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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 0° 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 50000g. 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. This simplification significantly reduces machine computation time.
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.

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. 1), 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
part 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 0°.
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 50000g. 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 Program name
a nondimensional major axis (parallel to flow) of ABA
ellipse, a*A
b nondimensional minor axis (perpendicular to flow) ABB
of ellipse, b*/¢
d nondimensional diameter, d*/¢
H*
Hi nondimensional total enthalpy, _zt_ HSO
UL /2
h*
h nondimensional static enthalpy, U <2 /2



Symbol Program name

J denotes step through shock
L body type L
9 characteristic length (all dimensions

nondimensionalized with this term)

Mg shock Mach number MS
M, free-stream Mach number MINF
Nit iteration number IT

N¢ number of points across shock layer NT1

not including shock point
N number of rays in subsonic region NX

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

p(x,y) nondimensional pressure through shock
*
layer, 25%:Y)
(p*U*2),,
P nondimensional pressure through shock P1
? (p*U*Z)oo .
. . by
ondimensional body pressure PI(I,NT1
Pp n 0on Y ure, m (1, )
*
p nondimensional shock pressure ———2-—5 PS
® " (purd)
Pgi nondimensional body stagnation-point PST
Pst
pressure
" (pru*d),,
*
Poo free-stream pressure

AR increment in radius of curvature DR



)

rq

8 %

Ug

Vs

nondimensional body radius of curvature at
stagnation point, R/

. s . L3
nondimensional shock radius of curvature, Rg/?

nondimensional stagnation-point shock radius
*
of curvature, Rg/t

nondimensional cross-sectional radius, r*/¢
nondimensional cross-sectional body radius, 1y, ’%

analytically computed nondimensional cross-
sectional body radius, r}/%

nondimensional maximum cross-sectional
. *
shock radius, rq/t

. : . *
nondimensional nose radius, r,/%

nondimensional cross-sectional shock
. *
radius, rg/e

nondimensional entropy
free-stream velocity

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

nondimensional velocity behind shock in
x-direction, u¥/U%

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

nondimensional velocity behind shock in
y-direction, v¥/UX

Program name

RKB

RKSX

RKS1

RI

RI(I,NT1)

RW4C

REND

RS

Ul

UsS

Vi

A\



Symbol

Xt

Zb

m

A

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

nondimensional total arc length to limiting
Mach number, x; 4!

nondimensional coordinate normal to shock, y*/t
nondimensional value of y from shock to body

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

nondimensional coordinate measured along
axis of symmetry, zpA

nondimensional value of z for shock point,
zi/

ratio of specific heats

nondimensional shock stagnation-point
standoff distance, & */t

convergence criterion, 1 X 10-4
error

increment in shock angle

body angle

shock angle

nondimensional local density, , */ p¥

nondimensional shock density, o5 /pfo

free-stream density

Program name

XS

XTC

YI
YI(I, NT1)

Z1

ZS

GAM

ZST

EM

E4(IT)

THB
THS
RHI

RHOS



Vs

Program name

second derivative of stagnation-point shock SDERRX
radius of curvature

nondimensional local stream function through SY
shock layer, v */p:oUotez

nondimensional shock stream function, SFS
Yook U2

An asterisk * denotes a dimensional quantity. An n as a subscript denotes Ni;.

RESULTS AND DISCUSSION

The inviscid flow field over blunt bodies is described by the governing equations

for an inviscid, nonconducting gas. The equations, for this analysis, are written in
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 are made so that the resulting equations are

Continuity:

a(rnpu)> <a(ran)> -0 1
< 3 X y+ 3y Jx W

x-momentum:

Entropy:

R O R 1) g
y-momentum:
: 2
GD), oG, v i - e, ®
u(g—i)y + V(?%)x =0 (4)



Analysis

By following the analysis of reference 3, a Von Mises transformation is introduced
so that the independent variables are the distance along the shock x and the stream
function ¢ . The stream function is defined by

5% = - o (5)
%‘}% = riyy (6)

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

g ), ™

( a_s_) -0 (8)
Y
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

h h(S, p) (10)

or

©
1

For a perfect gas

h o= 27 (12)

y-1

o



and for the condition of isentropic flow along a streamline (eq. (8))
o = /7 5(v) (13)

Note that all the previous parameters were presented in a nondimensional form. Dis-
tances are divided by a characteristic length ¢; density and velocities by their respec-
tive free-stream values; pressure by (p*U*2> ; the enthalpy by —%—U:oz and the stream
function by (p*U*)oo N+, =

In the analysis of reference 3, Maslen assumed that (g%) in equation (7) is
small and that the streamlines are nearly parallel to the shock, that is, v<<u. Thus,
equation (7) can then be approximated as follows with u and r replaced by ug and

rg, respectively,

o . s (14)
% riRg

Integrating from the shock toward the body yields

Ug

p(¥v) = bsg *

rg RS

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.

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 (¢ = 0) is reached. Maslen (ref. 3) concluded that the accuracy of
such a technique is adequate for general purposes. However, as previously noted, the

ov

analysis neglects the normal velocity term in equation (9) and the (a_X>¢ term in the

normal momentum equation (7). The @%)w term 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.

In a more recent investigation, Maslen (ref. 5) considered the (g%)w term and

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



2 2
u tan 6 cos 0 -
p(¥) = pg + ——— (W - ¥g) + s s <i + S\w i (16)

rgRS rls1 Rg Tg / 2y ¢

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

wy) = vsgs- (17)

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

[1 _%ﬂ]u

V) = =
v(¥) Vg W) (18)

Rg

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-

tion (5) written as

ndy - _1
r 5 6 (19)

and from the flow field geometry (fig. 1)

r = rg-ycos g (20)

Substituting equation (20) into equation (19) and solving for y gives

_ rg 2cos g [Yg 1 1/2
Y'aasio‘;;[l'<1"—“2—L pud¥ (21)

rg



for axisymmetric bodies and

Vs
y =), S g dv (22)
for two-dimensional bodies. In addition, the distance measured along the axis of

symmetry from the shock wave is

z =24 +ysinfg (23)

Although the use of equations (16), (17) or (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) are
incorporated in this investigation along with the previously discussed flow equations
for developing a direct solution of the perfect gas flow field over blunt axisymmetric
bodies at an angle of attack of 0°. 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
shape or flow field at upstream points; therefore, a step-by-step marching procedure is
used. The shock shape and flow field are computed at successive downstream points.
However, disturbances, for example, changes in the body shape, in the subsonic region
influence the entire region, and this fact requires an iterative procedure for describing
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
by two flat-faced cylindrical bodies with different body radii. The shock standoff
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.

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
terms of the arc length as

%2
Rg(x) = Rgt + ot ) (24)
The shock shape is computed from the axis of symmetry to a point x; on the shock
defined by a shock Mach number of approximately 1.3. For the remainder of this
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

dog = - % (25)
Along rays perpendicular to the shock, the flow properties are calculated at local
values of the stream function by equations (16), (17) or (18), (13), and (9). The calcu-
lations continue until the body (V= 0) is reached. The geometry of each grid point is
calculated by equations (21) or (22), (20), and (23). The computed body will probably
not agree with the specified body in size or 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 error ‘€. This error is
the difference between the radius of the calculated body r; 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 error term ?, the o4 value in equation (24) is changed
and a new shock shape, a new calculated body, and a new error result. For consistency
on successive iterations, the position of x; 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 error is less than some convergence criterion (e = 10-4 for this program).

For this region the specified bodies are given in the program by analytic equations.
A sphere, an ellipsoid, a paraboloid, or 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 arc length is computed and held constant for the following iterations.
By holding the arc 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 error is computed. A new increment in the shock radius of curvature is determined

11



and the process is repeated until satisfactory convergence is obtained. The procedure
is used to extend the solutions to any downstream distance rye 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.

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 are based on the solution
of the full governing inviscid flow equations. Comparisons are 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 agreement between
the present method and the published results is, in general, very good.

In figure 9 the shock shape and pressure distribution for a hemisphere-cylinder
at M_, = 7.7 (ref. 9) are compared with the present results. The present calculations
yielded shock standoff distances over the cylindrical section of the body which are
approximately 12 percent smaller than those obtained from reference 9. This comparison
is similar to that shown in reference 3. The reason for 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 are 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
are compared with the present results. The agreement is very good. At a shock axial
location of approximately 2 (see fig. 10(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 7 = 1.4 as would be expected. The
shock standoff distances for the present method shown in figure 11 were obtained with

12



v = 1,16, This is the shock stagnation value computed by the method of reference 10.
Pressure distributions are shown for v = 1.16 and v = 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, from
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 ¢ dependence of the recompression term 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 term 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) or (18),
such deviations, especially in the stagnation region where the effects of the normal
velocity are predominant, are 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 are 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.
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APPENDIX A
DETAILED PROGRAM DESCRIPTION

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

Flow Diagram for Subsonic Calculation Procedure

[ Provide input ]
1
r-

Compute shock radius
of curvature

——
1

Comput shock angle
and properties

<G> |
Nit = Nip + 1

Increment <

shock

points >

I Compute shock geometry—]

—

I Compute flow properties J

lCompute flow field geometry]

No
Compute ratio of calculated
to known body dimension
‘ Compute new
Scale comﬁutedilengths arc length 4
with ratio f =
C ; - i o =Small
Lompute stand-off d1stance—| st o Compute new
] nsg?uéve arc length

Compute analytical body
radius (RW4C) on last
ray. Compute error, E4

£a - (RLOVGATI)-1.) x 100
RH4C

Ot ~Small
positive value

Compute oy

Write data
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Increment last values for
shock radius of curvature
and shock angle

I

Flow Diagram for Supersonic Calculation Procedure

~—

Compute average radius
of curvature
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I

Compute shock properties
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= AX]

and geometry

i

Compute flow field
properties and geometry

Compute analytical body
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I

Cone or

Nit = Njt + 1

Compute analytical
body radius for
appropriate
geometry

Compute E4 |

No
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shock
inflection
computed

Compute ARn |

Compute
sharp cone
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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 Ny 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 Ry, the shock radius of
curvature at the stagnation point, is given as RKS1 and og4, the second derivative of
the radius of curvature at stagnation point, is given as SDERRX(IT). For the first
iteration (IT), RKS1 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(IT) is computed.

With the shock radius of curvature and the arc 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 are 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 arc length is altered on each successive itera-
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 are not computed at each of these shock
locations. The arc length to the limiting Mach number is divided into NX - 1 equally
spaced regions and NX points on the shock are computed in SUBGEM. The shock geom-
etry and properties at each of these points are then determined from an interpolation
scheme in subroutine SUBPROP.

17



APPENDIX A — Continued

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
less than the tangential component (UI) 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 stream 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 are computed at points along each ray until the body (¢ =0)
is reached. The points are defined by a local stream function which is computed from the
stream function at the shock point and equally spaced increments of the stream function

along each ray.

Iteration Procedure (Subsonic)

With the flow properties computed, the location (radial, axial, and normal) of
each local stream 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. All dimensions, shock and body, are then scaled by this ratio in subroutine SCALE.
The scaled body points as noted in the subroutine are 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 error value E4(IT) is also computed in this subroutine.
This error value is the percent difference in the two radial calculations. For the second
iteration, a small negative value of og; is assumed if E4(1) is positive, and a small
positive value of 0g¢ is assumed if E4(1) is negative. For subsequent iterations, og;
is computed by a Newton-Raphson technique in subroutine SDCORR. A new arc length XTC
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APPENDIX A — Continued

to the limiting Mach number is then computed in subroutine CORR1 or CORR2 depending
on the sign of ogt. The problem is now iterated until desired convergence is obtained.

Output (Subsonic)

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

Iteration Procedure (Supersonic)

Although the shock and flow properties are 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 are assumed.

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

(3) The change in arc length is computed and held constant for subsequent iterations.
(4) The shock geometry and properties are computed.
(5) The flow field geometry and properties are 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 tests are negative, the analytic body radius point is computed by the equation
used in the subsonic region.

(7) An error value is computed and a new increment for the shock radius of curva-

ture is also computed.
(8) The calculations are 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 are 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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APPENDIX A - Concluded

Output (Supersonic)

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

ZW body axial location measured from axis of symmetry of shock

RW body radial location measured perpendicular to axis of symmetry
W body normal location measured perpendicular from shock point

ZS shock axial location measured from axis of symmetry of shock

RS shock radial location measured perpendicular to axis of symmetry
PS pressure at shock

RHOS density at shock

UsS tangential velocity at shock

Pw body pressure

RHOW body density

UwW body tangential velocity computed normal to ray from shock
MW Mach number at body
| THB body angle, 0},, radians

20
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APPENDIX B
PROGRAM LISTING AND SAMPLE OUTPUT

The program listing and sample output follows:

PROGRAM DIPGAF

THIS PRCGRAM COMPUTES THE PERFECT GAS FLOW FIELD ABOUT A BLUNT TwD
DIMENSIONAL OR AXISYMMETRIC 800Y. THE BGOY IS KNUWN AND AN INVERSE
TECHNIQUE IS ITERATED UNTIL DESIREC 800Y IS FOUND.

THIS MAIN ROUTINE CONTROLS THE SEQUENCE OF CALCULATIONS

REAL MINFsMSINZsMS,MSO,MSI

COMMON /BLKL/ GAMyMINFy XINITALyZINITALJRINITALyTHETAINSSFINITL oL 9N
1y SORXINT+RKBNys ABAyABB yPLl sHPAHPB

COMMON /B8LK2/ IT,DELXyIBEGyEMaNCyNT 1 NX+RENDeNOsPSToDR(8E)+F (200)41
e

COMMUN /BLK3/ XSP(T7)yXTeXTCySCP yRKSsRKSCyRKSL 9y SOERRX(8) yHSCsXS1
COMMON /BLK4/ XS(300) yRKSX(300)+2S(300)+RS(300),5FS(300), THETAS(30
10),US(300)4PS(300)+RHOUOS(300) +MS(300) +vS(300}

COMMCN /8LK5/ RIA{T 915092 00Ty 15)s Y I€T515)sRICIT15)9LICLT915)YICIT
1915)9RW4C+ZSToE4 (L) 9 THB(50)

CUMMON /8LKo/ SFC(7)yROLTIZZO(/)»PO(T)9UI(T)y THETAD(T)9RHOSO(T)¢4MS
10(07) oRRO(T) g DELSY( T)yRKOC(T) 4RUOC(TYZCCIT)pNVaLT)

COMMON /7BLKT/ SY(T7915)9PI(T9l5)sRHAICT9L5 o UI(To15)eMSILT915)sVI(Ty
115)

CALL INITIAL

IT=1+1Bty

CALL SADCURV

CALL SONIC

CALL SUBCGEM

CALL SUBPRCP

CALL GIP

IF (IP.EC.2) LC TO 3

IpP=2

G0 70 2

CALL BADCURY

CALL SCALE

CALL S0500

CALL R4ES

IF (ABS(E4(IT)).LE.EM) GC TO 7

THE SUBSONIC REGIGN IS CCMPUTED If THIS CRITERIA [S MEET. NCW GO
TO EXIT UR SUPERSONIC REGION.

IpP=1

IF (ITeEWeloANDLE4{1).GT.0.0) GG TO 5
IF (1T.GT.1) G0 TO 8

I7T=21T+1

SDERRX(Z)=le

CALL CORR1

GU TO |

IT=1T+1

SDERRX(Z2)}=-2.

CALL CORRZ2

GU TU 1

CALL OuTPUT

GO TO 9

CALL SOUCURR

IF (SDERRX{IT)eGT40.0) GC TO 4

GO TOU 6
CALL SUPER
sSTgpP

END

PP PPDPERPPLPDEDDPPRPREPDRPRPIPRPLPERPRRPRPDRIPLBPLPLDDRPDPRPPDRPDD

W =~NO NS LN
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APPENDIX B — Continued

SUBROUTINE INITIAL
THIS RUUTINE INITIALIZES QUANTITIES PLLS DEFINES CONSTANTS

REAL MINFsMSINZ2yMS,MSOyMSI

COMMOUN /BLK1l/ GAMyMINFy XINITALy ZINITALSRINITALyTHETAIN,SFINITLsL N
19SDRXINToRK BNy ABAYABEB yP Ly FPAyHPB

COMMON /bLK2/ FToDELXyIBEGyEMyNCy NTLyNXyRENCy NDsPSTHyDR{8)9F{200),1
1P

CCMMCN /BLK3/ XSPUT) o XT o XTCySCPyRKSy RRSCyRKSLySOERRA{B) HSC9XS1
Ip=1

MINF=10.

GAM=l.4

XINITAL=0.0

ZINITAL=0.0

RINITAL=0.0

THETAIN=1.57C7%63268

SFINITL=0.0

IBEL=0

NT1l=15

REND=1.5

NX=7

SUDRXINT=0.

DELX=.015

EM=.0001

MINF IS THE FREE STREAM MACH NUMBER:;GAM=RATIO OF SPECIFIC hLEATS
DELX=INITIAL ARC LENGTH INCRMENT:NT1=NUMSBER UF POINTS THRU FLOW
FIELD FOR NUMBER OF RAYS{NX-1INURMAL TOQ SHUCKIREND=RADILS OF SHOCK
WHERE COMPULTATICNS STOP;EM=CONVERGENCE CRITERION

THH=T70.
THH=0.01745329252%THH
HPB=1,

HPA=HPB/ TAN(THH)
ABbA=4,

ABB=1.

#i=1.0

RKbBN=1.

RKB=P1

RKS=RKB

RKB IS RALIUS OF CURVATURE UF 80OUY. FOR SPHERICAL NOSE,RKH EJUALS
RADIUS OF SPHERE(RKBNJ). FOR PARABUOLA,RKE EWQLALS DISTANCE FRCM
FOCUS TO DIRECTRIXIPl)e FOR ELLIPSEsRKB EQUALS MINOR AXIS SQUARED
RATIOED TCL MAJUR AXIS(ABB*%2/A8A). FOR HYPERBOLA,RKB EQUALS MINOR
ASYMPTOTE SQUARED RATIOED TU MAJOR ASYMPTOTE(HPB**2/HPA).THH EQUAL
S HALF ANGLE OF HYPERBOLAJNOTE...MAJOR REFERS TO LENGTH PARALLEL
TO ONCOMING STREAM,.

L=3

IF L EQUALS 1, THE COMPUTELC RADIUS OF CURVATUKRE OF SPHERE wiLL BE
SCALING PARAMETER. IF L EQUALS 2+ THE CUMPUTED MAJOR AXIS OF ELLIPS
E witL BE SCALING PARAMETER, [F L EQUALS TO 3,THE COMPUTED DISTANC
£ FROM FOCUS TO CIRECTRIX OF PARASBOLA wilLl EE SCALING PARAMETER.
If L EQUALS 4,.THE COMPUTED MAJOR ASYMPTOTE CF HY? ERBULA WILL BE
SCALING PARAMETER.

N=1
IF N=1, THE BODY IS AXISYMMETRIC. IF N=0, THE BOOY IS 2-D.

RETURN
END

TWE PRSI TR TR TEETOOCTRRTC I RETECRCE OO PER TR RO TR TR EDIEIODEETTXTEEOOE

WEoNOV &SN



OOOOO

COOOnO

APPENDIX B — Continued

SUBROUTINE SAODCURYV

THIS ROUT INE CCMPUTES THE SHOCK RADIUS OF CURVATURE AS FUNCTICN OF
Xe RKS1 IS THE STAGNATICN POINT VALUE. RKSX IS VALUE ALJING SHCCK.
X$=SHUCK ARC LENGTF

COMMON /BLKL/ GAMyMINFyXINITAL¢ZINITAL RINITAL9THETAINySFINITL 4L yN
1y SORXINTyRKBNyABA,ABB Pl yhPAyHPB

CCMMON /BLK2/ ITsDELXsIBEGIEMsNCoNTL oNXyRENC)NUsPSTH,OR(8) yF(20Q),1
1P

COMMON /BLK3/ XSPUT)yXTyXTCySCP oRKSyRKSCyRKS1 9 SDERRXL8) yHSC XSl
COMMCN /bLK4/ XS(300)RKSX{300)9ZSL300)+RS(300)+5FS(300),THETAS(30
10),US(30C)PS{300)yRHOS(300) ¢MS{300) +vS(300)

XS{L)=XINITAL

IF (IT.6T.1) GO TO 1

RKSX(1d=RKS

RKS1=RKS

SDERRX{1)=SORXINT

NT3=200

GO0 TC 2

RKS1=RKSC

RKSX (1 )=RKS1

NT3=NC

DO 3 I=24NT3

J=l-1

XS{L)=XS(J)+DELX

RKSX{I}=RKS1L+05#SDERRXLIT )%XS(1)**2

CONT INUE

RETURN

END

SUBROUTINE SCNIC

THIS ROUTINE CCMFUTES SHOCK PRUPERTIES IN SUBSONIC REGICN UNTIL
LIMITING SHOCK MACH NUMBER [S COMPUTED.

PS=SHOCK PRESSURE,US=SHCCK VELOCITY(TANGENTIAL )y VvS=SHOCK VELOCITY(
NORMAL )RHOS=SHCCK DENSITYyMS=SHOCK MACH NUMBER.

REAL MINF ¢+MSIN2.MSyMSCyMSI

CUMMON /BLKL1/ GAMyMINFy XINTITALYZINITALRINITAL yTHETAINSFINITL L oN
LySORXINTyRKBN, ABAyABRB 4Pl yHPA,HPB

CUMMON /BLKZ2/ IT+DELXyIBEGyEMyNCyNTL ¢NXsRENUyNUyPSTSDR(8) +F (200),1
P

CUMMON /BLK3/ XSP(T)yXTyXTC9SCP yRKSyRKSCoyRKSL 9 SOERRX(8B) yHSC#XS1
COMMON /BLK4/ XS{300)9yRKSX{300)+ZS(300)+RS(300),SFS(300),THETASL30

[sXsN sl sNeN ool e a oY e aNaN ol ol ol N ol s o ReN oV o NaNoN oo NN ol !
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APPENDIX B — Continued

10),US(300)+PS(300) ,RHOS(300) yMS5(300) +VS(300)

BL={ (GCAM® L. J*MINF } %2
DL=4o*GAM* (MINF*22 )2 . *(GAM-L.)
BLU=(BL/CL)**(CAN/ (GAM=1.1})
THETAS(1)=THETAIN

PRAT=2.0/(GAM+1.0)
RAT=(GAM-1.0)/{GAM+1.0)
GAMMZ2=1.0/{ GAM*M INFx%2)

IfF (IT.6T.1) vk TO 7

DO 1 I=1s7

FUI)=1.0/RKSX{ 1)

CONT INUE

CALL INT6 (74DELXsFeB)

NN=1

¥M=7

GO TO 4

NN=MM+1

MM=MM+ 2

DU 3 I=1l.M¥

F{I)=1.0/RKSX(IT}

CONT INUE

CALL INT6 (MM,DELX,F,B)

DU 5 I=NNyMM
THETAS{I)}=THETAS(1)-F(])
USIT1)=COS(THETAS(I1))

Us(1)=0.0
MSINZ2={MINF®SIN(THETAS{1)) }*%2
PSUI)=(PRAT* (SIN(THETAS (1)) )%%2)-GAMM2*RAT
RHOS (I )=10GANM+1 .0}/ ((GAM-1.0)¢(2.0/MS51IN2))
VSII)=(1e /RHOS(IV)*SIN{THETAS(I))
AS=SURT(GAM*PS(1)/RFOS(I))
MSEII)=(SQRT(LUSIT)I**2)+vS{])*%%2))/AS
IF (MS{1).GTa.le3) GO TO 6

CONTINUE '

GO TO 2

NC=1

60 TO 10

DO 8 I=1+NC

F(L1}=1.0/RKSX(1)

CONTINUE

CALL INTE (NCoDELXFsB)

DO 9 1=1,NC

THETAS(I)=THETAS(1)-F (1)
USET)=COS(THETAS(I))

LS(1)=0.0
MSIN2=(MINF*SIN(THETAS (1)) )*%2
PSLI)=(PRAT* (SIN(THETAS (1)) )**2)-GAMNZ*RAT
RHOS(I)=(GAM+1 .0}/ {{LAM-1.0)+{2.0/MSIN2))
VS(I)=(1./RHOS (L} )*SINITHETAS(I )
AS=SQRT(GAM*PS{([)/RRUS(I))
MSUE)={SQRTIIUS{T)**2)+vS({])%*%2))/AS
CONTINUE

PST=PS(1)*BLD

PST IS BUDY STACNATICGN POINT PRESSURE.

RETURN
END
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APPENDIX B — Continued

SUBRUUTINE INT6 (NT,0EL,FyB)
ROUTINE IS 6 PCINTY INTEGRATION PROCECURE.

VDIMENSION X(200), F{200)

Xx{1)=0.0

NN2=NT-2

NN1=NT-1

N=2

X{2)=X( 1)+ (0EL/ 1440, )% ({493 %F(N=1) )+ 1337 *FIN})-L618.%F(N+L) )¢l
1302.%F(N+2))~(83 . %F(N#3))+{9.*F(N+4))))

N=3

XE3)=X(2)+( (DEL/129€00s ) *¥({~4050. %F(N-2) )+ (€5430.%F(N-1))+(75780.%
LFIN))=(T7020.*%FIN+1))—(L1TO.*F(N+2) ) ¢+{630.%F(N#3)) 1))

DO 1 N=44NNZ2yl
X{N)=X({N-1)+{(DEL/ 14400 )%{(110.*%F{N=3))—(930.*F(N-2))+(8020.*F(N-
11))+(8020.*%F(N)}I-1930.%F(N+1})+(1L0.*F(N+2))))

CONTINUE

N=NN1
X{N)=X{N-1)+((DEL/14400.)*({~110.*%F(N-4))+(T7T0.*F(N-3))-(2580.%F(N
L=2))+(10220%FIN=-1))+{63T0.*F(NJ)-{270.%F(N+1})))

N=NT
XINI)=X(N=-1)+({0DEL/ 25920 )% (( 486*F(N=-5))={3112.%F(N-4))+(E6TOH.*F(N
1-3))-1 14364 %F(N-2) )+ {25686 *F(N~L1)}+(8550.*F(N}I}))

B=X{NT}

00 2 I=1.NT,l1

FLI)=Xx(I)

CONT INUE

RETURN

END

SUBROUTINE SUBGEYN

THIS ROULTINE COMPUTES SHOCK GEOMETRYySTREAM FUNCTION AT SHOCK.AND
DIVIDES SUBSUNIC REGION INTO EQUAL SEGMENTSI(XSP{I))

RS=RADIAL COMPONENT, 2S=AXIAL COMPONENT 4SFS=STREAM FUNCTIUN AT SHGC
Ko ALL LENGTHS ARE MEASURED FROM SHOCK.

COMMON /bLKL/ GAM MINF XINITALs ZINITALSRINITAL oTHETAINSSFINITLsLN
1 9SORXINT oRKBNy ABA, ABBy Pl yhPA HPB

COMMON /BLK2/ ITyDELXsIBEGYEMyNC o NTL oNXeRENC s NDsPSTsDR(8)9F(200)s1
LP

COMMON /BLK3/ XSP{T7) ATy XTCySCP sRKSyRKSCyRKSL y SDERRX{8)9HSCoXS1
CCMMON /BLK4/ XS5S1300),RKSX(300),2S(300),RS{300)9S5FS(300)THETAS(30
10),US(300)+PS(300) yRHOS(300) ¢MS{30Q)4vS(300)

RS{1)=RINITAL

LSUL)=ZINITAL

XSCL)=XINITAL

SFSUEL)=SFINITL

DO 1 I=1yNC

FLI)=COS(THETAS(I1))

CONT INUE

CALL INT6 (NCyLELXsF8)

DO 2 I=2yNC

ZS{T =451 ¢F L]

CONT INUE

DU 3 I=1sNC

FCI)=SINITHETAS(I))

mmMmMmMmMmmmMmmmmmmMmmMmmMmmmmmmmmmmm
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CONT INUE

CALL INTE (NC,DELXsFyB)
DO 4 [=24NC
RS(II=RSLLI+F(I)
SFSUII=((0a5)%*N)*RS( 1) **(L+N)
CONTINUE

IF (IT.GT.1) GO TO 5
XT=XS{NC)

XS1=XT

DXSP=XT/{Nx~-1]}

GO TO 6

XT=XTC

DXxSP=XT/INX-1)

DO 7 I=1sNx
XSPUI)={I-1)*DXSP
CONTINUE

RETURN

END

SUBROUTINE SuUBPRCP

THIS ROLTINE LCOKS UP THE SHOCK PROPERTIES ANU GEUMETRY AT ARC
LENGTHS EQUAL TO XSP(I) AND CALLS RCUTINES FRESLOC ANV PROPLOC

REAL MINF4MSIN2sMSsMSUyMSI

COMMON /7BLKL/ GAM MINFo XINITAL ZINITALJRINITALyTHETAINSSFINITLoLWN
LySORXINT s RKBNy £EA9ABB yPLlyHPAHPB

COMMGCN /BLKZ/ IT4CELXyIBEGIEMyNCoyNT LoyNXyRENDyNDgPSTHDR(8) oF(200),1
1P

CCMMGCN /BLK3/7 XSF(T) o XT yXTCySCPIRKSy RKSCHRKS1 9 SDERRX(B) +HSO»XS1
COMMON /bLK4/ XS{300) yRKSX{300) 225(300)RSL300)sSFS1300)+THETAS(30
10)yUS(300),P5(3004yRHUS(300)4MS(3001),vS(300)

COMMON /bLK6/ SFG(T)sRO(7)420(T7)9PCLT)+LUOLT ) THETAOLT) 9RHOSC(T)I4MS
10(7)yRKO(T ) g DELSY (T 9 RKOC(TIZROCLIT)IZOC(TINVIL(T)

CCMMON /BLK7/ SY{T7915) 4P TUTo15)sRAI(T915)0ULLT415)04MSI(T:15)0,VILT,
L15)

DO 1 I=1lsNX

CALL FTLUP (XSPUI}sSFOUI)sleNCysXSySFS)

CALL FTLLP (XSPILI)sRO(I)s19NCeXSsRS)

CALL FTLUP (XSPUI)s2U(CT)y1eNCyXSyLS)

CALL FTLLP (XSPII)9sPOLI)sleNCoXSePS)

CALL FTLUP (XSP(I)sVOUI)slsNCsXSeVS)

CALL FTLUP (XSPUI)oUUO(I)gleNCeXSsuS)

CALL FTLUP (XSPLI)sTHETAG(I) s LyNCoXS»THETAS)

CALL FTLUP IXSPUI)sRHUSOUI)y19¢NLCyXS9RHOS)

CALL FTLUP (XSP(I)yMSUCI) 91l sNCoAS,VS)

CALL FTLUP IXSFUI)sRKUO(I)glaNCoXSeRKEX)

CUNTINUE

CALL PRESLGC

CALL PRCPLCC

RETURN

END

SUBRUUTINE PRESLGC

THIS ROUTINE CCMPUTES THE PRESSURE{AT EACH XSP VALUE)ALING RAYS
NGRMAL TO SHOCK. THE PRESSURE EQUATIUN IS AN APPRUXIMATICN DEVELOP
ED BY SeH.MASLEN ACCOUNTING FOR THE CENTRIFUGAL AND RECCMPRESSICN
EFFECTS.
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CUMMON /BLKY/ GAMyMINFoXINITALsZINITALRINITALyTHETAINSSFINITLoL N
LySORXINTyRKBNy AEAy) ABByPLyFPA,HPB

CGMMON /BLK2/ IT4DELXyIBEGyEMyNCyNT1 sNXsRENCy ND9PST,OR(8)9F(200)y1
1p

COMMON /BLKS5/ RILT7915)9Z117915)sYT{Ts15)9RICITy15)4ZIC(To15),YICLT

Lel5)sRWGC2ZST4E4(8)y THB(50)

COMMON /BLK6/ SFCUT)oRO(TI20(T)9 POLT)IoUC(T )y THETAD(T )y RHCST(T)IMS
10{7)sRKOCT)yDELSY(THoRKOC(TIHROC(T)ZUCLTI4NDLT)

COMMON /BLKT/ SY(T7915)9PI(T7915)9RHILTy15)9UI(ToLl5)oMSIETy15)VILT,
115)

D0 2 I=2.NX

DELSY{ I)=SFO(I)/NT]

DO 1 J=14NT1

SY{I4J)=SFOLI)~J*DELSY(I])

PICIyJ)=POLII+(UCLI)/ (RKOCTI*{ROCEI**NDIIF{SY(I19yJi-SFOULL)I-(LSFOLI
LIRVOUT ) *TAN(THETAGUI) ) /(ROLIV**N) )% ((1./RKOLT))+(COS(THETAOQ(I))/RO
2010 1)) *LASY( Lo J)*%2)-SFOLI ) *%2)/ (2. %(SFAL1)*%2)))

CONTINUE

CONT INUE

RETURN

END

SUBROUTINE PROFLGC

THIS ROUTINE CCMPUTES THE PROPERTIES(UENSITY=RHI,TANGENTIAL VELOCI
TY=UI ¢NORMAL VELOCITY=VIAND MACH NUMBER=MSI)ALGCNG RAYS NCRMAL TG
SHCCK AT XSP VALUES.AN APPROXIMATICN TC NORMAL VELOCITY IS USED.

REAL MINF o MSINZyN5S4MSOyMSI

COMMON /BLKL/ GAMyMINFoXINITALoZINITAL yRINITAL yTHETAINySFINITLoLWN
LoSORXINTIRKBNy ABAyABB 9Pl sHPAHPB

CUMMON /BLK2/ IT DEUXoIBEGyEM9aNCoNTLaNXyRENCyNCyPSTyDREBI9F (200001
ip

COMMON /BLK3/ XSPULT) o XT yXTCySCPsRKSyRKSCyRKS1 9 SDERRX{8)9HSG XS 1
COMMUON /BLK4/ XS(300) yRKSX{300)+25(300)+RSL300)ySFS(300),THETAS(30
10)oUS(3001)+PS(300)RHOS(300)4MS(3001),VSL300)

COMMON /BLKS/ RI(T915)221(7315)9YI{T915)3RICIT y15)2LICLT915)YICULT
1915) sRW4C»ZST4E4(8)sTHB(50)

CUMMON /BLK6/ SFC{T)sRO(T)o20(7)sPOLT) yUD(T),THETADIT)RHCSC(T) +MS
LOCGT)yRKOLT) yDELSY (7)o RKOCHT)HROCIT) Z0CLT X4 NVILT)

COMMUN /7BLK7/ SY(7915)sPLUT915) yRHI(T915)oUI(T915)¢MST{T7915)eVI(T,
115)

PRIT=2,0%GAM/(GAM-1,0)

HSO=(4*GAN) /L ({GAM+L o 1 *#2) + { ((CAM=1 o )/ {GAM#1 ) ) *%2) 42, /{{GAM=-1.)%M
LINF*%2)

DO 3 I=24NX

DO 2 J=1,NT1

W=SY(I,J)

CALL FTLULP (WsBP+2yNCySFSyRHCS)

CALL FTLUP (WyCPs2¢NCsSFSePS)

RHI(L,J)=BP*(PI{IsJ)/CP)**(1.0/0GAM)

PRHE=PI(I1+J)/RHI(I44d)

IF (IP.EC.2) GC TG 1

VI(L 9Jd)=VOLI)*(w/SFC(1))

UL (L 9pJ)=SQRT(HSC-FRIT*PRHE-VI (I 4J )*%2)

GO TO 2

VIGId)=aVOULI I ({la=(YI (L1 od}/YICLIoNTL)))%R¥L 1) *(1la/€Lla—{YI(]IyJ)/RKO
1{I)}))

UL 9J)=SGRT(HSC-PRIT*PREE-VI(14J )*%2)
AE=SQRTIGAN®PI (T 2J)/RHILTJ))
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APPENDIX B — Continued

MSICIyJ)=(SQRTULUI(T,J)%22)+VI{IsJ)**2))/AE
CONTINUE

CUNT INUE

RETUKN

ENC

SUBROUTINE GIP

THIS ROUTINE COMPUTES THE FLOW FIELD CCURDINATES.YI=NORMAL CUMPCAE
NTSRI=RACIAL CCMPCUNENTsZI=AXIL COMPONENT .ALL LENGTHS MEASURED FROM
SHOCK .

COMMON /BLKL1/ GAMyMINF XINITALyZINTITALSRINITALyTHETAINGSFINITLsL N
1 9SORXINTsRKBNy AEAyABBy PLyhPAyHPB

COMMON /BLK2/ IT,O0ELX)IBEGIEMaNCoNTL oNXyRENLINOyPSTSOR(8)¢F (200001
ip

COMMON /BLKS/ RIAT 91509 Z1 79150 9YT(T o15)4RICIT915),2ZICLT915),YIC(7
1y15)9RwaC+2SToE4 18D THBL50)

COMMON /BLK6/ SFC(T)yRO(TI ¢ LOLT)IoPC(TIoUCIT)yTHETAO(T)yRHGSGLTI NS
LOUG7)oRKO(T7)+DELSY( T)9yRKOC(7)oROCLTI,Z0C(T)oVOLT)

COMMON /8LKT7/ SY(T915)9PL{79L509RHIAT$15)sULLT9L504MSILTy15)sVILT,
115)

DO 5 I=24NX

S=-DELSY(1)

F(1)=1.0/(RHOSCLI)*UOILI1))

DO 1 J=1lsNT1

K=J¢+1l

FIK)=1.0/{RHI(Isdd*UI(I,44))

CONT INUE

NT2=NT1+1

CALL INT6 (NT2495:F4B)

DG 4 J=1sNT1

K=1+J

IF (N.EQ.0) GO TC 2
YI{I9Jd)={RO(I)/CCSITHETAOU 1)) ) *{1.0-SURT{1.C+{2.0%*COS(THETAC(I))}/R
1O0(1)**2)*F(K)))

GO Tu 3

YI(Iyd)==FI(K)

RI(I ¢J)=ROLI}=-YI(1,J)*CCSITHETAO(I))

RP=RO(I}I-RI(Iy»J)

SIGMA=1.5707663268-THETAC(I)

L1=RP/(TAN(SIGMA))

Li(L4d)=2001)+21

CCNTINUE

CONTINUE

RETURN

END

SUBRGUTINE BAOCURV
THIS SUBROUTINE COMPUTES THE SCALING PARAMETER FOR THE FLCw BY
RATIOING ThE PERTINENT COMPUTED DIMENSICN TC THE KNOWN CIMENSION

COMMON /BLK1/ GAMyMINFyXINITALyZINITALRINITALyTHETAINSFINITL, L 4N
1y SORXINT KKBNyAEA,ABByPLyHPA,HPB

Tt b e
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APPENDIX B — Continued

COMMCN /BLK2/ IIQDELX’IBEG,EH’NCyNTloNX,RENC)NDyPST!DR(E’oF(ZOO)pI
ip

COMMON /BLK3/ XSP{T7)yXT9XTCySCPyRKS+RKSCyRKSLySDERRX(8),HS0,XS1
COMMON /BLKS/ RIGT315)42Z107415)9YTU{T915)yRICET$15)92ZICET7415),YICILT
Lel5) yRWAC+ZSToE4(B ) THB(50)

IF NX=4 CCANTROL PGINTS 2 AND 3 MUST BE LSED.IF NX=7, CONTRCOL FOINT
S 3 AND 5 RECCMMENOED

K=3

J=5

GO TO (34924144)0 L
RZ=(RI(KyNT1)%#2 )-RILJyNTL1})**2

22=L1IKyNTL)-Z1LJyNTL)
P=0.5%(R2/22)

Pl IS5 THE KNCWN CISTANCE FROM FOCLS TC DIRECTRIX OF PARABOLA.

SCpP=p/P1

60 TO 5
C={RICJoNTLI*X2)-RI(KyNT 1) %%2
B=lZI{JeNT1)%.%2)-Z1(KyNT 1) *%2
A=2 ¥ (LI(JoNTL)=-ZT(KyNTL))
E=B/A

D=C/A

G=E-ZI(KyNT1}

Cl={ABB**4) /D¥*2
C2={2./7A0B*¥2)*G*D+( (RI(KoyNTL)*%2)/(ABB*%2))-1.
C3=Cl=*C2

Ca=(ABB**4)*((G/L)**2)
AX=(-C3+SJURTI(C3*%2)-4.%C4))/2.
ABC=SQRT{AX)}

ABA IS AXIS OF KMIwh ELLIPSE PARALLEL TC FLCW

SCP=ABC/ABA

GU TO 5

RB2={RI(KoNTL)**%2)+ZT({KyNT1)%%2
RB3=(RICJoNTL)I##2 )+ 2T {JgNT 1) *%2
LBZ=ZT{KyNTLI=-2I(JyNT1)

R823=RB2~-RB3

IN=RB23/(2.0%{B2)

RKBC=SWRT (L {LI(KyNTL)-IN)**2 )+RIIKyNTL)*%2)

RKBN IS THE KNCwN RADIULS OF CURVATURE CF SPRERE

SCP=RKBC/RKBN

60 7C 5
B=(RI(KyNT1)*%2)~RI(JyNT1)*x2
C=lLI(JoNTLI* %2 )~ZT{KyNTL)*%2
D=2. %1 ZI(KyNTL)-21(JyNTL1))
E=8/0

H=C/D

6=2I (K yNT1)+H

Cl=(HPB**4) /E**2
C2={2./HPB*¥2 ) *GHE—((RI{KyNT L) *%2) /HPB*%2)-1.
C3=C1%*(C2

Ca=(HPB**4 ) #((G/E)*%2)
HX=(-C3+SURTI(C3*%2)-4.%(4))/2.
HY=SQRT{HX)

HPA IS AXIS OF KNCaN HYPERBGLA PARALLEL TC FLOUW
SCP=HY/HPA

RETURN
END
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APPENDIX B — Continued

SUBROUTINE SCALE

THIS ROUTINE MODIFIES ALL LINEAR DIMENSICNS wITH SCALING PARAMETER
(scpi.

COMMGN /BLKL1/ GCAMaMINFoXINITALyZINITAL ¢RINITAL yTHETAINySFINITL LN
19 SDRXINTyRKBNy ABAJABB4PLlyHPA,HPB

COMMGN /BLK2/ IT o LELXyIBEGyEMyNCy NTLoNX+RENCyNDsPSTHOR(E)+F(200) 1
1P

COMMGON /BLK3/ XSPUT) ¢ XT9yXTCySCPyRKSoRKSCyRKS1ySDERRX{B) )HSO9XS1
CUMMON /BLK4/ XS(300) 4RKSX{300),25(300)sRS(300)+SFS(300), THETAS(30
10),US(300),PS(300),RHUS(300),M5{300),vS(300)

COMMON /bLK5/ RIAT915)9Z1(T915)sYT(T o150 sRICAIT 1509 2IC(T415)5YICLT
1915)9yRA4CZSTHE4(E)y THB(50)

CUMMON /BLK6/ SFCUT) +ROCT) ¢ ZCUT)oPCLTIUO{T) s THETAOLT) yRHCSO(T7) 4 NS
10(7)yRKOLT) 4 DELSYLT) yRKOC(T)yRUCIT) 9 ZCC(TY4NVOLT)

IF (LeEWel2.0R.L.EGe4) GO TO 1

SCP=1.0/5CP

RKSC=RKS1*S5CP

D0 2 [=2.NX

RIC(CIgNTL)=RI(IoNT1)%SCP

LICCIaNTL)=Z1(ToNTL)*SCP

YIC(IoNTLI=YICIsNT1)*5CP

Z0C(I)=ZC(I)*SCP

RCC(1)=RO(1)*SCP

RKOC{I)=RKC(I)*5CP

CUNT INUE

VO 3 I=1.NC

XS{I)=XS(1)*SCP

RS{I)=RS(1)*SCP

ZSLI)=24501)%5CP

RKSX (I )=RKSX(I)*SCP

CONTINUE

RETURN

END

SUBROUTINE SOSCD

THIS ROUTINE COMPLTES THE STAGNATICAN-PCINT SHOCK STAND-GFF
DISTANCE (ZST)ANC THE RESPECTIVE BOOY ANGLES{THB). THB IS ANGLE OF
INCLINATION OF BODY SURFACE WITH LONGITUDINAL AXIS.

COMMON /BLKL/ GAN gMINFoXINITALy ZINITALSRINITALoTHETAINSSFINITLsL N
19 SORXINTsRKBNy ABAyABByPLlyHPASHPS

COMMON /BLK2/ IT+DELXsIBEG9EMyNCyNT1sNXsRENCINDsPSTHOR(8)4F(200),1
1P

COMMUN /BLKS/ RI(T915)9oZ1CT 9150 Y IUTs15)9RICAETy15092ICIT+15),YICHLT
19150 sRW4C+ZST4E4(8)+THB(S50)

IF NX=4,CONTROL PGINT 2 MUST BE USED.IF NX=7,CCNTROL POINT 3 RECC-
MENDED.

K=3

GO TO (3+429194)e L

Bl=ZIC{(K,NT 1)

B2=—((RIC(KyNT1)%%2)/{2.%PL))

G0 1O 5

Bl=ZIC(KyNT1)—-ABA
B2=SQRT((ABA**2) - ((ABA/ABB)**2)*R[C(K,NTL)**2)
60 TU 5

81=Z IC{KyNT L}-RKBN
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APPENDIX B — Continued

B2=SGURT((RKBN¥#2)-RIC(KyNT1)*%2}

GO T0 5

B1l=LIC(KsNTL)+HFA
B2=—SURT((HPA%%2 ) +({HPA/HPB) **2)*RIC{KsNT1}¥%2)

ZST=81+82

LM=NX-1

DO 10 I=1sLM

J=lel

GO TO (6+7:899)y L

THB(I) =ATANL(RKBN—{ZIC(JgyNTL)=LSTHDI/RICIJaNTL))

G0 T0 1o

THBLI) =ATAN({ (ABB/ABA)YR®2)*(ABA-ZIC(JyNTLI+ZSTI/RICLJIyNTL))
60 TO 10

THB(I)=ATANIPL/RIC(JyNTL})

GO 10 10

THECL) =ATAN(U(FPB/FPAY*R2 ) ¥ {HPA+ZIC(Jy NT1)}=2STI/RICIJ9NTL))
CONTINUE

RETURN

END

SUBROUTINE R4E4

THIS ROUTINE COMPUTES THE ANALYTICAL BCCY RAUIUS AT LAST 80OUY POIN

TINXyNTL) WITH CCMPUTED ZICINXyNT1) ANC ZST.

ALSO ERROR BETWEEN CCMPUTED BOCY {RICINXNTL1))AND ANALYTICAL

BODY(RW4C)IS DETERMINED.

COMMON /BLKL/ GAMyMINF XINITALoZINITAL yRINITALyTHETAINSsSFINITL LN

19 SORXINT+RKBNs ABAyABB4P1lyhPA,HPB

COMMCN /BLK2/ IV DELXyIBEGyEMINCoNTLeNXoRENGyNUyPST UR(81+F(200)41

e

COMMON /BLKS/ RI(791S5)sZL{T915)9YI(T o150 4RICIT 91519 ZIC(To15)4YICHT

1415) sRW4C 25T E4(B)THB{50)

GO TO (3929194)s L

RwaC=SQRT{2.%P1* (ZICINXsNT1)-25T))

GU YO 5
B3=SWURT((ABA%®2 J- ((ABA+LSTI-ZICINX NT1) }*%2)
RnaC=(ABB/ABA)*B3

G0 TQ 5

B3={LICINXsNTL)-(RKBN#+ZST) ) *%x2

RW4C=SURT ((RKBA®*32)-B3)

GO TO 5
B3=SURTU((ZICINXyNTL)I#HPA-ZST ) **2)~HPA%%?2)
RW4C={HPB/hPA)*E3
E4(IT)=((RICINXyNTL)/RW4C)-1.)%*100.

RETURN

END

SUBROUTINE CORRL

THIS RCUTINE IS USEC TO CORRECT THE LENGTH ALONG SHOCK TO SONIC
REGION{XTC) IF THE VALUE CF SOERRX IS POSITIVE FUR THE PARTICULAR

ITERATION(IT).

COMMCN /BLK2/ IToLELKyIBEGeEMyNCyNTLoNXsRENCoNDsPSToDR(E} 4FL2C0) 01

TZITIXTIIIXZTXTITIXTTX
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APPENDIX B — Continued

1P

CCMMON /BLK3/ XSPUT) s XToXTCySCPyRKSyRKSCyRKSLySUERRX(81)yHSO9XS1
SOERRXZ2=0.5*%SOERRX(IT)

RIG=SUERRX2/RKSC

SRIG=SURTIRIG)

XRK= (XS1*RKSC) /RKS

XTC=SQRT(1.0/RIGI*TAN{SRIG*XRK)}

DELX=XTC/ (NC~1)

RETURN

END

SUBRGUTINE CORR2

THIS ROUTINE IS USED TO CCRREGT THE LENGTH TJ THE SONIC POINT(XTC)
IF SDERRX IS NEGATIVE FOR THE ITERATION(IT).

COMMCN /BLK2/ IToCELXyIBEGIEMyNCONTL I NXsRENCyNDyPSTHyORLE) »F(200),1
1p

CCMMON /BLK3/ XSPUT7) o XT ¢ XTCoSCPsRKSsyRKSCyRKSL ¢ SDERRX(8) sHSG»XS1
SDERRX2=0.5*SDERRX{IT)

SRKSS=SURT{ABSISCERRX2)/RKSC)

SRKSD=SQRT{RKSC/ABS(SDERRX2) )

XRK={XS1*RKSC)/RKS

EXPL=EXP{2.0%SRKSS*XRK)

EXPN=EXP1l-1.0

EXPD=EXPl+1.0

EXPU=EXPN/EXPD

XTC=SRKSC*EXPQ

DELX=XTC/(NC-1)

RETURN

END

SUBROUTINE SDCQORR

THIS RUUTINE COMPUTES SDERRX IF IT IS GREATER THAN 2

COMMON /BLK2/ TT.DELX,)IBEG)EMyNC o NTL ¢NXoRENCosNDePSTyOR(8)9F(200),1

1p

COMMON /BLK3/ XSPUT) 9o XTyXTCySCPyRKS¢RKSCyRKSL ySDERRX{B8)9sHSCeXS1
CCMMON /BLKS/ RICGT9150s 210791509 Y I T oLl5)4RICITo15),ZICL 415D YICHT
1915) yRW4C+ZSTyE4(B)+THE(50)

IT=(T+]

IF (1TeEGe5) SCERRX(L)I=SCERRXI(T7)

IF (IT.EG.9) SCERRX(2)=SDERRX(8)

IF (IT.EG.S) E4LL)=E4LT)

IF (IT.EQ.S) E4(2)=E4(8)

IF (IT.EC.S) IT=3

SOERRX(IT )=SOERRX(IT-1)-E4UIT-L)* (SDERRX{IT-1}-SUERRXK{IT-2))/(E4l]
1T-1)1-E4(1T-2))

RETURN

END
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APPENDIX B — Continued

SUBROUTINE OUTPUT

REAL MINF o FSIN24MSyMS0OyMSI

COMMCON /BLK2/ IToUELXyIBEGIEMyNCoNTLoNXsRENCINLoPSTHOR(8B) sF(200),1
1P

CUMMON /BLK3/ XSPUT) ¢ XTgXTC 9SCP sRKSyRKSC4RKS1 pSDERRXIB) 9HSG XS
COMMON /BLKS5/ RILT 4151921 (TyL50sYI{Ts15)RICLT15)920CLT415),YIC(T
1915)9RW4CZSToE4(b)s THB(SO)

COMMON /BLK6/ SFCLT)IsRO(T)220(T)e POLTIGUOLT )y THETADL(T),RHOSQUT) W MS
L1O0(7)sRKOUT)9OELSY(7) gRKOCLT) yROCET)LZOCLT) V0L T)

COMMON /7BLKT/ SYLT915)9PI{T41l5)yRHILT915)¢UTITo15)sMST(T9150yVIi(Ty
115)

WRITE (647} RKSCy ST

WRITE (64E) PST

WRITE (6,9}

DO 1 I=24NX

ARITE (6410) XSP(1)e LOCLI)yRUCCII o L ICUIoNTL)SRICATI9NTL) oYIC (L oNTL)
1yRKOC(T)

CONT INUE

WRITE (6411)

DO 2 I=2yNX

J=I-1

WRITE (6410) MSI(IsNTLI9POLI)yUCL I o VOLI)oRHUSOUL) yMSO(I) »THBLJ)
CCNTINUE

DO 6 [=24NX

WRITE (64151 XSF(1}

IF (1.6T.2) GG TC 3

WRITE (6412)

DO 4 J=1,NT1

WRITE (6916) PI(I2J)oRHEI(Twd o UILLeddaVI{IoddgMSILLsddoSYLId)
CONTINUE

WRITE (6413)

DO 5 J=1lyN11

WRITE (6914) YIL19Jd)aZIlIyd)oRILT NI}

CONTINLE

CCNT INUE

RETURN

FCRMAT (/3X922h STAG PT SHK RAD CUR =,El1l.495X928H STAG PT STAND O
1FF DIST =,E1l.4)

FORMAT (3Xe19HBCCY STAG PT PRESS=4ELll.4)

FORMAT (//4Xs10FARC LENGTH»3X915HSHLCK AXIAL LOCy3Xs16HSHCCK RAUIA
1L LOCy3X,14HBOCY AXIAL LOCs3X,15H800Y RAOIAL LOC,3Xy 15HBODY NGORMAL

2 LUC,3Xy20nSHOCK RADILS OF CURV)
FURMAT (3XElle4s5XELlLle%yTXELLe497XELLla496XELlLlo4y7XELLo4y8XELL.4)

FORMAT (//4Xe 1OFMACH NO WL 23Xy 154SHUCK PRESSURE3XyLOHTAN SHK VELC
LCITY3X916ENOR SFK VELOCITY,3Xy L4HSHGCK DENSITYy3Xy15HSKOCK MACH N
2UMBy 6X9 LOHBCDY ANGLE)

FORMAT (//3Xs1l4FFI1ELD PRESSUREs4X s L3RFIELD CENSITY,4Xy2CHFIELD VEL
LOUCITY(TANG) »4X s20BFIELD VELOCITY{NUGRM) ¢4 Xy 13HFIELD MACH NCs 4Xy15HF
ZIELD STRNM FUNC)

FORMAT (//3X+55HFIELD NCRMAL LOC FIELD AXIAL LOC FIELC RADIA
1L LOC)

FORMAT (5XEll.4+EXEll.4,8XEll.4)

FORMAT (//73Xe5F XSP=,Ell.4)

FORMAT (5XKE1lle496AELlLl o4y 7IXElla4914XELLlea4910XELL.4y7TXELL.4)

END
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APPENDIX B — Continued
SUBRCUTINE SUPER
THIS ROUTINE COMPUTES THE SUPERSUNIC FLOW FIELD.

REAL MINF MSINZeNMSyMSOyMSI

CCMMON /BLKL1/ GAMsMINFy XINITALoZINITAL yRINITALyTHETAIN)SFINITL 4L 9N
1y SORXINTRKBN ) ABA,ABB yPl sHPAHPD

COMMCN /8LK2/ IToDELXyIBEGeEMeNCy NTLoNXyRENCyND9PSTyDR{B)sF{2C0),I
1P

COMMON /BLK3/ XSF(T)gXTeXTCySCPyRKSeRKSCoyRKSLySUERRX({8)HSO¢XS1
COMMCN /BLK4/ XS(300) sRKSX(300)+2S5(300)+RS5(300),4SFSE{300),THETAS(30
L0)yUS(300)+PS(3001},RHGS(300)yMS5(3001,v5(300)

COMMON /bLKS/ RI(T915)9ZIUT915)sYIUTe15)oRICIT915)sLIC{T415)0YICHT
l9y1l5)9sRW4CyZSToE418)s THB(50)

COMMON /BLK6/ SFCUT) oROLT) 2Z0(7)4PCUT) oLCIT)oTHETAQLT7),RHOSC(T}4MS
10(7)yRKO(ET)yUELSYL 7)o RKAC(T7)4ROCE TS »Z0CLT) V0L T)

COMMON /BLKT7/ SY(T415)9PIAT915)sRHILT,15)09Ul(T415)yMSI{(T415),VICT,
115}

DIMENSICON RB(20)y ZB(20)

10PT=0

THC=Q.

THC=0.0174£325252*THC

IF I10PT=0,ANALYTIC CALCULATION CONTINUES THROUGH SUPERSCNIC REGICN
IF 10PT=1+A CONE JUNCTURE WILL BE MATCFED TC ANALYTIC SHAPE. THC=
BLUNT CONE HALF ANGLE.IF THC=0 ANDO 10PT=1,A CYLINDER WILL BE MATCH
EO TO ANALYTIC SFHAPE.

DETHB=.0

ITEST=1

NH=0

NHC=0

NHH=0

THS1=0.
ISUM=NX-1

00 1 J=1,1SUM
i=Jd+1l
RB{JI=RIC(IsNTL)
LBLJ)=LIC(IyNT1)
CONT INUE
[COUNT=0

RHS=0.

R1=0.0
THSC=ASIN(SQRT{{1/MINF*%2) +((GAM+1.)/2.)*SIN(THC )%%2))

THIS EQUATICN CCMPUTES SHARP CONE SHOCK ANGLE.

NP=0
PRIT=2.0%GANM/{GAM~1.0)
GAMM2=1.0/(GAM*MINF**2)
RAT={GAM-1.0)/(GAM+1.0)
PRAT=2.0/({GAM+1.0)

DR{li=.1

IT=1
DETH={THETAS(NC)-THFETASINC-11)/1.5
14=0

ND=NC+7

10=0

RKSX{ND)=RKSX{NC)+CR(IT)
THE SHOCK RADIUS GF CURVATURE IS COMPUTED

RKC220.5%{RKSX{NDJ+RKSXINC) )

NA=NC+1

IF (IT.6T.1) THETAS{(ND}I=THETASINC ) +{RKXS/RKC2)
IF (IT.G6T.1) DETH=(THETASINDI-THETAS(NC))/ 1.
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APPENDIX B — Continued

DO 4 I=1,8
FLI)=-RKCZ
4 CONTINUE
CALL INTo6 (8+0ETHyFsB)

THE FOLLOWING CC LOCP CCMPUTES SHOCK PROPERTIES

OO0

DO 5 I=NAWND

THETAS(I)=THETAS(I-1)+CETH

M=]-NC+1

XSUII=XSINCI+F (F)

IF (1Z.EQeloANCLRKSXINC) «6To00) AS{II=XSINC)=F (M)
USET)=COS(THETAS(I))
MSIN2=(MINF*SIN(THETAS(1)))**2
PSILI=(PRAT*SIN(THETAS (I ))**2)-GAMM2*RAT
RHOS(1)=(GAM+1.0)/{{GAM=-1.0)+(2.0/MSiN2)}
VS(I)=(1.0/RHOS(I) }*SINITHETAS(]1))
AS=SQRT(GAM*PS(I)/RHOS(I))

MSUI)={SCRT ((US(T)**2)eVS{1)*%2))/AS

CONT INUE

IF {IT.EQ.1) RKXS=RKC2*{(THETASIND)-THETAS(NC))

THE FOLLOWING RCGULTINE CCMPUTES THE SHCOCK GECMETRY.

OO0 Wwv

DELX=(XS{NC)I-XSINC)I/T.
00 6 I=NC.ND
M=]-NC+1
FIM)=COSITHETAS(1))
o CONT INUE
CALL INT6 (B,0ELXyF481)
00 7 I=NAJND
M=]-NC+1
LSLI)=ISINC)I+F (M)
7 CONTINUE
DG 8 I=NCoND
M=1-NC+1
FIM)=SINITHETAS(I))
8 CONTINUE
CALL INT6 (BeDELXyFoeb)
DU 9 I=NAJND
M=]-NC +1
RS(I)=RSINC)+F (M)
SFSUI)={(0.5%%xN)*RS{])**{1+N))
CONTINUE

THE FOLLOWING RCUTINE CCMPUTES THE PROPERTIES ALONL A RAY

OO0 w

S=SFSIND)I/ATL
ITEST=1
10 DU 12 J=1leAT1
If (ITEST.EC.2) GG TO 11
SY(4,J)=SFS{ND)-J*S
PLU49J)=PSIND)#LUSIND)/{RKSX{NDI* (RS (INCI**N) ) ) *(5Y {49 J)=-SFSINDII-L
LUSFSIND)®*VS (NUI*TAN(THETASE(ND ) )ZIRSUNDI**N) )* ( (1o /RKSX(ND) ) +CCS{TH
2ETASIND) I /RSINDI DI *L LASY (44 ) *%2)—(SFSINDI*#2) )}/ [2.*(SFSIND)I**2)))
wW=SY{4,J)
CALL FTLUP (WeBP+1yNCySFSyRHOS)
CALL FTLUP (wWelP41yNCySFS,yPS)
RHI(4s J)=BP*(PL{4ayJ)/CP)**(1.0/GAM)
PRHE=PI(4yJ)/RN1{4yJ)
VIt49Jd)=VS(NDI*(n/SFSINDI})
UI(49J)=SIRT(HSC-PRIT*PRhE-VI{4yJ)%%2)
GO TO 12
i1 W=SY(44J)
VI(4 ) =VS(NDI*((Le={YI (a9 J)/YI{ayNTLI}))*(1o/ (le=dYI{asJ)/RKSXIND
13)))
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APPENDIX B - Continued

PRHE=PI{4+J)/RHI(4+J)
UIl4sJ}=SURT{HSO-PRIT*PRHE-VI(44J})*%2)
AE=SQRT(GANXPRFE])
MST(4yJ)=(SCRTI(UI{4sJ)*%2)+VI(4yd)*%2)) /AL
CONTINUE

THE FOLLOWING STATEMENTS COMPUTE THE FLOW FIELD GEUMETRY.

FU1)=1.0/(RFUSINCIMUSINDI))
U0 13 J=1.0NT1

K=1+J
FIK)=Ll.0/(RHIL44J)*UT(4sJ))
CCONT INUE

NT2=NTl+1

CALL INT6 (NT24SeF,8)

DO 16 J=1sAT1

K=1+J

IFf (N.EW.0) GO TC 14

YEC4sd)=(RSINDI/COSITHETASIND) ) I*(1e0-SuRT(10-(2.0*COS(THETAS(NC)

L)/RSIND)**2)%F(K)))

GO Tu 15

YI{44J)=FLK)
RI(49J)=RS(ND)I=YI(4,J)*CLCS(THETAS(NC))
SIGMA=THETA IN-THET AS {NL)
RP=RSIND)-R1(4,J})

Z1=RP/ (TANIS IGMA))
LI04yJd)=LSIND)+2]

CONT INUE

IF (ITEST.EQ.2) GG TO 17
¥YS=Y1(4,NT1)

ITEST=2

GO 70 10

THE FOLLOWING STATEMENTS SCALE THE FLOw FIELD

IF (ABSILYS-YI{4yNT1)).LE..00001) GO TO 13
YSaY1{4,yNT1)

G0 TO 10

RIC{4yNT1)=RI(4sAT])

ZIC(4yNTL)=21(4,NT1)

YIC(49NTL)=YI{44NT1)

LGC4)=LSIND)
ROCL4)=RS(NC)
RKOC (4 )=RKC2

THE FOLLOWING STATEMENTS COMPARE THE CCMPUTED AND ANALYTICAL
BODY LCCATICNS ANC CETERMINE NEW CORRECTICN

IF (NHC.EC.1) GC TC 34

IF (R1.EQ.C.0) GC TC 19

IF (R1.GT.0+.AND.NP.EC.O) GO TO 30
IF (NP.EQ.1) GC TO 35

GO TO (204+21422423) L
B3=(LZST+RKBN)=ZIC{4yNT1) ) **2
RW4C=SCRT { {RKBN*%*2)-B3)

GO TO 24
B3=((ZST+ABAI-ZIC(44NTL))*%x2
Rw4C=(ABB/ABA)I*SCRT((ABA**2)-83)
L0 TO 24
Ru4C=SQRT{2.*F1*{ZIC(4sNTL)=25T))
GO TO 24
B3=(LIC(4oNTL)O(HPA-ZST) )**x2
RwaC={HPB/FPA)#SCRT(B3~(HPA*%2))
E4CIT)=((RIC{4yNTL}/RN4C)-1.)%100.
IF (ABS(E4(IT)).0T.EM) GC TO 3o
ISUM=1SuUM+]

I=1SUM

NNV NNV NVVDUNLPDLNVPENVLVLVLOVLLVLVLLNLNVDVDANNLOBONVEVLnn

133
134
135
136
137
138
139
140
141
142
143
l4s
145
l46
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
1€3
164
165
L66
167
168
169
170
i71
112
113
174
175
176
177
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APPENDIX B - Continued

GO TO (274259254280 L

THBLI)=ATANIPL/RIC(44NT1))

GG TC 29

THB(I ) =ATAN(({ABB/ABA)*#2 )% (ABA-ZIC(4yNTL)4ZST)/RIC(4yNTL})
GO 10 29

THB (1) =ATAN{ (RKBN=(LICL4yNT1)-LSTI)/RIC(44NTL))

GO TO 29

THB{I) =ATAN({(HFB/FPA)*32) % HPA+LZLICL4¢NTL)-4ST)/RIC(4yNTL))
IF (THC.EWe0e+ANC.IOPTLEQ.L) GO TO 31

IF (10PT.EC.O0) GC TO 42

RBUISUMI=RIC(49NT1}

ZBLISUMI=ZIC (40T

IF (THBUISUM)GT.THC) GO TO 42

CALL FTLUF (THCsR1 919 ISUMTHB4RB)

CALL FTLUP (THC 22919 ISUMsTHBZB)

VETC=DETH

THE BODY-CCNE JUNCTURE IS LOCATED.RL ANC Z2 ARE THE RAUIAL AND AXI
AL LOCATICNS RESPECTIVELLY OF THE JUNCTURE POINT.

WRITE (6455)
DETH=DETH*(RL-RE(ISULM-1) )/ (RBUISUM)}-RBLISUM-1))
DR{LI=.5*%LR{IT)

IT=1

60 10 3

Kw4aC=R 1

E4(IT)=((RIC{44NT1)}/RW4C)-1.0)%100.

If (ABS{E4(IT)).CT.EM) GC TO 36

NP=1l

VETHsUETC

THE BOOY-CCNE JUNCTURE AND RESPECTIVE SHOCK POINT ARE LOCATED.
THE PROPERTIES ALCNG RAY INTERSECTING JUNCTURE PUINT ARE COMPUTEC.

GO TO 42
IF (NH.EC.1) GO TG 22

BODY-CYLINCER JUNCTURE IS CUMPUTED.NUTE-—-IN THE FULLOWING STATE
MENTS THE FIRST+SEVENTHyAND EIGHT SHCULC BE CHANGED IF BOOY OTHER
THAN A SPHERE 1S CONSIDERED.

IF ({RKBN#ZST-2IC{4yNT1))euT.0.) GO TO 42
DETHB=DETH

NH=1

DETH=.,5%DEThH

DRELI=.5%CR(IT)

IT=1

GO 70 3

IF ((RKBN#ZST-Z21C{(4sNT1))}eGTL..0001) GO TO 42
IF (ABS(RKBAN+ZST-Z1C(4,NT1)).LE.+Q001) GO TC 34
1F (NHH.EG.1l) GO TO 33

DR{L)=.5%CR(IT)

IT=1

DETH=.2%DETH

NHH=1

GU TO 3

DRUL)=2%LR(IT)

DETH=«1*CETH

IT=1

60 TO 3
E4(IT)s((RIC(4¢NTL1)/Rn4C)-1.)%100,

IF (ABS(E4(IT)).GT.EM) GC TO 36

NHC=1

ICOUNT=1ICOUNT +1

Ru4C=RKBN

GU TG 42
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APPENDIX B - Continued

I1F BODY OTHER THAN A SPHERE IS CIONSIDERED.APPROPRIATE CROSS SECTIQ

NAL BODY RACIULS AT JUNCTURE SHOULC BE LSED.
CONTINUE
THE FOLLCWING STATEMENTS CCMPUTE CCNE CGECMETRY.

LL=LIC(4sNT 1) -22

RT=ZC*TAN(THC)

KRmnaC=R1+RT
E4LITI=({RIC{44NT1)/Ru4Cl~1.0)%*100.
IF {([Z.EG.1) ENM=.,001

IF (ABS{E4UIT)).LELEM) GG TO 42
CONT INUE

THE FOLLOWING STATEMENTS COMPUTE CORRECTION TO RADIUS OF CURVATURE

If (1T.GE.2) GC 10 40

If (I4.EGel) GC TG 37

If (E4(IT).GT.0.0) GO TO 39

GO TO 38

IF (E4(IT) GV e0uAND.DR(IT)GT.0.) GO TQ 39
IF (E4UIT)olT40eeANDDREIT)LLTWLO0.) GU TC 39
IT=1T+1

DRIIT)I=DR({IT-1)%*2.

GO 10 3

IT=21T+1

OR(IT)=DREIT-1)~0.50%0R(IT-1)

GO TO 3

I1T=1T+1

ID=1D+1

IF (I12.EQeleANDVIDoGELL18ANDLE4LIT-1)alT..02) GO TO 42
IF (ID<GE <8 sANC<RKSX{ND).GT.3000.} GO T0 41
IF (RKSXINC)«GT.10000.) GG TG 41

IF {E4(IT-1).EL.E4LIT-2).AND.NP.EQ.L1) GO TO 49
IF (IT.EQ.S) E4(1)=E4(T)

IF LIT.EQ.S) E4l2)=E4(8)

IfF (1T.EQ.S) DR(2)=DR{8)

IF (IT.EQ.9) CR{1)=DR(7)
DRUIT)aDRUIT-1LI-E4(IT-1)*(DRUIT-1)-CRUIT=-2})/ (E4(IT-1)~E4(IT~2))
Ga 70 3

IF (RKSXINCIoGT.10.) DRIL)=o1*RKSXINC)

IF (RKSXINC).LT.10.) DR(1l)=-1.

DETH=-DTHC

RKSX{NC)=~RKSX(NC)

12=1

IT=1

6G TC 3

CONTINUE

THE FGLLOWING STATEMENTS CALL RCUTINE TC WRITE C(UNVERGEC RESULTS
AND INITIALIZE CATA TO G0 TO NEw POSITIGN ON SHOCK.

CALL OUTPUTS

IF (RS{ND).GT.REND) GO TO 54

IF (THCeEW«0e eANC.IOPT.EQ.L) GO TO 44
IF {RHS«GT40.) GC TC 44

IF (14.EQ.1) GO TO 46

IF (THETAS(ND).LT.THSC) GC TO 43

GU TO 44

CALL FTLUP (THSCRHS»1shNCyTHETAS, RHCS)
CALL FTLUP (THSCoUSNy1oNCTHETAS,LS)
CALL FTLUP (THSC4PSNylyhCsTHETAS,PS)
IF (RKSX{ND).GT.10.) GO TG 46
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APPENDIX B -~ Continued

IF (ICCUNT . EC 4+ ENCe DETHo(T oo 5%CETHB) DETH=.5%CETHB
IF ( ICOUNT.GE«1«ANC.ICCUNT.LT.4) GG TO 45
Ckil)=.1

GO TO 46

DR{L)=0ORLIT )

IF (RKSX{NDJ)oGT.10.) DR{1)=0.L*%RKSX{ND)
ODTHC=DETH

IF (RKSX{NC)eLTa0ooeANDLRKSX{NL)&GT.~10.) CRI(L)=—.15
IF (RKSXIND)<LTe~10.) CRUL)=6 1¥RKSXIND)

IF (RKSX(NC)LT2100Ce) GC TC 47

IF {IZ.EQ.1% GC TO 47

I1i=l

DETH=-DETH

RKSX{ND}=~RKSA(AD)

DR{1)=-DRLIT)

IF (IZ.EUel.AND.ABS(THETAS(ND)-THSC).LT..001} GO TO 49
IF (IZ2.EUel cAND{THETAS(NCI-THSC) «6T..001) GO TO 49
1F (1Z2.ECeloANDeRKSX(ND) «GTo0e} ORELI=—¢ L*RKSX(ND)
1IF (1Z.EQel cANCCETHOLTL.001) DETH=-,1*DETC

IF (ILeEQel ANDeRKSEX(ND) «LT.—=500043 GO TO 48
IT=1

NC=ND

GU TO 2

THSL=THETAS(ND)

CONT INUE

NC=ND

N8=NC

IN=LS(NC)

RN=RS{NC)

YC=YI1{44NT1)

RHOS {NB)=RkS

LSINB) =USN

PS(NB)=PSN

1F (THS1«€T.0.) 1HS=THSI

IfF {THS1.EQCeQ.2) 1hS=THSC

XEFF=RN/SIN{THS)

SIG=THS-THC

YUC=XEFFX*TAN(SIC)

YTM=YC-YLC

ISUM=0

I=NC+l

NL=2+1SUM

IF (THS1eGTe0o eANLNZaGT o5) THS=o 5% (THSC*THSL)
RS1=NL*(+15)

RS(L)=RN+RS1

ZSUEV=IN#{RSL/TANITHS))

SFS(I1)=0.5%RS(1)%%2

SIGMA=THETAIN-TFS

OSY=5FS(II/NTL

XSUL)=XEFF+ (RS1/SIN(THS) )

CO 51 J=1oNT1

SY(4yJd)=SFS(1)-J*D5SY

YI(49J)={1e0/ (RECSINB)*®USINBI*RSL L)) I*(SFSI{TI)-SY(44J))
CUNTINUE

YIL4 gNTLI=Y I (4oNTL)+YTV

YL=YI{4sNT1)/NT1

DO 52 J=1eNT1

YilayJd)=d*yL

CCNT INUE

DU 53 J=14NT1

RI(4 3J)=RS{II-COSITHS)*YI(4y4)
RP=RS{I)-RI{4,yJ)

ZI{44Jd)=2SL1)+{RP/TANISIGMA))

PLUGyJ)=PSINB) +( 1.0/ (RHOSINB) # (RS LTI %% 2 )%XS([)*%2) ) *(ISFS(L)**2)-5

1Y{49d)%*2)
CONTINUE
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APPENDIX B — Continued

ROC{4)=RS(I) S 398
LCCL4)=25(1) 5 399
RICL4yNT1)=RI(4sNT1) S 400
YIC(4sNTLIaYI(4sANT1) S 401
ZICL4yNTLI=L1(44NTL) S 402
CALL OUTPUTS S 403
IF (RS(I}.GT.REND) GO TO 54 S 404
[SUM=]1SUM+] S 405
NC=1 S 406
GO 70 50 S 407

54 RETURN S 408

C S 409

55 FORMAT (//2Xs31lh BODY CCNE JUNCTURE IS5 LOCATED ) S 410
END S 411-
SUBROUTINE OUTPLTS T 1

c T 2

C THIS SUBROUTINE WRITES THE SOLUTIONS FOR SUPERSONIC FLOw FIELD T 3

C T 4
COMMON /BLK2/ ITyCELX,IBEGEMyNCyNT 1 NXyRENCyNDsPSToUR(B) 9F(200),I T 5
1P T 6
CCMMON /BLK4/ XS(300),RKSX{300),Z5(300),RS(300)+5FS(300),THETAS(30 T 7

10)4US(300) 4PS{300),RHOS(300) yMS{300),vS{300) T 8
COMMON /6LKS5/ RICT91509ZI0T915)sYI{T415)4RICITS15)92ZICIT4150,YICLT T 9
1915)yRW4CIZSTE4(8)THR(50) T 10
COMMON /BLK6/ SFCU7)pRO(T)»20(7)sPOIT)4UCLT),THETAOIT) 4RHOSCIT)oFS T 11
10(7) yRKO(T) 9 DELSY(T) e RKOCET ) yROCIT I Z0CITIoVO(T) T 12
COMMON /BLKT/ SY(T7415)9PIAT915)sRHI(T515),U1{T515)sMSILT415),VI(T, T 13
115) T 14
IF (IC.EQ.2) GC TG 1 T 15
I8=NX-1 T 16

1 lo=Ia+l T 17
IC=2 T 18
WRITE (6+2) ZICU4yNTL)pRIC(4yNT1) oYIC{44NT1)y2CCL4)sROCI4)4ND T 19
WRITE (6943) PSIND)sRHUSIND) jUS(NDI+PIC 4o NTL)yRHIC4yNTL) yUl(4yNTL}y T 20

1MSI(49NTL}oTHBUIR) T 21
RETURN T 22
c T 23
2 FORMAT (//2X93HIW=9E1Lle4 92Xy 3HRWZoEL 1. 492Xy3HYW=yEL1.492Xs3HIS=,E1 T 24
11.442Xy3HRS=4EL11.4415) T 25
3 FUORMAT {(2X93HPS® ¢ELlLle4s2XsSHRHOS= pELL1e 492X 93HUS=9ELLla%92Xe3HPW=0E1 T 26
lle%92X9 5HRMCW=9ELl]l e492X93HUN=pEl]l e492X9e3HMW=EL1le%y/2X94HTHB=4El1l. T 27
24) T 28
END T 29-
The sample output is for a paraboloidat M__ = 10 and r = 1.4,
STAG PT SHK RAD CUR = 1,.4218E+00 STAG PT STAND OFF UIST = 1.47143E~-01

BOUY STAG PT PRESS® 9..298E-01

ARC LENGTH SHOCK AxIAL LCC SHOCK RADIAL LOC EQUY AXIAL LOC BODY RADIAL LQC BOODY NCRMAL LOC SHOCK RADIUS OF CURV

1.5077€-01 T.9916€-03 1.5049E-01 L.5€16E-01 1. 3483E-01 l.4899E-01 1.4513€E40C
3.0155€-01 3. 14B5E~-02 2.5935E-01 l.8323€-01 2.6156E-01 1.5504E-01 1.5395E+0C
4.52326-01 6.9379E-02 4.4522E-01 2.4€06E-01 3.5670E~-01 1.64C2E-01 1.6865E+)C
6.0309E-01 1.2013E-01 5.6715E-01 2.8220E-01 5.41C8E-01 1.7555€-01 1.8922E+0C
7.5387E-01 1.8201E-01 T.2460£~01 3.5245€6-01 6.4022E~-01 1.9019E-01 " 2415676400
9.0464E~-01 24 5335E-01 8.5739€-01 4.3174E-01 1.54C1E-01 2.0616E-01 2.41%9E+00

40



XSP= 4.5232E-01
7.6636E-01
7.7287€-01
7787001
7.83086E-0i
7.8834E-01
7.9215€E-01
7.9528E-01
1.9774E-01
7.5953E-01
8.0063E-01
8.0107E-01
8.003¢E~0L
7.9991E-04
T.9831E-01
7.9605E-01

5.7050E+00
5. 71T6E+00
5.7262E400
5.7308E400
5.7315€+00
5.7284E+00
S5« 7215E+CC
5.7108E400
5.6566E+00
S.6786E+00
5.65T1E+(C
5.032LE400
2. 0C356+00
5.5715E+00
5e536LE40C

MACH NO WL SHOCK PRESSURE, TAN

1.7362E-01
3.2186E-01
4.6963c-01
5.9658E-01
T« 1576E-01
8.2180€-01

XSP= 1,5077e-~01

FIELU PRESSURE
843366E-01
B.4366E-01
8.5239€-01
8.6135E-01
8.6904€E-01
8. 1597E-01
Be8c¢l2E-01
8.817152E-01
B.7214E-01L
8.9600E-01
8.990sE-01
9.0141€-01
9.0290E-01
$.0375E-01
9.0376E-01

FIELD NORPAL LOC
8.5231E-03
L.T316E-02
2.6368E-02
3e5048E-0<
4.5131E-02
S5.4Td9E-02
6.4601E~0«
T.4550€-02
8.4627€-02
S.4834E-0¢
1.0519€E-01
1.1572E-01L
1e2647E-0L
1.3753€E-01
l+4899E-01

XSP= 3.0455€~Cl
3.0630E-01
8.1430€-01
Ba2¢5TE-0L
B.2904E~01
843594601
8.4153E-01
B.4039E-01
B.505<E-01
845395E-01
8.5660E-01
8.5855E-01
8.5977€-01
8.6026E~-01
8.6002E-0L
8.5905E-01

8. 2290E-01
1.5706E-01
7.5918E~01
T.1463E-01
6.60809E-01
6.2280E-01

FLELU UDENSITY
5.761TE+00
5. 8CHLE+CC
5.4505€E+00
5. 8890c+0C
5.9236E+00
5.6543E+00
2.5E12€400
©.0043E+0C
6.0236E+400
6.0392€+00
6.05911LE+0Q
6.0592E+400
6.0630E¢00
6.0644E¢00
b.0614E+00

FIELD AXTAL LOC
l.64€7E-02
2.5213E-02
3.4214E-02
403442E-02
5.2872€-02
6.2473€-0¢
T7.2235E-02
Be2129E-02
Y.2149E-02
1.0230e-01
1.1260€E~-01
1.2307€-01
1.337¢€-01
l.447¢E~-01
1.5616E-01

5.7289€¢00
5. 1713E+0C
5. 1SS TE+QC
5.82426 400
S.b448E+0C
S.t6l6E+00
5.8145€40C
5.8E33E+00
5.5893E+00
5.9911E400
S.bES2E+00
5.8837E+0C
S.ET40E+(CC
2.8619E+0Q
5. 8457€+0C

APPENDIX B — Continued

2.9070E-01
2.8550E-01
2. 8032E-01
2.7516E-01
2.6999E-01
2.6479E-01
2.5952€-01
2.5415E-01
2.4363E-01
2.4292E-01
2436593E-01
2.30060€-01
2.2381€-01
2. 1640E-01
2.0847€-01

SHK VELOCITY
1.0512&-01
2.050<¢E-01
2.55828~01
3.15476-01
4.43671E-01
5.01218-01

FIELD VELOCITY (]
1.0150E-01
$.8333E-0¢
Fe5646E-02
Ge3451E-02
9. 1650E-02
9.0316E~-02
Ba923TE-0¢
de.8376E-02
&. T638E-02
4.6947E-02
5.6097E~02
8.5049E-02
8.3638E~02
8.1737€-02
7.9323€E-02

FIELU RADIAL
La4959E-01
Le486T7E-0C1
1.4772€E-01
la4o74E-01
1.4575€~0G1
la4473c-Gl
1.4370E-01
la4265€-C1
1.4159€-01
lea4052E-01
l.3943E-C1
le3833E-Cl
143720€-01
1.3603E-01
1.3483E~G1

2.0072€~-01
1.9647E-01
1.9242€~01
l.gu57E-01
1.8447E-01
l.0l31E-01L
1.7785e-01
1.7444E-01
1.7103E-01
L.6755€E-01
1.6393E-01
1.60G7€-91
le5586E-01
1.5119€E-01
1.4599E-01

1.5870E~01
1+4926E-01
1.3960€E-01
1.2968E-01
1.1950€-01
1.09046-01
9.8231€-02
8+7056€E-02
1.559%E-0¢
6+43705E-02
2.1411E-02
3.871¢E-Ce
2.5664E-0¢
1.2425E-0¢
0.

NCR SHK VELO:
1.7412€-01
1.7164E-01
1.6793E-01
Lat346E~01L
1.5666E-01
1.5285E-01

AN} FIEL

Lac

CLTY SHCCK DENSITY,

5.71126+00
S.7023E400
5.08E3E+400
5.6700t+00
5.6484£+00
5.€244E+00

0 VELCCITY (NGRM)
l.63E¢E-C1
145342E-01
le4275c-01
1.3167E-01
1.2095€-01
1.097¢E-0L
Y. 8265E-02
8.6583E6-02
7.466CE-02
6.2490E-02
5.0073£-02
3.7426E-02
2.4616€E-02
le1820E~0¢
0.

1.6165€E-01
1.5207€-01
1.41938E-01
Le3166E-01
1.2105E-01
1.1025€-01
F.9122E-02
8.T0d5E-Ce
1.5927E-02
6.3822E-02
5.1360E-02
3.8570E~C2
L.94dTE-Q2
1.2297E-02¢
0.

7.6371E-01
1.4056E-01
7.1771e-01
6.9514E~-01
6.7284E-01
6.5081E-01
6.2903E-01
6.0751E-GlL
5.8625E~01
5.6525E-01
De4452E-CL
5.2407€-01
5.0392£-01
4.8410E-01
4.6463E-01

4.5304E-01
6.0457£-01
T.87C2E-01
G.7454€-01
1. 1579E+00
1.3316E+00

FIELO MACH NO
4.2832€-C1
4.0409E-01
3.8043E-01
3.51356-C1
3.3490E-01
3.1313e-01
Z+9212E-O1L
2.T197E-C1
2.5283E-0)
2.3489E-CL
2.1838E~ClL
2.030lE-01
1.9095E-01
1. 8081E-01
l.736¢E-0L

5.8152E-01
5.5883t-01
5.3665E-01
5« 1500E-01
4.9338E-01
4.7332E-01
4.5335E-01
4.3400E-01
4.1533€E-01
3.9739E-01
3,8026E-01
3.6403E-Cl
3.4860€6-C1
3.3470E-CL
3.2186E-01L

SHUCK MACH NJMB

9.2576E-02
8.5964E-02
7.9351e-02
7.27139€E-02
6.6126E-02
5.9513€-02
5.2901E-02
4.6288E-02
3.9676E~-02
3.3063E~-02
2.6450€E-02
1.9838€-02
1.3225£-02
6.6126E-03
4.4409E-16

l.4368E+00
1.3094£+00
le1931E+00C
1.0904E+00
1.0013E+00
9.2470E-01

FIELU STRM FUNC
L.0612E-02
9.8537E-03
9.0957E-03
B.3377€-03
7.5757€-03
6.8218E-03
6.0638€-03
5. 3058E-03
4.5478E-03
3.7899E-03
3.0316E-03
242739€-03
La5159€-03
T.57S7E-04
5.55118-17

4.18BB6E~D2
3.6894E-02
3.59028-02
3.2910€-02
2.9918€E~-02
2.6926E-02
2.3935E-02
2.0943E-02
1.7951E-02
l.4959E~02
1.1967e-02
B.9755E~-03
5.9836E-03
2.9918E-03
2.2204E-16

BODY ANGLE
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FIELLU NORMAL LOC
8.6366E-03
1.7460E-02
2.648LE-02
3.5705E-02
4.5140E-02
5.4797E-02
6. 4685E-02
T.4820E-02
8.5219€E-02
9.5904E-02
1.0690E-01
l.18206E-01
1.3002€-01
1.42256-01
1.5504E-01

FIELD NORMAL LOC
6.9160E-03
1.8024E-0¢
2+7339E-02
3.6877e-02
4.6055E-02
5.0094E-04
6.70L3E-02
7.7640€-0¢
8.8603E-0¢
Y« 993TE-Oc
loellobE-01
1.2349€-01
1.3663E-01
Lo4%97/E-O1L
1.6402E-01

XSP= 6.0309E-01
T.1966E-01
7.2408€E-01
7.278%E-01
7.3107€-01
7.3365E-01
7.3561E-01
7.3695E-01
7.3768E-01
1.3719E-01
7.3729E-01
7.3617E-01
T.3444E-01
7.3209E-01
Te2913E-01
Te2555E-01

FLELD NURMAL LOUC
9.298b6E-03
l.boBl5E-02
2.b559E-02
3.8543E-04
4.B88TbE-02
5.9483E-02
71.0426E-02
8.1743E-02
$.3473E-02
1.0566E-01
l.1837E-01
l.31l66E-01
l.4561E-01
1.6033E-01
1.7595€E-01

XSP= 7.5387¢-01
6.7117E-01
6.7370E-01
6.7567E-01
6.,7709E-01
6.T795E~01
6.7820E-01
0.7801E-01
6.77c0E~-01
6.7584E-01
6.,7393E-01
6.7146E-01
6.6843E-01
6.0485E-01
6.607cE~01
0.5602E-01

FIELC AxIAL (OC
3.6938E-02
4.8574E-02
5. 7403E-02
6.6431E-02
1.5666E~02
8.5118E-02
9.4796£-02
1.0472E-01
1.1489E~01
l.2535€-01
1.3612E-01
l.4723e-01
1.5874E-01
1.7071E-01
1.8323E-01

FIELC AXxIAL LOC
1e1896E-02
be0596E-02
Ye5494E-02
1.04€1£~-01
1.13958-04
1. 2354E-01
143339E-01
1.4354E-01
L.5402E-01i
let4B84E~01
l.7606E-01
1.8773k-01
1.9989E~01
2.1264£-01
2.26C6E-01

S5etE44E+00
5.6546E 400
5.0407E+0C
5.6228E+00
2.6010E+00
5457153E+0C
5.5458E+00
5.5127E+GC
5.4758E+00
5.43546+(C
5.3914E+00
54 3440E+C0
9.<S31E+00
5.2389E+CC
5.1813E+00

FIELEC AXIAL LOC
1.2874€-01
1.3156E-01
1.4660E-01
lLe354%E-01L
l.6543E-01
1.7526E-01
1.8540E-01
1.9589E-01
Z.007¢E-01
2.1806E~01
2. ¢983E-01
2.4215€-01
2.5508E-01
2.6812E-01
2.8320E-01

5.062C7E+0Q
5.5E87£400
5.25525E¢0Q0
5.5123E¢CC
2.4681E+00
5.4199€400
.36 79€ +00
2.5120E+00
5.2525€+0¢C
S.1854E+00
5.1226E+00
5.0524E+C0
4.91d3dc+00
4.901L8E+00
4e b2 1OE+CO

APPENDIX B - Continued

FLELD RAODIAL LOC
2+9758E-Cl
2.55717E-01
2.9392E-01
2.9203E-01
2.9010€-01
2.8812€-01
2.8609E-01
2.8401E-01
2.8188E-01
2.7969€-01
2.7743€-01
2.7511E-01
2.712T0€E-01
2.7019E-01
2.6757€-01

FIELD RADIAL LUC
4.4259E-01
4.3989E-Cl
4.3714E-01
4.3432E-01
4e3142E-01
4+20845E-Cl
4.2540E~01
4.2220E-01
4.1901E-01
4.1566E-01
4.1<15€6-01
4.0857E~-01
4.048 LE-01
4.0086E-C1L
3e90670E-01

3.0575E-01
3.t3E5E-01
3.5786E-01
3.5173E-01
3.4545E-01
3.3900E-01
3.3233€-01
242541E-01
3.1819€6-01
3. 10€1E-01
3.,0259E-04
2.9400E-01
2.8489E-01
2. T74506E-01
2.6415€6-01

FIELD RACIAL LOC
9. 83b6E~-CL
5.8009€-01
e f642E-Cl
5.7206E-01
De 6880€-Cl
5 e6408.2E-01
5.607 lE-01
5.56046E~01
5.5205€-01
5.4748E~01
S.4271E-01L
9.3772E-01L
543244E-Cl
9.26%5E-Cl
5.2109E-01

4.37€1E-01
4.3132E-01
4.2481E~01
4.1805E-01
4.1104E-01
4+0367E-01
3.9597E-01
3.d745E-01
3.79<¢7€-01
3.7015€-01
3.6039E-01
3.4949E-01
3. 3850E-01
3,¢606E-01
24 1239E-01

l.2471E-0C1
Le4374E-ClL
1.3053E-01
1.2705€-01
1.172%G€E-01
L.0722E-014
9.6304E-02
8.6021E-0¢
T.484CE-02
6.323E-02
S5.1473E~C2
3.8655E-0¢
2.571C:-0z¢
l.2494E-02
0.

1.3039€E-01
Le9losE-0lL
le3d313€~01
l.2411E-01
l.14786-01
1.0513E-01
9.5118E~-02
Be4TLloE-02
7.3886E~-02
6.2594£~02
9.0808E-02
3.8507E-02
2.5701E-02
lec546E-02
'8

9.5035E-01
9.2572E-01
9.0112E-C1
B.7654E-01
H.5193E-01
Be2727E-01
8.0452E-01
1.7765E-01
1.5261€E-01
7.2738E~01
7.C191E-C1
6.76156-01
6.5005€E-CL
0.2355E-Cl
5.9658E~C1

L.1317E+00
1. 1053E+00
1.0786E+C0O
1.0516E+00
1.0243E+00
9.5658E-Cl
9.6841c-01
9.3971€E-01
9.1041E-01
d.8041£-01
B.4962E-01L
8.1791E-01
7.8514E-01
T.5L16E-Cl
1.1576E~-01

1.6094E-01
l.4944E-01
1.3795E-01
1.2645E-01
l.1496E-01
1.0346E-01
9. 1966E-02
8.0470E-02
6.89756~-02
5.7419€-02
4.9983E-02
3.4487€-02
242992E-02
le1496E-02
d.88LBE-16

2.4506€-01
2.2755E-01
<.1005E-01
1.9254E-01
1.7504E-01
1.5754E-C1
1.4003€E-01
1.2253€-01
1.0502E-01
8. 7520E-02
1.0016E-02
5.2512€-02
3.5008E-02
1.7504E-02
l.7764E-15



FIELD NORMAL LOLC FIELD AXIAL LOC

«7579€E-03
1.9768E-0¢
3.0055€6-02
4.0644E-02
5.1566E-02
6.2854E~02
1.4546E-0s
B.6687E-02
9.9329E-02
1.1253€-01
1.2637E-01
1.4093E-01
l.5632E-01
1+7268E-01
1.9019€-0i

1.5075€-01
L.9972E-01
2.0894E-01
Zel843E-C1
2.2822€-01
2.3834E-01
Z.4881E-01
2.5570€-G1
2.71028-01L
2.8286E-01
24G526E-01
3,0831€-01
3.2210€-01
3. 3016E-01
3.5245E-01

ASP= 9.0464E-01

6.2427E-01 5.5767€+00
6.2524E-01 5.5245E+00
6.2572€-01 5.4tELE+QC
6.2569E-01 5.4C14E+00
6.2516€-01 be3426€¢00
6.2413E-0i 95.2737€+00
6.2Z61E-01 5. 200SE+00
6.2058E-01 5.1240€+00
6.,1805E-01 54 0434E+00
6.1503E-01 4.%539E+00
6.1150€~-01 4. 8T0TE+GC
6.0747E-01 4.7790E+00
6.02956-01 4.6836E+00
5.9792E-01 4.9849€+0C
5.9239E-01 4.4827E+00
FIELD NORMAL tOC FLELD AxlAL LuC
1.0474E-02 246224E-01
2.0837E-02 ¢e T138E-GL
3.1721E-02 2.8050E-01
4a2954E-02 2+9052E-CL
S5.4573E-0¢ 3.0057€-01
6.6621E-02 J. 1100E-01
T3l46E-02 3.2103E-01
Je2lG0E-0¢ 343313E-01
1.0585£-01 3.4494E-01
1.2017E-01 3.57134€-01L
le35276-01 3. 7040E-01
1.5125E-01 3.8423E-01
l.68¢6E-0Q1 349894E-01
l.8648E-01 4.1471E-01
2.0616€E-01 4.3174E~-01

W= 5.0364E-01
PS= 5.8720E-01
THB= B8.6975E-01

Iv= 5.8532E-08
PS= 5.5097¢-01
THB= 8.1853E-01

IW= 6.7637E-01
PS= 5.1548E-01
THB= 7.7105E-01

Iw= T.8124E-01
PS= 4.8104E-01
THB= 7.2625E-01

Iz 8.986¢E-01
PS= 4.4799E-01
THB= 6.8433E-01

W= 1.0296E+00
P5= 4.lo52€-01
THB= 6.4526E-01

APPENDIX B — Concluded

FIELD RALIAL LOU
1.202TE-4L
Tei283E-01
Tel1126E-01
1.0057E~- 01
7.017¢2E-01
b.9671E-01
6.9152E-01
0. 801 4E-0L
6.8053E-01
6.7467€~01
6.6853E~-01
6.6207E-01
8.5524E-01
6.4798E-01
€.40226-01

4.95056-01
4.8861E-01
4.8185E-01
4.7475€-01
4.6725E-01
4.5932E-01
4.5089€-01
4.4191E-01
4.3227€-01
4.2190E-01
4.1066E-01
3.984LE-01L
3.8450E-01
3.7008E-01
3.5348E-01

FIELD RADIAL LJIC
8.5225E-C1L
Bo4053E-Cl
d.4150E-C1
d.3587E-0Q1
8. 3004E-Cl
de2400E-01
8.1773E-01
8.1110E-0L
B.0434E-0L
{e971L0E-CL
71.39606-C1
leulv96-01
1. {306E-01
T1.0393E-C1
Te2407€~01

Ru= 8.4407E-0L YW= 2,2055€-01 5= 3.1834£-01

RHUS= 5.0C32£¢00 uUS=

Rz Y.5533E-01 Yw= 2
RHIS= 9.5790€+00 uUS=

544215E~01 Pw= 2.4294E-0L

«3650E~-0L I5= 3.9<75E-01

5.8087E-J1 Fw= 4.4367€-01

Rw= 1.0251E+00 Yn= 245412E-01 ¢S= 4.7687E-01

KHGS= 5.5522£+400 U=

6.1044E-01 Pw=z 4.5C97E-01

Ru= 1.1259E¢C0 Yw= 2,7261E~01 [S= 5.7311£-01

RHOS= 5.5228E+00 US=

Rwz 1.2257E¢Q0 Yw= 2
RHUS= 5.45C7e+00 uS=

6+4909E~01 Pwe 4.1071E-01

«55C6E=-01 ZS= 6.8200E-01

6. T896E~01  Pw= 3,7355E-01

RW= 1.3265E+00 Yw= 3.1353E-01 5= d.0432e-Cl

RHUS= 5.4558€8+400 uS=

1.0022E-01 Pw= 3.3536E-01

1.,4602E-01
1,37317E~01
1.2965E-01
1.2106E-01
1.l2i6E-01
1.0292E~-01
9.3314€-02
8.3295E-02
7.2827€-02
5.1866E-02
5.0371€-02
3.8307E~-02
2.5675E-02
1.25876-02
0.

RSz §.6364c~01 43
RHUW= 442124E+00

RS= 1.07z¢E+00 50
RHUn= 3.9354E+00

R52 1.1858&+00 57
RHOw= 3.6891E+00

RS= 1.3035E+00 o4
RHUN= 3.45CBE+00

RS= 1.4261E+00 [y
KHUW= 2.2243E¢00

RS= 1.5534E+00 78
RHOm= 3.,011LE+00

1.3033€E400
1.2755€+00
1.2467E+00
1.21736+00
1.1872€+00
1.1564E+00
1.124T€E+00
1.0921E+00
1.0583E+00
1.0233E+00
9.865TE~0L
9.4879E~0L
9.0881€-01
8.6061E~01
8.2180E-01

UWs 3.843CE-01

JW= 4,14606-01

L= 4.4080€-01

L= 4.6565E-01

UW= 4.8901E-01

uw= 5.1095E-01

M=

M=

M =

3.4306E-01
3.14856E-01
2.9405e-01
2.6955E-01
2.4504E-01
2.2054€-01
1.9603E-01
1.7153E~01
1.4703€~01
1.2252g-01
9.4017E-02
7.3513€-02
4.9008E-02
2.4504E-02
1.7764E-15

9.0463E-01

9.8934E-01

1.0655E¢00

1. 1408E+00

1.2143E+00

1.2863E+00
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Axis of symmetry

Figure 1. - Sketch of coordinate system.
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Figure 2. - Comparison of shock shape and pressure distribution

on sphere at M_=6and7Y = 14, Rgp = 1.34.
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Figure 3. - Comparison of shock shape and pressure distribution

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

on sphere at M, = 10 and 7 = 14. Ry = 1.3.
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Figure 5. - Comparison of shock shape and pressure distribution

on paraboloid at Mo, = 10 and ¥ = 1.4. Rgt = 1.42.
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Figure 6. - Comparison of shock and pressure distribution
on 2/1 oblate ellipsoid at M__ = 4 and ¥ = 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 M__ = 8.08 and ¥ = 1.4, a = 3.
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(b) Shock shape, oblate ellipsoid (1.414/1). Ry, = 2.0.

Figure 8. - Comparison of shock shapes on blunt axisymmetric

bodies at M, = 7 and ¥ = 14,
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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 ¥ = 14, d = 0.75.
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(b) Body pressure distribution.

Figure 10. - Comparison of shock shape and pressure distribution on spherically
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blunted 30° half-angle cone at M_, = 8 and ¥ = 1.4, r, = 1.0,
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(b) Body pressure distribution.

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

spherically blunted 40° half-angle cone at M, = 38.4. r, = 1.0.
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