 
The equation is calculated in the subroutine SADCURV where Rst, the shock radius of 
curvature at the stagnation point, is given as RKSl and ust, the second derivative of 
the radius of curvature at  stagnation point, is given as SDERRX(1T). 
iteration (IT), RKSl is assumed to be equal to the body radius of curvature RKB, and 
SDERRX(1) is 0. The computed value of RKS1 from the procedure is used on further 
iterations. For the second iteration, SDERRX(2) is assigned an arbitrary small  posi- 
tive or negative value as discussed in the section on iteration procedure in this paper 
and on subsequent iterations SDERRX(1T) is computed. 

For the first 

With the shock radius of curvature and the a r c  lengths, the shock angle (THETAS) 
is computed by equation (25) with a six-point integration routine INT6. The shock angle 
and the corresponding pressure (PS), velocities (normal (VS) and tangential (US)) and 
density (RHOS) behind the oblique shock wave a r e  computed at  each shock location in sub- 
routine SONIC until the Mach number behind the shock (MS) is equal to approximately 1.3.  
From experience it was seen that a limiting Mach number near this value produced a 
smooth transition from the subsonic to supersonic iteration procedure. The angle from 
the stagnation point to the point on the shock defined by the limiting Mach number is held 
constant for  all iterations so that only the a rc  length is altered on each successive i tera- 
tion. The radial (RS) and axial (ZS) locations of each shock point are then determined 
from the flow field geometry in subroutine SUBGEM. However, for  a more rapid pro- 
cedure, the properties across  the shock layer a r e  not computed at each of these shock 
locations. The a r c  length to the limiting Mach number is divided into NX - 1 equally 
spaced regions and NX points on the shock a re  computed in SUBGEM. 
etry and properties at each of these points a r e  then determined from an interpolation 
scheme in subroutine SUBPROP. 

The shock geom- 

1 7  
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Flow Properties 

The simplifying feature of this program is that the normal momentum equation is 
replaced by an analytic expression from reference 5. This expression is given as 
equation (16) in this paper and is programed in subroutine PRESLOC. 

In references 3 and 4, the normal velocity component (VI) is assumed to be much 
l e s s  than the tangential component (Vr) even in a stagnation region and is consequently 
neglected. An approximation to the normal velocity is given in subroutine PROPLOC. 
For a first guess, the equation is given as equation (17) in this paper and is reevaluated 
by equation (18) during each iteration of the shock shape. 

The local density is also computed in subroutine PROPLOC. The point on the 
shock where the local s t ream function crossed is determined and the density is then 
simply computed from isentropic relations (eq. (13)). With these flow properties, the 
tangential velocity is computed from the energy equation. 

The local flow properties a r e  computed at points along each ray until the body ( $  =0)  
is reached. 
s t ream function at the shock point and equally spaced increments of the stream function 
along each ray. 

The points are defined by a local s t ream function which is computed from the 

Iteration Procedure (Subsonic) 

With the flow properties computed, the location (radial, axial, and normal) of 
each local s t ream function through the shock layer is computed in subroutine GIP. In 
order  to relate these dimensions to the known body geometry, a scale factor is computed 
in subroutine BADCURV. The equation for  a specified body is passed through the body 
points computed from the flow field analysis (subroutine GIP), and a relevant length (for 
instance, the body radius of curvature in the case of a sphere) is computed. The scale 
factor is the ratio of this relevant length to the known corresponding length for the desired 
body. A l l  dimensions, shock and body, a r e  then scaled by this ratio in subroutine SCALE. 
The scaled body points as noted in the subroutine a r e  used with the appropriate analytic 
equation in subroutine SOSOD to compute the shock stagnation point standoff distance ZST. 
The value of ZST and the scaled axial length for the last body point in the subsonic region 
are then used again with the proper analytic body equation to calculate the radial com- 
ponent of this body point in subroutine R4E4. With the scaled and the analytically computed 
values of this radial location, an e r r o r  value E4(IT) is also computed in this subroutine. 
This e r r o r  value is the percent difference in the two radial calculations. 

iteration, a small negative value of u s t  
positive value of a s t  is assumed if E4(1) is negative. 
is computed by a Newton-Raphson technique in subroutine SDCORR. A new a rc  length XTC 

For the second 
is assumed if E4(1) is positive, and a small 

For subsequent iterations, ust  
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to the limiting Mach number is then computed in subroutine CORRl o r  CORR2 depending 
on the sign of us t  . The problem is now iterated until desired convergence is obtained. 

Output (Subsonic) 

The converged subsonic results a r e  the output of subroutine OUTPUT. The shock 
and body data a r e  given at six equally spaced shock a rc  lengths XSP. Note that the 
complete stagnation-line results a r e  not computed in this program. The flow properties 
and geometry at each grid point along a ray normal to shock point XSP a r e  also given. 

Iteration Procedure (Supersonic) 

Although the shock and flow properties a r e  computed in the same manner as in 
the subsonic region, the iteration procedure is different. No scaling is used and a 
"marching" technique is employed along the shock. The technique is basically as follows: 

(1) A small increment for the last converged values of the shock radius of curvature 
and shock angle a r e  assumed. 

(2)  An average radius for the computing interval is calculated and the shock angles 
are computed within this interval. 

(3) The change in a r c  length is computed and held constant for  subsequent iterations. 

(4) The shock geometry and properties a r e  computed. 

(5) The flow field geometry and properties a r e  computed. 

(6) A test  is made if a conical option is required, and if it is, another test  is made 
to determine whether the juncture point between the nose and the afterbody is reached. 
If the juncture point is reached, the body radius point is computed by the routine. When 
the two tes ts  a r e  negative, the analytic body radius point is computed by the equation 
used in the subsonic region. 

(7) An e r r o r  value is computed and a new increment for the shock radius of curva- 
ture  is also computed. 

(8) The calculations a r e  iterated until the desired convergence is obtained. 

(9) A new step is made along the shock and the same procedures as in steps (2) to 
(8) are used. 

(10) If a shock inflection point is computed, a test is made to determine whether 
the subsequent computed shock angles a r e  within some small value (0.001 radian) of 
the equivalent sharp-cone shock angle. If the shock angle is sufficiently close to this 
value, a sharp-cone solution is used for the following calculations. 

(11) Calculations continue until some defined end point on the shock REND is computed. 
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Output (Supersonic) 

The converged supersonic results are the output of subroutine OUTPUTS at each 
successive downstream point. The shock and body data a r e  given for this region. 
Other data, for example, flow properties and geometry of grid points, may be written 
if desired. The symbols in subroutine OUTPUTS a r e  defined as follows: 

zw 

RW 

Yw 

zs 

RS 

PS 

RHOS 

us 

Pw 

RHOW 

uw 

Mw 

THB 

body axial location measured from axis of symmetry of shock 

body radial location measured perpendicular to axis of symmetry 

body normal location measured perpendicular from shock point 

shock axial location measured from axis of symmetry of shock 

shock radial location measured perpendicular to axis of symmetry 

pressure at shock 

density at shock 

tangential velocity at shock 

body pressure 

body density 

body tangential velocity computed normal to ray from shock 

Mach number at body 

body angle, e b , radians 
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PROGRAM LISTING AND SAMPLE OUTPUT 

C 
C 

‘ C  
C 
C 

3 

C 
C 
C 
C 

9 

The program listing and sample Output follows: 
PROGRAM 0 I P G A f  
T H I S  PRCGRAM COMPUTES T k E  PERFECT G A S  F L O U  F I E L U  ABOUT A d L U N T  TLrO A 1 

T E C H N I C U E  IS I T E R A T E D  U N T I L  O E S I K E C  8OOY IS FOUND. A 3  
T H I S  M A I N  R O U T I N E  CONTROLS THE SEUUEhCE Of C A L C U L A T I O N S  A 4  

A 5  
R E A L  M I  N f  r M S I N 2 ,  NS r M S O r H S I  A 6  

l r S D R X I N T r K K B N r A 8 A ~ A 0 ~ , P l r H P A ~ H P ~  A 8  

1P A 10 
A 11 

1 0 ) r U S L 3 0 0 )  r P S (  3001 ,RHOS(300J t M S ( 3 0 0 J  r V S ( J 0 O J  A 13 

1.15)  rKC(4C r 2 S T r E 4 (  tr) r THE ( 50) A 1 5  

10 L 7 )  rRk0 L 7) r 3 E L  S Y  ( 7J 9 RKOC ( 7 J r ROC[ 7 J r ZCC 1 7 )  r \rJ L 7 J A 1 7  

1 15) A 19 
C A L L  I N I T I A L  A 20 
I T= 1 + I  B t b  A 2 1  
C A L L  SAUCURV A 22 
C A L L  S O h I C  A 23 
L A L L  SUBGEH A 24 
C A L L  SUBPWCP A 25 
C A L L  G I P  A 26 

I P = 2  A 28 
GO T U  2 A 2 9  
C A L L  B A O C l l R J  A 30 
C A L L  S C A L E  A 3 1  
C A L L  SUSOL) A 32 
C A L L  H 4 E 4  A 33 
I f  ( A B S L E l t (  I T )  ) . L E . E H )  G C  T O  7 A 3 4  

A 35 
THE S U B S O N I C  R E G I O N  IS CCMPUTEO I F  T H I S  CRITERIA IS MEET. N C d  GO A 36 
TO E X I T  OK Sc lPERSGNIC R E G I O N -  A 3 7  

A 38 
I P = 1  A ’  39 
I F  ( I T - t b . l . A N D . E 4 ( 1 1  . G T - 0 . 0 1  LJG TO 5 A 40 
I t  ( I T o G T . 1 )  GO TO 8 A 41  
I T = l T + L  A 42 
SDERRX L L )  =L A 4 3  
C A L L  C O R K 1  A 44 
GU TO 1 A 4 5  
I T = I T + l  A 46 
S D t K R X  ( 2 J =-2 A 47 
C A L L  C O R R 2  A 48 
GU T U  1 A 49 
C A L L  OUTPUT A 50 
GO T O  9 A 5 1  
C A L L  5UCbKR A 5 2  
I f  LSDEHRXLIT).GT.O.O) GC TO 4 A 53 
GO T U  6 A 5 4  
C A L L  S W E K  A 55 
STOP A 5 6  
END A 57- 

DIMENSIONAL 3a AXISYMMETRIC ~ )ODY.  THE BCUY I S  KNOWN ANU AN INVERSE A 2 

COMMON / E L K  l /  GAM, M I N F g  X I N I T  A L P  Z I N  I T A L  r R I N I T 4 L  * T H E T A I N ,  SF IN ITLIL,  h A 7 

COMMON / B L K 2 /  I T r D E L X r  I B E G ,  EMqNCr NT 1 r N X r R E N U r  N D r P S T * D R (  8 )  r f  ( 2 0 0 )  e I A 9 

COMMON / B L K 3 /  XSP ( 7 J  9 X T r  XTC , SCP r R  K S r  RKSC r R K S L  r SUERRX( 81 c H S O  r X S l  
COMMON / B L K 4 /  

COMMCN / U L K 5 /  

X S  ( 5 0 0  J 9HKSX (300 J r LS (300 J r K S  (300 Jr S f S ( 3 0 0  J r T h  E T A S (  30 

P I  ( 7  915 1 t 2 I (  7r l 5 ) r Y  1 ( 7 1  1 5 1 r R I  CL 7,151 r L  I C (  79 15 1 r Y I C  1 7  

SF C ( 7 J 9 P O  ( 7  J 9 20 ( I J r PO I 7 J T J O (  7 ) r  T H E T A 3 4  7 )  9 AHOSOL 7 J r MS 

A 12 

1 4  A 

CCJMMOh / t i L K b /  A L6 

COMMON / B L K 7 /  S\ ( 7 p 15 J ,  P I  (7 ,151 eR H I  ( 7 9  15 J r  UI ( 7 r 1 5 )  r MSI ( 79 1 5 )  r V I  ( 7 r A 18  

I F  I I P o E U . 2 J  bC TO 3 a 27 
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C 
C 
C 

C 
C 
C 
C 
C 
C 

C 
C 
i 
C 
C 
C 
C 
C 

I 

C 
C 
L 
C 
L 
i 
C 
C 

G 
C 

I C 

S U b H U U T I h E  I N I T I P L  

T H I S  R U u T I h t  I N I T I A L I L E S  s U A N T I T I f S  P L L S  U t f I N E S  C O N S T A h T S  

R t AL 
COMMLIFJ 

M I N b  t M S IN2 9 M S  9 M S 0 9 MS I 

1 9 S D R X I N T t  Rr( dN, AEb 9 AB€! 9P 1, k P A  v H P d  

1 P  

/ b L K l /  G A M v M I N F  p X I  N I  T A L ,  L1 N I T  AL v R I h I T A L  t T  H E l A  IN, bF I N  I T L  r L  vN 

LOMMGh / b L K 2 /  I T 9 OELX 9 I BEb 9 EM p NC 9 NT 1 9 FJX 9 RENL, i l D s  P b T  9 UR L M )  9 F I LOO4 t I 

CCHMCFJ / B L K ~ /  X S P ( ~ ) ~ ~ T , X T C ~ S C P , R K S ~ R ~ S ~ , R K S ~ , S ~ E R R ~ ~ ~ ) , ~ S G , ~ S ~  
I P = l  
MINF=10.  
GAM= 1. Y 

L I N  I TAL=O. 0 

T h E T A I  h=1.57C 756326d 

I t jEb=O 
NT 1= 1 5  

N X = 7  
SDGXINT=O.  
DEL%= . 015 
EM=. 0001 

X I  I\( I T A L=O 0 

HIh I TAL=O e 0  

~ F ~ ~ ~ I T L = o . o  

REhU-1.5 

MIhF IS T H E  F R E E  S T R E A M  MACH NUMBER;GPM=RATId  Of- S P E C I F I C  h E A T S  
U E L X = I N I T I A L  ARC L E N G T H  I h C R M E N T ; N T l = N U H d E R  L ) f  P O I N T S  T H K U  F L O N  
F I E L D  FOH hUHtjER OF K A I S ( N X - l ) N U R Y A L  TO S h O C K ; R E N U = R A O i L S  OF SHOCK 
WHERE CGMPLTAT ICMb STOP; EM=CONVtP(*EhCE C R I  T E K I  ON 

THH=70, 
T H H = 0 1 0 1 7 4 5 3 2 9 2 5 2 * T H ~  
H P d t l .  
H P A = H P B / T A N  T H h  1 
A b A z 4 .  
ABB= 10 
P'L=1.0 
R K t r N = l .  
H K B = P l  
HUS=KKB 

H K B  IS R A U I U S  OF CURVATURE Of- dOOY. FCIR S P H E R I C A L  N O S E v R K t l  Ecl 'JALS 
R A O I b S  OF S P H E R E ( K K B N 4 .  F O R  P A K A d O L A w R K B  E U L A L S  O I S T A N C E  FRCM 
FOCUS T O  D I R E C T R I X ( P 1 )  FOR E L L I P S E v R K B  E C U A L S  M I N O R  A X I S  S c U A H E G  
R A T I O E D  TL MAJclR A X I S  ( A B B * * L / A d A )  FOR H Y P E R a O L A v R K B  E U L A L S  M I N O R  
AbYMPTOTE S 4 J A R E U  R A T I O E D  TO MAJOR A S Y M P T O T E ( H P B * * L / H P A ) . T H H  E C U A L  
5 H A L F  A h b L E  OF hYPERE!OLA.NUTE...MAJOR R E F E R S  TO L E N G T H  P A R A L L E L  
TO ONCOMING STREAk.  

L=3 

I F  L E Q U A L S  1 9  T h E  COHPbTEC R A D I U S  OF C U R V A T U k E  OF SPHERE k I L L  B E  
S C A L I N b  PARAMETER. I F  L E Q U A L S  LITHE COMPUTED MAJOR A X I S  OF E L L I P S  
E WILL BE S C A L I h G  PARAMETER. I F  L E G U A L S  TO 3 ,THE LOMPUTEC D I S T A F t C  

I F  L E Q U A L S  4.THE COMPUTED MAJOR ASYMPTOTE CF H Y P E K B U L A  VlILL BE 
S C A L I N G  P A R A H E T € R *  

E FROM FGCLS T O  C l R E C T R i X  OF P A R A d O C A  n t L L  &E S C A L I N G  P A R A N E T E R -  

N= 1 

I F  N = l ,  THE BODY IS A X I S Y M M E T R I C .  I F  N=O, TkE 60DY IS 2-0. 

k E T U K N  
€ hO 

B 1  
B Z  
B 3  
a 4  
6 5  
B 6  
8 7  
B 8  
e 9  
t3 10 

d 1L 
B 13 

d 15 
d 16 
t3 17 

d 19 

a 11 

a 14 

a 18 

a z o  
a 2 1  

a 23 
B 22 

B 24 
0 25 
B 26 

B 28 
B 2 Y  
t) 30 
d 31 
B 32 
d 33 
B 34 
B 3 5  

d 37 
8 3 0  
B 39 
B 40 
B 4 1  
B 42 
8 4 3  

t3 45 
8 44 
e 4 7  

a 2 7  

a 36 

n 4 4  

a 4 8  
a 49 
a 50 
B 5 1  
tj 52 
B 5 3  

tj 5 5  
d 5b 
d 57 
B 58 
B 59  
B 60 
B 6 1  
B t 2  
a 6 3  

a 54  

a 66 
a 65-  

I 
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3 

SUBROUT I h E  S AOCURV 

T H I S  R O U T l h E  CCMPUTES T I - €  SHOCK R A D I L S  UF Cl rKVATURE A S  F U N C T I C N  OF 

X S t S H U C K  ARC L E h G T k  
X. R K S l  I S  THE S T A G N A T I C N  P O I N T  VALUE. RKSX I S  V A L U E  A L J N G  SHGCK. 

COMMON / B L K A /  GAHr MINFr X I N I T A L ,  ZI N I T A L  r R I N I T A L  r T H E T A 1 N r  SF 1 N I T L . L  r N  

CLHMON / b L K 2 /  I T , D € L X r I B E G r E M r N C r N T A  r i X X r R E N C r  t V U r P b T r D R I  8) r f  ( L O O )  9 I 

COMMON / B L K 3 /  XSP(  7 ) r X T r X T C r S C P r K K S r R K S C r R K S l r S ~ E R R X ~ 8 ~  , H S C r X S A  
COMMClrr / b L K 4 /  X S ~ ~ 0 0 1 ~ R K S X ~ ~ 0 0 ~ ~ L S ~ 3 0 0 ~ r R S ~ 3 0 0 b ~ S f S ~ 3 0 0 ~ r T h E T A ~ ~ 3 0  

l ~ S D K X I ~ T r R K B N r P @ P r A B O , P l r h P A , H P B  

1 P  

1 0 1 , U S ( 3 0 G ) r P S (  3001 r R t i O S ( 3 0 0 J  rMS(3001 r V S ( 3 0 0 )  
X S t  1) = X I I v I T A L  

RKSX ( 1  b =CKS 
R K  S 1 =RkS 
SDERRX 4 1) =S DRX I NT 
N T 3 1 2 0 0  
GO T C  2 
R K S l = R K S C  
hKSX I1 l = R K S  1 
NT3=NC 
DO 3 I = Z r N T 3  
Jz1-A 
X S I  I ) = X S L J ) + D E L X  
R K S X (  I )=RKSl+O.S*SOERRX(  I T  )*XS t I )  **2 
C O N T I N U E  
RETURN 
E N D  

1F ( IT .GT.11  G O  TO 1 

c 1  
c 2  
c 3  
c 4  
c 5  
C 6  
c 7  
C 8  
c 9  
c 10 
C A1 
c 12 
C 13 
C 1 4  
c 15 
C 16 
C 17 
C 18 
c 19 
c 20 
c 21  
c 22 
C 23 
C 2 4  
c 25  
C 26 
c 27  
C 28 
C 29 
C 30- 

S b B R O U T I h E  S C N I C  0 1  
C c 2  
C T H I S  R O U T I h E  CCPFUTES SHOCK PRUPEKT I E b  1N S L B S O N I C  R E G I C N  b I v T I L  0 3  
c L I M I T I N G  SHUCK MACH NUMBER IS COMPUTED. 0 4  

C NORMAL RhOS=SHCCK DENS I TY MS=SHOCK M A C  h NUMeE Ha D 6  
C 0 7  

CLiMMON / b L K  1/ GAM. MIIYF, X I N  I T A L r Z  I N I  T A L  r R I h I T A L  * T H E T A I N *  SF I h  I T L  r L  r N  0 9 

CUMMON / B L K L /  I T ~ U ~ L X ~ I ~ E G ~ E M ~ N C ~ N T ~ ~ N X ~ ~ E N ~ ~ I ~ ~ ~ P S T ~ ~ R ~ B )  rF(200)rI D 11 

C PS=SHOCK PRESSbKE,US=SHCCK V E L O C I T Y ( T A N G E ~ T I A L ) , L S I S H O C K  V E L O C I T h I  D 5 

R E A L  M I  Ne r CCS I Nu2 r MS r PSC r C S  1 ~a 

1 9 S O R X I  N T  r WKMN r P8 A 9 AE?B r P i  r H P A r  H P B  0 10  

1 P  D 12 
CUMMON / B L K 3 /  X S P (  7 )  rXTrXTCrSCPrRkSrRKSCrRKS1 r S O E R R X I 8 )  r H S O r X S 1  0 13 
COMMON / B L K 4 /  X S  (300) 9 R K S X ( 3 O O I  t Z S  ( 3 0 0 )  t R S ( 3 0 0 b  r SFS( 300) r T H E T A S t 3 0  D 14 
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1 

2 

3 

4 

5 

6 

7 

8 

9 

C 
C 
C 
10 

10) US( 300) 9 P S (  300 J *RHOS( 3 0 0 )  rMS(3001 V S  L 3 0 0 )  
BL=( (GAH+l .  J*MItVF)**2 
D L = 4 . * b A M * ( M l ~ F * * 2 ) - ~ . * ( ~ A M - l . )  

THETAS( 1I =THETAIh  
bLU= (ML/C L I ** ( C A P /  (GAM-1 0 J I 

PKATr2 .O/ (GAM+l.O ) 
RAT= (GAM-l .OI /  (bAM+l  e 0 1  
GAMML=l .O / (~AM*MIhF**21  
IF ( I T . G T . 1 )  cF TO 7 
00 1 I = 1 * 7  
f- ( I  ) =l.O/HKSX 1 I 
CONTINUE 
CALL I N 1 6  1 7 * 0 E L X * F * B J  
"= 1 
Y H = 7  
GO TO 4 
hr N=M M + 1 
MM=MH+2 
DU 3 I = l rM(C 
t(ll=l.O/KKSKIII 
CONT INUE 
CALL I N 1 6  LWHIOELXIF*BI  
I)U 5 I t N h r P H  
THETAS(  I b =THETAS t 1 I-F ( I ) 
US( I )=COS( THETAS( I )  1 
US(  1) =o.o 
M S I N 2 =  ( M I N F * S I  h l  T H E 1  A S l 1  J 1 J**2 
P S ( I  I = ( P G A T *  ( S I N  ( T H t T A S  I I )  1 ) * * 2  )-GAMH2+RAT 
RHOS ( I  )=  L b P P + l . O  ) /  ( ( GAM-1.0 I + ( L . O / H S  I N 2 J  ) 
V S L I j = ( 1 /RHOS ( I ) J *S 1 N ( T h E  T A S  ( I ) 1 
A S = S ~ R T ( U A M * P S (  I J / R k O S (  I J )  
MSLI ) = [ S O A T  ( i d s (  I ) * * 2 ) + V S (  I J* *21 )  / A S  
I F  (MS(II.GT.1.3) GU TO 6 
CONTI NU€ 
GO T O  L 
NC=I 
GO TO 10 
DO 8 ItlrhC 
F (  I ) = l . O / R K S X (  I )  
CONTINUE 
CALL I N T C  ( N C * D E L X * F * & I  
DO 9 I s l r N C  
THETAS4 I = T H E  T A S  4 1 J-F 4 I 
U S L I ) = C O S ( T h E l A S ( I I )  
LS( 1jrO.O 
M S I N 2 = ( M I N f * S I ~ ( T h E T A S ( I ) ) ) * * Z  
PS( I J = IPRAT* ( S I  k (THETAS ( 1  1 J ) **2 I - G A M P Z  *HAT 

V S (  I I =(  l./RHOS ( I I *S I NLTHETAS ( I  J )  
AS= SQRT ( LAM *P S ( I 1 /RPU S ( I 1 
M S L I ) = ( S U K T ( ( U S (  II**ZJ+VS(I ) * * 2 J ) / A S  
CONT INLIE 
P S T = P S (  1) *BLD 

RHOS( I ) = L  G A M * l  . O ) /  ( ( C A M - l o O I + I  2 * 0 / M S  IhLJ J 

PST I S  W D V  STACNATIGN POINT PRESSURE. 

RETURN 
EN0 

D 15 
D 16 
0 1 7  
D 18 
D 19 
D 20 
D 2 1  
0 2 2  
D 2 3  
D 2 4  
D 2 5  
0 2 6  
0 27 
D 28 
D 2 9  
D 30 
D 31 
D 32 
0 33 
D 3 4  
D 35 
0 36 
c 37 
D 38 
0 3 9  
0 40  
0 4 1  
D 42 
D 43 
D 4 4  
0 45 
D 46 
3 47 
D 48 
0 49  
0 50 
D 5 1  
D 5 2  
D 53  
D 5 4  
0 55 
D 56 
D 5 7  
D 58 
D 5 9  
D 6 0  
D 6 1  
0 6 2  
0 t 3  
D 6 4  
0 6 5  
0 66 
D 6 7  
D 68 
0 6 9  
D 7 0  
D 7 1  
D 72- 
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APPENDIX B - Continued 

S U B R U U T I h E  I N T 6  ( h T * l J E L , F t B J  

SUtlROUTIhE SUIjGEP 

T H I S  R O L T I h E  COPPUTES SHOCK ~ E O H E T R Y I S T K E A M  f U N C T I 3 N  A T  S H O C K r A N D  

RSsRAOf AL COMPONENT* L S z A X I A L  C O M P O N E h T r S F S = S T K E A H  F L J N C T I J N  AT SHOC 
K .  A L L  L E N G T H S  PRE H E A S U R E U  FROM SHOCK. 

DIVIOES SUt3SCINIC R E 6 I O N  I N T O  EQUAL S E G P E h T S ( X S P L 1 ) I  

COMMON /aLK 1/ G A P *  HI NF* X I  N I T A L v L I  h I  T A L  rRIN1 T A L  ,THETAIN,SF I N I T L I L I N  
1 ~ S D R X I N T I H K E N I  A€!A*AB8rP l rhPA,HPd 

1 P  
COMHOIV / B L K 2 /  I T ~ D E L ~ ~ I B E Z ~ E H ~ N L ~ N T l ~ N X ~ R E N C ~ ~ ~ ~ ~ P S T ~ D R ~ ~ 1  *F(ZOO)* I 

COMMON 
CCMMCN / b L K 4 /  XS 1300) 9 R K S X  ( 3 0 0 )  rLS(300J rRS(300) SF S130O) T H E T A S (  30 

/ t i L K 3 /  X S P  ( 7)s X i  (XTC,  SCP * R K S  r R K S C  9 R K S l r  S D E R K X l 8 1  * H S C  t X S l  

101 v U S ( 3 0 0 )  P S ( 3 0 0 )  ,RHOS (3001 r HS 1300) rVS(300 J 
H S ( l ) = R I h I T A L  
L S L l ) = L I h I T A L  
X S (  1 ) = X I h I T A L  
S f S l  l ) = S F I h I T L  
w 1 I = l * l \ r C  
F ( I ) = C O S ( T H E T A S I I J J  
CUNT I N U E  
C A L L  I N T 6  ( N C * L E L X , f  c d l  
DO L I = Z * N C  
Z S ( 1  J=LSL 1 J + F (  I J 
C O h T  I N U E  

F (  I l = S I h u l  T H E T A S ( 1  i b 
DO 3 I x l r N C  

E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
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 
Y 

10 
11 
12 
13 
14 
15 
16 
17 
Ad 
19 
2 0  
21 
22 
23 
24 
25 
26 
2 7  
28 
29 
30- 

F 1  
F 2  
F 3  
F 4  
F 5  
F b  
F 7  
f a  
f 9  
F 10 
F 11 
F 12 
F 13 
F 1 4  
F 1 5  
F 16 
F 17 
F 1 8  
F 19 
F LO 
F 2 1  
F 22 
f 23 
F 24 
F 25  
f 2 6  
f 2 7  

1 

~ 

1 
1 

25 



APPENDIX B - Continued 

3 C O N T I N U E  
C A L L  I N T t  ( h C , O E L X I F * B )  
DO 4 I = 2 i h C  
RSI i I = R S (  11 + F (  I) 
SFS( I)=((O.Sl**k)*RS( I )** (  1 + N )  

I F  ( I T . G T - 1 1  G O  TO 5 
XT=X S ( NC1 
xs 11 XT 
D X S P = X T /  I K X - 1 J  
Go TO 6 

0 XSP'X T / I NX- 11 

x S P I I 1 = ( 1 - l ) * D X S P  

RETUKIv 
E h D  

4 CON1 I NbE 

5 XT=XTC 

0 DO 7 I = l r N A  

7 CGNT I N b E  

S U B R O U T I h E  SUdPRCP 

F 28 
F 29 
F 30 
F 3 1  
F 32 
f 3 3  
F 34 
F 35  
F 36 
F 3 7  
F 3 8  
F 39 
F 40 
F 41  
F 42 
F 4 3  
f 44 
F 45- 

G 1  
G 2  
G 3  
G 4  
G S  
G 6  
i i 7  
G d  
G 9  
G 10 
G 11 
G 12 
G 13 
G 14 
G 1 5  
G 16 
G 17 
G 18 
G 19 
G 20 
G 21 
G 22 
G 23 
G 24 
G 25 
I; 26 
G 2 7  
G 28 
G 29 
G 30 
G 31 
G 32 
G 33- 

SbbRULiT I N E  PRESLGC H I  
C H Z  
C T H I S  R D U T I h E  CCPPCITES T b E  PRESSURE(  A T  E A i h  XSP V A L U E J A L J N G  R A Y S  H 3  

C EO B Y  S.H.PASLEh A C C O U N T I N G  FOR T H E  C E N T R I F L G A L  AND K E C C H P R E S S I C N  H 5 
C E f  F E C T S .  H .6 
C H 7  

C EtORHAA TO SHOCK. THE PRESSURE E U U A T I O N  I S  A h  A P P R U X I H A T I C h  D E V E L O P  H 4 



APPENDIX B - Continued 

COMMON / B L K  1/ GAM 9 H I N F ,  X I N I  T A A r L  I N I  T A L  

I T  r D E L X ,  I BEG, EMtNC,  NT 1 rNX r R E N C t  NDc P S I  t DR ( 8 )  r F (200) 9 I 

L IC L 7 r 15 1 9  Y IC ( 7 

R I  h l  T A L  9 T H E T A  I N 9  S F  IN I T L  r L hc 
1 r SURX I NT r RKBN r P e  P 9 A@ 8 

1 P  

A r  15)  r R W 4 C e Z S T r  E 4 (  8 1 9  T H B (  50)  

l o (  7 J y RKO 4 7) 9 OELSY 4 7 )  9 RKOC ( 7 )  ,ROC( 7 1 r L U C  ( 71 r b t l  L 7) 

P l  9 k P A ,  H P B  
CCHMON / b L K L /  

COMMON / B  L K  5 /  R I 17 15  ) 9 L I 1 79 1 5  J 9 Y I ( 7 9 15 ) t R 1  C 4 7 9 15  

COMMON / B L K 6 /  S F  CA 7 J  9 R O 1 7 )  * L U ( 7  J r P O 4 7  1 r U O ( 7 )  9 THET A 0  L 7 b t  R H C S O ( 7  J c M S  

SI ( 7  915 1 , P I  (7915  1 t R H I  ( 7815 ),U I L 7 r  1 5 )  r M S I  ( 7 9  15 1 r V I  ( 7 r COMMON / B L K 7 /  

DO 2 I X 2 r N X  

00 1 J = l r N T l  
SY ( I t J ) = S F O (  I ) - J * D E L S Y ( I  
P I L I  p J ) = P O L  I)+IUC(I)/ l R K O (  I )*(Rot I J * * N )  1 ) * ( $ B Y  1 1, J I - S f O (  1) J - ( (  SFU( I 

115)  

D E L S Y t  I)=SFOLI J / h T l  

1 ) *VO ( I 1 * T A N  ( T h E  T AG L I ) / ( R O  L I 1 **N) ) * ( ( 1 . / RKO L I 1 ) + ( C O S  t T H E T  LO ( I I ) /RO 
24 I J )  J ) * 1  I ( S Y (  1 ,  J ) * * Z ) - S F O ( I  )**L)/ ti'.*( S F a (  I1**2) 1 J 

1 C O N T I N U E  
2 CONT I N U E  

RE TURN 
END 

S l r B R O U T I h E  P R G F L G C  
C 
C T H I S  K O U T I h E  C C P F U T E S  T k E  P R O P E K T I  E S ( C E N S I T Y = R H I r T A N b E N l I A L  V E A O C I  
C T Y = U I , N O R H A L  V E L O C I T Y = V I t A N D  MACH h U H B E R = M S I ) A L O N G  R A Y S  N O R P A L  TG 
C SHCCK A T  X S P  V P L U E S o A N  P P P R O X I N A T I C N  TC NORMAL V E L O C I T Y  I S  USED. 
C 

R E A L  
COMMON / d L K  1/ 

M I N F  r HS I N 2  r CS ~ P S U I  HS I 

1 9 S DR X I N  T r h K B N  r b e  A r A B B  r P 1 r HP A 9 H P B  

1 P  

G A M  , M I  N F  r X  I N I T  A L r  L I N I  T A L  9 R I h 1 T A L  * T H E T A  IN, S F  I N  I T L  r L 9 N 

I T  ~ D E L X I I ~ E G , E M ~ N C S  N T 1  r N X r R E N C p  N C r P S T r D R ( d )  , f  (200 )  r I CUMPIOF( / b L K 2 /  

COMMON / B L K 3 /  XSPL7),~T~XTC,SCPrRKSIRKSC,RKSC,RKSl,SDERR~(~),tiSOrXSl 
CGMMON / B L K 4 /  X S ( 3 0 0 )  r R K S X ( 3 0 0 )  *LS(300) v R S L 3 0 0 )  pSFS(3OO) ~ T h E T A S ( 3 0  

COMMON /BLK5/ R I ~ 7 ~ 1 5 ~ ~ 2 1 ~ 7 r 1 5 ~ ~ ~ I o , R 1 C ( 7 r l S ) r L I C ~ 7 ~ 1 5 1 ~ ~ ~ C ~ 1 r 1 5 1 r Y 1 C ~ 7  

CUMMON / B L K 6 /  S F C (  7 )  t RO ( 7 ) r L O t  71  9 P O ( 7 )  rUO 1 7 J  9 THETAOL 7 )  r R H C S C L 7 )  r M S  

CGMMUN / B L K  7 /  Sk I 7  9 1 5 )  * P I  t 7 9 15) ( * H I  1 7  9 15) rU I ( 7 , 1 5 1  M S I  ( 7  r 15 ) r V I t 7 9  

1 O I ~ l i S ~ 3 0 0 ~ r P S L 3 0 0 ~ r R H O S ~ 3 0 0 ~ ~ M S ~ 3 0 0 ~ ~ V S ~ 3 0 0 ~  

1915) r K W 4 C 9  Z S T Y  E 4 L 8  ) r  T H E (  50 I 

101 7 )  t R K O ( 7 )  9 DELSY ( 7 )  9 R K O C 1 7 ) t R U C (  7 ) r  L O C (  7 ) r b c l l 7 )  

A12) 
P R I  T = 2 o O + G A M / I  GAM- 1.0 1 
H S O = ( 4  .*GAY / (  LGAM+1 1 **2) + (  1 ( G A M - I  b /  A G A M + l  ) )**LJ + L o  / (  L GAM-1-  ) * M  

1 I N F * * 2 )  
DG 3 I = Z r N X  
DO 2 J - l r N f l  
w=sy ( 1 t J )  
C A L L  t T A L P  L kr BP r2 ( N C  rSFS9 RHCS)  
C A L L  F T L l i P  ( W y C P t Z r N C r S F S t P S )  

P R H E = P I ( I r J J / R H I L I r J )  

VI(IrJI=VO(Il*(k/SFC(lJ) 
U I  ( 1  r J I = S U R T ( n S C - ~ R I T * P R ~ E - V I ( I r J  ) * * 2 )  
GO T O  2 
V I (  1 9  J ) = V O ( I  ) * (  ( l . - ( Y  I ( I  , J ) / Y  I (  11 N T A  I )  ) * * l e 1 1  * (  A o / L  10-1 Y 1  ( 1  r J ) / A K G  

RHI ( 1 9  J ) s B P * ( P I (  I , J ) / C P J * * ( l . O / b A M )  

I F  ( 1 P o E C . Z )  GC T G  1 

1 
A( 1 ) )  J )  
Ir I 4 1 , J 1 =S CHT (HSCI-PRIT *PRkE-V I ( I 
AESSc lRT t  b A P * P  I 4 I r J ) /RHI ( I r J )  ) 

J I **2 ) 

H t l  
H 9  
H 10 
H 11 
H 12 
H 13 
H 14 
H 1 5  
H 16  
H 1 7  
H 18 
H 19 
H 20 
H 21 
H 22 
H 23 
H 2 4  
H 25 

H 27 
H 28- 

ti 26 

I 1  
I 2  
I 3  
I 4  
I 5  
I 6  
1 7  
1 8  
I 9  
I 10 
I 11 
I 12 
I 13 
I 14 
L 1 5  
I 16 
I 1 7  
I 18 
I 1 9  
I 2 0  
I 21 
I 22 
I 23 
I 24 
I 25 
I 26 
I 2 7  
I 28  
I 29 
I 30 
I 31  
I 32 
I 33 
I 34 
I 35 
I 36 
I 3 7  
I 38 

27 



APPENDIX B - Continued 

1 

2 
3 

I 4 
5 

C 
C 
C 
c 

S U b R O U T I N E  GIP 

T H I S  R U U T I h E  COMPbTES THE FLOW F I E L O  C C O ~ D I h A T E S . Y I r N O R H A L  CUYPChE 
NT;  H I z R A C  I A L  CCHPCNENT; L I = A X I L  CUHPONEhT .ALL L E N G T H S  YEASUR ED FROM 
ShOCK. 

COMMOk /8 LK 1 / 

CLIMHON / B L U 2 /  

COMMON / B L K 5 /  

COMMON / L ) L K 6 /  

COMMON / t lLK7/  

DO 5 I = Z r N X  
S=-DELSY i I ) 
F (  1) =l.O/ ( R H O S C i  I 1  *UO I 11 1 
00 1 J = l * N T l  
K=J+ 1 

CON1 I k U E  
hT 2= NT 1 + 1 

GAP h 
1 9 SORA1 NT 9 R K  BN9 bE A 

I T  r D E L X  9 I B E G r  E M v N C I  NT 1 ~ F ~ X I R E N L I  NO9 P S T  r OR ( 81 r F ( 2 0 0 )  9 I 
1P 

R I  1 7 9 1 5 )  9 ZI ( 7 9  15) r Y  I ( 7  9151 r R I C l 7 9  15) t L I C ( 7 9  1 5 )  r Y IC ( 7  
1 v 151 9 Rw4C 9 Z S T r  E 4  ( 8  h e  THBL 50 1 

S F C (  71 P R O  4 71 9 LO( 7 )  r PC ( 7 1  r UC ( 7  ) 9 ThET A 0  ( 7 )  r RHGSG( 7 J r PS 
lO(7)rRKOL l)rDELSI(71,~KOC(7)rR~CI71 .ZOC(7)rLOI?) 

S Y  ( 7  9 1 5 )  * P I  ( 7 9  1 5 1  r R H I  4 7 9 15) r U 1  L 7 915 )  H S I  I 7 9  15 I 9  V I  I 7 r  
1 13) 

M I  N F  9 X I  N 1  T A L  9 L I N I T b L  r R I h I 1 A L 9 T H E T A  I N  
AB d 9 P 1 9  h P A 9  HP8 

SF I (r( 1 T L 9 L 

FLK)~l.O/(RHI(IrJ)*~ILIIJI) 

C A L L  I N 1 6  I h T 2 r S * F * B h  
DO 4 J ~ l r N T l  
K = l + J  
I F  LN.EO.0) GO T C  2 
V I (  1 9  J ) = I K O  1 1 )  / C C S L T h E T A O (  I 1  1 )*L 1.O-Sc)RTI 1.0+ (2.O*COS( T H E T b C (  11) / R  

1 0 ( I J * * 2 1 * F I K ) J 1  
GO T U  3 
Y I  ( I  r J ) = - F ( K I  
K I ( I 
R P = R O ( I ) - H I  I I s  J) 

J )=RO( I ) - 1  I ( I CJ 1 *CCS ( T H E T A O I  I 1 ) 

SI G M A r  1- 5 7 0 7 5 6 3 2  6 8 - T H E T A C  ( I ) 
LA =R P /  L T A h t 5 I G C  A ) 
L I ( I * J 1 = L O I I ) + Z l  
CCNT I N U E  
C O N 1  I NUE 
RETURN 
E NO 

I 3 9  
I 4 0  
1 4 1  
I 4 2  
I 43- 

J 1  
J 2  
J 3  
J 4  
J 5  
J 6  
J 7  
J 8  
J 9  
J 10  
J 11 
J 12 
J 13 
J 14 
J 1 5  
J 16 
J 1 7  
J 1 8  
J 19 
J 20 
J 2 1  
J 2 2  
J 23 
J 24  
J 2 5  
J 26 
J 2 1  
J 2 8  
J 29 
J 30 
J 3 1  
J 32 
J 33 
J 3 4  
J 35 
J 36 
J 37  
J 3 8  
J 39 
J 40 
J 41- 

S U B R C U T I h E  BAGCURV K 1  
K 2  

T H I S  S U B R O b T I N E  COMPUTES THE S C A L I N G  P A R A C E T i i K  FOR THE F L C k  BY K 3  
K 4  

R A T I O I N C  T h E  P E R T I N E N T  COMPUTED O I M E h S I C h  TC THE KNUrJN CIHENSION K 5 
I( 6 
K 7  

COMMON / B L K  A /  Gb C 9 M I NF X 1 N I T A L  r ZI N I  T AL r R I h 1 T A L  THE1 A I N  9 SF I N  I T L  e L 9 N 
l r  SDRXINTIRKBNI b @ A r  ABBr  P l r  H P A r H P B  
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C 
C 
C 
C 

1 

C 
C 
C 

2 

C 
C 
C 

3 

i 
i 
C 

4 

C 
C 
C 

5 

CGMMCN / B L K Z /  I T r G E L X , I B E C r E H ~ N C , N T l ~ N X r R E N C , N D , P S T , D R (  € 1  r F  (200)  P I  K 8 
1P K Y  

COMMON / B L K 3 /  XS P L  7 )  XT, XTCr SCPp R K S r  RK S C r R K S l  * SDERRXL 8 1 rHS0 , X S  1 K 10 
COMMON / B L K  5 /  11 

1 ~ 1 5 )  rAW4C r L S T * E 4 ( 6 J r  T H B L 5 0 J  K 12 
K 1 3  

R I  L 7 e1 5 ) e L I L 7 1 5 )  r Y  I L 7 r 15  1 t R I C 4 7 r 15 ) 9 Z I C  L 7 r 15 ) r Y IC I 7 K 

I F  N X = 4  C C h T R O L  P G I N T S  2 AND 3 MUST BE LSEDoIF N X = 7 r  CONTROL F O I h T  K 14 
S 3 AND 5 RECCWCENOED 

u=3 
J= 5 
60 T O  ( 3 r Z r l r 4 ) r  L 
R Z = L R I  LKrNTl1**2 I - R I  L J rh lT lJ * *Z  
L2 32 I [ K, h T  1 J -Z  I L J NT 1 I 
P=Oo 5 * L R 2 / Z  2) 

P1 IS THE K h C w N  C I S T A N C E  FROM FOCLS TL O I P E C T R I X  OF PARABOLA,  

sc P= P / P 1 
(io T O  5 
C = L R I  L Jr h T 1  ) **2 ) - A I  L K  r NT 1) **2 
8= I L I L J r N 1 1 ) ** 2 J-L I 4 K , N T  1 ) **2 
A = ~ . * ( L I ( J I ~ T ~ ) - Z I ( K ~ N T ~ ) )  
E = B / A  
D=C/A 

C l = L A B 8 * * 4 ) / I W * 2  
C 2 = (  2 . /A@t)+*2)  *G*O+L i R I  ( K  r N T 1 ) * * 2  I /  L At)B**2)  )-1 
C 3 = C l * C L  
C 4=L A&B**  4 ) * 4 ( G / C * * Z  I 
AX=(-C3+SblR T [ { C 3 * * 2  )-4. * C 4 )  I / 2 ,  
ABC= S U R 1  t AX) 

G = E - Z I  ( K v N T l )  

ABA IS A X I S  OF k h c k h  E L L I P S E  P A R A L L E L  T C  F L C d  

HPA IS A X I S  OF K h L n N  H Y P E K B C L A  P A K A L L E L  T C  FLOW 

SCP= HY / H P A  
R E T U R N  
END 

K 15  
K 16 
K 17 
K 18 
K 19 
I< 20 
r( 2 1  
K 22 
K 23 
K 24 
K 25 
K 26 
K 27 
K 28 
K 29 
I< 30 
K 31 
K 32 
K 33 
K 34 
K 35 
K 36 
K 37 
K 38 
K 39 
K 4 0  
K 4 1  
K 42 
K 43  
I< 44 
K 45 
K 46 
K 47 
I< 48 
K 49 
K 5 0  
K 5 1  
K 52 
K 53  
K 54 
K 5 5  
K 56 
I( 5 7  
K 56 
K 59 
K 60 
K 61 
K c2 
K 63 
K 6 4  
K 65  
I< 66 
K 6 7  
K 68  
1< 69 
K 7 0  
K 7 1  
K 7 2  
u 13- 

29 
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C 
I C 

C 
~ C 

1 

I z 

3 

I 30 

S U d H O U T I h E  S C A L E  

T H I S  R O U T I h E  M O D I F I E S  ALA L I N E A R  D I H E h S I C N S  W I T H  S C A L I N G  PARAMETER 
I S C P ) .  

CdMnGN / 6LK 1/ 

COMMGN / B L K 2 /  I T e C E L X r  IBEGrEM,NC,i~TlrNX,RENC,NDIPSTrUR(61 r F ( L O 0 )  9 1  

COMMON / E L K 3 /  
COMMON / b L K 4 /  A S  (300) , R K S X ( 3 0 O )  r Z S L 3 0 0 j  r R S L 3 0 0 j r S F S L 3 0 0 ) r  T h E T A S L 3 0  

COMAON / b L K 5 /  R I  ( 7 9 1 5 )  t L I ( 7 9 1 5 )  ~ Y I ( 7 r 1 5 ~ t R I c ( 7 r l ~ ~ , ~ ~ c ( 7 ~  1 5 ) r Y I C (  1 

CUHKON / H L K b /  S f  C( 7 J  9 R O t 7 )  , i C I  I 1  r P C ( 7 k  r U O ( 7 )  9 T H E T A 9 4  7 )  r R H C S O (  71  9 M S  

G A Y  9 H I  N F X I N  I T  A L  p L I N I T  AL  R I N  I T A L  9 T H E T A I N  r SF I lu I T L  9 L N 
1 , S D R X I N T r R K B N r  PE!A,ABCI 9 P l r H P A t H P B  

1 P  
XSP ( 7 )  9 XT 9 XTC, SCP, RKS, R K S C t  RKS1,  SDEKRKL d )  t H S O  r X S A  

l O ) r U S 1 ~ 0 0 1 ~ P S ( 3 O O j t R H ~ S ~ 3 O O ~ ~ ~ S ( j O O ~ t V S ( ~ O O I  

1,151 , H ~ 4 C r Z S T , E 4 ( & J r T H B ( 5 0 )  

l o (  7) *RKO(  7 )  r D E L S Y  ( 7 )  ( R K O C  ( 7 1  ,ROC( 7 )  riLC( 7 )  rkO ( 7 )  
I F  I L . E u . L . O R * L . E C - ~ )  GO TO 1 
SCP=l .O/SCP 
RK SC=R K S  1* SC P 
00 2 I = 2 * N X  
R I C (  I , N T l )  = R I L  1 1  h T  1) *SCP 
LICL I r N T l j = L I (  I rFtT 1) *SCP 
Y I C (  1, N T 1  j = Y  I L I s  A T  1) *SCP 
LOCL I I = Z C ( I  j * S C P  
ROC ( I =RO 4 I 1  *SCP 
RKOC L I )=RKC 4 I I * S C P  
CLINT I N U E  
00 3 I = l r l u C  
X S (  1 h=XS(  I )  *SCP 
R S ( I  j = R S ( I ) * S C P  
ZSLI ) = i s (  I ) * S C P  
R K S X ( 1  J = H K S X L I  j * S C P  
C O N T I N U E  
RETURN 
E k D  

SbBROUT I k E  SOSCD 

T H I S  R O l b T I h E  COCPCTES THE S T A G N A T I C h - P C I N T  SHOCK STAND-OFF 
D I S T A N C E  ( L S T ) A h C  T H E  R E S P E C T I V E  BOUY A N G L E S ( T H 8 ) .  THt3 IS A A G L E  OF 
I N C L I N A T I O N  OF BODY SURFACE MITH L O N G I T L U I N A L  A X I S -  

COHHON / E L K  1/ GAP ,HI NF , X I N  I T  AA, LI N I T A L  t R  I &  I T  A L  ~ T H E T A I N I  SF I k  I T L I L  p N 

COMMON / B L K Z /  I T r U E L X ~ I ~ E G ~ E H ~ N C ~ N T l ~ N X ~ R E N C , N D I P S T , D R ~ 6 J ~ F ~ Z O O ~ ~ I  

COHHON /B L K 5 /  R I ( 7 9 15 Y I ( 7 t 1 5 ) v R I C L 7 9 15 1 9 L IC ( 7 t 15 j t Y IC ( 7  

1 9 S OR X I N T  9 RK & N r AB A 

1 P  

~ , ~ ~ ) ~ R W ~ C I L S T ~ E ~ ( ~ ) ~ T H B ~  

AB 8 9  P 1 9 H P  A 9 HP !i 

9 Z I 1 7 p 1 5  1 

I F  NX=4,COhTROL P G I N T  2 MUST B E  U S E U - I F  N X = 7 r C C N T R O L  P O I N T  3 RECC- 
MENDED. 

11 
12 
13 
14 
15 
16 
17 
L t r  
19 
L LO 
L 11 
L 12 
L 13 
L 14 
L 15  
L 16 
L 1 7  
A 18 
L 19  
L 20 
L 2 1  
L 22 
L 23 
L 24 
L 25 
L 26 
L 27 
L 28  
L 29 
L 30  
L 3 1  
L 32 
L 33 
L 34  
L 35- 

H 1  
H 2  

C 4  
H 5  
M 6  
H 7  
M a  
M 9  

M 1 1  
M 12 
H 13 

M 1 5  
M 16 
M 17 
M 18 

n 3  

n io 

n 14 

n 19 
n 20 
M 21 
M 2 2  
n 23 
M 24 
n 25 
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3 

4 

5 

M 26 
H 2 7  
M 28 
M 29 
M 3 0  
N 31 
M 3 2  
M 3 3  
M 34 
M 35 
H 3b 
N 37 
M 38 
H 39 
M 40 
H 4 1  
M 42 
H 43 
H 44- 

S U B R O U T I N E  R 4 E 4  N l  
N 2  

T H I S  A O U T I h E  CGMPbTES THE A N A L Y T I C A L  t lCCY R A d I b S  AT L A S T  BOUY POXN N 3 
T I N X t N T l )  h I T H  C C k P U T E D  L I C ( N X , N T L )  ANC L S T .  N 4  

A L S O  ERROR e E T k E E N  CCMPUTEU BOGY t R 1 C I h X r 1 q T l )  J A N D  A N A L Y T I C A L  N 5  
B O D Y L R W 4 C ) I S  L I E T E R M I N E D .  N 6  

N 7  

1, S D R X I N T  r H K B N 9  P@A 9 A B B r  P 1  r h P A  9 HPB N 9  

1 P  N 11 

1 915) 9HW4C 9 2 S T r  E 4  B 1 s  T H B (  50 J N 13 
GO TI) L 3 r Z i l r 4 1 r  L N 14 
R h 4 C = S Q R T  ( 2 o * P 1 *  (ZIC (NX, h T 1  J-ZSTJ ) N 1 5  
Gb T O  5 N 16 
b ~ ~ S u H T ( I A E A ~ * 2 ) - ( ( P ~ A + ~ S ~ ~ - ~ I C ( N X I N T 1 ~ 1 * * 2 ~  N 1 7  
R h 4 C = (  A b 6 / A B A ) * B 3  N l r 3  
GO T O  5 N 19 
83=4LI  C(h!!xr hTl)-(RKBN+ZST) )**2 N 20 
RW4C=SURT ( l R K t 3 h * * Z  1-83) N 2 1  
GO TO 5 N 2 2  
B3=SUKT 4 I ( I  I C (  NUX r h T l  I +HPA-LST **2 I - H P A * * L )  h .23 
R Y 4 C = ( h P B / h P A ) * E 3  N 2 4  
E I ( I T ~ = ( ( R I C ( N X ~ h T l J / R W 4 C ~ ~ 1 ~ ) * 1 0 0 .  N 2 5  
RETURN N 26 
ENU h 27 

COHH ON / b L K 1 / GAM 9 H I  N F  9 X I N I T A L  9 Z I N I T A L  9 HI h I T A L  p T Hk TA I N 9 SI- I h I T L c L 9 N N 8 

COMHCN / B L K 2 /  I T  r D E L X 9  I i5EG EH ,NL r N T 1  r NXeKEhrO, NO P S T  ,UR ( 8 )  r F ( L O O  J r I N 10 

COMMON / B L K 5 /  R I  ( 7 , 1 5 J 9 L 1 ( 7 9  151 v Y I (  7 9 1 5 )  rRIC( 1 , 1 5 1  , Z I C ( 7 r  1 5 )  r Y I C ( 7  N 12 

SUBKOUTIAE:  C O R R l  
C 

0 1  
0 2  

c T H I S  R C U T I h E  IS GSEC T O  CORRECT T h E  L E h t i T H  ALONb SHOCK TU S O N I C  0 3  
C R E G I O N ( X T C 1  I F  THE V A L U E  C F  SOEHRX I S  P O S I T I V E  F 3 R  THE P A R T I C U L A R  C 4 
C I T E R A T I O N ( 1 T ) .  0 5  
C 0 6  

COMMCN / B L K L /  IT r G E L X 9  I B E G r  EMINCI NT L r N X r R E N C ,  N D r  P S T e D R  L & J  r F  ( 2 C O )  I 0 7 

31 



APPENDIX B - Continued 

1 P  
CCMMON / B L K 3 /  
SDERRXZ=Oo 5 * S D E E  P A  L I  T J 

X S P  I 7 J  r XT e XTCr  S C P r  R K S t  KK SC eRKSL r S D E R R X i  8 J r H S G r  X S l  

R I G= SU EKRXZ /RK SC 
SHIC;=SuRT L R  1 G J 
XRK= ( X S l * R K S C I  / R K S  
XTC=SURT L l . O / R I G  J * T A N  f S R I  G*XRK) 
D E L K = X T C /  L h C - 1  J 
RETURN 
END 

0 8  
c 9  
0 10 
0 11 
0 12 
0 13 
0 14  
0 15 
0 16 
C 17- 

SUBRCiUTINE CORRZ P 1  
C P 2  
C T H I S  ROUTIF tE  IS USED TO C C R R t G T  T H E  L E h G T H  7 3  T H E  S O N I C  P O I N T t X T C I  P 3 
C IF SOERRX IS N E G A T I V E  FOR T H E  I T E R A T I O N ( 1 T ) .  P 4  
C P 5  

CGMHCN / B L K Z /  I T e C E L X r I B E G t E M r N C t N l l r F t X e R E N C r N U r P S T r D R ~ € J  rF(2OOIrI P 6 
1 P  P 7  

CCMHON / 8 L K 3 /  XSP L 7 I r X T  r X T C t  SCP t R K S  r RK SC r R K S L  9 SOERRXL 8 )  tH  SO r XSA F 8  
S D E R R X 2 x O -  5 * S D E E  RX t I T J P 9  
S R K S S = S b R T ( A B S  L S C E R R X 2  J /RKSC I P 10 
SRK SO* SORT 4 RK SC/ ABS( S D E R R X Z )  J P 11 
XRK= ( X S l * R K  S C I  / R K S  P 12 
E X P l = E X P  ( 2 * O * S R K  SS*XRK J P 13 
E X P N = E X P I - l . O  P 14 
E X P D t E X P l  +I  -0  P 15 
E X P U  =E X P N / E  XPD P 16 
XTC=SRKSC*EXPO P 17 
D E L X = X T C / I  h C - l J  P 18 
R E T U R N  P 19 
EFtO P 20 -  

S U W O U T  I N  E S DC OR R Q 1  
C 0 2  
C T H I S  R W T I h E  COMPUTES SDERRX I F  I T  IS GREATER T H A N  2 c 3  
C 0 4  

CUMHON / B L K 2 /  I T r O E L X r I ~ E G ~ E M r N C r N T l r ~ X r R E N C r N D t P S T ~ G R ~ 8 ~ r ~ L 2 O O J r I  Q 5 
1 P  C 6  

COMMON / B L K 3 /  XS P L 7 J 9 XT 9 XTC 9 SCP r R K S  r RKSC r R KS 1 9 SD ERRX t 8 J H S C  r X  S 1 0 7  
CCMMGN / B L K 5 /  R I  7 r  1 5  J r  2 1  L7r 1 5 J e Y 1 1 7 r  1 5 )  t R I C i  'It 15 J eZ1C t 7r 1 5 )  r tICt7 C 8 

0 9  
I T = I T + l  c 10 
I F  ( I T - E k o S J  SGERAXL 1 ) x S C E R R X L I J  i )  11 
IF L I T o E Q o 9 )  S C E R R X ( 2 ) ~ S D E A R X L B J  c 12 
I F  1 I T e E b - F )  E 4 1 1 J = E 4 ( 7 )  L) 13 
IF L I T o E Q o S J  E 4 ( 2 J = E 4 ( 8 J  Q 14 
I F  ( IT .EC.SJ I T x 3  Q 15  
SUEKRX(ITJ=SDERRXLIT-lJ-E4LIT-LJ4(SD€RRn( I l - l ) - S 3 E R R X L I T - 2 1  J / L E 4 ( I  0 16 

i T - A  J - E 4 1  I T - 2  J J 0 1 7  
RETURN 0 18 

1 ~ 1 5 )  r H 3 4 C  e L  S T r E 4  ( 8 )  e THB ( 5 0 )  

I END 0 19- 
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1 

L 

3 

4 

5 
6 

C 
7 

8 
9 

10 
11 

13 

14 
15 
l b  

SUBROUT I h E OUT Pb T 
R E A L  H I N F r C S I h Z r M S ~ M S O ~ M S I  
COMMCN / B L K Z /  

COMMON / t )LK 3 /  XSP 1 7) 
COMMON / B L K 5 /  

I T  r i r E L X 9  I B E G ,  E M p N C r  NT l r N X r & E N C e  NC;t P S T r  DR ( 8)  r F  (200 J r I 
1 P  

X T  XTC e SCP r A  K S  t RK SC r R K S l  r SDERUX I 8) r H  SC t X S 1  
R I  1 7  915 1 9 ZI ( 7 9 1 5 )  C Y  I ( 7  r L 5  )rUIC( 7 915 J t LIC( 79 1 S ) r  Y I C (  7 

RHOSO(  7 J r HS 
1 9 15) 9 R W G C r Z S T r  E 4 ( b ) r T H t 3 (  5 0 )  

1 0 ( 7 ) , R K 0 / 7 ) , O E L S 1 ( 7 J , R ~ O C I 7 )  9 R O L I  7)rZOCL7)rbD(7) 
COMMON / d L K 6 /  S f  G (  7 1 r I40 4 7 LO( 1 )  r P O (  7 1  r UO ( 7  1 9 T h E T  AD 1 7 )  

COMMON / B L K 7 /  

k R I T E  ( 6 9 7 )  R K S C r L S T  
k R I T E  1 6 r E )  P S T  
k R I T E  (699 )  
DO 1 I=ZrNX 
wR I T E 

S 1  L 7  915 I 9  P I  (7915) r R H I ( 7 r  1 5  1 rUI ( 7 9  1 5 ) r M S I  ( 7 9  1 5  J r V I (  7 r 
1 1 5 )  

( 6  9 10 ) A S P  ( I ) r  LUG i I 1 9 KUC ( I ) r L I C  ( I 9 NT 1 1 r 13 I C  ( I t N 11 ) 9 Y IC ( I t N T 1 ) 
1 t R K O C (  I ) 

C O N 1  I N U E  
H R I T E  ( 6 9 1 1 )  
DO 2 I = 2 r N X  
J=I- 1 

CCNT I NbE 
W R I T E  

00 6 I = Z r N X  
N R I T E  46.15) X S F ( 1 )  
I F  ( 1 - G T . 2 1  GO T C  3 
W H I T E  ( 6 r l i )  
DO 4 J = l r N T 1  
LdRITE (69 16 

H R I T E  (6.13) 
DO 5 J z l r h l l  
k U I T E  (6.14) Y I ( I , J ) t L I ( I ~ J ) , R I I I I J )  

(6r10) M S I  ( I r N T l ) 9 P O ( I  ) r U O (  1 ) r V U l I  )rRHUSO( t )  tHSO(1) r T I - 8 t  J) 

P I  ( I s  J) 9 R h I  ( I cJ ) p U I  f I r  J ) *  V I  I I e J1 9 MS1 I I t J)  e 5 1  I I r J )  
CON T I NUE 

CONT I N L E  
CCNT I N b E  
R E T b R N  

FCRHAT (/3%,2Zh S T A G  P T  SHK R A U  CUR = , E 1 1 . 4 , 5 X r 2 d H  S T A G  P T  CTAND 0 
1FF DIST S r E l l . 4 )  

FOHMAT L 3 X r 1 9 H B C C 1  S T A G  P T  P R E S S = r E 1 1 . 4 )  
FORMAT 4 / / 4 X r l O t - A R G  L E k G T H 9 3 X 9 1 S H S t l C C K  A X I A L  LOC93Xrl6HSHCCK R A G I A  

1 L  L D C r 3 X r 1 4 H t 3 O C Y  A X I A L  L O C r 3 X p 1 5 H t j O C Y  R A O I A L  L O C , 3 X r 1 5 H 8 J O Y  NORMAL 
Z L l l C 1 3 X r 2 0 h S h O C K  R A D I L S  O F  CLJRV) 

FURMAT I 3 X E  11 4 r S X E L  1-49 7 X E l 1 - 4 9 7  XE 1 1 . 4 1 6 X E l l  4 9  7 X E  11 .49 t )XE 11 - 4 )  
FOWMAT ( / / 4 X r l O k W A C H  NO ~ L ~ ~ X P ~ ~ ~ ~ S H U C K  P R E S S U d E , J X , 1 6 H T A h  ShK L E L @  

l C I T Y 9 3 X t l 6 t h O R  S t K  V E L O C I T Y r 3 X r 1 4 H S H G C K  D E N S I T Y s J X , l 5 H S k O C K  MACH N 
LUMB, 6 X r  10HbCDY PtVGLE 1 

FORMAT 1 / / 3 X r l 4 t F I E L D  P R E S S U R E I ~ X ~ A ~ ~ F I E L U  C E N S I T Y r 4 X r Z C H F  I E L D  VEL 
I U C I T Y I T A N b )  t 4 A r Z O t i F I E L D  V E L U C I T Y i N U R C )  e 4 X r l 3 H F I E L D  MACH N C r 4 X r l S H F  
Z I E L D  S T R P  F b N C )  

1 L  LOC) 
FORMAT 
FORMAT ( / / 3 X r 5 t  X S P a , E l 1 - 4 J  
FORMAT 1 5 X E 1 1 ~ 4 r 6 X E l l ~ 4 ~ 7 X E 1 1 ~ 4 ~ 1 4 X E 1 1 ~ 4 ~ 1 0 ~ E l l ~ 4 ~ 7 ~ E 1 1 ~ 4 ~  
k N D  

FURMAT ( / / 3 X r 5 5 h F I E L D  hCRMAL LOC F I E L O  A X I A L  LOC k I E L C  R A O I A  

/ 5 X E l l ,  4 r  E X E l l -  4 9 8 X E l l  . I )  

R 1  
R 2  
R 3  
R 4  

R 6  
R 7  

R 9  
R 10 
R 11 
R 12 
K 13 
R 1 4  
R 15 
R 16 
R 1 7  
R 1 8  
K 19 

R 21 
R 22 
R 23 
R 2c 
R 25  
H 26 
R 2 7  
R ZCi 
R 29 
K 30 
R 31 
R 32 
R 33 
9 34 

n 5  

n d  

a 20 

w 3 5  
a 36 
R 3 7  
K 38 
R 39 
R 40 
R 4 1  
R 42 
a 4 3  
R 44 
R 45 
R 4 6  
R 47 
R 48 

R 50  
R 5 1  
R 5 2  
R 53  
R 5 4  
R 5s 
R 56- 

a 49 
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C 
C 
C 

1 

C 
C 
C 

2 

3 
C 
C 
C 

SUdRGUT I N E  SUPER 

T H I S  K O U T I h E  COMPUTES THE SUYEKSLINIC f L O k  F I E L D 0  

R E A L  M I N F r n S I N i r r S , M S O r M S I  
COMMON / 6 L K l /  GAP, C I N F ,  X I N I T A L ~ L I N I T A L ~ K I N I  T A L 9  T H E T A  I N ,  SF I N 1  1L.L r N  

I T  9 D E L X  r I t3EG. EM, NC, 0 4 1  1 r NXr RENC, N D t  P S T  9 OR ( 8) 9 F L Z C O )  r I 
1 8  SOic X I  N T  r RK BN r A@ A ,ABB 9 P 1  y h P A  9HPt.i 

1 P  
COHMCN / d L K 2 /  

COMMON / B L K 3 /  X S F  ( 7 J p X T r  XTC, SCP, R K S r  R K S C p R K S 1  , SUERRX(  81 ,HSO r X S l  
COMMCN / 8  L K 4 /  X S  (300) 9 R K S X ( 3 0 0  J r L S  ( 3  00 J r R S  (300) 9 SFS 1300 ) r Tk ET AS t 30 

COMMON / b L K 5 /  R I  ( 7 9 1 5 )  r Z I ( 7 9 1 5  J r Y  I ( 7 9 1 5  J r R I C L 7  r l 5 l r L I C ( ? r  15  1, Y I C L 7  

COMMON / B L U 6 /  S f  C( 71 ( P O L 7 )  *LO( 7 1 .  P C (  7 1 r L C  ( 7  1 r T H E T A O ( 7 )  r RHOSCt 7 J r NS 

CUMHON / t 3 L K 7 /  SY ( 7 . 1 5 )  ( P I  L 7 , 1 5 J r R H I  ( 7 r 1 5 ) r U I L  7rlS)rMSIL7r 1 5 ) r V I (  7 r  

D I M E N S I G N  R B ( 2 O J  r Z B L Z O )  
I O P T = O  
THCzO. 
THC=O . 0 17 4 C 32 5 25 2* THC 

1 0 ) ~ U S ~ 3 0 0 1 r P S ~ 3 0 0 ~ ~ R ~ O S ~ 3 0 0 ~ ~ M S ~ ~ O O ~ ~ ~ S ~ 3 0 0 ~  

1 , 1 5 ) r R ~ 4 C r Z S T r E 4 1 8 J r T h a (  50) 

101 7)  ,HKO( 7 1  9 t i E L S Y  I 7 1 9  RKOC 4 7 1  r KOC( 7) 9 ZOC ( 7 1  r V U t  7 )  

1 1 5 )  

I f  I O P T = O r A N A L Y 7  IC C A L C U L A T I O N  C O k T I  hUES 1 h R O U C H  S U P E R S C N I C  R E C I C N  
I f  I O P T = l r P  CONE J U N C T U R E  WILL &E MATCFED TC A N A L Y T I C  SHAPE. THC= 
B L U N T  CONE t lALF 4 h G L E o I F  THCzO AN0 1 O P T x l . A  C Y L I N O E R  N I A L  B E  MATCH 
EO T O  A N A L Y T I C  S t - A P E -  

DEThB=.O 
I T E S  111 
NH= 0 
NHC=O 
NH H= 0 

I SUM =NX- 1 
00 1 J = l r I S U H  

R d l  J ) = H I C (  I ,  hT1 A 
L B l  J J  =LIC( I t N T 1 J  
C O N T I N U E  
I C O U N T = O  
RHS=O. 

THSC=AS IN l SURT t I 1 . /HI  N F * * 2 )  + ( ( G A H + 1  . J / 2 . )  * S I N  L THE J **2 J 1 

THS1-0 .  

I=J+1 

R 1x0 00 

T H I S  E G U A T I C N  CCNPUTES S h A R P  COlvE ShOCK ANGLE. 

NP=O 
P R I  TtZ.O*C;A k/( GA M - 1 -  0 )  
G A M M 2 = 1 . O / I G A M * W I ~ F * * Z )  
R A T =  (GAM-1.0) / ( G A H + l  .OJ 
P R A T - 2  .O/ (GAM+ 1.0) 
DR(1 J=.  1 
I T = l  
DETH=L THETPS(FIC J - T F E T A S  (hC-11 J /  1.5 
I L I O  
ND=N C+ 7 
ID=O 
R K S X ( N D J = R K S X ( h C  J+CRL I T )  

THE SHOCK R P O l U S  G f  CURVATURE IS COMPUTED 

S I  
5 2  
s 3  
s 4  
s 5  
5 6  
s 7  
5 6  
S Y  
s 10 
s 11 
s 12 
S 1 3  
S 14 
S 1 5  
S 16 
S 17 
s 18 
S 19 
s 20 
s 2 1  
s 22 
S 23 
S 24 
S 25 

S 27 
s 28 
S 29 
S 30 
S 31 
S 32 
s 33 
s 34 
s 35 
S 36 
s 37 
s 38 
s 39 
S 40 
S 4 1  
S 42 
s 43 
s 44 
s 4 3  
S 46 
s 47 
s 48  
s 49  
S 50 
S 5 1  
S 52 
s 5 3  
s 54 
s 55 
S 56 
s 5 7  
s 5tl 
s 59 
S 6 0  
S 61 
S 6 2  
S 6 3  
S 6 4  
S 65 
S .66 

s 2b 
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4 

C 
C 
C 

5 

C 
C 
C 

b 

7 

8 

9 
C 
C 
C 

10 

11 

DO 4 I s l r l ,  
F (  1)  =-RKCL 
C O N T I h U E  
C A L L  IN16  ( 8 r U E T H * F i & )  

T H E  FOLLOWIhG C C  L O C P  CCHPUTES S H O C K  P R O P E R T I E S  

S 6 7  
S 6 8  
S 6 9  
S 7 0  
S 7 1  
S 7 2  
s 7 3  

DO 5 I = l \ r A i h D  s 7 4  
T H E T A S (  I ) = T H E T A S ( I - l I + C € T H  s 15 
H = I - N C + l  S 7 6  
X S L I ) = X S ( h C I + f I P I  s 7 7  
I f  ( I L  .EU 1 * AN C. Pk CX ( NC)  -61 0. ) X S ( I ) = X S  L NC I-F ( M )  S 7 8  
b S l I I = C O S ( T h E T A S I I I I  s 7 9  
MS I N  2= ( M I  N f  *SI h ( T h ET AS ( 1 ) I * * Z  s 80 
PS L I ) = ( P H A l * S I  h ( T h E T  AS ( I  ) )**2 ) -GAMHL*RAT s 8 1  
RhOS ( I  ) = I G A Y + l . O  I / 4 ( ( ;AM- l .O)+  ( Z . O / M S  Ik2) ) s (32 
V S ( 1  Ir(l.O/RHOS( I )  I * S I N ( T H E T A S ( I )  I s a3 
AS=SURT(GAH*PS(II/RHOS(I)) s 84 
M S I I  ) = ( S G R l  ( ( U S 1  I ) * * Z I + V S (  II**L))/AS s e 5  
C O N 1  I N U E  S 86 
I F  4 IT.EU.1) R K X S = R K C 2 * 1 T H E T A S L k D I - T h E T B S ( N C ) )  S 0 7  

5 88 
THE F O L L O k I N G  R C L T I N E  CGYPUTES THE SHCCK LECMETHY. s 69 

S 90 
D E L X = ( X S (  NC J-XSL N L  I l / 7 e  S 91 
00 6 I = N C i h O  S 92 
P= I-  NC + 1 s 93 
F ( M  ) =COS( T H E T A S  ( I 1 J s $4 
CON1 I N U E  s F 5  
C A L L  I N 1 6  ( 8 r i I E L X t F 1 6 i  S 9 6  
00 7 I = l u A i h D  s 5 7  
H= I -NC + 1 s 98 
L S ( I ) = L S I N C I + F L P l  s 99 
C O N 1  I N U E  s 100 
DO 8 I X N C e h D  s 101 
M= I- NC + 1 s 102 
f l M ) = S I N I T b E T A S I  1 ) )  s 103 
C O N 1  I NUE S 1 0 4  
CALL I N T 6  ( 8 r O E L X * F i t b I  S 105 
DG 9 I f N A i h D  S 106 
b+ I -NC +1 S 1 0 7  
RS 1 I ) = R S (  NC 1 + F  ( M  ) s 108 
S f  S ( I I - ( ( 0.5** h ) *RS 1 I 1 * * I  l + N  1 J s 109 
CClrtTINUE s 110 

s 111 
THE F O L L U h I N G  R C b T I N E  CCMPUTES THE P R O P E R T I E S  A L O N u  A R A Y  s 1 1 2  

S 1 1 3  
S = S F  S L h D I  /hT 1 S 1 1 4  
I T E S T =  1 S 1 1 5  

S 116 DU 1 2  J = l r h T l  
I F  ( I l E S T . E C . 2 )  G G  T O  11 S 1 1 7  

S 1 1 8  S Y ( ~ I J ) = S F S ( N D I - J * S  
P I  ( 4 t  J1 =P S ( h D )  +(US I N D )  / (  RKSX ( NO)*  I RS IN C ) * * N I ) 1 * (  S Y  (49 J ) - S F S  ( N U )  ) - (  

S 120 
Z E T A S  ( N D ) ) / R S [ N D j  J I * (  1 ( S Y  ( 4 , J h * * 2 ) - I S f S  I N D 1 * * 2  I ) /  L L . * l S F S ( N D I * * 2 ) ) )  

s 119 
1 1 S k S  l N D ) * V S  I N U I * T A N ( T H E T A S ( N D )  )/I R S ( l \ t D ) * * h I  I *  t ( l . / R K S X ( h O )  ) + C C S (  Th 

S 1 2 1  
h=SY ( 4  t J  J s 1 2 2  
C A L L  F T L U P  ( k t  B P I  1 t N C  iSFSt RHOS) S 123 
C A L L  F T L U P  ( W t L P i l r N C i S F S t P S I  S 124 
R H I  (4, J I = B P *  ( P I ( 4  J I / C P  I ** (1 eO/bAHJ S 1 2 5  
PRHE=P I ( 4 i J 1 / R h I ( 4 9 J I S 126 
V I  1 4 r J ) = V S ( h D ) * ( k / S F S  ( N i l ) )  S 1 2 7  
U I ( 4 t J J = S d R T ( H S C - P R I  T*PRhE-VI ( 4 9  J ) * * 2 1  S 1 2 6  
GO TO 12 S 129 
W X S Y  (4 9 J 1 S 130 

1)))) S 132 
V i  (4 I J)  =b S ( NO1 * ( ( 1 e- ( Y I 14, J 1 / Y  I (4 t NT 1) J ) 1 * ( 1 e /  (1 0 - 4  Y I 1  4 9  J J /  RKSX 1ND S 1 3  1 
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12 
C 
C 
C 

13 

14 
1 5  

16 

C 
C 
C 
1 7  

18 

C 
C 
C 
C 

19 
LO 

2 1  

22 

23 

24 

APPENDIX B - Continued 
P K k E = P I  4 4 9  J J / R H I  ( 4  r J J  s 133 
II I (4 9 J )=SUK T L HSO-PR I T  *PAHE-V I I 4.J ** 2 J S 134 
A E = S U R T ( G A C * P R k €  J S 135 
H S I  I 4, J J  = L  S P R T (  ( IrI ( 4 9  J J * * 2 ) + V I  ( ' t r  J J * * 2 )  1 / A €  S 136 
C O N 1  I N U E  s 1 3 7  

S 138 
THE F O L L U r J I N G  S T P T E H E N T S  COHPUTC T l i E  FLOVr F I E L D  GELlHETRY. s 139 

S 140 
F I1 J = A  .O/ L Rl-db ( h C  J *US LND J j S 141 
00 1 3  J = l r h T l  S 142 
K = l + J  S 143 
F ( K J  p1.0/ I F H I  L ' rr  J J *U I ( 4 9  J J 1 S 144 
CCNT I N U E  S 145 
N T L = N T l + l  5 146 
C A L L  I N 1 6  ( N T 2 r S 9 F t 1 3 1  s 147 
DO 1 6  J ~ l t h T 1  s 148 
K = l + J  S 149 
I F  IN.EU.OI GO 7 C  14 S 150 

1 ) / R S ( N O ) * * 2  J*F l K 1 1  ) S 152  
GO Ti) 1 5  S 153 
Y I  ( 4 r J J x F I K J  S 1 5 4  
R I ( 4 r J  J = R S (  hDJ-Y I ( 4 9  J1 * C C S ( T H E T A S ( h C  J J S 1 5 5  
S I G H A S T H E T A  I h - T h € T P S  ( N C )  S 156 
RP=KS (NO)  - R  I ( 4 9  J J S 157 
L l = R P /  L T A N L S  IGMA J 1 S 158 
L I  (4 r J )  = L S L  hD) + L  1 5 159 
CON1 I N U E  S 160 
I F  ( I T E S I . E C o L I  GC T O  17 S 161 
Y S = Y I L 4 r N T l J  S 162 
I T E S  T=2 S 163 
GO T O  10 S 164 

5 165 

Y I  (4,Jj=LR,(NDj/CGS(THETAS(ND) 1 ) *  t l o O - S d i l T (  1 . 0 - ( 2 . 0 * C O S I T H E T A S I N C J  S 1 5 1  

THE F O L L O w I N G  S l A l E M E I \ ( T S  S C A L E  THE FLOn F I E L I )  

I F  (ABSLYS-YI(4rNT1)1oLE~~OOOOlJ GO TO l d  
Y S a y  I (4, FIT 1 J 
Go TO 10 
R I C L  4 9 N T l  J=R I (  49 hT 1 J 
Z I C I  4 9 N T 1  J=LI(  4 r N T 1  J 
Y I  CL 4 r N T 1  J =l I ( 4 9 h T 1  J 
L G C l 4 ) = f S  L A C )  
ROC ( 4 )  =RS I hC1 
R K O C ( 4 J z R K C Z  

THE F O C L O Y I N G  S T A T E M E N T S  COMPARE THE C C H P U T E O  
BODY L C C A T I C N S  bhC C E T E R H I N E  N E d  C O R R E C T I C N  

I F  (NHCoEC.14 GC T C  34 
I F  1Rl.EO.O.O) G C  TC. 19 
IF (Rl.GT.Oo.A~D.hP.EC.Oj GO TO 3 0  
I F  ( N P a E Q o l J  GC TO 3 5  
GO T O  1 2 0 r 2 1 r 2 2 r Z 3 J r  L 
63x1 ( Z S T + R K B h J - Z  I C  L 4 r N T 1  J J**L 
R U 4 C x S C R T  ( lRKBh**ZJ-B3 J 
GO T O  24 
83= I I L S T + A B  A 1 - L  I C L 49 N T 11 J **2 
R h 4 C = ( A B M / A B A ) * S C R T L L A B A * * 2 J - B 3 J  
bo T O  24 
R n 4 C = S O K T I Z o * F 1 *  [ Z I C  ( 4  r h T 1  J - L S T I )  
GO T O  24 
b 3 =  ( LIC 1 4  r h  11 J IHP L-LST 1 ) * *2  
Rw4C=(  HPd/l-PA J * S C R T ( M 3 - ( H P A * * Z ) )  
€441 T J = L L H I C L 4 r h T 1 ) / R k 4 C J - l o J * l ~ O ~  
I F  ( A B S I E 4 (  I T ) J . G l . E H J  G C  T O  3~ 
I S U M = I S U M + l  
I = I S U H  

S 166 
S 167  
S 168 
S 169 
S 170 
S 1 7 1  
S 172 
S 1 7 3  
S 1 7 4  
S 1 7 5  
S 176 
S 177 

AND A N A L Y T I C A L  S 178  
S 179  
s 180 
s 1 8 1  
S 182 
S 183 
S 184 
S 1 8 5  
S 186 
S 187 
s 188 
s 189 
S 190 
S 191 
s l f 2  
S 193 
S 194 
s 195  
S 196 
S 197 
s 198 
S 199 
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25 

26 

27 

2b 
29 

C 
C 
C 
C 

30 

C 
G 
C 
C 

3 1  
C 
c 
c 
C 
c 

34 

GO TO ( 2 7 1 i b r 2 5 r 2 8 1 9  L s io0 
THB( I ) = A T A h  ( P A I R  IC ( 4  ,NT 1) J s 201 
GO T C  29 s 202 
THt) ( I J = A T  Ah ( (  ( A k B / A B A  ) ++2 J * (  ABA-L I C  L 4, h T  1 ) + L S T  ) / R I G  (4r  N T 1 )  J S 203 
GO TG 29 S i Q 4  
THt) ( I )  = A T A K  ( ( HKBh- L L I C  14, N T 1  J -LST 1 J / R I C  ( 4 r N T l  ) 1 S 205  
GO T O  29 S 206 
T H B (  I )  = A T A h  ( ( ( H F B / t - P A ) * * L )  * I H P A + L  IC (4,  N T l  I - L S T  ) / R  I C ( 4 t  N T l ) )  S 207 
I F  I T H C . E ~ . O . . A ~ C . I O P T . E U I L )  bU T O  3 1  S 208 
I f  ( IUPT.EC.OJ G C  TO 4 2  s 209 
R B L I S U M J = H I C ( 4 , N T l )  s 210 
L B ( I S U H l = L I C L 4 r h T l J  s 2 1 1  
I F  (THB(ISt,HJ.GT.THCJ GO TU 42 s 212 
C A L L  k T L l i F  ( T n C I A l , l r I S l r C , T H t ) t R 8 1  5 213 
C A L L  F T L U P  ( T H C I L ~ , ~ , I S U M ~ T H B ~ L ~ )  S 214 
OETC=UETH S 215  

S 216 

A L  L O C A T I C h S  RESPECT I V E L L Y  OF THE J b N C T U R E  P O I N T .  S 218 
S 219 

W R I T E  ( 6 1 5 5 J  s 220 
D E T H = D E T h * ( R l - R E i  I S L M - 1 )  ) /  IR.B(ISUNJ-Rf31 ISUH-1 J 4 s 221  
OR( 1 J=.5*CRL I T  s 222 
1 T i l  S 223 
GO TO 3 S 224 
H k 4 C = R  1 S 225 
E 4 (  I T ) = [  ( R I C ( 4  r N T l  ) / R W 4 C ) - l .  0)*100. S 226 
IF ( A t 5 S ( E 4 ( I T ) ) . G T o E M J  GC T U  36 S 227 
NP= 1 S 228 
L)ETH=UETC S 229 

S 230 
T H E  BODY-CCNE J U N C T U R E  A h 0  R E S P E C T I V E  SHOCK P d I N T  ARE LOCATED. S 231 

S 233 
GO T O  42 S 234  
I f  (NH.EO.1) GO TO 32 S 235 

S 236  
6 O O Y - C Y L I N C E R  JUACTURE IS COHPUTED.NGTE-- lh THE F U L L O H I N G  S T A T E  S 237  
M € N T S  T H E  FIRSTISEVENTHIAND E I G H T  SHCULC B E  CHANGED I F  BODY OTI IER S 238 
THAN A SPHERE I S  CONSIDERED.  S 239 

S 240 
IF ( ( R K B N + Z S T - L I C L 4 r N T l )  ).UT.O. 1 GO TO 4 2  5 2 4 1  
DETHB=UETH S 242 
”= 1 5 243  
DETh=. 5*DET h 5 244 
UR( 1 ) = . 5 * C R  I I T )  S 245 
I T = 1  S 246 
GO T O  3 S 2 4 7  
I F  I ( R K B N + L S T - Z I C ( ~ I N T ~ J  ) - G T o . 0 0 0 1 )  (;E T O  42 S 248 
I f  ~ A & ~ ( R K B h + L S T - Z I C L 4 , N T L ) ) . L E ~ . O O ~ l )  GO TC 3 4  S 249 
IF ( N H H - E P . 1 1  GO T O  33 s 2 5 0  
D R ( l J ~ . 5 * C R ( I T J  S i 5 1  
I T = l  S 252  
D E T H = . 2 * D E l H  S 253 
NhH= 1 5 254 
Gcl TO 3 S 2 5 5  
D R ( 1 ) = . 2 * C R ( I T J  S 256 
D E T H ~ . l * C E T H  S 2 5 7  
I T = 1  S 258 
GO TO 3 S 259 
E 4 (  I T ) = (  ( R I C ( 4 r N T 1  J / R H 4 C ) - l o  )*loo* S 260 
1F I A B S L E 4 L I T J ) . G T . E M )  GC T O  36 S 2 6 1  
N H C = 1  s 262 
I C O U N T = I C O L h T + l  s i t s  
R rr4C=R KBN S 264 
GG T O  42 S 265  

THE BODY-CCNE J l rhCT l rRE IS L O C A T E D o R l  A h C  Z2 A R E  T H E  R A U I A L  AND A X 1  S 2 1 7  

THE P R O P E R T I E S  A L C h G  RAY I N T E A S E C T I h G  JUNCTURE P d I N T  ARE CGMPCTEC. S 232 
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c 
C 
C 
C 
35 
C 
c 
C 

36 
C 
C 
C 

37 

38 

39 

40 

41  

42 
C 
C 
C 
C 

43 

44 

I F  80DY O T h E R  T b P N  A SPHERE I S  C 3 ~ S I D E R E D r A P P R O P R I A T E  CROSS S E C T 1 0  
N A L  UODY R A C I b S  P T  J U N C T U R E  SHOJLC B E  C S E D .  

CON T I IUbE 

T H E  F O L L C h I h G  S T P T E M E N T S  CCMPUTE CLkE GECPETRY,  

L C x L  1 C ( 4  9 hT 1 I - 2 2  
R T =Z C*T AN ( T HC ) 
R k 4  C =R l + R T  
E 4 (  I 1 1  = ( ( R  I C ( 4 r N  T 1 ) /R rJ4C J-1-01 *lo00 
16 ( I L . E i l . l I  E P = . 0 0 1  
I F  t A B S ( E 4 1 I T ) I o L E o E H )  G G  TU 42 
C O N 1  INUE 

THE F O L L O M I N G  STPTEt4ENTS COHPUTt C O R R E C T I O N  T O  R A D I U S  OF CURVATURE 

THE F G L L O k I N G  S T A T E M E N T S  C A L L  R C c l T I h E  TC k R I T E  CUNVERGEC R E S U L T S  
A h 0  I N I T I A L I Z E  C b T A  T O  GO T O  N E k  P O S I T I G N  Oh SHOCK. 

C A L L  O U T P U T S  

I f  (ThC.EbioO-.AhC. I O P T . E Q ~ 1 )  GO T O  4 4  
IF (RHS.GT.0.) GC TC +4 
IF (IL-EO.lI GO TO 4 6  

6D T O  44 

I F  ( K S ( h L J ) . G T o R E h D )  GO T O  54 

IF I T H E T A S ( N D ) . L l . T h S C )  G C  T O  43 

C A L L  F T L U P  ( T t i S C  n R H S , l r h C v T W E T A S *  R H C S I  
C A L L  F T L U P  ( T H S C  rlr SN p 1rEIC , T H E  T A S r  LS 
C A L L  F T L U P  (THSC r P S k r l r h C t T H E T A S * P S )  
IF ( R K S X ( N D ) o G T o l O . )  GO TG 46 

S 266 
S 267 
S 2 6 6  
S 269 
S 270 
S 2 7 1  
S i 7 2  
S 273 
S 2 7 4  
S 2 7 5  
5 276 
S 277 
s 2 7 8  
S 279  
s 280 
5 2 8 1  
5 282. 
S 283 
S 284 
s 285  
S 286 
S 287 
S 288 
s 289 
s 2YO 
S 2 5 1  
s 292 
s 293 
S 294 
S 295 
S 256 
S 297 
S 298 
S 299 
S 300 
S 301 
S 302 
S 303 
S 304 
S 305 
S 306 
s 367 
S 308 
S 309 
S 310 
S 311 
S 312 
S 313 
S 314  
S 315 
S 316 
S 317 
S 318 
S 319 
S 320 
S 321 
s 322 
S 323 
S 324 
S 325 
S 326 
S 327 
S 328 
S 329 

S 331 
s 330  

38 



APPENDIX B - Continued 

IF ( I G C U h T . E C . 4 ~ 1 h C . D E T ~ o ~ T - ~ 5 ~ C E T ~ B j  DETH=.5*CETHd 5 332 
I F  I I C O ~ N T . G E . l . A h C o I C C ~ N T . L T . 4 1  GO TO 45 s 333 
C K I  1) =. 1 s 334 
GO T U  46 s 335 

45 O R 4 1  I = D H I  IT j S 336 
46 IF ( R K S X  (h i24 GT. 10.1 O R l l  j -0. A*HK SA I h D )  s 337 

DT H C = D E T h  S 338 
I F  I R K S X L h O ) . L T - O o  .AND.RI(bX(hG) .GT.-10. j C K  (1 ) = - e 1 5  s 335 
I F  I R K S X I  N O )  o L T  . - lo.  j C R I  I ) =  l * R K S X I N D )  5 340 
IF ( R K S X ( h C j . L T . 1 0 0 0 . J  GC TC 4 7  S 3 4 1  
I F  L I L o E O . 1 )  GC TO 4 7  S 342 
IL=1 s 3 4 3  
0 E T H  =- 0 E 1 H s 3 4 4  
R K S X  I NO)=-R K S A  I A D )  s 345 

47 IF I I L o E ~ . l ~ A N C . P & S ( T H E T A S ( N D ) - T ~ S C ) . L T ~ o O O l ~  GO T O  49 s 347 
I F  L 1 Z o  EC. 1 .AlrtD.RKSX (hO1 . G T o O .  1 O R 4  1 l * R I ( S X  ( h D  1 5 349 

OR L 1 1 =-OR l I T  ) S 346 

I F  ( I L o € Q o l  . A N O - ( T k E T A S ( N C j - T H S C I  .GT..001) GO TO 49 S 346 

1F I I L . E ~ o 1 - P N C . C E T ~ o L T o o O O A j  D E T H = - - l * D E T C  S 350 
I f  ( IL-EQ.1.AND.EKSX (ND)  .LT.-5000,) GO T O  4 b  S 3 5 1  

S 352 
s 353 

I T = 1  
NC=NO 
GL) T O  L s 3 5 4  

46 T t i S l = T H E T A S I h O )  s 3 5 5  

h C = h D  s 357 
ZN=Z S (  NC j s 359 

4 Y  CONT I N U E  S 356 

N d = N C  S 358 

H N = R S I N C )  S 360 
Y C z Y  I (  4 ,  h T 1  j 5 3 6 1  
RHO S ( N B  1 =Rh S S 362 

P S I N b j  =PSN S 3 6 4  
i t  I T H S l o C T  .O. 1 l k S = T H S l  S 365 
I F  4 THSAoEC.0.) 1 h S Z T H S C  S 366 
X t F F = K N / S I h  ( T i i S  j S 367 
S I G =  THS-THC S 36& 
Y L C = A E t F * T A N ( S  I6 b S 369 
Y TM= Y C- Y LC S 3 7 0  
I S U M = O  S 371 

L S  I N B j  = b S N  s 3 c 3  

50 I=hC+1  s 3 7 2  
N L = L + I S U M  s 373 
I F  ( T H S l . G I . 0 .  .AhL.hL.GT .5 J T H S = . 5 + ( T H S C + T H S l )  5 3 7 4  
k S l = N L * i  o 1 5  1 s 3 7 5  

L S 1  I ) = L N + L R S l / T P N L  T h S j  s 3 1 7  
S f  S i  I J = O .  5 * R S  ( I j * 2  s 378 
S 1  GM A=THE TA 1 N- 7 t- 5 s 379 
0 S Y = S F S ( I l / h T l  s 380 
kS1 I ) = x E C F + L R S l / S I N l T H S j  j S 381 
LO 5 1  J = l r h T l  S 362 
S Y I 4 , J ) = S F S L I ) - J * U S Y  s 3u3 
Y I (4 9 J j =  ( 1 O /  ( P k C S  (lu 8 j *US (N13 j *tl S [  I j j * ( S F  S ( 1 I - S Y  4v J j 1 S 3d4 

5 1  C L N T I N U E  s 3 e 5  
Y 1 ( 4  t N T 1  j = \  I I 4 r h T  1 ) + Y T P  S 386 
YLsY 1 4 4 , N T l ) / h T l  s 367 
00 52 J = l e h T l  5 3 d 8  
Y l I 4 , J I = J * t L  s 3a9 

5.2 C C h T I l r t U E  S 390 
DU 5 3  J t l r h T l  S 3 9 1  
R I  I4 , J )=HS ( I1-CGS L T H S  ) * Y  I149 J j  5 392 
R P S H S l  I j - K I  ( 4 9  J j  s 393 
LI ( 4  , J 1 = Z S  4 I )  + l R P / T A N  L S16HA)  ) s 394  

5 395 
1 Y  (49 J ) * *2  S 396 

R S ( l  ) = H N + R S l  s ? / b  

P i  (4 t J j =Pb(  hd) + L  1 . O /  i R H O S  hB) *I RS ( I j * * Z  j * X S  ( I * * 2  1 b *(  IS F S  I I )**2j-S 

53 C O N T I N U E  s 357 
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APPENDIX B - Continued 

R O C 4 4 ) = R S  ( 1 )  
L C C L 4 b = L S  ( I  1 
RICL 4 , N T l  ) = R I L 4 r h T l )  
Y I C  L 41 N T l  ) = Y  I ( 4 9  h T  1 J 
L I C ( 4 r f ~ T l ) f L 1 ( 4 r N T l )  
C A L L  OUTPUTS 
I F  1 R S L I ) o G T . A E k D J  CO TO 5+ 
I SbM= I S U H + l  
N C = I  
GO T O  50 

54  RETURN 

55 FORMAT ( / / 2 X r 3 1 H  BODY C C h E  JUNCTURE 12 L O C A T E D  ) 
END 

S b B R O U T I k E  O J T P L T S  
C 
C T H I S  S U B R O U T I N E  M R I T E S  TI-E S O L U T I O N S  FOR S U P E R S O N I C  F L O k  F I E L D  
l. 

COMMON / B A K U  I T  r GELXI I B E G r  E H r N C r  NT 1 r N X r R E N C r  N D r P S T , D R (  8 )  r F  (LOO) r I  
1 P  

lO)qUSL3001 rPS(300lrRH0SL300~ r M S L 3 0 0 )  rVSl300) 
COMMON / B L K 4 /  X S ( 3 0 0 ~ r R K S X L 3 0 0 J r Z S L 3 O O ~ ~ R S ~ 3 O O ~ r S F S ~ 3 O O ~ ~ T I - E  

COMMON / b L K  5 /  R I  ( 7  915) r L I L 7 9  1 5 )  r Y I 4 7 r 15 I r R I  CL 7 r 15) r ZIC( 7r  15)  

A S L 3 0  

r 
L 
2 FORMAT L / / 2 X  r3HZ h= r E 11.4 r ZX r 3HRW=e E l  1.4r 2 X  v 3HY b e r  E l  1.4 r 2 X  r3HLSs E 1 

1 1 . 4 * 2 X  r 3 h R S ~  E l  1 - 4 9  I5 ) 
3 FORMAT ( 2% 9 3 H P  S= r E  11 0 4 r Z X  5HRHOSP r E  11 4 2 X  13HbS=r E L  L o 4  9 2 X  3 k P l l ~ r  E 1 

1 1 . 4 r L X r 5 H R h C M = r E 1 1 * 4 r  L X r 3 h U M = r  E l l  . 49 lXr3HHk=p E l 1 . 4 9 / 2 X ,  4 H T h a ~ r E l A ~  
L4) 

EkD 

The sample output is  for a paraboloid at M, = 10 and Y = 1.4 .  

S T A G  PT SHK R A O  CUR = 1.4218E+00 S T A G  PT S T A N D  OFF O I S T  = 1.4143E-01 
8001 S T A G  P T  PKESSs Y.ZL9dE-01 

S 398 
s 399 
S 400 
S 4 0 1  
S 402 
S 403 
S 404 
S 405 
S 4 0 6  
S 4 0 7  
S 4 0 8  
S 409 
S 410  
s 411- 

T 1  
1 2  
1 3  
1 4  
1 5  
T b  
T 7  
1 8  
T 9  
T 1 0  
T 11 
T 12 
T 13 
T 14 
T 1 5  
T 1 6  
T 1 7  
T 18 
T 19 
T 20 
T 2 1  
T 22 
T 23 
1 24 
T 25 
T 26 
T 2 7  
T 28 
T 29- 

I A R C  LENCTH snou AXIAL LCC SHOCK RADIAL L O C  eouv AXIAL LOC eoov RADIAL L O C  BODY NCRMAL L ~ C  SHOCK RADIUS OF C U K V  
I - 5 0 7 7 E - 0 1  7.9Y16E-03 1 . 5 0 1 9 E - 0 1  1 . 5 t  I bE-01 1 . 3 4 6 3 E - 0 1  1- 4 bS9E-01 1 . 4 5  1 3 t  to  c 
3 . 0 1 5 5 E -  01 3. I4b5E-OL 2 . S 9 3 5 E - 0 1  I .UJLjE-OI 2 . 6 1 5 6 E - 0 1  1 . 5 5 0 2 E - 0 1  1 . 5 3 9 5 E t O C  
1 - 5 2 3 2 E - 0 1  6 . 9 3 7 Y E - 0 2  4 .45LLE-01 L . L tO 6E- 0 I 3 .  S 6 7 0 E - 0  1 1.64CZE-01 1.6865E+3 C 
6.OJO9E-01 I.LO13E-01 5 , 6 7 1 5 E - 0 1  2.a32OE-01 >.LlCbE-Ol  1 . 7 2 5 5 E - 0 1  l . L t 9 L L t t D C  
7 . 5 3 8 7 E - 0 1  I.OLOIE-OI 7.2460E-01 3 . 5 i 4 5 E - 0 1  6 . 4 0 2 2 E - 0 1  I . Y O 1 9 E - 0 1  L . I 5 6 7 E + 0 0  
Y. 04b4E - 01 A 5 3 3 5 E - 0 1  d . 5 7 3 9 E - 0 1  4 . 3 1 7 4 E - 0 1  I - 54C I E-01 2 .Ob I bE - 0  1 2 . 4 7 S Y E t 0 0  
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X S P -  4.523LE-01 
7.663bE-01 
7.72d7E-01 

7.83dbE-01 
7.8UJ+E-O1 
7.92 I 5 E - 0 1  
7.95Ldt-01 
7.9774E-01 
7.5Y53E-01 
8.0063E-01 
8.01 07E-0 I 
8. OOdL E-01 
7.Y9YIE-01 
7 . Y U 3 I € - O I  
7.Y605E-01 

~.~LIIOE-OI 

1 -7362E-01 
3 . Z I U L E - 0 1  
4.64b3C-01 
5 e965UE- 01 
7.15ILE-01 
~.ZIBOE-OI 

nAcn NO nL SHOCK P ~ ~ S S L I H E .  
d.2240E-01 
1.57ObE-01 
~ . ~ Y I ~ E - O I  
7.1465E-01 
6.600YE-01 
6.22dOE-01 

x s p =  1.5077E-01 

F I E L U  PRELSURE 
d.3366 E-0 I 
8-4366E-01 
8.5LdPE-01 
6.6135E-01 
d.6904E-01 
a.7sY7E-01 
P-dLILE-01 
8.875LE-01 

8.Y600E-01 
8.9VOaE-01 
9.0141E-01 
9.02YOE-01 
S.0375E-01 
9.0376E-01 

n.92 14 E-o I 

FIELO NOWPAL LOG 
d.SL3IE-03 

L.6361E-02 
j . 5 0 4 ( t E - O Z  
4-5131E-02 

6.4601E-OL 
7.4550E-OL 
8.4627E-02 
S.483CE-OL 
1-0519E-01 
1.157LE-01 
1.26476-01 
1.3753E-01 
1.4t)YYE-Ol 

I.T~I~E-OZ 

~ . Q ~ I J Y E - O L  

XSP- 3.0155E-CI 
d.Ob30E-01 
8.I4dOE-Ol 
8.2L31E-01 
c) .L YoLE-01 

8.4153E-01 
8.4b3LIE-01 
8 .505~ E-01 
d.53YJE-01 
8.56bOE-01 
8.>85>E-01 
8.59 77 E-01 
8.6026 E-01 
8 . 6 0 0 L E - 0 1  

8 . 3 5 ~ 4 f i o i  

n.5905~-01 

FIELU V E N S I  r j  
5.761 l E t O O  
5. dC 616 +C C 
5. U505E+O 0 
5.aa5Ot+OG 
5.9236E +@O 
5.5543E +00 
J .Sk1LE*OO 
0 . 0 0 4 3 E t O C  
6.0i36E +00 
6 . 0 3 9 Z E + 0 0  
6.0511E+00 
6.0592E+00 
6.063oEt00 
6 .  C644E t 0 0  
0.06 14Et00  

Z.YO7OE-01 
2.U55OE-01 
L . ~ O ~ L E - O I  
2-13 16E-a I 
2.69YYE-01 
2 - 6 4  79E- 01 
2.595ZE-01 
2.5415E-01 
2.4d63€-01 
L - 4 2 9 2  E- 0 I 
L.3693E-01 
2.3OOOE-01 
L . L 3 8 1 € - 0 1  
L. 164bE-01 
2 .oc)41~-01 

TAN SHK VELOCLTV 
1.051Lk-01 
2.050LE-01 
2.F5U2t-01 
3 .  i 347E-01 
4.43b7E-01 
5.0121E-01 

F IELD AXIAL L O G  
1.64t )E-02 
L.5213E-02 
3 . 4 2 1 4 E - G Z  
4.3442E-OL 
5 . id72E-02 
6.247dE-OL 
7.2235E-02 
1.2 1L3E-02 
V.LI49E-02 
1. OLjOE- G 1 
I.ILoOE-01 
1 . L J O l E - 0 1  
1 . j J l t t - O l  
1.4'17tE-01 
1.5616E-01 

5 . 7 2 n 9 ~ t o o  
5.1713E*OC 
5.1557FtOC 
5 . t t L Q L t t O O  
>.b448E+OC 
5. bblbE+OO 
5.tt745EtOC 
5.tit3dE+OO 
2 .  bLIS3EIOO 
5. d 9  I I E t O O  
5.bt$ZE+00 
5.8837E100 
2. t74bE +CC 

5.8457EIOC 
5. nb IYE +oo 

I . S ~ ~ O E - O  I 

I . 2 9 6 n ~ - o 1  

I.4YLbE-01 
1.39aOE-01 

1.195OE-01 
1.OYOrt-01 
9-c)LJIE-OL 
8 .  7OsbE-02 
1.5595E-OZ 
6.3705t-02 
> . I 4 I I E - O 2  
3 . 8  7 1  LE-CL 
2.5664 E - O r  
1.242 >E-OL 
0. 

7.6371E-01 
7. 4056E-01 
7.1771E-01 
~ . ~ s I + E - ~ I  
6 .72n4~-01 
6.S081E-01 
6.2903t -01  
6-0751E-GI  
5.U625E-01 
5.6525E-01 
2-445LE-CI  
2.LCOIE-01 
5.0392E-01 
4.8410E-01 
4 . 6 4 6 3 E - 0 1  

9.2576E-02 
8.59b4E-02 
7.9351E-02 
7.2739E-02 
6.61L6E-02 
5.9513E-02 
5.L901E-02 
4.62tl8E-02 

3.3063E-02 
2.6450E-02 
1.9831E-OL 
1.3225E-02 
6 .  b 126E-03 
4.4409E-16 

3.96 7 6 ~ -  a2 

L C R  W K  V E L O C I T Y  S h C i K  DENSITY. SHUCK MACH NJMd BUOY ANGLE 
1.4368€+00 1 .1412t -31  5.7112Et00 

1.7164E-01 5.70L3Et00 
I .  6 7 Y  3 E-0 I 5 . 0 1  E3E100 
1. t 3 4  b t -  01 5.b700t+00 
1.586 b E- 0 I 5.b ' l l4 t+00 
1.53.85E-01 5.tZ44EtOO 

FIELD V E L D C I l l  I1  Ahb) 
1.0 I 5 o E - 0 1  
S.t1333E-OL 
Y.5646t-02 
Y .3+51€- 02 
9.16SoE-02 
9.0316E-02 
d.YL37E-OL 
d.l i376t-OL 
(I.743dE-02 
d.6Y LIE-02 

a .  504Y E-02 
d.3638E- 02 

7.9323E-02 

a . b a ~ i ~ - o 2  

n . I 13 i t - 0 2  

FIELI)  dA014L I 
I.*Y5l)E-01 
I .48b 7E- 0 1  
1.471LE-01 
1.4b7 +E-01 
1.437k.E-01 
1. 447 36- GI 
1.437 OE-U I 
1 . 4 L 6 5 E - 0 1  
1.4159E-01 
1 . 4 0 > L E - 0 1  
1.3943E- 0 1 
I . 3 d 3  >E- C I 
A .  ~ ~ L O E - O I  
1.3b03E-01 
I .34d3E-  0 1  

2.0072E-01 
1. Y647E-U 1 
1.9242€-01 
l .dn57E-01 
1.U4M7E-01 
I .6131E-01 
1.77f5E-01 
1.7444E-01 
1.7lOjE-01 
1.6755E-01 
I .  b3Y3E-01 
I.6OC 7E- J I 
I .25bbE-01 
1.51 19E-01 
1.4599E-01 

. ilc 

F1 EL0 VELCC I I V ( h C H C I  J 
1 . 0 3 E e t - C l  
1.534LE-01 
1 . 4 2  7SC-01 
1.3197E-01 
I.2055E-0 I 
1.OY7LE-01 
Y.UZ65i-CL 
8.65d3E-02 
7.4660€-01 
6.249UE-02 
5.0073t-02 
3.7426E-02 
2.4616E-02 
I. loLOE-01 
0. 

1.6155E-01 
1.520 1E-0 I 
1 .4 IYUE-0  I 
1.3166E-01 
1.210CE-01 
1.1025E-01 
9.91LLE-02 
8.7odSE-CL 
7.592 7E-I).? 
b . 3 t l L L t - 0 2  
5.1360E-02 
3.8570E-Ci 
L .54d lE-02 
I .LZY~E-OL 
0. 

4.5 j04E - 0 1  
6.0457E-01 
7.87C2E-01 
9.14S4E-01 
1.157YE+00 
1.3316E100 

FIELO M A C h  NJ 
4 . L U 3 2 E - C l  
4.040YE-01 
S.BOC~E-OI 
3 .5 i35e-CI  
3.3490E-01 
3.1313E-01 
c.YiliE-Ol 
2.1157t-Cl  
L -52d3E-01 
2 .34uYt -CI  
Z.lu3uE-CI 
2.Ojo lE-01 
I.YOY2E-Ol 
l . b O U l E - 0 1  
1.736L i -01  

2.815ZE-01 
> . 5 8 8 3 t - 0 1  
5.3665E-01 
5.1500E-01 
4.9388E-01 
4.7332E-01 
4.5335E-01 
4.3400E-01 
4.1533E-01 

3.U02bE-01 
3.6403E-El 
3.48bOE-Cl 
3.347OE-Cl 
3 . L l t t b E - 0 1  

~ . 9 7 3 + ~ - a i  

I .  j o y  *€+O 0 
I . IY31E+JO 
1.0904E+00 
1.0013EtO 0 
9.2 4 70E -0  1 

6IELO S T R M  FUNC 
1.061LE-02 
Y. d537E-03 
9.0Y 2 IE-03  
8.3577E-03 
7.5757E-03 
6. bZ1BE-03 
6.0638E-03 
5.305bE-03 
4.54 7ME-03 
3.7899E-03 
3.031st-03 
2.2 7 j 9 E - 0 3  
1.5159E-03 
7.57%7E-04 
5.55 I AE- I 7  

4.1886E-02 
3. b894E-02 
3.590ZE-02 
3.291 OE-02 
L.991EE-01 
L.6Y26E-02 
2.3935E-02 
2.094jE-02 
I . 7 9 5 I E - 0 2  
1.4959E-02 
1. IY67E-02 
b.Y755E-03 
5 . 9 0 3 6 ~ - 0 3  
Z . Y Y L ~ E - O ~  
2.LZ04E- I6 
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F l E L U  NORMAL LOC 
6.6366E-03 
l.74bOE-02 
2.6481 E- 02 
3.5105E-OL 
4.514OE-02 
5.4197E-02 
6.4685E-02 
7.46LOE-02 
8.52 1YE-02 
9.5904E-02 
I-ObJOE-01 
1.1ULbE-01 
1.3002E-01 
1.4225E-01 
1.550*€-0 1 

FIELD NOYCAL LOL 
6.91bOE-03 
I . a O Z 4 E - O L  
2.733YE-02 
5.6E77E-02 
C.bb53E-OL 
5 .  b bY4E-OL 
6.7013E-02 
7.76COE-OL 
8.6 603 E-OL 
9. YY37E-OL 
1.l lbbE-O 1 
I.23dYE-OI 
1.3665E-01 
1.49'1 {E-01 
1.64JZE-01 

XSP- b.0300E-Ol 
7. I YbbE-01 
7.L40dE-01 
7.27dLL€-OI 
7.3 107 E-0 1 
7.5305€-01 
7.356 1 E-0 I 
7.jb95E-01 
7 -3768 E-0 I 
1.371Yt-01 
7.3729€-01 
7.3b17E-01 
7.3444E-01 
7.3209 E-01 
7.2915 E-0 I 
7.2555E-01 

F IELD NUUCAL LUL 
Y.2'rUbt-03 
I .  0815E-OL 
2.65S9E-02 
3.  USdjE-OL 
4. nd70 E-o.? 
5 .+483~-02 

~ . I ~ ~ , E - o L  
I.04LbE-OL 

CI . 3 4  73E-02 
1.05b6E-01 
1. Id37E-01 
I .3 I b6 E-0 I 
1.4>6lE-01 
1.6033E-01 
1.75Yk.E-01 

X S P =  7.5387E-01 
b.7117E-01 
b.7370E-01 
6.7507E-0 I 
b.770YE-01 
6.7795 E-01 
6.7826E-01 
b.7U01 E O 1  
b.77~OE-01 
b.75d4E-01 
b.73Y3E-01 
b. 7 I 4 b E - O i  
6. b843E-01 
6.b41>E-OI 
6 . b 0 I ~ E - 0 1  
o.5bOLE-01 

F IELC AXIAL LOG 
3.5938E-02 

5.1403€-02 
6. b 4 3  1E-02 
7.56065-02 
8.5 I I B E - 0 2  
4.4796E-01 
1.0472E-01 

+. n57 +E -02  

1.1489~-01 
1.2535E-01 
1.3612E-01 
1.4 123E-01 
1.58 74E-0 I 
1.7071E-01 
1.83L3E-01 

F lELG AXIAL L O G  
I .  I d 5 6 E - 0 2  
b.b>l)bE-02 
Y.5494E-02 
1 . 0 4 6  1E-0 1 
I . l j S 5 E - 0 1  
I . L j 5 4 E - 0 1  
1.3339E-01 
1.4354E-OA 
1.5 402 E- 0 I 
1.04a4E-01 
1.7606E-01 

1.9989E-01 
2.1Lb4E-GI 
L.LbC6E-01 

1.n713t-01 

> . t t 4 4 E + 0 0  
5.t546E t O O  
3. b401EIOC 
>.bS28E to0 
3.60 IOt +00 
5*5753E+OC 
5.545 a t  t o o  
5.5127E+CC 
5.475dEt00 
3 . 4 3 > C t  + c  c 
5.5Y l4E+@O 
5. ) 4 ' 1 0 E + G O  
> . L S 5 1 E + 0 0  
5.258JE+CC 
5 . 1 8 1 3 ~ + 0 0  

I-IELL; A X I A L  LOG 
I .Zd74E-01 
i .  3 l 5 b t  -01 
1.4b60E-0 I 
1.55UYE-0 I 
1. b 5 4 X - 0  I 
1.752bt -01  
1.854JE-01 
l .Y>d9E-01 
L.Oo?tE-01 
2. ldO0E-01 
L. LJd3E-01 
2.4L15€-01 
2.5sOLtE-01 
L.6d7LE-01 
L. U3L Ot-0  1 

5.bLC7Et00 
5->ta7E+OO 
Y .3525E t O O  
5.5IZ3EtOC 
>.468IE+00 
~ . 4 1 Y Y E + @ 0  
3.367YEt00 
Y .  > I  2OE t o 0  
Z.LS25ttOC 
5.18tS4EtOJ 
5 .  1226E tOO 
5.OSL4EICO 
4.5 I d d t  +00 
4 . 9 0 1 d E + 0 0  
4. t ' I6EtCO 

FIELD P A J l A L  L 
2.975dE-GI 
2.F51 7E-01 
2.9392E-01 
2. Y203E- 01 
2.YOIOE-OI 
2. ELlIZE-01 
2.660YE-OI 
2- 640 1E- 01 
2.8 IUd E-0 1 
2.7Y69E-01 
L.7743E-01 
2 -  751 I E - 0 1  
2.1L 7 OE- 0 I 
L.701YE-01 
2.6757E- 01 

. oc 

F I E L D  RADIAL LUG 
4.425'1 E-01 
4.3Yd9E-CI 
4.3714E-01 
4. $43 LE - 01 
4.314LE-01 
C . Z I ) C 3 E - C I  
4.254UE- 01 
4.L2ZoE-01 
4.190 I t - 0 1  
41.1566E-U1 
4. ILL Y E - 0 1  
4.0157E-01 
4. 048 It- 01 
4.00dbE-01 
j .Yb10t -01  

3.0975E-01 
3.63C5t-01 
3.  > 7LlbE- 01 
3.5173E-01 
3.4545E-01 
3 .  , Y O O t - O l  
3.3235E-01 
?.25+1t-01 
3. lMI9E-01 
3. I U t I E - O I  
3.0259t-01 

2.04 UY E- 0 I 
i.745bE-01 
2 .  b415E- 01 

L.~COOE-OI 

F l E L U  &ACIAL LJC 
5 .83bbt -CI  
5. dJO 9E- 01  
3. I b 4 L E - C I  
5.7LbbE-01 
>.bdUOE-CI 
3 . 6 4 n L t - 0 1  
3.607 I E - 0 1  
5 -5bvbE- 0 1  
5 . 5 L O Z E - U I  
5 - 4  7CUE- 0 1 
>.4L7 IE-01 
3.377 LE-01 
5.324dE-Gl 
9. L b ' r 5 t -  CI 
5.2 109E-01 

4.37 t I E - 0 1  
4.3l3Lt-01 
4 .  L 4 d  IE-0  I 
4.1105E-01 
4. I I OLt- 01 
4.03b7E-01 
3. Y 557E- 0 I 

3.7YL7E-01 
3.7015E-01 
J.603Yt-01 
3 .4YdYE-DI 

3.LbObE-JI 
?. IL59E-OI 

j .d7 t15~-01 

3 . 3 n 5 0 ~ - 0 1  

1 . ~ 4 7 1 t - C  1 
1 . C Y  14E-01 
1.3053E-01 
1 - L I O j t - 0 1  
1.172'rE-Ol 
1.072LE-01 
9.6d04t-02 
8.602 I E - O L  
7.4d4CE-02 
b.3L3LE-02 
5.1173E-CZ 

0. 

1.503YE-01 
I . 4 l o d E - 0 1  
1.331 3E-0 1 
I.2SIIE-OI 
1.1478E-01 
1.0513E-01 

8.*71>E-Oi 
7.3886E-02 
6.L554t-02 
3.OdCdE-OL 
3.d50 1E-02 
L . ~ l O l E - 0 2  
I .L 5 4 t i -  0 2 
0 .  

Y. 5 1  I a€-02 

9 . 5 0 3  5E- 01 
Y.257iE-01 
Y - O I I L E - C 1  
8.7b54E-01 
t1.5lY3E-01 
U(.L727E-01 
d. OL52E- 0 1  
7 .7765t -01  
1.52blE-01 
7.273dt-01 
I .C I9 IE-CI  
b - 7 6 1 5 t - 0 1  
6.5005E-CI 
b.L3>5E-C1 
5.9658E-CI 

1 .1317Et00 
1.10>3E+00 
I .OI8bEtCO 
I .051bE+OJ 
1. OL 43 E +00 
9.9b51E-Cl 
9 . 6 d 4 1 i - 0 1  
9-3971E-01 

d - 1 0 4 l t - 0 1  
8.4YbLE-01 

9. iariE-01 

8 . 1 7 ~ 1 ~ - 0 1  
7 .n514~-01 
7 - 5 1  I 6 E -  C I 
1 .  1516E-01 

1.6094E-01 
I .4Y *4E-0 1 
1.3795E-01 
1.2645E-01 
1.1496E-01 
l .O346E-01 
Y.1966E-02 
B.0470E-02 
6.8975E-OL 
3.7479E- OL 
4.>983E-02 
3.4467E-02 
L.2992E-02 
1.1496E-02 
d.1 b 18 E- I b 

2.4506E-01 
2.27 55E- 0 1  
L.1005E-01 
1.9254E-01 
1.7504E-01 
1.5154E-C1 
I .4003E-01 
1.2253E-01 
1.0502E-01 
8.75ZOE-02 
7.0016E-02 
5.L51LE-02 
3-5008t-Oi '  
1.7504E-02 
1.7764E- I 5  
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FIELO NORMAL LbC 
9-757YE-03 
1.9 l b IE -OL  
3-0055E-02 
4.0644E-OL 
5.1566E-02 
b.Lb54E-Od 
i .  454bE-OL 
M.bb67E-02 
9. YJLYE-02 
1.1253E-01 
1.26j7i-0 1 
1.4093t-01 
I .5bJLE-OI 
1.7CbBE-01 
I.YO1Y E-01 

b I E L U  AXIbL  LUG 
I .SO75t-01 
1 - 9 Y 7 L t - 0 1  
L . O U Y . t € - O l  
2.1843E-CI  
L . Z B L Z E - O I  
2 .3d34E-01 
L -4Ud I E  -01 
2 . 5 5  IOE-C 1 
2.710LE-01 
L.OZM6E-0 1 
L .¶52bE-0 1 
3.083lE-01 
j.ZL10t-0 I 
3.3b7tE-01 
3.5245E-01 

ASPS Y.0464E- 
6 -2  42 7E-0 1 
6.25L4E-01 
6.2 572E-01 
6.256YE-01 
6.251bE-01 
6 .L41 jE -O~ 
6 . L L 6 1 E - 0 1  
b .LO58 E-01 
b.1605E-01 
b.1503E-01 
b.1150E-01 
b.074lE-01 
b.OLY5E-01 
5 .Y 1YL E-01 
5.YZjYE-01 

-01 
5 . 5 1 o l E t 0 0  
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Figure 1. - Sketch of coordinate system. 
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Figure 2 .  - Comparison of shock shape and pressure  distribution 

on sphere at Moo = 6 and Y = 1.4. RSt = 1.34. 
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(b) Body pressure  distribution. 

Figure 3.  - Comparison of shock shape and pressure distribution 

on sphere at M,= 10 and = 1.66. Rst = 1.43. 
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Figure 4. - Comparison of shock shape and pressure distribution 

on sphere at M, = 10 and = 1.4. Rst = 1.3. 
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Figure 5 .  - Comparison of shock shape and pressure distribution 

on paraboloid at M, = 10 and Y = 1.4. Rst = 1.42. 
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(b) Body pressure distribution. 

Figure 6. - Comparison of shock and pressure distribution 
on 2 /1  oblate ellipsoid at Moo = 4 and Y = 1.4. a = 1.0. 
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(b) Body pressure distribution. 

Figure 7 .  - Comparison of shock shape and pressure distribution 

on 2/3 prolate ellipsoid at Ma= 8.08 and Y = 1.4. a = 3 .  
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Figure 8.  - Comparison of shock shapes on blunt axisymmetric 

bodies at M, = 7 and Y = 1.4. 
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(b) Body pressure distribution. 

Figure 9. - Comparison of shock shape and pressure distribution on 

hemisphere-cylinder at M, = 7.7  and = 1.4. d = 0.75. 
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Figure 10. - Comparison of shock shape and pressure distribution on spherically 

blunted 30' half-angle cone at XI, : 8 and = 1.4. rn = 1.0. 
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Figure 10. - Concluded. 

55 



's"n 

- Ref. 10 
0 Present resul ts  

(a) Shock shape ( 7  = 1.16). 

Ref. 10 

y = 1.4 } Present resul ts  0 
13 7 = 1.16 

n n 

" ~~~ ~~~ ~ 

0 .4 .8 1.2 1.6 2.0 2.4 

Zb'rn 

(b) Body pressure distribution. 

Figure 11. - Comparison of shock shape and pressure distribution on 

spherically blunted 40' half-angle cone at M, = 38.4. rn = 1.0. 
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