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FOREWORD

This report was prepared by the General Applied Science
Laboratories, Inc., Westbury, New York, a wholly owned sub-
sidiary of The Marquardt Corporation, on Contract F-=33(615)~
67~C-1084, Task 3012, "Investigation of the Low Speed Fixed
Geometry Scramjet." The work was administered under the
direction of the Air Force Aero Propulsion Laboratory, Air
Force Systems Command. Mr. R. Canny, (APRP) was the project
engineer for the laboratory.

The studies presented began in September 1966 and were
concluded in August 1967. Mr. James Johnson was responsible
for the technical direction of this program at GASL. The
technical efforts were performed by the following scientists;
Messrs. M. Abbett and G. Bleich for the two-dimensional flow
analysis and programming, and Drs. S. Angelucci and C. Ruger
for the thi:e-dimensional flow analysis and programming.

This report, GASL TR-667, was submitted November 1967.
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Computer progr:ms have been written to aid the design and
analysis of two-dimensional, axisymmetric, and three-dimensional
supersonic inlets. This report presents the fundamental analytic
techniques, the use and operation of the computer programs, and
the application to the design of supersonic inlets. The programs
are written in Fortran IV for use on the 7094 high speed digital
computer.

The two-dimensional and axisymmetric programs presented
herein are written for generalized inviscid supersonic internal
flow problems with uniform or non-uniform inlet entry conditions
for entropy, total enthalpy, pressure, Mach number and flow
direction. The program capabilities include the intersections
and reflections of both family waves, the formation of shocks or
expansions at corners, the formation of shocks by coalescence of
waves from smooth walls, and the formation of contact discon-
tinuities.

The three-dimensional programs presented herein are written
for the calculation of the inviscid supersonic flow fields associ-
ated with basic elements of three-dimensional supersonic inlets.
The methods utilized exact and linearized supersonic flow theory
with engineering approximations to yield solutions to the following
unit problems; delta wing flow, conical shock interacting with a
plane surface, plane shock interacting with a conical surface, and
the interaction of two different conical flow fields.
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NOMENCLATURE FOR_SECTION 1V

v P/p

speed of sound, a®
J M2-1 / p u?
coefficients of specific heat

{r=\) 7

v J

specific static enthalpy, h = ;¥T p/o

specific total enthalpy, H = h + g2/2

Mach number, M = g/a

pressure

magnitude of the velocity vector, g® = u?® + v2
gas constant

entropy

velocity component in x direction

velocity component in y direction

abscissa (horizontal axis = z in cylindrical polar
frame (z, r, ) for axisymmetric flow)

ordinate (vertical axis = 4 in cylindrical polar
frame for axisymmetric flow)

angle flow turns when going through oblique shock
cp/cv, the ratio of specific heats
characteristic slope

viscosity (=0 in this report
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v
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- Dot i

v Prandtl-Meyer turning angle (see equation 15)

p density

o angle oblique shock makes with incident flow
T streamline slope, T = v/u

A angle velocity vector makes with x axis

Subscripts

3
X ox
1, 2 conditions in front of and behind shock, respectively
A,B,C,etc. variable is to be evaluated at the indicated point

Superscripts

j 0 for two-dimensional flow
1 for axisymmetric flow

-_— averaged quantity, also indicates a line between two
points

I, II down running and up running characteristic
respectively

The following is standard notation on the figures

down running characteristic

——————————————— up running characteristic

obligue shock

contact discontinuity (interface, slip stream)
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INTRODUCTION

The use of three-dimensional flow fields in the design of
supersonic and hypersonic inlets has been under experimental
and analytical investigation at GASL for geveral years under
Air Force sponsorship as reported in References 1 through 6.
Three-dimensional designs can be used for either fixed or vari-
able geometry inlet configurations over a wide flight Mach number
range to obtain, for example, high inlet contraction ratios and
capture mass flows, to prevent boundary layer separation, and to
reduce heating loads to the inlet structure. General use of
three-dimensional designs however, has been limited by the devel-
opment of practical analytic technigues. In most cases where
three~dimensional analytic techniques are available, they are
either so highly restricted, or complicated and time consuming,

that they are impractical for use in a typical inlet design effort.

Practical methods I._ the design and analysis of three-
dimensional supersonic inlets have been under development at
GASL for the Air Force Aero Propulsion Laboratory as part of
the overall investigations of the low speed range supersonic
combustion ramjet (SCRAMJET). These methods combine exact
and linearized three-dimensional theory with engineering ap-
proximations to yield solutions to unit problems which are basic
elements of three-dimensional supersonic internal flow fields,
i.e., delta wing flow, conical shock interacting with a plane
surface, plane shock interacting with a conical surface, and
the interaction of two different conical flow fields. A com-
bination of these unit problems can be used to design and
analyze a large variety of supersonic and hypersonic three-
dimensional inlets.

These methods for two and three dimensional inlet design
and analysis,have been programmed in Fortran IV for use on
the IBM 7094 digital computer. This report presents the com-
plete description of the fundamehtal analysis, the program use
and operation, and the applicaticn to the design of three and
two dimensional supersonic inlets. This work was performed
for the Wright-Patterson Air Force Base Aero Propulsion Labora-
tory under contract F33(615)-67-C-1084.
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PROGRAM OBJECTIVES AND APPROACH

The overall objective of this effort was to generate digital
computer programs for aid in the design and analysis of two and
three dimensional supersonic inlets. The analytic techniques
which form the basis of this work have been developed at GASL
during the past several. years urder Air Force sponsorship. The
purpose of this report is to present these fundamental analytic
techniques, the use and operation of the computer programs, and
the application to the design of supersonic inlets. The aim is
to provide a practical tool for two and three dimensional inlet
design, in addition to a detailed description of the analysis.
To this end, the following sections describe;

Section IIT - A discussion of the methodology used for three-
dimensional inl~t design and the use of the
computer programs in these efforts.

Section IV -~ A complete description of the two-dimensional
and axisymmetric internal flow field analysis
and computer programs.

Section V -~ A complete description of the three-dimensional
" analysis and computer program elements.

It is seen then, that this report can be used as a "Design r
Manual" to aid in three~dimensional inlet design, or as an initial
step in developing a more sophisticated or modified analysis. 1In
either case, it must be noted that the current work presented here
has limitations whiclh should be the object of continuing study.
These limitations will be clear as they arise in the following
sections in this report. A summary of the overall limitations
however, is given here.

(1) viscous effects are neglected
(2) cCompletely supersonic flow required
(3) Completély supersonic leading edgzs required

(4) Three-~-dimensional computations only for unit problems.
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METHODS FOR THREE-DIMENSIONAL INLET DESIGN

The detailed three-dimensional and two=dimensional analytic
techniques and computer proorams will be described in the follow-

ing sections. It is necessary here, however, to describe the over-

all methodology for using these techniques before going into the
analysis.

The overall inlet design process is schematically shown
in Pigure 1. It is seen that several steps are required in
the design process:

a) choice or definition of inlet design performance
characteristics

b) choice or definition of inlet design concept, e.g.,
two-dimensional, three-dimensional, with or without
centerbody, etc.

c) two-dimensional calculations to define essential per-
formance properties

d) three-dimensional corrections to define exact perfor-
mance properties

e) evaluation of performance with respect to initial re-
quired performance levels

f) repeat steps (b) to (e) until required performance is
obtained.

A summary of each of the above design process steps is given
in the following discussion.

The initial steps (a) and (b) are closely interrelated since
the required inlet design performance characteristics generally
dictate the choice of the inlet design concept. The requirement
of fixed geometry operation over a wide Mach number range, for
example, might require a more highly three-dimensional inlet
design (with possibly one or more inlet central bodies) than a
fixed geometry inlet design for a more restricted Mach number
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variable geometry inlet design to attain performance goals. 1In

any case, these initial steps of the design process require
decisions based upon inlet design experience.

The next step (c) utilizes the two~dimensional and/or axi-
symmetric computer programs described in Section IV. This step
would be the final step for a completely two-dimensional or
axisymmetric design. For the case of a three~dimensional design,
however, it forms the first step. Several overall inlet design
geometries are roughed out by the inlet designer and the computer
program provides a detailed analysis of each one. The overall
properties of the various inlet flow fields are then evaluated
with respect to the initial design goals and the most promising
designs are chosen for further consideration by including the
effects of three-dimensionality.

The next step (d) utilizes the three-dimensional computer
program elements described in Section v. The basic elements of
a large variety of supersonic three-dimensional inlet flow fields
are programmed for machine calculation in this phase of the design
process. These elements as shown in Figure 2 are the delta wing
flow field, the interaction of a conical shock with a plane sur-
face, the interaction of a plane shock with a conical surface, and
the interaction of twc different conical shocks. The techniques
used for these machine computations however, can also be used
manually to compute the flow field of almosit any supersonic three-
dimensional configuration. The level of three dimensionality
designed into the inlet geometry in this step of course depends
again upon the initial design goals. The overall procedure here
again is to investigate various geometries until the desired
per formance conditions are achieved. However, here the overall
configuration is known from the two~dimensional and axisymmetric
analysis of step (c¢). The procedures in this step are to incor-
porate, for example, various leadirg edge sweep angles, cone
angles, etc.

An inlet configuration is now defined and analyzed. Step (e)
calls for an evaluation of the resulting performance based upon
the initial design performance goals. At this point, either these
goals are satisfied or steps (c) and (d) are repeated. In this
manner then the required inlet performance characteristics are
achieved.
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iv.

TWO-DIMENSIONAL AND AXISYMMETRIC SUPERSONIC INTERNAL
FLOW COMPUTER PROGRAM

A. Summary and Introduction

A computer program has been written for the computation
of two-dimensional and axisymmetric inviscid supergonic internal
flows for configurations typiccl of supersonic and hypersonic
inlets. The program is designed for use either for the d-~sign
and analysis of completely two-dimensional or axisymmetric
inlets, or as part of the design ecfort of a three-dimensional
inlet: a3 described in Section III. The vrogram is written in
Fortran IV for use on the IBM 7094 and the CDC 6600 high speed
digital computers.

The overall computer program can be summarized as
follows:

General -~ Calculation of complete inviscid two-dimensional
and axisymmetric supersonic internal flow fields.

Input - Uniform or non-uniform entry conditions for
entropy, total enthalpy, pressure, Mach number
and flow direction.

Capabilities

- Intersection and reflections of waves of same
. and opposite families -~ no limit to number.

- Formation of shocks at compression corners.

- For' ation of shocks by coalesence of waves
from smooth walls.

|

- Formation of contact discontinuities.

- n wony

- Reflection of waves from walls.

* Peorfect gas.

ot oy




Output - Fluid mechanic and thermodynamic parameters, wave
iocations and contact discontinuity location at
each point of the characteristic mesh.

A complete detailed description of this computer program is
given in this section. Part B descrikes the types of flcws con~
sidered and summarizes the assumptions and simplifications in the
analysis and computer program. In Part C the Euler equations of
motion are presented and non-dimensionalized. n addition, the
special forms of the governing equations are given here for charac-
teristic, oblique shock, and Prandtl Meyer expansion computations.
Part D describes the manner in which the computation is performed
and gives outlines of the wvaricus types of computations. Appendix
I gives mest of the information required by the user of the program.
In Appendix III some sample calculations are presented.

A person who wishes to use the program with a minimum
amount of effort should skim Part B and Part D. He should care-
fully read, in order, Part C-a ard Appendices I~III.

B. Outline of the Program
a) Type of Flows Considered

The program computes internal flows typical of
supersonic and hypersonic inlets. Included in the flow field com-
putation are weak shocks of both families, their formation at sharp
corners and by the coalesence of characteristics (envelope shocks),
the intersection of shocks of the same and opposite families, the reflec-
tion of shocks on the inlet walls, the intersection of weak shocks and
slip streams, and centered corner expansions. 7The gas is considered
to be an inviscid perfect gas of constant ratio of specific heats.
Since the method of characteristics is used to perform the calculation,
the flow must remain supersonic throughout. Strong shocks are not
considered.

b) General Ccmments - Appvoximations and Simplifications

A schematic representation of a typical inlet is given
in Figure 3. The flow impinges on the inlet at some specified angle
of actack. There may be an expansion, a shock, or neither, at the
leading edge of the lower wall and at the cowl. Due to smooth or
abrupt compressions along the two walls, shocks may form. In addition,
expansion waves may be generated by smooth or sharp expansions of
the walls. The shocks and e..pansions will then interact in complicated
ways.
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Because of storage and time considerations and the
desire to xeep the program as simple as possible while retaining
sufficient accuracy, various assumptiors and simplifications have
been made. These are outlined here with tl.eir justification.

1. Intersection of T™wo Weak Shochs of the
Same Family

In general, such an intersection will result
in the two shocks continuing as either two shocks and a contact
di -continuity or as one shock, an expansion fan, and a contact
discontinuity (Figure 4). However, in cases of interest here
the second shock or expansion fan (D& of Figure 4) and the con-
tact disconuity (oD) usually have a much smaller effect on the
flow field than does the primary shock (OC). Hence, in the
program, two shocks of the same family intersecting are continued
as only one shock of that family.

2. Intersection of Two Shocks of Opposite Families

When two weak shocks of opposite families inter-
sect they will in general continue as two shocks of opposite families
and a contact discontinuity (Figure 5). 1In the program such an inter-
section is treated with no simplifications.

3. Intersecticon of a Weak Shock and a Contact
Discontinuity

Ordinarily such an intersection will continue
as a shock, a centered expansion, and a contact discontinuity
(Figure 6). Fresently, the contact discontinuity is dropped when
it intersects an obligque shock.

4. Formation of Attached Oblique Shocks
By Discontinuous Compression

This is done in a straightforward fashion
(Figure 7) with no simplifying assumptions.

5. Reflection of Oblique Shocks from Walls
This is done in a staightforward fashion, the
shock being reflected with strength such that the reflected shock

has a turning angle which is minus that of the incident shock.
(Figure 8).
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6. Formation of Detached Oblique Shocks
By Coalescence of Characteristics

After each point of the characteristic mesh
has been computed, tests are made to detect the crossing of character-
istics of the same family, indicating the formation of an obligue
shock. When such a crossing occurs, a shock is entered in the flow
field at that point and its subsequent development is followed.
(Figure 9)

7. Centered Expansions Due to Discontinuous
Expansion Corners

These are performed by dividing the turning angle
of the corner into a finite number of segments and then making
regular characteristic computations. (Figure 10)

8. Reflection of an Oblique Shock from the Axis
of Symmetry

In the case of axisymmetric flow, the possible
flow configurations aiising when an oblique shock reflects on the
axis of symmetry, are several and complicated. There is no provision
in the program to treat this problem. One can expect the program
to usually blow up as an oblique shock approaches the symmetry axis.
However, it may be that the shock will reflect, as from a wall, away
from the symmetry axis.

9. Compression Corner on the Symmetry Axis in
Axisymmetric Flow

The only compression coraer allowed on the
symmetry axis in axisymmetric flow is at the leading edge of the
lower wall. In addition, the initial data line must go through
the leading edge of the lowe. wall. (See Part D-a)

10. Viscous Effects

At present there is no consideration of wviscous
effects in the program.

C. Analysis
a) Non-Dimensionalization and General Equations of Motion
The dimensional Euler equations of motion for the steady,

inviscid, nonisentropic flow of a perfect gas of constant specific heat
ratio, y, are

continuity (v ¥’ W=+ (p 3 ?;)§ =0 (1)

momentum EGG; + pvu- + 5; =0 (2a)

PUV. + PV + P~ =0 (2b

AR A )

energy us§ + VS§ =0 (3)
14
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where x and y are axes of a right handed cartesian frame
(cylindrical frame) with velocity components u and v re-
spectively. The x axis is positive in the general direction
of the incident flow. 3j=0 for two dimensional flow and j=1
for arisymmetrical flow, p is the density, p the pressure, S
the entropy. and the bars indicate dimensional quantities.
Now we divide all pressures by reference pressure 5 '

densities by S ' temperatures by To’ lengths by 1 o veloc~-

ities by IV To where R is the gas
constant and p = 6 RT and we subiract SO from all en-
tropie~ o« '1de the dlfference by c . Then, in non-
dimension- nw1atities p, p, u, v, x, y, S, the eguations
are, (w ., . 50, = p/po, s = (s-¢ /c , etc.
(puyj) + (pvyj) =0 (4)
X Yy
puu_ + pvuy + p, = 0 (5a)
uv_ + pvv_ + =0 5b
puv, + pvv, + py (5b)
us +vs =0 (o)
X y
where
S=1n (p) - v 1n (p) (7)

The user of this program is free to pick any reference
length, 1 _, he chcoses. If the incident flow is uniform and the :
simplified input is used (see Appendix I), the reference \
pressure and temperature are chosen to be the free stream (i.e.
incident) static pressure and temperature. The non-~-dimensional ;
specific static enthalpy is given by .

{
h=-—22ER 8 |
v=1 p (8) {

and the specific total enthalpy by

u2+v2 a2 9_2_
H=h+ =5 =-7+5 (9)
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: 2
where q (= w? 4 v2 ) is the modulus of the velocity and a (=yp/p )
is the square of the speed 0f sound.

Since the flow is inviscid and steady, H and S are con-
stant aleng a streamline. When there are shocks, the entropy, S,
suffers a jump increase.

For completeness, the remaining parts of this section will
present well known special forms of the governing eguations to be
used when we make certain computations, e.g., characteristic compu-~-
tations. All varisbles in the eguations are non~dimensional. Those
readers wishing more detailed explanations of the mathematical
character of supersonic, inviscid, perfect gas flows should look in
any standard text book on gas dynamics, e.g., References 7,8,9.

b) Characteristic Equations

Along characteristic, or Mach, lines, in the absence
of shock waves, the Euler eqguations can be combined so that we have
; .- only total derivatives of certain quantities in the direction of the
characteristic line. It is well known that for our cases the
characteristic directions are given by

¢ I _dy _uv - a d/uz + v2 = a2
AT o= = >

ax 2 (10a)
| ) 2 2 2
) IT _dy uv + a J[u + v - a
; i 2 2 (105) ;
| u - |
IIT _dy _ v _ ‘
{ A = In 5= T (10c)

Moy
«

Henceferth, XI will be referred to as a down-running characteristic

and XII as an up-running characteristic. Along \I'II

the Euler
;‘ equations can be combined to give
i
I,II
r dr +, 9B _ (T -2 ) T j (11)
} dx ~ 7 dx y ’
: 17




where

r—,
b = V/MZ -1 /pu2 and M {=q/a ) is the Mach number.

Along XIII, tlie streamline, we have
dS = dH = 0 (no snocks)

We can write equations (lla) in differential form as:

I
(1 = A7} :
At - bap =| = ; T | . ax = 6" ax
along a down running characteristic and
[ -
iI
- . IT .

AT + bap = = y)\ )TAX'J=G AX *]

L

along an up running characteristic.

c) Oblique Shocks - Rankine Hugoniot Equations

(12)

(L3a)

(13b)

Let subscript 1 refer to the conditions in front of
(upstream) tlre shock and subscrint 2 refer to the conditions behind
(downstream) the shock and let ¢ be the acute angle the incident

flow makes with the shock wave.

Oblique Shock

- Diffracted Flow

Incident Flow
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4 1is the turning angle of the flow.

are

S. =8, + 1n

1)

2 ., 2
P, 2v M, sin” o - (v-1)

— = (143)
Py y + 1
-_—= (14Db)
Py (v+1) p, + (v-1) p,
(p,/pq = 1)
tan2 § = tan 3 L (14c)
(tan” o + p2/pl)
2 (y-1) Mi sin2 o+ 2
M =
2 . 2 . 2
sin” (o-6) [2v Mi sin” o - (v-1)] (144)
2y Mi'sinz'o‘" (y-1) (v+1) Mi sin2 o
- v 1ln 5 (l4e)
v +1 (v-1) M, sin” o+2
Hy =8 (14f)
-1 -1
tan (72) = tan (Tl) + 4 (14q9)
[ow, - 22y
T, =42 (H2 - —) (14h)
y=1 P2
Prandtl-Meyer Expansion
The Prandtl-~Meyer relation is
= l.tl‘. -1 LV_—_]; 2_ - -1 2
Y /v—l tan ws) (M"=1)- tan M2-1 (15)

The Rankine HAugoniot equations

where v is the angle turned from Mach = 1 to reach the Mach number
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M. If we have a corner with other than sonic velocity just prior
to the corner, then denoting the conditiuns just prior to the ex-
pansion by subscript 1 and just after the expansion by subscript 2,

we have

Flow Direction

6,
8,78, = v,y
X
y=-1
y=1 2
f’_z_=(1+ 2 M
p Y
1 (1 + 2L 27T
2 Z
L
=1
y=-1 2
P (l+ 2 Ml)
0y 1 o
Yoo -1
(1+ == M|V
Hy=H
2 = 51
T, = tan 92
3
2
D"
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(16b)
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(16e)

(16f)

(16g)
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D. The Program - General Outline

a) Initial Conditions - Boundary Conditions -
Coordinate Systems

As indicated previously, the purpose of the program
is to compute supersonic and hypersonic inviscid inlet flows. The
coordinate system and body geometry are represented schematically
in Figure 11. The x axis is aligned in the general direction of
the free stream flow (it is the axis of symmetry in the case of axi-
symmetric flow) but need not be exactly parallel to the incident
flow. It is positive in the general direction of the incident flow.
The y axis is normal to the x axis and is positive in the direction
determined by rotating the positive x axis 90° counterclockwise. It
corresponds to the radial axis in a cylindrical (x,r, 8) frame in
the case of axisymmetric flow. It is assumed that the tips of both
the cowl and the lower wall are pointed and of small enough included
angle relative to the incident flow so that any tip shocks are
attached and there are no regions of subsonic flow. Furthermore,
for axisymmetric flow with a lower leading edge on the axis of sym-~
metry, it is assumed that, in the coordinate system used, the x
coordinate of the tip of the cowl is greater than or equal to the
x coordinate of the tip of the lower wall.

The line'parallel'to the y axis through the tip of
the lower wall, ZA', is considered to be the "data line" of the
incdident flow (see Appendix I).

The geometry of the upper and lower walls must be
specified.

b) Order of Progression of The Computation
1. In The Absence of Shocks

The computation proceeds along down running
characteristics issuing either from points on the initial data
line, (AA', Figurell) or from the upper wall. Referring to Figure
12, let us follow the outline of a typical computation, forgetting
for the moment the possibility of shocks or centered expansions.
Mesh points are indicated by circles and the flow_is completely
specified initially along the initial data line, AA'. The flow
field at point C can be computed for the known conditions at
points A and B (see Part D-c-l), where C is the point of inter-
section of the up running characteri-.ic from A and the down
running characteristic from B. The down running characteristic

21
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from C intersects the wall at D, and the flow conditions at D
can then be obtained from the known conditions at C and the
specified wall slope at D. (See D-c-2)

The computation proceeds in this manner
working along down running characteristics from the initial
data line to the bottom wall. Eventually, however, one of
the down running characteristics will cross the cowl as illus-
trated in Figure 13a. €, the point formed by the intersection
of the characteristics from D and B, is computed as an ordinary
point. Then the conditions at E, the tip of the cowl, are
obtained by interpolation between points A, B, C, and D. The
computation is continued by working along the down running
characteristic issuing from E {forget for the moment the
possibility of a shock at E), Figure 13b. When that character-
istic is completed, the intersection, with the upper wall of the
up running characteristic FE, from poirt F, can be determined.
The flow conditions at G can then be computed using the known
conditions at F and the specified wall slope at G. Then the
computation can be continued in a normal fashion working along
the down running characteristic issuing from G.

In the absence of shocks and centered
corner expansions, the entire inlet flow field could be com-
puted in this fashion. In actual fact however, there will
often be not only one, but several oblique shocks (of either
or both families) which complicate matters somewhat.

2. In the Presence of Attached Shocks

Although up and down running characteristics
have equal stature in the mathematical theory of supersonic in-
viscid flow, the situation is somewhat different in the program.
That is to say, since the computation proceeds along down Xunning
characteristics, we have implicitly created a favoritism between
the characteristics of opposite families. This difference is
important when shocks and contact discontinuities are present.

This unequal treatment of characteristics

of different families does not affect the basic order of the
computation when up running shocks are present. (See Figure 14)
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If there are such shocks, the intersection of each shock with

each down running characteristic defines a mesh point (actually
two, one in front of and one behind the chock, see Part D-e-l).
The only complication in the program is that, as it proceeds

along a down running characteristic, the program must be instruc-
ted to look for the intersection of the down running character-
istic with any up running shocks from the previous down running
characteristics. When such an intersection occurs, a special com-
putation must be made.

However, the situation is not quite so simple
when there are down running shocks. For, the down running char-
acteristics down stream of the shock terminate at the shock (see
Figure 15), i.e. characteristics terminate at a shock of the same
family. Thus, as the program proceeds along a down running
characteristic, it must make a special provision upon encountering
a down running shock since the down running characteristic does
not continue on the other side (up stream) of the shock.

The proceedure that is followed in such cases
is illustrated in Figure 16 for the case of a compression corner
on the upper wall. When such a corner is detected, the con-
ditions upstream of the shock are obtained by a regular chara>ter-
istic wall computation between the corner and A, the data at A
being computed by interpolation on the previous down running
characteristic. _The program then computes the down running
characteristic, BC, that would issue from B if no compressive
corner were present. All the data computed on characteristics
upstream of and including BC is referred to as region I and is
stored for later use by the program.

With the specified turning angle and the con-
ditions in front of the shock at B, the shock angle ~nd the con-
ditions behind the shock can be determined (see Part C-c). The
shock will always have a slope léss than the local slope of
the down running characteristics in region I, hence, the shock
will always be in region I. The intersection, E, of the shock
and the next up running characteristic of region I is determined
and the conditions upstream of the shock are determined by inter-
polation between points, O andP. In region I+l, the region behind
the shock, FE is the down running characteristic from the upper wall
to the point E. Tt is assumed that the conditions at F are equal
to the conditions behind the shock at B. Then, the flow behind the
shock and the shock slope at E can be determined by simultaneously
solving the compatibility equation (Eq. 13) along FE and the Rankine-
Hugoniot equations across the shock.
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wWith the known conditions behind the shock
at E, the intersection, H,of the up running characteristic from
E with the upper wall can be determined. The flow field at H
can be determined by solving the compatibility equation (13b)
along EH using the known wall slope at H.

. Now we work aleng the doewn running character-
istic, HT, in region I+l. If the shock, ED, crosses the next up
running characteristic of region I at a point K before it inter-
sects ¥5, then the conditions in front of the shock at K are
determined by interpolation in the characteristic mesh of region
I. By interpolation, the point M, on EH, whose dcwn running
characteristic passes through K, and the data at M are determined.
The flow behind the shock at K is determined by simultaneously
solvinag the compatibility equation along MK with the Rankine
Hugoniot jump conditions across the shock at K.

Then the location and conditions at L are
determined by a regular characteristic computation between H and
K. This process continues until the down running characteristic,
HJ, intersects the shock, BD, at a point J. The conditions in
front of the shock at J are determined by interpolation as above;
the conditions behind by using the compatibility equation along
LJ and the jump conditions at J.

The result is that the flow field is divided
into a number of regions, or strips, the boundaries of which are
down running shocks.

3. In the Prescace cf Detached Shocks

it may happen that shocks are formed by the
coalesence of compression waves due to a smooth turning of either
of the walls (see rart D-f-2). The formaticn of up running shocks
by such a process in no way affects the progression of the com-
putation on the qross scale now under discussion.

However, if a down running shock is formed by

the coalescence of compression waves, we again divide the flow
field into two strips as illustrated in Figure 17.
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4. The Presence of Centered Expansions on the

upper or lower w

gressionh of the computation (see Part D-d).
c) Computation of Regular Points

Now that we have indicated the gross order of pro-
gression of the computer program, we can look into the various
specific computations in a little more detail.

1. Intarior Flow Field Points

As mentioned in Part I of this section, regular
interior points are determined by the intersection of a down running
characteristic with the up running characteristic issuing from a
mesh point on the previous down running characteristic. This is
illustrated in Figure 18 where C is the point to be computed. All
of the points, including &, oa the (I~l) st down running character-
istic have been computed, as have all the points through A on the
i th characteristic. Point C is the ncxt point to be computed.

First Equations 13a ard 13b are written in
finite difference form:

- =1 :

(Tc - TA) - bAC (pc - pA) = G,. (xc - xA) J (17a,

(. =71) +b__ (p. ~p) =6 (x, - %) 3 (17b)
(o] B RC C B BC C B

where the barred quantities are averaged quantities on the

appropriate characteristic. Equations l7a and 17b are solved
simaltanecusly to give

- -1 ~IT | .
- - - Y= — Vi
_ Pag Pyt bpo By - Tyt Ty [ Cac (¥o%p) = Gpo (Xo=%p) ]
Po = — = (18a)
Pac + Py
o =T, t B (B, - By + G (Xomx,)3 (18b)
o A AC e A ac c “a’d
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"from the known pc, T

In addition,we have the following definitions and equations
available:

In(p,)-S
S.=lInp ~-491lnop or p, = e c_.¢C
C c c’ c v (19a)
2 e——— %
Y qc J/ Y pC
Hy = 5T P/Pc + 3 7 or a, = [2(H- 277 ;’; ) (19b)
,qg
2 2 2 2 _ ¢ .
qc = uc + Vo i or uc‘— —5 (19¢)
l+7
C
e
TC = a-c':' s Orx VC = uCTC (19d)

Now, it is fairly common to perform a regular computation in some-
what the following form.

1) Get the location of C by the intersection
of characteristics from A and B.

2) Compute p_ and 7 using (18a) and (18b)
where, in the first pass, the averdged quantities are taken as those
at A or B, whichever is appropriate.

3) Project the streamline of slope T, back
from C to intersect the line AB c¢' imnecting A and B (not shown in
Figure 18).

4) Since S and H are constant along streamlines
(in the absence of shocks) obtain Hc and Sc by linear interpolation

along AB.
5) Use equations 19 to determine u_, v

c’ Ve' Pe
S HC.

c' "¢’
, . s I II
6) Compute the cnzfficients bc, Gc . Gc '

average the coefficients along each characteristic, and iterate
until the characteristic slopes at C dc not change within some specified
tolerance.

etc.,
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However, if one proceeds in this manner, and if
the fiow is nonisentropic, he will find that the linear inter-
polation in step 4 introduces errors that can become quite large
(Reference 4). These errors are quite evident when, after computing
a number of characteristics, one checks the mass flow, where the
error can exceed 40%.

A much better way of proceeding is to set up a
mass flow-entropy, enthalpy table. The fact that S and H are con-
stant along streamlines (and that we can compute the change in S
through a shock) means that we can set up functions defined point-
wise for S and H with mass flow as independent variable. Then we
replace steps 4-5 by another process.

4-5 a) guess SC and HC' compute Par u V...

¢t ¢

b) compute the mass flow through ac,
subtract it from the known mass flow
below A to get the mass flow at C.

¢) go to the mass flow - §, H table and

obtai
tain SC’ HC

d) compare with the guessed values of S

and Hc and iterate until convergence.

Then continue with 6) in the indicaied manner.

The result is a very accurate computation with the
error in the integrated mass flow often less than 1% in the compu-
tation of two-dimensional flows. Of course, the mass flow-entropy
table must be modified when there are shocks.

Thé dependence of S and H on mass fiow are i
determined initially from the known conditions on the initial data
line.

This technique is used in the present program.

The increment of mass flow across AC is given by

Pq sin [tan-l 7 - tant %11 A area (20)
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where the barred quantities are averaged between A and C and Aarea
is the area between A and C, given by,

]

J(xc-xA)2 N (yc—yA)2 for 2-dim. flow (§=0) (2la)

Aarea

2
-T 2
1+ ) (yA

Aarea - yz) for axi-sym. flow (j=1) (21b)

2. Boundary Points

Boundary points are computed in the same manner
as interior points, except for a few simplifications. First, since in an
entirely inviscid flow the boundaries are streamlines, we know a priori
what S and H are along the boundary (the case of shocks is explained
in Part D-g, and we need not do the mass flow - S, H iteration required
at interior points. 1In addition, 7, = v_/u_ = dy/dx on the boundaries
is a specified function of x. To computg acpoint on the lower wall we
use Equation l7a along the down running characteristic tn get Pa- To
compute a point on the upper wall we use 17b along an up running
characteristic. Naturally, .erations are made in averaging coefficients
when the equations are solv: .

3. Centerli : Points

When the flow is axisymmetric, it may happen that
the lower wall ends at the axis of symmetry and then the lower wall
computation must be replaced by a symmetry conitioni The only effect
this has, in the absence of shocks, is that G~ and G, which take the
irdeterminate form 0/0 at y = 0, must be evaluated by L'Hospital's rule.

L, IT ' d
(=) )‘1 - -XI IT dar

I II _
y=0 y| y=0 dy |y=0

(22)

The program requires a cusp at the trailing edge

of the lower wall.

There is no provision to compute the reflection of
shocks at the axis of symmetry.
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d. Centered Expansion on the Boundaries

Everytime we compute the location of an upper or lower
boundary point, a test is made to determine whether or not there is a
corner between the current point and the last point on that boundary.
If a corner has been detected, the next operation is to find out
whether or not it is an expansion or a compression corner. The latter
is treated in Part D-f.

If it is an expansion corner, the conditions just up-
stream of the corner are first determined (see Figure 19). Then the
total turning angle , A8, of the flow is determined. This turning
angle is divided into a number of increments, n, of size §(a6)=A8/n,
and the conditions corresponding to the flow which has turned from
the state just prior to the corner, say §, to =6 + m & (AB), m=1,n,
are determined. This is done by determining the change in Mach number
to go from 6 to 6 + m § (Af) from Eguation 15). Then the rest of the
conditions can be determined by using Eguation 16.

If the expansion is on the upper boundary, a new down
running characteristic is put in the mesh for each value of m, and the
regular upper boundary point computation is bypassed until all of the
down running characteristics issuing from the corner have been computed
(see Figure 19a).

If the expansion is on the lower wall, a number, n+l,
of mesh points is put at the corner and the current down running
characteristic is finished by making a series of regular interior
point computations as indicated in Figure 19b.

e. Computation of Interior Shock Points
1. Up Running Shock Points

In Figure 20, 2B is a down running characteristic
along which we know everything, including the location and slope of
any up running shocks crossing AB. Such a characteristic shock inter-
section is designated by two points (H,I of Figure 20) which have
the same physical coordinates, one having the properties of the flow
just in front of the shock and the other properties just behind the
shock. We want to compute CD, the next down running characteristic.
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QHanslng +he chock +o

shock to cross CD all points through E on

be the first up running

CD can be computed as

ordinary points. As each such point is ccmputed, we test to see if
the down characteristic and the shock intersect before we can com-

pute any other regular points. When such

an intersection occurs,

we locate it (M in Figure 20) by intersecting the down characteristic
EM from E, the last good regular point, with the up characteristic,

fﬁﬁ from F*, an interpolated point on AB.

The conditions at M are

determined by a regular characteristic computation between F* and E.

Now we must determine
and the conditions behind the shock at N.
on AB is found by interpolation such that
istic,ﬁ;ﬁ,from ck, 1ntersects the shock at

the new shock slope at M
To do this, a point J*
the up running character-

N. Then the compatibility

equation (I3h aloag JT*N is solved simultaneously with the Rankine
Hugniot conditions across the shock to determine everything including
the shock slBpe, at N. 1In outline, the process of solution is:

1) guess o, the shock slope at My

2 .
2) compute, p, p, T, M at N from Rankine
Hugniot equations (14) and the known
conditions at M,

3) compute p', at N from the known conditions
at J%* using the compatibility equation
(17b) along J*N and the T from 2, above,

4) compare p' and p; if they do nct agree,
guess another value of ¢ and repeat the
process until convergence.

When the iteration has converged, an additional
test is made on pN/pM. If an expansion has caused the shock to
become so weak that, within the numerical accuracy of the computation,
the shock no longer has finite strength, it is desirable to eliminate
it from the flow field. Thus if pN/pM < 1, we drop the shock.

2. Down Running Shock Points

The intersection of a down running characterist.c
and a down running rhock were outlined in ~Part D-b-2, - although
the manner in which the iteration is carried out was not given. The
iteraticn is per formed exactly as in the case of a down character-
istic up shock intersection detailed in Part D-e-l, except that the
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compatibility equation is 17a written along a down running character-
istic {sec Pigure 16 and Part D'-b-2). There is presently no provision
to drop a down shock whic' has become very weak. This should not cause
any trouble in the use of the program.

£. Howr Are Shocks Started?

Shocks may arise in two fashions, differing only in their
smoothness. There may be sharp compressive corners in the flow field
which will give rise to attached oblique shocks (Figure 7) (the case of
strong shocks is not considered here). Or, a continuous smooth compres-
sion may coalesce into a shock as illustrated in Figure 9.

1. Formation of Attached Oblique Shocks by Sharp Corners

a) Lower Boundary -~ When a corner is encountered on

the lower boundary, the conditions just in front of the shock_are found
by an ordinary lower boundary computation (Part D-c-2) along MA of
Figure 21 where M is an interpolated point. The turning angle of the
flow is specified and the conditions behind the shock at B and the shock
slope at (a,B) a{i completely determined from Equations 14 where
6 = tan "r_- tan “r .
characteristic (E o% Figure 21) i.s found and the conditions in front of
the shock are determined bty a regular characteristic compuation between
G and H where G is an interpolated point on the previous down character-
istic and H is the last computed point in front of the shock on the
current characteristic. C is the point on the wall behind the shcck
whose up running characteristic intersects the shock at (E,F). The
conditions at C are assumed to equal those at B. A regular shock com-
putation between E, F, and C is then performed {see Part D-e) determin-
ing the conditions at F and the slope of the shock at (E,F). Then D
is computed as a regular boundary point.

b) Upper Boundary -~ The computation of the for-
mation of shocks on the upper boundary has been outlined in Part D-b-2
except that no indication was given of the equations used to determine
the conditions behind the shock. However, the eguations are those in-
dicated in the preceeding paragraph and there is no need to duplicate
here a description of the computational procedure outlined in
Parts D-k-2 and D-f-1.

2. Shocks Formed by Coalescence of Smooth Compressions
The formation of oblique shocks by the coalescence

of a smooth compression is manifested numerically by the crossing of
characteristics of the same family as illustrated in Figure 9 for a
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FIGURE 21 - FORMATION OF ATTACHED OBLIQUE SHOCK
CN LOWER WALL
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compression from the lower wall. 1In the program such shocks are
detected by testing each regularly computed mesh point to see if
there has been a crossing of either characteristic family. 1In
such an instance a shock of that family is initiated.

g. Reflection of Oblique Shocks at the Walls
1. Up Running Shock Reflected at the Upper wall

The reflection of an up running shock at the
upper wall is illustrated in Figure 22. 1Tt is easy to detect such
a reflection since the counter indicating the mesh point of the
shock on the down running characteristic approaches one (1) as the
shock approaches the boundary. When such a reflection occurs, we
proceed in a manner similar to that used when we have a sharp com-
pressive corner on the upper wall. Referring to Figure 22, BB 1is
assumed to have been completely computed. The location, (C,D,F) of
the intersection is determined and the conditions at C in front of
the incident shock are determined by a regular upper wall computation
(H is an interplated point on AB). Then the slope of the incident
shock at the point of intersection and the conditions at D (behind
the incident shock but in front of the reflected shock) are deter-
mined by a regular up shock-down characteristic computation (Part
D-e-1). The characteristic DE is then completed in the usual manner.

Now since the up shock reflects as a down shock,
th= latter will separate the flow field into two strips, say the I'th
s . .p in front of the reflected shock and the (I+l) st strip behind
iv The incident shock turns the flow toward the wall, and we can
think of there being an effective compressive corner at the point
of reflection which turns the flow from its direction at D, between
the two shocks, to the direction parallel to the wall at F, behind
the reflected shock. Thus, after DE is computed the reflection is
treated exactly as a sharp compressive corner (see Part D-f-'-b).

2. Down Running Shock reflected at the Lower wWall

% . The configuration arising when a down running shock
reflects at the lower wall is illustrated in Figure 23. Whilc working

3 £ along the down running characteristic, DEF, i . the I'th strip, tests

3 § are made to see if the characteristic intersects the lower wall before
% it intersects the down shock, GA, separating the I'th and (I-l)st
é strips. When this happens, the point of intersectior (A,B,C) of the
& shock with the wall is determined. %he conditions at A are determined
g by interpolating on the (I-l)st strip. The conditions at B are
ég determined by making a regular down shock computation as previously
%ﬁ 42
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44

LAy b TEGT NS YW Mo -

tramnas g

e 4

.

§ oy

P nsveraney

p——y

PR ————

Py



L haa

e vy

o e
'

I ]

i

§ S ity
14
.

{

$irtacionen

+

$revann {9
>

outiined. The incident shock turns the fiow toward the wall at B,
Letween the two shocks. The slope of the reflected shock and the

flow at C is then determined by requiring tle known flow at D to turn
back parallel to the wall at C. By extrapolating the reflected shock
we find E, the last good computed point on DEF. By a procedure
identical with the case of a sharp compressive corner on the lower
wall (Part D-f-1) the rest of DEF is recomputed as indicated in the
figure.

h. Intersection of Shocks of the Same Family

In general, such an intersection will be continued as
a shock, a contact discontinuity, and a reflected expansion or shock
as is illustrated in Figure 4. We neglect the contact discontinuity
and reflected expansion or shock because they should be weak compared
to the shock OC.

i. Intersection of Shocks of Opposite Family

This situation is illustrated in Figure 24. Such an
intersection will result in the diffraction of the two incident shocks
and the creation of a contact discontinuity along which the pressure
and velocity direction are continuous. While working along the down
characteristic AB in the Ith strip, tests are made to determine whether
or not the down shock COB separating the two strips intersects an up
shock of the (I-~1l)st strip. When this happens, the poéint of inter-
section, O, is determined. The conditions at O (in front of both
intersecting shocks) are obtained by interpolation on the (I-1)st
strip. The slopes at O of the two incident shocks and the conditions
at E and F are then determined, the slopes being assumed equal to
the slope at the nearest previous shock point and the conditions at E
and F being then computed directly using the Rankine Hugoniot rela-
tions.

The slope of the diffracted up shock, OK, is then
guessed and the conditions at G are determined, including T_,. Then
the slope of the diffracted down shock, OB, is determined wﬁich gives
TH=Tg- Then p_ and p'. are compared and, if they disagree, the slope
of OR is changed an an iteration_is performed. Then the intersection,
K, of the down characteristic, AB, with the diffracted up shock, OK,
is determined as are the other intersections indicated in the figure.
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The next down running characteristic in the Ith strip
is then made in the norinal fashion.

Je Intersection of Shocks with Contact Discontinuities
The situation which arises in this case is depicted

in Figure 6 where it is seen that the intersecting shock and contact
discontinuity are diffracted at the point of intersection with a

weak centered expansion often arising at the point of intersection, O.

Currently, contact discontinuities are dropped from
the computation upon intersecting a shock.
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THREE-DIMENSIONAL SUPERSONIC FLOW COMPUTER PROGRAM ELEMFNTS

A. Summary and Introduction

Computer programs have besn written for machine com-
putation of the basic flow elements which compose a large variety
ofi three~dimensional supersonic inlet flow fields. A combin-
ation of these unit problems can be used to design and analyze
three~-dimensional inlets as described in Section III. The pro-
grams are written in Fortran IV for usze on the IBM 7094 high
speed digital computer.

Ti:2 overall program can be summarized as follows:

General - Computer calculation of the basic elements
of three-dimensional supersonic inlet flow
fields

+ Plane shock - conical body
+ Conical skock ~ plane body
-  Conical shock-conical shock
+ Delta wing

Input + Uniform free stream conditions
- Supersonic leading edges
+ Any combination of Mach number, body
surface angle and leading edge sweep angle
» Perfect gas

Output - Aerodynamic flow properties along the axis

" of symmetry of the locus of the three-
dimensional wave intersections

+ Aerodynamic properties, incident and re-
flected wave angles and locations,
immediately behind the three-dimensional
wave intersections

+ (Complete flow field behind intersections
calculated for plane shock - conical body
and conical shock .- plane body
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Complete descriptions of these program 2lements are given
in this section. The problems are divided into two parts.
Firstly, the swept wedge (Part B) which is considered co be
infinite, i.e., no end expansions. This problem requires the
analyt:c description cf a shock envelope and flow field com-
posed of a central conical region between two two-dimensional
regions which extend from the central region boundaries to the
leading edges. Secondly, for the remaining problems (Parts C,
D and E) the initial shock envelopes and flow fields are either
purely conical or two-dimensional and therefore are known a
priori.

For each of the above problems, once the inifial shock
envelope and the associated flow field is determined, the various
three-dimensional reflection and intersection curves are com-
puted by using linearized and two-dimensional supersonic flow
theory and working in planes normal to the tangent of the inter-
section curve. The flow - elds behind the intersection curves
are then constructed from two-dimensional characteristics with
entropy variations.

It is suggested that the reader study the analysis given
in Parts B through E before using these programs, in order to
fully understand the approximations involved. The operating in-
structions, including the input formats, definition of symbols,
and example problems, are given in the Appendicés to this
section.
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B-1 Swept Wedge Flow (Delta Wing)

According to linear theory11 the effect of the
vertex of a supersonic swept wedge is limited to a region
inside the free-stream Mach cone from the vertex. In the
analysis presented herein the two dimensioi.al leading edge
shock and flow field (the region outside this central Mach
cone) are obtained from exact oblique shock theory applied
in a plane normal to the wedge leading edge. Since an ex-
act solution for the region influenced by the vertex Mach
cone is nonexistent, linear theory is used on the base
plane of the wedge to obtain the flow properties inside
the Mach cone corresponding to the two dimensional Mach
number. This cone is assumed to divide the two- and three-
dimensional regions. Similar to the solution of Babaev
and Fowelll3 for a swept flat plate at an angle of attack,
a second order curve is used as an approximation for the
shock envelope in the 3-D central region. The flow con-
ditions behind the reflection of the wedge shock from a
plaue surface are then determined from oblique shock

theory in planes normal to the tangent of the intersection
curve.

The supersonic flow over a swept wedge as shown
schematically in Figure 28 is considered here. The sweep
angle is designated by snd the wedge angle in the plane
of symmetry is denoted . The leading edges are
assumed to be supersonic w.d the wedge is taken to be of
infinite span.

As is well knownll, the influence of the wedge
. - apex (0') is only felt inside of a Mach cone whose vertex
' is at 0', oOutside of this cone the flow field behind the
leading edge shock is two-dimensional. This region may
be analyzed in the usual way by breaking the free stream
Mach number into two components, tangent and normal to
the leading edge. Oblique shock theory can then be used
in the plane normal to the leading edge to determine tle
flow behind the two~dimensional portion of the shock.
The wedge angle in this normal plane is determined geo-
metrically to be

£ emmnarey

AR

e o
¢ .

' ' A = tan @ |tan A (23)
{ n cos X
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FIGURE 27 ~ SCHEMATIC OF SWEPT WEDGE FLOW
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and the flow deviation on the wedge eurface with respect
to line G6'C ({Fig.28), 1s

FURIT | EPPn SOy AT e SR

01 = cosnl(cos A €1n ¥X) - tan ! ﬁ”;/ (30)

The general shaps oi Lhe sweplt wedge shock consists of i

the two plane shocks attached to the leading edges, as

described above, connected through the ceatral region by

2 curved section which is devermined Ly the three-

dimensional rn.oure i the Flaw, TIn order to analyze this

central region it 1s necessary to make some approximaticns

concerning the shock shape and the distribution of the

flow properties. The local Mach cone defined by Wi,

with the vertex at ¢! and an axis along 0'C is assumed to

senarate the two-dimensional flow field from the central

portion, which is conical under Lhe assumption of linear

theory14. Due to the conical nature of the central flow,

the element of the wedge shock in the vertical plane of !

symmetry (x = 0) is a straight line and, therefore, a |

: linear function of z. 1In a plane normal to the z' axis ‘

: the shock is assumed to be a parabola, which is tangent
to the two-dimensionsl shocks at their points of inter-

! section with the lccal Mach cone (Fig. 29). A parabola

is chosen since this family of curves have asymptotes,

- which is desired girce the curve wmust match with the

' straight two diwensicizl shock.  The wengles that the two-
dimensional shocks wmeke with the base plane of the wedge

- in the y-z ana x-y planes are respeciively:

L s

Y AR AR, Y

S T

]

{ X3 ‘“]' - § 'l\ %

Bx = van (van Gln cos N (31) :

- ~1 :

I . ; ) i

i GS tan (tan eln sin ¥) (32 ;

— Using these relatious the two-dimensional shock angle in |
i the plane norma. to the z' axis can be found as

-

6 = tan_l [?os X tan (B*-A) + sin A] tan %} (33) |

¥ resenmney

o

y- The points of intersection of the two-dimensional shocks :
{ with the local Mach cqne in the plane z' = cos A are
. t .
given by x! = * cos GC COE'A <§an(6*~l) sin GC +
. J o 1 2
{ &anzul-tanz(ﬂ -2)cos? GC] ;

tan GC - cos A tan (ﬁ*-k) (34)

1

= {x,

r vi = by
: z! = cos A i
J . ;
{: :
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Since the central portion of the wedge shock is

'represented by a parabola tangent to the two-dimensional

shocks in a plane z' = const. and is linear in z', the
three-dimensional shock envelope is represented Ly a
parabolic sheet whose equation is

x'% = az' (y' + hz') (35)

The constants A and h are determined by requiring, as
stated previously, that the shocks‘pass through the point
(X!, yi 2!) and have slope tan 8, in the plane z' =
const.” at %hat point. The resulting values of these
constants are
]
1 I

A= :
tan9c cos A
x2 (36)
h = —_—1 ! 1
A cos A j cosA

The constant h, as can be seen from (36), is the tangent
of the angle 6g, that the three-dimensional shock makes
with the z' axis in the plane of symmetry (y-z).

Linear theory has been used in the conical
region to obtain the variation of the flow properties
from their uniform values in the two-dimensional region
to the plane of symmetry. For this present work the
variations of the properties in the y direction has been
neglected. Therefore the variations used are truly valid
only on the baseplane (x-z*) of the wedge. However, for
small wedge angles (<10 degrees approximately) which are
generally used in supersonic and hypersonic inlet designs
the approximation is good for the whole region. Since
the local Mach cohe has been used previously to construct
the shock and linear theory uses the free stream Mach
cone, the conicsl raye of linear theory must be adjusted
to fit into the local Mach cone. Thus, given the ratio
(x/z)i, which represents the slope of a conical ray .i,
the adjusted parameter used in linear theory is

cos2 A - y; sin A
- lxﬁﬂ 3] " -
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where n = tan yx v Mi -1.

pressure and Mach number in the conical reqg

The resulting variations of

ion are

ee SaT

P 2
1. p 1l + M .
i 27 M Op (38)
P, P 14 v Mi
po 3 1/2
and ( 2
( Cpi 2
1- =5~ + u,
li ' (1 EEE_ + - tan A : (39)
L 2 ;l-n2 J
.where the pressure coefficients from linear theoryll for
" the two-dimensional and conical regions are respectively,
2 tan A
Cpo = 2 > (40)
M - 1) (1 - n%)
and
I 2 2 1/2
2 . -1 2%
Cpi = CPO 1l - 7 sin \ (41)

2
1~Ci

and the lateral velocity u,

nz-t
u = B tan A -1 i

. cos - COs
1 mfi-n? n(1-¢;)

The flow deviation with respect to the z'
conical region is

e vy

po

0

(o] = O s tan _

( )tan A 1 - —Ri
V1 1-n2 2

e

where 0. (Eq. 30).
two~diménsional region.
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B-2 Swept Wedge Shock Reflection

A swept wedge shock reflecting from a plane
surface is considered next. The three-dimensional wedge
shock intersects a plane body along a curve which ends
in two straight lines (Fig.30), corresponding to the
intersection of the two-dimensional portions of the shock
with the plane. For the case under consideration, where
the plane body is parallel to the base plane of the wedge,
the two straight line sections are parallel to the lead-
ing edges of the wedge. The central curved portion of
the intersection curve is represented by the second order
equation

X, = * [A (Bz‘i'Z + 2Cz;.L + D)] t2 (44)
where
B=cos A (sin A + h cos A)
=1r (h sin A cos X + sinzk - 1/2)
= r2 sin A (h sin X - cos )\) (45)

and where r is the distance between the plane and the
base of the wedge. Values of z, are obtained by in-
crementing from the value of z.i obtained from Eq (44)
with x, =0, i.e., z.,=z +i Az, =0
i=0 i o
For each pcint on the curve the angle between
the tangent to the cuvrve and the z axis is given by

' -1 [A(Bzi + c)]
X: = tan

* 1
When the value of X: reaches (m/2)- X, the intersection
curve becomes a straight line and the incrementation of

z, can be stopped.

(46)

The intersection curve represents the line
along which the shock reflects from the plane beody. .The
flow field between the incident and reflected shocks has
been assumed to be the same as the flow on the wedge sur-
face, i.e., no variation in the y-direction (Fig.30). In
order to obtain the flow conditions behind the reflected
shock, it is necessary to use the oblique shock relations
in planes normal to the tangents of the intersection
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FIGURE 30 - WEDGE SHOCK REFLECTION
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urve for each point i. Tosimplify the procedure the
nents of the Mach number between the incident and
ected shocks in che x-y-z directions are found first.

HO()
25

) ) *
Mlyi = -Mli sin An sin(x - OLi)

li

Ml M [sin X cos(x*r -0
. 1,
zi i

" where the angle betwmeen the leading edge and the z' axis on

the wedge surface is

* -1
X = cos © (cos A siny)

Then the Mach number components normal and tangent to
the intersection curve on the plane surface are easily
found from
= i LI '
Ml Ml sin X: M1 cos xi

n. 2, X.
1 1 1

=
]
=
Q
o
(2]
22

P+ M sin x.'
i i

The total Mach number in the plane normal to the inter-
gection curve is

, * ] . *
Ml‘ = Mli [cos X cos(x - cli) ~ cos ln sin X sin(x —cliﬂ

. %*
) + cos Ar cos x sin(x -oliq

(47)

(48)

(49)

(50)

(51)
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since the flow behind the reflected shock must be

parallel to the plane body. The oblique shock relations

are also used to find the change in flow properties
across the reflected shock:

2,

P a
M H 2 : (—2' : 6 and A S,
i
1/, i
i

5 1/2
M = (M + M )
21 2N. 2t.
i i
P P
A [F) A
pm Pl . poo
i
8, =86, - ¢
n. i i
i
M
- zNi
— "
Ozi = xi tan M2
t.
i
ASZ. = ASl+ ASi
i
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(56)
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These relations give the flow conditions immediately be-
hind the curved portion of the intersection curve for
each point i. The point i for which the value of X.'
reaches (/2 - x) gives the conditions behind the two-
dimensional shock reflection.

The flow conditions in the whole region of the
plane surface behind the shock intersection can be found
by using two-dimensional characteristics which take the
variations of entropy, due to the curvature of the shock,
into account. Tais method has been applied to the
conical flow problems of Sections C and E and has been
presented in such a manner (separate subroutine in the
computer program), that it can easily be used in this
wedge program.

Other methods of solution for supersonic flow
over the wedge, which are more complicated than the
approximation of linear theory used here, include an
exact solution similar to the indirect method for a swept
flat plate at an angle of attack of Ref. 12. Also, the
present solutions can be improved by using three-
dimensional linear theory to give an approximation which
allows variation of the flow properties in the y-direction.
A method for determining the y-variation of the flow,
which should yield a better approximation than three-
dimensional linearized theory, is to use the conical
flow variation between the body and shock of an equiva-
lent cone, whose surface pressure is matched to the
surface pressure of the wedge at the same free stream
M:ch number. 1In any case, the methods of the present
work and the analytic techniques presented above can
either be used directly in an inlet design and analysis
effort or as a starting point for additional investiga-
tions.

The program operation and example problems
are described completely in Appendices V and VI.
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C-1 1Inpingement of a Conical Shock on a Plane Surface

The configuration examined here is the super-
sonic flow over a cone of half angle ¥p at zero angle
of attack, in the presence of a plane surface inclined
by an angle 61 with respect to the cone axis (Fig.31).

The intersection curve of the conical shock, (v¢)
produced by the cone, with the plane surface, (x', 2'
plane), is represented by the second order equation

x! = {(-(pz'®?-2Bz! + C )} g (58)
1 h s 1

r'd
where

A = sin®@, - tanzyccosaeg

=
]

r sinf,+q tanzyccose1

C=r® - qatanayc

(59)
where 8, is the inclination of the plane surface to the
free stream direction and where r and g are the coordinates
of the origin 0', which is assumed to be in the y‘', 2'
plane (Fig. 31). Values of z; are obtained by increment-
ing from the value of z!_ , obtained from Equation (58)

: . izo, .
with xi =0, iL.e., zi= zZ'"'+ 1Az

il

o

For each point of the intersection curve, the
angle between the tangent to the curve and the z' axis
is given by
B-AZ.

i

1

Q. = tan ?
i

The intersection curve is cut off when & jbecomes 5° or
less in order to work on only one side cf the cone. The
conical flow field of a cone at zero angle of attack is
completely defined by the values of the critical Mach
number M* and the flow direction angle ¥. for each
conical ray angle ¥ (lslThe Mach number components along
and normal to a conical ray of angle y are, from Ref. 15.

Mr = u/a
M, =M tan ($, - %) (61)
t r
where
1 i 1
= [¥=2L * —
u J/;+1 M1 [1+tan® (y, yfﬁg
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and

_ /¥l FoL 2 % 62
a —v/ > (1 + ) M3 ) (62)

represent the velocity along the conical ray and the

speed of sound non-dimensionalized with respect to the
limiting velocity, respectively. The Mach number com-
ponents immediately behind the conical shock, which is
represented by the conical ray y = yo, are found from

Egs. (61) and (62) by setting y = Yo In order to calculate
the flow field beind the reflected shock, the oklique
shock relations are used in a plane normal to the tangent
of the intersection curve for each point i. The components
of the Mach number immediately behind the conical shock

in the x', y', 2' directions are found first;

= i . + i .
szi MrSLnyc cos¢l Mt cos-yc 51nwl
szi = Mr (51nyc cos @, cosB, + cosy, sinf,)
+ M, (cos cos cosB, - sin sin6,) (63)
t Yo 0y 1 Yo 1
Mgzi = Mr (COSyc cosh, - siny_ cosp; sin6,)
- Mt (cosyc cos@; sin§, + sin-yc cosf, )
where
-1 B .
. = ta /Y. th y! = r-2;
05 n (xl/yl) with yi = r-z! sinf,
Then the upstream Mach number components normal and
tangent to the intersection curve on the plane surface
are found from
Mgn. = Mzz: 51nﬂi - ng: cosﬂi
i i i
, (64)
Mgt. = -Msz: cosG& - Max: Sani
i i i
The total Mach numier and the flow deflection in the
plane normal to the intersection curve are
2 2 5
M; = (Mg + Mg_,)
N.i n, yJ!. (65)
_ -1 ' .
éai = tan (Mayi/Man.) (66)
1

With the oblique shock relations éiving the change in flow
properties across the shock as
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and the relation

M = Ma_ (a,/a,). )
4t. ti 2" 7471 (67)
i
the flow properties behind the reflected shock can be
found from
2 2
Moo= (M, o+ M, );5 (68)
i N. t
i i
1941/9m = (p,/P,); P./P, (69)
0, = 1T/2—Qi + tant M, /M4 )
i t. N, (70)
i i .
'
6y, =84 ~ O (71)
i i i
27)7M2 sin29 - (y-1)
7-1 1 2y 4
s =§-.——s/R+ 5= U ( i )
4i Y 2 Y v+ 1
(+1)M2 sin? 6
2 4,
— N, i
-5 tn ( - ) 1 (72)
(y-1)M, sin" 6, +2
2 4,
Ni i

where p /p_ and S_/R represent the pressure ratio and the
c T 2

entropy increase across the conical shock. The shoek angle,
6& is referred to the plane surface.
i
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C-2 Characteristic Subroutine

The flow properties on the plane suriace behind
the reflection curve are determined by using two-dimensional
characteristics. The flow conditions immediately behind
the reflected shock on the plane surface are calculated
by the methods of the preceding section. Due to the
conical flow in front of the reflected shock, the properties
behind the shock vary in the y-direction. Therefore, the
flow is truly three-dimensional. However, the y-variations

are small for most cases of interest in inlet design (¥ < 10

approximately) and thus a two-dimensional characteristic

(o]

calculation on the plane surface has been assumed appropriate.

Oon the plane surface, whose coordinates are
redefined as p,{Y the interzection curve is considered a
data line, since the flow conditions immediately behind
it are known (Fig.32). Due to the flow symmetry about
the plane x=x'=0, the p axis must be a streamline and
therefore can be considered as a wall with zero flow
deviation (6=0). The data line terminates when either
a five degree slope or a Mach reflection is reached.
The program computes the characteristic mesh between the
data line, the wall and the second family characteristic
line from the last data point. The characteristic equa-
tions include the effect of entropy due to the varying
strength of the reflected shock. This subroutine can also
be applied to find the flow field behind the intersection
curves of any of the problems considered in this report.

The data required for the characteristic equa-
tions at each point (pi,¢i) on the data line are: the
flow deviation, @, with respect to the paxis, the local
entropy $.=(S.-S__)/2c_, the local velocity, w., non-
dimensionalized with rgspect to the local limi%ing velocity
and the local Mach angle .. The values of w, and M,
can be found from the known Mach number behind the ifiter-
section curve from the relations:

¥=1
Vi T2 (73)
J/l+ ZZL-M?
2 i

-1
o= 1 3
Mj= sin ( -/Mi)
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The equations which determine the location of

; .
a typical pointQy in PFig. 33 are

¥y-¥, = (py-p;) [ta_n (6 + W) ]113 (74)
¢3'w2 + (93-02) (tan (8 - W) ]2 3

’

where the double subscript indicates the average value
between the twc points. The relations which hold along
the first and second family characteristic lines are,
respectively

cotan M,

)

( w 1,3

(w3—wl)-(93—61)= ;Z_ (81n2u cosu) 1,3 .

ds -—— (75)

ds

cotan E
( )5, 3(Wg=w,) - (85~ 2,3 dn

_ 2 . 2
- 62)- :f; (sin" cospu)

5- 3

where ds/dn represents the entropy variation between the
points Ql and Q2 normal to the streamlines.

The characteristic grid consists of first and
second family characteristics designated by j=1,2....2N-1
and i=1,2....N-1 respectively, where N is the number of
data points (Fig.32.) If the Egs. (74) are rearranged
into a form suitable for computation there results

Vivi, 3 7 Y5, 4o17Piyy, jEON(EH+ g, ) tan(6-w)

p; .= — '
teJ tan (9= ') - tan (6+p) . (78

%57 ¥i,5m0 F Py g 7 Ry ) tan (81

where

tan(9+u)=55[tan(6i+l,j+ul+l' .)+tan (6, ,j+ui,j‘)] . (77)
and

£ -{i) = -

an (6-4) %[tan(e%l_l =M, j-l) + tan(ei,j ui,j)]

For the first approx1matlon of these averages only the
values at the known point are used. The order of compu-
tation is to start at the point i=N, j=N and to move
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along second family characteristic lines,
from the data line, toward the wall. This

sented, in subscript form, by

Nl N"’l’ N—z,...l

i

j =i, i+l, i+2,...2N-1

A wall point is obtained whenever i=2N-j.
pOlnts wi,j = ei'j=0 and

p. i=A;

TR W R I I R

where

—u) =k -
ctan (9-H) z[ctan(ei'j_1 ui,j—l

Egs. (75) , solved for w and 8, give

)-ctan ui,J

1
w = =

i,3 A (@ + Q. )

i+1,5
Ttane ., T .
i+l,3
Yi+l,

1
1,952 W 5

by
[~ 2
il
a—
a
£ p
e B
+ =
SPI [
- |+
. |
s g
+
 ———
o
£
= 3
~ r
() .
] 3
|—I
|
[
s

and where
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- 2
Li+1,§[‘wi,j'wi+1,j? Py 57Pi41, 5

_ R
By, 51Tty 578 5 Ry 570 50

Lds §i,j-l - gi+1,j

(sinkt, ) + 5. . ,(sinH,

i+l,j i,j-1 i,j- 1)

L1+l 3j

51nui+1lj=%(51nui+llj+51nuilj)

51nui,j_l=%(51nui’j_l+51nui’j)

2
cosH, = L{sin"U, .COSH

)
+
Sin W, i+1, 5 i+1,3°°%Mi41, 5

i+l,3j (83)

. 2
+ sin “i jcosui j)

2
+sin M, .cosMH, .
3 ,J)

i
ct ta t .
( anu ) %lc nu, 141,13 \ c anpll'J )

L

1+1 j 1+l j wi,j

-1

L

ctanu ctanud, . ctanud, .
( % ( :J‘l + i,3 )

. w. .
i,j-1 i,3
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The Mach angl: and the non-dimensionalized entropy are

1 f - 1 _-w? .’51
. .=sin b | [ > ) ] (84)
1i,) L 2 wée .
i,]
- - ds — — .
Si,j— i,j—l- an Lilj_l(¢lnui'j_1) (85)
At the wall, (i=2N-j), the flow properties are
1 ' 2
w = N * 6. . .+ —
i3 i.3-1 (ctanui‘ -1’ [ i.3-1 53 (86)
Yi,j-1_ ]
. 2 ds \ T
X (sin ui,j-lcosui,?( an ) Li,j-l (87)
6. .=0
i,j = -
h ~
w ere(gg _ fk 41" N N
dn T

1 j- 1(51nul - 1)

Since the wall is a streamline, the entropy has the

constant value S and the pressure distribution can
N,N

be found from

P, . 1 -w, . -
i3 _ Py,N _ i,] y-1 (88)
Pwo Poo 1l - w2
N.N

For this particular problem, Py N/poo is p4,/boo-

The program operation and example problems are
given in Appendices V and VI.
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D Intersection of Two Conical Shocks of
Different Strengths

D-1 Conical Flow Fields

The problem examined here is the flow
field immediately behind the intersection of two conical
shocks of different strength. The conical shocks are-
generated by two unequal cones, one of which is at a
small angle of attack with respect to the free-stream
velocity. The cone axes are assumed to be in a plane.
These assumptions, which simplify the analytical solu-
tion of the problem, are consistent with common geo-
metrical configurations of inlets.

The analysis includes the definition of
the intersection curve between the two conical shocks,
the definition of an orthogonal reference frame attached
to the intersection curve, and the use of the two-
dimensional oblique shock relations in the plane defined
by the normal and binormal to the intersection curve.

In the analysis that follows, the cone ;
with the axis parallel to the free-stream direction will
be denoted as the "base cone" while the designation
"second cone'" will be used for the cone at a small angle
of attack.

The flow fields of the two conical bodies
are found first. For the base cone, the velocity along
a conical ray line ( y= const.) in a spherical coordinate
system, and the speed of sound nondimensionalized with

respect to the limiting velocity are respectively15
*

/ ¥=1 ¥

=4
y 2 / l+tan” (zbl*—-‘y)
!

_y=l . y=l o %20k

u

(89)
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.where M * and

, Wwhich represent the critical Mach
number and the %low direction, are tabulated in Ref.1l5.
The Mach number components along and normal to the
conical ray line y =const. become (Fig.34)

Mr = U/a - (90)
M_=M_tan (% - )

The effect of a small angle of attack on
the conical flow field can be considered as a perturba-
tion of the flow conditions for no angle of attack. It
has been shown in Ref. 11 that a circular core at a

~ small angle of attack produces a circular conical shock

having the same half angle as the shock which would be
produced by the same concial body at no angle of attack,
but inclined slightly with respect to the free stream
direction in the plane containing the body axes (z*) and
the free-stream velocity vector, Fig.35. Therefore, the
total nondimensional velocity components in a cylindrical
coordinate system u, v, and w, along the z axis, along
the r axes and normal to the meridian plane respectively,
may be defined by (1e)

u, = u, cosy - v, siny + &« u, cosm,”
i T Uy cosy - vy siny + & u, cosp,

V. = Vv, cosv + u, siny + o v. COSp, (91)
i 1 v 1 Yy Tav, 23

w, = W, sine.
i ) Dl

where p; is the meridian angle defined in Fig.35, which

is incorrectly defined in Ref, 16. The velocity components
u. and v, are the zero-angle of attack values along and
normal to the conical ray \r=36,wherey§ is the shock
angle, and are given by N

_1 1
o - [T, — o)
J&+tan2(¢l 2-v2)

<
]

* -
1= 9y tan (f ,-v,)
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FIGURE 35 - SECOND CONE FLOW
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where M¥ _ and y¥ , are the critical Mach number and the
flow diréction of the second cone flow witn no angle of
attack. The perturbation velocities derived from Ref.16
are

—
- /2:1. - M¥ * i * * *
u2 ;+1 { Ml'2 wz sin wl,z + M2 cos wl,z

1 [ |
= Yoo * * % * o1 *
v j;+1 M1,2 wz cos ‘bl,z + M2 sin “’1,2

J

W, = y=L M*

- - 2
2 S42 w,2
where the flow direction w; and the critical Mach numbers
M*2 and M*w 5 are tabulated in Ref. 16.

To complete the definition of the flow
field cf the second cone, the local speed of sound and
the second cone shock axis inclination must be defined.
The speed of sound non-dimensionalized with respect to
the limiting velocity, is

Y V5 R T~ e B
21 2 y+l 1

where the total critical Mach nurber M{, is

* = * *
Mi Ml,2 + & M2 cos ¢i

The inclination of the shock axis with
respect to the free-stream direction is given by

8, = a (1-n/o)
where 7g/a, tabulated in Ref.16, represents the ratio
between the deviation of the shock axes from the cone
axis and the angle of attack (Fig.36).

(93)

(94)

(95)

(96)
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D-2 Shock Intersection

In the preceding section, the conical flow
fields have been defined. 1In order to calculate the flow
field behind the intersection of the two conical shocks,
it is first necessary to determine the intersection curve.
On the base cone a conical coordinative system, p, § 1is
defined as shown in Fig. 37. The intersection curve of
the base cone shock, of angle v,, and the second cone shock,
of angle ', whose axis is inclined by an angle 8, to the
free stream direction, is represented in this coordinate

system by
o T (D, + C, cos y.) +[(D, + T, cosy )2—
Py 1 1 i S | i
2 .] 15 (97)‘.
- 1 Y
(Al cos y. + 2E; cosy, + Bl;J
where 2
Al = Ba2~l) sin 71] /F1
- 2 2
B1 = [(c2+b1 ) cos y1] /Fl
- 2 . - .
Cl [(ezb2 smﬂl d2 cosnl) 51nv1]5/F1 (98)
—3 A3 2 -
Dl [(ezb2 cose1 4 d2 51n91) cosvl.]/Fl
; El = (f2 siny, cosyl)/Fl
and where
2 2
b1 = tan 2
2 = 2
: b2 tan v,
‘ _ 2 2 .2
‘ a, = cos 61 - b2 sin 91
. 2
i = 1 - 2 2
| c, sin 91 b2 cos 61
= 1 (99)
. d2 r cosG1 + g sin 91
i
. e, = r s1nell- g cos 91
£ = ; 2
; f2 cosﬂl 51n91 (1+b2)
t _ 2 2 9
Fp= dy-P &

8l
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oMpuced oy inserting values of (p gchu by,
. '¢maxﬂ&wnto E . (97) where j max. represents
the furthest p01nt out on the 1ntersect10n curve, before
the curve bends in again

- -E. 2 2_p "

b = cos™) 257R (ch_; El) b By
= I ) ¥)

max c,%A) oA ci-ay

In order to determine the planes normal to the tangent to
the intersection curve, the direction cosines of the

tangent, bi-normal and normal with respect to the x-y-z
directions must be found. Following the procedure of Ref.17,
the direction cosines of the tangents to the intersection
curve are found as

. 2 , *
cos(€‘><)i = siny, (p{ sin by - P; cosui)/ﬁ&

c0s(\(§y)i = sin'yl sinzpi(pi' cosapi-&-pi)/A’i‘ (100)
cos ({:\z)i = pi cosy, sinwi/ AI
where
| . ) .l ( ) p? (C -2 )coswi+D1Cl—Ei 1
] * s:.ngbi . lJ(C ) cosngi+2 (chl-El) cos;,bi-l-D‘]"_-B:l
(101)
: and . , , , 1
i A, = [}pi) sin ¢i+P§ sin Yl] _ (102)
P The bi-normal to the curve is the normal to the plane
tangent to the cone at the generic point i, and the
direction cosines are given by
R cos(b/;{)i = cos'y1 sinzbi v
. cos(ﬂ‘y)i = cosyl COSwi (103)
cos(b{\z)anyi = -sinv1
s Finally, the vector normal to the curve can be found

from the vector product n==txb and lies on the plane
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tangent to the cone at the generic point i. 1Its direction
cosines are

cos(rq\x)i = cos(é&)i cos(ﬁ\z)i - cos(t/\z)i cos(ﬁ\y)i
cés(ﬁ&)i = cos(é\z)i cos(ﬁx)i - cos(€&)i cos(ﬁ%)i (104)
COS(AE)i = cos(€k)i cos(ﬁ&)i - cos(é\y)i cos(h{\x)i

The Mach number components, immediately behind the base
cone shock (v=v, ),in the t, b and n directions are from
Eq. (89) and (90). =

ME = Mx cos({&)i+My cos(é&)i+Mz cos(€2)i
' A A
Mﬁl-= Mxl cos(ﬂ&)i+Myl cos(ny)i+Mzl cos(nz)i (105)
1 i i i
A A
= . bz) .
Msl- Mxl- cos(bx)i+Myl. cos(£§)1+le. cos ( z)l
i i i
where
MX1.= (Mr siny, + M cosvl) Sani
1 “
Myl = (M, siny, + M cosyl) cosy, (10€)
i
le‘= Mr cosyl - Mt 51ny1
i

The Mach number component and the flow deviation in the
plane normal to the tangent to the intersection curve are

2 2 .% '
My =g e
i i o Mgli
611 = |17, -~ tan " ( Mﬁli) (108)

where 1; , which represents the angle between the direction
of the free-stream Mach number and the normal (n) to the
intersection curve at each point i in this plane, is
given by '
A
cos(bz)i

-1
Fi = tan ESETKET; (109)
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For the second cone, a similar procedure is carried out
to find the Mach number components along the E, b, and

n directions, when the value of ©®;., corresponding to the
generic point i of the intersection curve, is known.
The coordinates of the generic point Py ¢i in the x',y’,
directions (Fig. 36) are

X i = oi 31n¢i 51nyl
(110)
1 = s - + - i
Y'y (pi cosd)i siny, r) cose (pi cosy, q) sine
from which
IS el
®; < tan (111)
Yy .
For the second cone, the relations corresponding to
equations (105) become from equations (91), (94), and (1l11)
With‘y='y2
M- =M cos(€k).+ M cos(é&).+ M cos({E).
t X 1 Yy i z i
2, 2, 2, 2,
i i i i
A A A
M- =M cos(nx).+ M cos(ny).+ M cos(nz), (112)
n X i % i z i
2, 2, . 2, 2,
i i i i
MS =M cos(H%).+ M cos(ﬁ§)_+ M cos(ﬁé).
2 X2 oY, 1% *
i i i i
where _ _
Vi Yi
M =— sinp. + = cOseo,
*2. %2, oy, .
i i _i _
Vi w, u,
M =(~—= cosp, + =— sing,) cose - = sine (113)
N a i a i a
2, 2, 2, 2,
i _i _i _ i
v, w, u,
Mz =(—;£ cose, + ;ﬁ singy.) sine + ;i cesey
2, 2, 2, * 2,
i i i i
The Mach number component and the flow deviation in the
plane normal to the tangent to the intersection curve are
represented, similar to Egs.(107) and (108) by
' 2 2
My = 02 g 0 )
2, 2, 2, J
i i i
85
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The oblique shock relations in the plane
normal to the tangent to the intersection curve are used
to find the flow conditions at each point i, immediately
behind the intersection of the two shocks, which due to
the conical nature of the flow field, remain valid only
in the immediate vicinity of the point. In this present
work, the flows of the base cone and the second cone are
considered to be deflected by the angles 52 and 51

i i
respectively. Using the oblique shock relations with MN
1.
i
and 62 , the Mach number behind the shock M, the shock
i
angle 8 and the pressure and speed of sound ratios P2/P '
A2/Al are found for the lower portion of the intersecti%n.

The total Mach number behind the shock intersection is

M P (M 2 + 2);5
3i 3t. MBli

i
where M3£ = Mg /(Az/?\l)i
i 1;
‘The total pressure ratio and the total entropy change are
) p
= (-2 1
(p3/peo)i = P )i P
1. oime?  sinZen. - (5o1) |
=2 511 WMy Sin 63;-(v-1) |
S3 = E;'+ 5§ in — J
i 2w _ L, ) vy + 1
(y+l)MN sin 93‘
- li i
-y 4n —~ > )
- i +
(y 1)Nh1. sin 931 2
~1

where pl/pe° and Sl/R are the values immediately behind the

base cone shock.
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Using MN and 51 the upper portion of the
i

3 o 1- PN Ant 3 :
shock inters ion is calcu

the sec lated i
manner from the oblique shock relations. The flow properties
immediately behind the shock are

£V me e tomletenl N 3
10w peninaG n a gimilar

My = Mg /(B /By) (120)
i 25
M, = 2+ M) (121)
= My
4i ti 25
- - . . 2 :3’—1-
p4i P2 p2 ('Y+l)“(y‘1) (Ml,2+ o M2 COS'pi) y-
- =), 2 —
Po 1R P (3+1)-(3-1) (g )
' (122)
Sy
=N "E & COSn
- . s s
- y=1 1,2 2
S4i s (Rt @ R cose, ) (123)
~ 2
2y MN '(Y‘l) (V+1)MN% sin
+ 5= (in -~y in|—=
2y l y + 1 7 (')-l)MNZ sin2 8, +2
2, i
1

The last two expressions contain factors which represent the
contribution of the angle of attack of the second cone. 1In
the present analysis, the shock strengths have been assumed to
be constant through the intersections. An iterative procedure
can be used to improve the results. The iteration consists cf
varying the flow deviations 6 and 62 until the pressures in

the lower and upper region behlnd the shock intersection are
matched.

In order to define the flow field behind the
shock intersection, the characteristic subroutine can be used
in a plane which contains the projection of the intersection
curve. This curve becomes the data line and the flow properties
immediately behind it are obtained by averaging the values in
the upper and lower regions and finding the flow deviation in
this plane from the projections of the normal and tangent Mach
number components.

The program opera%:ion and example problems are
given in Appendix V and VI. 87 ‘
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E. Impingement of a Plane Shock On a Conical Surface

The impingement of a plane shock from a two-
dimensional wedge of angle §, ¢n a conical body is treated
here. 1In order to treat the most general case, the shock
of the conical body is included (I'ig. 38). The intersec-
tion of the conical and plane shocks is found first. After
the plane shock passes through the conical shock it is no
lonaz. [ianar, due to the effects of the conical flow field.

The 1oc~' . :lination of this shock can be found by using
varir ~+ .ons in the conical field between the conical
shoch =+ ¢ 2 cone surface as shown by dashed lines in
Figure - In this analysis the computation is carried out

oaly at the cone shock and at the cone surface. The proper-
ties obtained by crossing the "plane" shock at the cone sur-~
face are used in the manner discussed in the preceding sections
to obtain the shock reflected from the cone surface. The flow
field behind the reflected shock is found by using the Charac-
teristic Subroutine after transforming the reflection curve,
which lies on the cone body, into a curve on a plane.

The computation starts by using oblique shock theory
for the given wedge angle, 61, and free stream Mach number to
obtain

Ml' 61, pl/pm and al/a°°

which represent the uniform flow properties behind the plane

shock. As in the previous sections, the conical field of the
cone at zero-angle of attack is defined by imputing the para-~_
meters, Yoo M{ ' wl ) pc/'pm"Tc/T°° and 82/R behind the conical

shock and Y MI ¢l , P./P on the body (see Ref. 15). This
data allows the conlcal ¥low properties to be computed. The
Mach number components along and normal to the conical ray

y = const.are

M
r

u/a
(124)

M_ =M tan (wl-y)
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=Ly v cos (b, =¥)

N
v+l (125)
a=-[y§'1' x/l‘}-"'i"’f’2
y+1
The intersection of the conical shock and the plane shock on
the z'-x' plane, (Fig. 38), is given by
= { - (a2 2= 282y 4 0} ‘
ST B R e (126)
where
_ s.2 2 2
A = sin 91 b cos Al
B=r sinel + bzq cosO1 (127)
c=r?- b2q2
b= tanzyc
and where z& is obtained by'incrementing from the value of z'
corresponding to x' = 0 (z;)) and is given by
z§_= z; + i Az (128)
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The angle between the tangent to the intersection curve and
the z'-axis is

-1 I B-Az" i
Q;= tan x,i

The computationof the intersection is terminated when

Qi<5O in crder to work on one side of the cone. The conical

flow Mach number components immediately behind the shock,
(7=yc), in the x'-y'-2' directions are

- . ine. + sine.
sz' Mr 51nyc s1n¢a Mt COSyc 1nwl
i
- . . + .
M2 ' Mr (s:.nyc cos e, cose1 cosy s1n91)
Yy
+ c p. - si inA
Mt (LOSVC cosua cos 1 51nyc sin 1)
Mzz' = Mr (cos'vc cosal - 51nyc cos:pi 51n91)
i

- s sin?., + sir osA
Mt (co Yo COS ¢ ' Slnyc cos l)

~where the meridian angle o, is

-1 >
®; = tan (=)
i

with

X. = X"
i i

y; =4 + H slnel

Equations (13(Q) projected along the normal and the tangent
to the intersection curve with z', x' plane become

M2 = M2 ' s1nﬂi - M2 . cos(‘):.L
n, z', X',
i i i
M, = -M, . cosQi - M2 ' s1n.Qi
t z, b
i i i
91

(129)

,.,x.«@ywmywﬁmwm“mmnmm

5
(130) !
’fg
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With the total Mach number component in the generic plane
normal to the intersection curve at point i given by

~

2 w27 (134) ;

and the strength of the plane shock given by, )

t a, -~
6. * = tan-l (tanel ) —tan-l M
li nnl sin fﬁ_ (135)

the oblique shock relations can be used to find the flow
properties behind the lower region of the shock intersection.
The properties thus found are the Mach number compunent

‘M , the shock angle, A , in the plane normal to the inter-

4N 4i

section curve and the pressure and speed of sound ratios
(P4/P2)i and (a4/a2)i, respectively. The tangent Mach number

component M4 , the total Mach number M4 , the pressure ratio
t, i
i

(p4/p“)i, the speed of sound ratio (a4/am)i and the change of

entropy 84 are respectively
i
a
2
M4t = Mzt ( a, )
i i (136)
M, =)o, )2+, A\? {
4, 4 4 l
i N, t, °
i i

-~y

(a,/a); = (8,/3,);  [T./T,

o y

2yM,2 sin’f - (5-1)
N “{ i 1 [
S, 2 VR L
(v+1) M2 sin? 8, ] |
N. : \ {
i
- i
=y in|——
(v-1) M2 sin? a8, +2 ¢
2 4, z
Ni R X
The flow deviaticn with respect to the z' axis is
My \. f
1 Nl 3
041 =Q; - tan Mz;*' 92 (137) :
i

SN URRAGRSBIGON . e




VT

e

AR — e = e o

For the eventual computation of the upper intersection region

—_—

it will be useful to know the strength of the conical shock,

which is

5 .
' 2]

yi . tan_l (tan 1

M2 sin fﬁ
Ny

)

é’

(138)

In each plane normal to the intersection curve a new
orthogonal coordinate system, ({,n), is defined, in which ¢ is
in the x'-2' plane and is coincident with the normal direction
previously defined, {Fig. 39). The angle of the lower shock,

referred to the { axis, isM

- Yi
6'y=6, - tan 1 (1= %)

- . VA .
1 1 nj

For each normal plane the point "il' ;i of intersection

between the shock and the conical body is found from the
following;

=-9 / Q2_N
LTSV A B~

1
{. = -n, ootan | B'
11 11 41
where
P=1L+ e, (E e + 2 G)
Q = el F +H
anu where

2 ., 2 , 2 2 2
E = cos f§'+ sin 93(51n el~b cos 91)

' . 2 .
E—---xi cos Q& (Fl 51n61 + b F2 cosel) 51n91

G = -sin9l cosh sinni (1+b2)

1

2 .
H F1 cosel-b F2 slnel
2

coszel—b2 sin” 8

e
I

1

93

(139)

(140)

(".41)

(142)




FIGURE 39 - GENERIC PLANE NORMAL TO THE INTERSECTION CURVE
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N = (xi')2 + Flz—bz'F;
F = r- zi sin8, (143)
F,=q + z{ cosal
e,= ~cotan Q&.!
i

The coordinates of these intersection points on the body are
transformed into a conical coordinate system, p, @, which
represents the polar distance from the conical body apex and
the meridian angle in the z = constant plane, respectively,
(see Fig. 40). This transformation is given by

0., = + {xiz +y. 2+ ziz}%
1

. 1 1
= tan~t 4 1
¢i xi /yi ( 44)
1 N
where
X, = x{ - Ci cos Q&
1 1
y; = r + n; cos 91 - 8in 91 (zi ~+'Ci sin r&)
1 1 1
z, =qg+mn, sin 8, + cos 8, (2., + ¢, . (145)
i i, 1 1 i i, sin g&) R

In order to analytically represent the intersection
of the shock on the conical body, a second order curve of the
form

2 2
ak o + bk p + dk p+1 =0 (146)
is fitted to three selected points
which are the center line point, a point in the region near

the center line and one of the last points, respectively. The
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coefficients of Egq. (146) are
)]/Ak

o
]

2 - - 2 -
x = Loy (02 po)=w0y* (py-p, (147)

o
]

2 2_. 2y_, 2 2__ 2
x [(pz (pl DO ) ¢l (Cz pO )]/Ak

2 _ - 2 _
where A, ple,” oy fo, 0,)= o, py (0 Do)]
Similar to Section D a set of coordinates tangent, binormal

and normal to the curve represented by Eq. (146) are defined.
Their direction cosines with respect to the x-y-z axes are

A . .

cos(tx)i = (¢i sin p, sin y - AAi cos ,oi)/BBi
A o , .

cos(ty)i = (¢i cos m; sin y + AAi sin <pi)/BBi (148)
A

cos(tz)i = (¢i cos yb)/BBi

cos(ﬁ&)i = sin ®; COS ¥

& cos(ﬁy)i cos @, COS vy (149)

cc-jQz)i=-sin

4%
and

"
: A
{ cos(nx), = NA,

i i
- Ay o
% cos(ny)i = NB, (150)
* A
?' cos(nz)i = AAi
L.
- 97




where

PA, = (b, p, + =) —= b
i k "1 2 a,
(2 2%
= 4
BB o +ar”}
. A A
AAi = cvs(éx)i cos(by)i - cos(é\y)i cos(bx)i
A A A
NAi = cos(@y)i cos(bz)i - cos(tz)i cos(by)i
. - A Ay L A A
NBi cos(.z)i cos(bx)i cos(tx)i cos(bz)i (151)
Next it is desired to find the flow field
behind the "plane" shock near the conical surface. The Mach
number components cf the conical flow field in front of
the "plane" shock on the conical body are
M2 ' = M.r sin Y} sin wi + Mt 20s yb sin o,
x' .
bi
M2 . = M.r {sin ¥y, COS 0 cos 91 + cos 7y, sin 91
Y pi _
+ Mt (cos Y% ?os ®, COS 01 - sin v, sin 91) (%52)
M2 ' = M.r (cos vy, ©Os 91 - sin vy, cos »; sin 61)
z', .
bi
- M (cos Yy, €OS wm; sin 91 + sin vy cos 91)

. : - ¢ = *
where Mr is found from Egs. (124)and (125)with vy Yy Ml Mlb

and by = by - The compopents normal and tangent to the

original intersection curve are

M2 = M2 sin Qi - M .

Tpi Zhi *pi

M2 = -M2 cos Qi - M
tes 30 Xy (153)

2 cos Qi
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The flow field behind the shock near the conical body can
be found by using

2 2%
M2N = {Mz t M, } (154)
bi Dpi Ypi

and 61* (Eq. 135 ), in the oblique shock relations. The
i

shock strength has been assumed to be constant; however,
the flow behind the shock near the body differs from that
of the lower region of the shock intersection since the
flow field in front of the shock is conical. 1In the
usual manner the properties obtained are: the normal Mach
number‘M4 ., the shock angle 94 ;, the pressure and speed

N, bi

bi,

of sound ratios (P4/P2)bi and (a4/a2)bi.

number and the total change in entropy are

The tangent Mach

M4t = Mo (ay/agdp;
bi bi
29M, 2 gin? 8,  -(y-1)
S Nb. bi
s, ==={(y-1) =%+ [4n = (155)
dpi 2V R _ y+1
\
i+l M22 sin2 )
- , 4 .
- y=1 Npi bi >
-y Ani— T 2 . 2
(y-1) M sin” 8 + 2
2y 4pi
bi ‘
The Mach number components normal and binormal to the
original intersection curve are
= * * .. *
M, My o cos lyy * 46 * -6 %)
s Npi . 1 1
= 1 * * - %*
M4b M.4 sin (ybi + Gli 61. ) (156)
bi Npi 1
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and

where

with

(

cos 61

, 2 . 2 %
i (1-cos Qi sin 91)

-1 2 . Ay
* = . -
Y, * = cos [l cot™ q, cos 8, (smn 8, ( At )i
i 1
-cosh / (l+cos2 6 cot2 Q )!.5 5'x')z
1 1 L T
+ |sin 6 (QXQ - cos 6 2 cot2 0 ] g
1 ‘"at il 1 i
%{gi = Isin 61 cos Ay cot? Q; Y3

1

- 2 2
+ Ki cos 91 cot Q4 {cos el cot Qi

2 . 2 2
- tan yb) zi1] / [(sin 91 cot Qi +1) yil

+ K, i , = Z,
Kl sin 91 cot Ql i

= - /.2 _

i cot Q (sin 91 yil - cos dl zil)

(sin2 91 cot2 Q + 1) yi2
1

. 2 ]
, sin 91 cos Ql cot” Q.

D
i

w™
]

i

. 2
-2 sin el cos 61 cot Qi yil zil

2 2 2 2

+ \o0s Gl c?t Qi ~tan yb) zil
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To obtain the flow field behind the reflected
shock it is necessary to find the upstream Mach number com-
ponents in the directions tangent, normal, and binormal to
the reflection curve which are

_ A A

M4E = M4 COS(ék)i + M4 cos(ty%_+ M4z cos(tz)i

i *pi Ypi bi
M =M cos(é&) + M cos(ﬁ&) + M cos(ﬁi)

45 4 i 4 i 4z i
i *pi Ypi bi
A
- /
M413 M4 cos(bx)i + M4 c05(€‘y)i + M4z cos_\é\z)i
i *pi Ypi bi
(157)
where

M4 = M4 cos Qi - M4t sin Qi

*pi “pi bi
M.4 = M4b cos 91 - M4 sin Qi sin Gi

Ypi bi "pi

+ M4t cos Qi sin 91
bi

M4z = M4 sin Qi'cos 91 - M4£ cos Qi cos 61

bi Tpi bi

+ M sin A
4, 1 (158)
bi

Then the total Mach number component in a plane normal to the
reflection curve

2
M = {M + M
481 4hi 4% J

Y

(15¢)
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and the flow deflection across :he reflected shock in this
plane

_
= tan ~
64_ n |H4_'/M4_. (160)
i bi ni
can be used in the oblique shock relations to give the flow
properties behind the reflected shock on the cone surface.
The results are finally given by the following relations:
t2 2%
M =1{ M + M
6, 1 6c 6y J (161)
i i
where M6 is obtained from the oblique shock relations and
a
4)
M, =M —
GE. 45. (a6 i (162)
i i :
The shock angle with respect to the body is
. = 8.~ 5, ' (163)
i i i

The pressure ratio is

(p./pP ) =136-‘ Eﬁl— EP-
6 &94 i\Pafpi \ P (164)

-]

The flow deviation in the p, ¢ plane with respect to the
p axes is

c = cos-1 2ak¢i ] (165)
6, 2 Y
i \/(Zakcpi) + (2b o +d )
-'l P
- tan (M6 /M6_ )
N. t,
i i
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and the total chan

2y 1‘442 sin? -(y-1)
1 Npi *
6, =% .ty -
i bi Y| y+1
(y+1) M2  sin? o (166)
N 6
- bi

-y 4n

To find the flow field on the body, the characteristic sub-
routine can be used in the p. o plane, with the above condi-

‘tions which are valid immediately behind the reflected shock.

The program operation and example problems
are given in Appendices V and VI.
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APPENDIX I

HOW TO USE THE PROGRAM
(Two-Dimensional and Axisymmetric Flow Computer Program)

1. (Geéneral Comments

Very often instructions for operating a computer program are
more complicated than even the program itself. Many quite useful
programs have been rendered almost useless because the answers to
prospective users questions are either not provided by the in-
struction manual or are hidden in a plethora of jargon. The im-
portant questions which are answered here are:

a. What does the program do?

b. What are its restrictions and limitations?

c. What input data are required by physics?

d. What additional input data are required to make the
program work?

e. Wiat is the required form of the input data?

f. that is given in return (i.e. what are the outputs)?

g. How is the output to be interpreted?

h. What might go wrong? What can be done cbout it?

Answers and parts of answers to some of these questions have
already been given. In such instances, the appropriate sections
will be designated and that information will not be repeated in
this section. The questions and answers are:

a. Wnat does the program do?

The program computes the inviscid supersonic internal flow
of a perfect gas of c~nstant specific heat ratio for configurations

typical of supersoni: and hypersonic inlets. (Also see Section IV-A,B).
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b. What are its restrictions and limitations?

In standard notation:

v = cons*ant (constant ratio of specific heats)
P = pRT (perfect gas equation of state)
4 = 0 (inviscid) '

M > 1 (supersonic)

c. What input data are required by physics?

Referring to Figure 11, the physics of these flows requires
one to specify the flow conditions completely on some initial data line
(which is not characterist’c) (AAR' of Figure 11) and the geometry
(y(x), v'(x)) of both the walls. When this data has been specified
(maximum ordinate of the initial data must be great enough so that a
down characteristic from that point intersects the leading edge of the
uppzsr wall) the entire inviscid flow in the inlet can be determined, so
long as it remains everywhere supersonic.

Needless to say, one must also specify ¥y, the ratio of specific
heats.

d. What additional input data is required to make the progiram work?

In addition to the physically required data, the program needs
the following information: abscissa of upper and lower leading edges,
maximum abscissa of the upper wall to be computed, angle of attack of
the free stream flow with respect to the horizontal axis, spacing of mesh
points on the initial data line (uniform incident flow), a code indicating
whether data along the initial line i~ supplied or the simplified input is
used, a code indicating whether tl.e flow is two-dimensional or axi-
symmetrical, and other codes related to the wall geometry. In addition,
for the convenience of the user, provision is made for inputing and
outputing the date and a run indentification number.

e. What is the required input data?
Physical Data

As mentioned before all input data must be nondimensionalized

in the manner specified in Part C-a, Non Nimensionalization and General
Equations of Motion. Read Part C-a before continuing with this section.
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If the incident flow is uniform, the user may specify
the incident Mach number, M, the specific heat ratio, ¥, and, in
the case of two-dimensional flow, the angle of attack. 1In this
case the reference pressure anc temperature will be assumed to
be the incident pressure and temperature.

In the case of uniform incident flow, the leading edge
of the lower wall must be upstream of the leading edge of the
upper wall. However, if it is not, this requirement can be over-
come by extending the lower wall upstream of its leading edge
parallel to the incident flow. This can not be done in the case
of axisymmetric flow when the leading edge of the lower wall has
a sharp corner on the axis of symmetry. If it is desired to have
the output referred to another pressure and temperature, it is
necessary to input data on the initial data line point by point,

the data being referred to the desired reference pressure and
temperature.

If the incident flow is non-uniform, it is necessary to
specify the data point by point, starting at the leading edge of
the lower wall. A reference pressure and temperature (and length,
if desired) must be chosen. Then the coordinates of each data
point must be specified along with the Mach number, the angle the
streamline makes wi-* the x axis, and either the static pressure
and temperature or the total enthalpy and total pressure (all
non-dimensionalize.d).

It is important to realize that the initial data line may
not be arbitrarily specified. The first point must be at the lead-
ing edge of the lower wall and the subsequent points must be in
order of increasing ordinate. Also, the initial data line must
be oriented so that the characteristics emanating there-~from point
downstream from the data line (see Figure 26). In addition, the

inital data line must be upstream of the leading edge of the upper
wall (cowl).

The required data are:

1) Free stream Mach number, M (simplified input, uniform
incident flow)or x,y,M, 8, either p and T or P, and H on the
initial data.

2) Specific heat ratio, w.

3) Abscissae of the two leading edges and the maximum
abscissa to be computed on the upper wall. BAll lengths must be
dimensionally the same or non-dimensionalized consistently. If
non-dimensionalized, the program does not need to know how this
was done, nor is there any way of telling it.
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4) Angle-of-attack in degrees measured positive counter-
clockwise from the horizontal axis. (Two-dimensional, uniform incident
flow, only.)

5) The code for two-dimensional/axisymmetrical flow is
an integer which is zero (0) if the flow is two-dimensional and one
(1) if it is axisymmetrical.

6) The run identification number and the date are read in
as integers, the identification number having a maximum of 5 digits.

7) Miscellaneous control integers.

8) y(x) on the lower and upper walls in the form of
second order polynomials. There are a maximum of 9 second order
polynomials on each wall. The polynomials are of the form

_ 2
y({x) = a; +b, (x—xi) + o (x-x;)", i=1, 9

for top and bottom. ai, bi' ci’ and xi must be specified for each
polynomial.

Note: - A more complicated, but extremcly versatile
way of specifying body ge’ metries is given in Appendix A. It can
be used to specify body ¢ ometries in virtually any manner.

9) The x coo. inate of every sharp corner on the upper
and lower wall, but not : cluding the leading edges. In addition,
the user must supply dy/dx before and after che corner. There are
a maximum of six such corners on each wall.

f. What is given in return? (What are the output?)

Data at each mesh point, including the location of the pcint,
are written on scratch tape in the following form:

1) abscissa and ordinate of the point (in the same units
or non-dimensionalized in the same manner as the input lengths).

2) pressure divided by the reference pressure
3) temperature divided by the reference temperature
4) the streamline angle, 6

5) Mach number
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o) (S-So‘yﬁ where S is dimensional entropy {(S_ is the
entropy corresponding to the place where P, and T, are) .

7) total enthalpy divided by the ratio of reference
pressure to reference density.

8) the mass flow between the mesh point and the lower
wall divided by [square root of (reference pressure x reference
density) times the square of the length used to non-dimensionalize
lengths (if they are non-dimensionalized)].

i.e. mass flow . po =p RT
v Py P 14

In addition, in axisymmetric flow the mass flow is
also divided by 7.

9) Pitot pressure divided by the reference pressure.
g. How is the output to be interpreted?

The output is given as a function of mesh points on each
down running characteristic. In each strip the down running character-
istics are identified integrally beginning with 1 for the first point
to be computed (see Part D-b on the order of progression of the com-
putation) in that strip. Similarly, the strips are identified integ-
rally beginning with 1 for the strip containing the initial data line.

These should be no problem so far as reference quantities
are concerned.

There is a little problem arising from the way in which
the computation proceeds. It will be recalled that (see Part D-b-2,3)
when a down shock is initiated, the region between (see Figure 16)
the last down characteristic BC, in the previous strip (Ith strip) and
the down shock, BD, separating the two strips (i.e., the region between
BC and BD) is computed first as a part of the Ith strip without con-
sidering the influence of the compression at B, and then is recomputed
as a part of the (I+l)st strip taking into account the compression.
This is necessary since we have no way of knowing a priori just where
the_shock, BD, will go. Ws only know that it will always be upstream
of BC.
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FFor this reason, in computing the Ith strip, we write out
all of the data in that strip up to and including all of the data on
BC. Then, in recomputing the region common to both strips, we out-
put the new "good" data between ED and BC. Thus, one must be careful
to pick the "good" data for the common region.

But this is made simple by the following device.

Recall that the various strips are separated by down
running shocks. In general, the Ita down shock will separate
the Ith and the (I+l)st strip. Neglecting, for the moment, the
effect of any other down shocks, the data ambiguity is a result of
the fact that some of the data computed in the Ith strip is not wvalid
because it is downstream of the Ith shock. So the proper procedure
is to plot first the down running shocks and to use their locations
as a guide in determining which data has become invalid.

Ncte that, if two down running shocks coalesce, being
continued as one shock, downstream of the coalescence the difference
between the strip number on either side of the shock will be greater
than one (Figure 22).

h. How long will a computation take?

The program is written in Fortran IV for use with IBSYS 13
on the IBM 7094. A typical case will take about 1-4 minutes execution
time.

On the CDC 6600, the same computation would be completel in
less than 2 minutes including compilation time.

i. What might go wrong and what can be done about it?

Any computer program developed to compute phenomena as com-
plicated as those under consideration here is bound to have trouble
from time to time. Prospective users should be neither surprised nor
frightened by this fact. A good program will have difficulties, but
they should not cccur too frequently under normal use nor should they
occur when relatively "simple" cases are being computed. But, when
troubles arise, the user should be given every opportunity to get
around the difficulties in order to obrain the information (or at least
some of it) desired.
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The difficulties of this flow field program will ordinarily
fit into two categories, those resulting from computational inaccuracies
and those resulting from logical complications caused by extremely com-
plicated flow field patterns.

1) Problems resulting from computational inaccuracies -
The usual reason for problems to arise because of computation in-
accuracies is that dependent variables have large variations on the
scale of a mesh size or less. For instance, if one has an expansion
corner, the pressure, density and streamline orientation are dis-
continuous at the corner. Hence, we make provisions to compute the
flow near the corner in special ways in order to retain the desired
accuracy. If we did not make such provision, we not only would lose
accuracy, but we would usually find that the errors made would be so
large that the computation would soon fail to converge in one of the
many subsequent iterations.

Suppose that in some region one of the boundaries changes
so rapidly, relative to the local mesh scale, that there are large
changes in the pressure, density, and streamline orientatinn during one
mesh interval on the body. Then, even though things are smooth, because
of the rapid changes it is not unlikely that, in addition to inaccuracies,
there will be difficulties and/or failures in attempting to converge in
some iteration.

One obvious solution is to decrease the mesh size by de~
creasing the initial mesh size. This can be done within limits (the
computer has limited storage capacity), though a price is paid in in-
creased computer time. If it is impossible to refine the mesh enough,
an alternative is to replace the rapid smooth turning with a sharp
corner strategically placed and oriented. Then, locally, near the
corner, the solution will not describe well the flow over the original
body, but the engineer can usually correct the computed flow to give
him the required information.

In certain cases the user is justified in relaxing certain
tolerances in order to allow an iteration to converge. Such action must
be done with an appreciation for the effect that this will have on the
computation. Some tolerances can be relaxed by an order of magnitude
under certain conditions without having a marked effect on the accuracy
of the computation. Others should not be relaxed by even a factor of
two. Such decisions require a quite intimate knowledge of the program
and should not usually be attempted by infrequent users.
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2) Togical problems resulting from extremely complicated
flow field patterns - For such problems all of the prescriptions
applicable to inaccuracy problems also apply, in addition to a few
others. The problems we are now discussing result from very complicated
flow field patterns. For example, if three down running shocks con-
verge near the lower wall (perhaps they converge just before, or the
reflected shocks converge just after, or scme combination happens) near
a sharp corner, it would not be too surprising to find that the program
gets a little confused trying to keep track of what happened, what

is happening, and what might happen. Scmetimes the program will fail

to work perfectly for such reasons. This does not mean that i. is
useless or that the user is lost. There are many alternatives avail-
able, including those already discussed under a), above.

Another "corrective” measure is best explained by an
illustrative example. Suppose that fcr a given geometry and Mach
number, such a complicated pattern develops in a particular region and
the program gets confused and stops. Very often a change in Mach
number (in both directions) will spread things out so that they are
not quite so concentrated. One can use this to infer his desired
results.

j. Special control cards; Tape Assignments

The program is written in FORTRAN IV for use on the IBM
7094 or CDC 6600 computer.

Approximately 72,000 octal locations are needed con the
CDC 6600. No special contreol cards are needed cther than specifi-
cations of the use of logical tape 5 for input, 6 for output, and
3 and 4 as scratch tapes.

On the IBM 7094, the same tape assignments are used. Be-
cause of storage requirements, it is necessary to use the alternate
input- output option, the ALTIO routines. %his is dome by specifying
ALTIO as one of the nptionson the $IBJCB control card.
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2. Input

Input are read on logical tape 5 and the results written on
logical tape 6. 1In addition, the results are stored on logical
tape 4 for use during the computation. But that tape can be used
later also. Logical tape 3 is also used as a scratch tape.

The data for several cases can be stacked.
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Card
No.

Columns

INPUT DATA

All Integers Must Be Right Adjusted

Datuvm~ Format
Fortran
Symbols

Must be
Right

Recom-
mended

Adijusted Value

Description

1-5

6-10
11-15
16-20

21-25

26-30

31-35

36-40

JA

ILWFTS

IUPFTS Y

NRUN I5
MONTH
MDAY

MYEAR

JUNFLO

113

Yes

Must be
=0

Mnust be
0 or 1

<9

<9

Run number
Numpber of the month
Number of the day

Last two digits
of the year

0~-If initial data is
uniform and to be
computed from
given Mach number
and . 1In this
case the initial
data line is the
line x=XBEG (see
card #2). If the
initial data is to
be read for each
mesh point, then
IUNFLO equals the
number of such
points.

0 for two-dimen-
sional flow, 1 for
axisymmetric flow.

Number of quadratic
fits on the lower
wall
[y(x)=ai+bi(x-xi)+

e, (x-x,) ]

Number of quad-
ratic fits on the

upper wall
[y(x)=ai+bi(x-xi)+

ci (X—Xi) 2]

d




Must be
Right
Adijusted

card Columns Datum- Format
No. Fortran

Symbols

Recom-
mended
Value

Description

1 41-45

46-50

51-55

2 1-10
11-20
21-30

31-40
41-50

*1-60

61-70

INPT

TCORNL

TCORNU

MACH
GAMMA
ALPHA

ny

XEND

XBEG

15

E10.8

Yes

Optional

114

+1

<6

INPT=+1 if IUNFLO ¥ O
and p ai.d T are to be
specified.

INPT=-1 if IUNFLO #O
and P and H are to
be specified.

Number of corners on
lower wall (not count-
ing lower leading
edge)

Number of corners on
upper wall (not count-
ing upper leading edge

y=¢c_/c_, the ratio of
spegifgc heats. Angle
of attack of free
stream with respect
to x axis, positive
counter-~clockwise

Ay interval for
initial line x co-
ordinate of the lead-
ing edge of the upper
wall

Maximum abscissa of
the upper wall. The
computation will be
stopped when this
value is reached and
the next case will be
begun. ’
Abscissa of the lead-
ing edge of the lower
wall.

-
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Card Columns Datum- Format Must be Recom-- Description

No. Fortran Right mended
Symbelis Adjusted  Value
3 1-10 XFLAGL{l) El0.8 Optional X coordinate of
11-20 (2) the sharp corners
21-30 (3) on the lower wall.
51-60 S (e) There are a maxi-
mum of 6 such
corners. They
must be in order
beginning at the
flrst sharp corne
after the leading
edge., There are
ICORNL corners
(See card #1) *
4 1-10 TFLAGL (1,1) t=dy/dx on the
11=-20 (1,2) upstream edge of
. the sharp corners
‘ on the lower wall,
51-60 (1.6) in order. *
5 1=-10 TFLAGL(2,)) r=dy/dx on the
11-20 (2,2) downstream side
) of the sharp
. corners on the
. lower wall, in
51=-60 (2,6) order. ¥
6 1-10 XFLAGU (1) X coordinate of
11~20 (2) the sharp corners
on the upper wall
(maximum of 6).
They must be in
51-60 (6) order beginning
Y Y with the lst corner

after the leading
upper edge. There
are ICORNU corners
(See card # 1) *

* If there are no corners, insert blank data cards.
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Card Columns  Datum- Format Must be Recom- Description
No. Fortran Right mended
Symbols Adjusted Value
7 1-10 TFLAGU(1,1) E10.8 Optional t=dy/dx on the up-~
11-20 1,2 stream side of the
. sharp corners cn
the upper wall, in
. order. *
51-60 (1,6)
8 1-10 TFLAGU (2,1) t=dy/dx on the
12-20 (2,2) downstream side of
. the sharp corners
. on the upper wall,
y in order. *
51-6C (2,06,
9 1-1i0 YLBC(1,1) Coefficients in the
11-20 (1,2) first of the second
21-30 (1,3) order polynomial
31-40 (1,4) ! { fits for y(x) on

o ST s B e

the lower wall.
y(x)=al+gl(x-xl)+
l) X, SXsX,

where al is in

columns 1-10, b

cl(x-x

1 is
in columns 11-20,

cl is in columns

21-30, Xy is in

columns 31-40.
There are a maximum
of 9 such fits.

The actual number
of such fits is
ILWFTS which is a
datum on the first
card.

o
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Datui-
Fortran
Symbols

L mat

Recom-
mended
value

Must be
Right:
Adjusted

Decscription

10 1-10
11-20
21-30
31-40

9+ILWFTS-1 1-10
(ILWFTS<9)

1-10
11-20
21-30
31-40

9+ILWFTS

9+ILWFTS+ 1-10
IUPFTS-1 11-2-
21-30
31-40

YLBC(2,1)
(2,2)
(2,3)
(2,4)

El0.8

¥IBC((ILW?TS,1)

YLBC (ILWFTS,4)
YUBC(1,1)
(1,2)
(1,3)
(1,4)

YUBC (IUPFTS, 1)

. (IUPFTS,4)

' {

Optional
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Coefficients of the
second of the second
order polynomial fits
for y(x) on the lower
wall, y(x)=a2+bé
(x-x2)+c2(x-x2) .
xzsxsx3 where a2 is

in columns 1-10,

b2 is in columns

11-20,c

21-30,x
31-40 .,

2 is in colums

is incolumns

Coefficients of the
last of the second
order fits for y(x)
on the lower wall.

Coefficients of the
1st of the 2nd order
polynomial fits for
y(x) on the upper
wall.
y(x)=a1+21(x—x1)+
cl(x—xl)

xlsxsz where a1 is
in columns 1-10,

b, is in columns 11-20,

¢, is in columns 11-30,

1
1
Coefficients of the
last of the 2nd order
polynomial fits for
y(x) on the upper
wall.

X. is in columns 31-40,
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If the specified initial data is uniform with given Mach number, there
are no more data cards. TIf the initial data is non-uniform, it is read
on the following cards. The first point is the point corresponding to
the minimum value of y and will usually correspond to the leading edge
of the lower wall (the axis point, for axially symmetric flow). Recall
that the coordinate system is right handed, with %, the abscissa,
positive in the general direction of the flow. The characteristics

issuing from the data line must point downstream of the initial line.

Card Columns Datum Format Must be Recom- Description
No. Fortran Right mended
Symbols Adjusted value
9+ILWFTS+ 1-10 X(1,1) - Elo0.8 Optional X, abscissa of the
IUPFTS lst data point

(must equal XBEG,
card number 2).

11-20 Y(1,1) y. ordinate of the
fir =t data point.
21-30 TAU(L,1) Angle (in degrees) ,

made by the stream-
line through the
first data point.

31-40 sM(1i,1) Mach number of the
first data point.
41-50 P (1,1) Static pressure

(INPT=+1) or total
pressure (INPT=-1

of the first data

point (non-dimen-
sionalized).

51-60 H(l,1) Static temperature
(INPT=+1) or total
enthalpy (INPT=-1)

of the first data ;
point (non-dimen~- {
sionalized).

9+ILWFTS+ Second data card {
IUPFTS+1 for initial data
. line. l
4 i
9+ILWSTS+ Last: data card
IUPFTS+IUNFLO for initial data

‘ -1 “ V line.
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3, Output

The output is done by writing on logical tape 6 as the com-
putation proceeds. After each down running characteristic has been
computed, the data along that characteristic is output. The data
is nondimensionalized as indicated in Part Cc-a.

Sample output sheets are given in Appendix II. (pp., 126-129).

At the beginning of the computation, the pertinent input data
are output and identified,

At the top of the data of each down characteristic, the strip
number and the number of the characteristic in that strip are
printed out. fThese are foll.«:d by a block with important data
concerning the location of c...tact discontinuities and up running
shocks., (See page 127, Appeirdix II.) The contact discontinuities and
the shocks are numbered from one (1) to ten (10) beginning with those
nearest the upper wall as one proceeds along the characteristic.
Thus, on Page 128, Appendix II, one sees that there is a contact dis-
continuity at the 20th mesh point on the 18th characteristic of the
3rd strip. The data on the 'upper' side of the discontinuity is
at mesh point 20 , while the data at the 'lower' side of the dis-
continuity is at mesh point 21 ., Similarly, there are up-running
shocks at mesh points 16 and 25 , the data behind the shocks
being stored in points 17 and 26 respectively. The column under
SIGMA givesthe local slope of the shock (dy/dx of the shock) while
1/SIGMA §is the inverse of the slope.

Following is the data along the characteristic, beginning at
the upper wall and continuing to either the lower wall or a down
running shock, as the case may be. The column of integers on the
extreme left and right identify the mesh point number on that character-
istic. The various quantities output are the mesh point coordinates,
the non-dimensional pressure and temperature, the angle (in degrees)
the streamline makes with the x axis, the Mach number, and the non-
dimensional entropy, enthalpy, mass flow (between the lower wall and
that mesh point), and total pressure.

The only thing to be cleared up is how to be able to distinguish
whether the down characteristic ends at a down running shock or bottom
wall., But this is really very easy because the initiation of a down
running shock 1ls always indicated by one of the following three
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messagess:

1) SHOCK ON UPPER WALL AT X = v=

’

2) REFLECTION ON UPPER WALT, AT X= P £

3) DOWN SHOCK FORMED BY COALESENCE OF SMOOTH
COMPRESSION WAVES

The first message is written when a down shock is formed
by a sharp compression corner on the upper wall.

The second message is written when a down shock is formed
oy the reflection of an up running shock on the upper wall.

The third message is written when smooth compression waves
coalesce to form an 'envelope shock'.

So, after any one of the three messages, the last point on
the down running characteristics will be on the downstream side
of the down running shock, until that shock reflects at the lower
wall. This is indicated by the message

4) REFLECTION ON LOWER WALL AT X = , Y=
indicating that a down running shock has reflected off the lower
wall, the reflected shock being an up running shock. All the
down characteristics printed after message 4), will terminate on
the lower wall until one of the messages 1) - 3) is again printed.

Sample output are shown in Appendix II.
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APPENDIX II

SAMPLE INPUT AND OUTPUT

1. Sample Input

Sample input cards for a case with the simplified input
(uniform incident flow) are given on the following pages.

The data for this case are:

Two-dimensional
vy = 1.4
M. 12.3

Uniform incident flow

Zero degrees angle of attack

Aoy ~ 0.1 on the initial data line

lower wall leading edge at x = 0.0, y = 0.0
upper wall leading edge at x = 2.75, y = 2.75
maximum upper wall abscissa at x = 9.5

Th

o

geometry of thes lower wall is:

0.17633x ; Osx<5.5

0.96982 + 0.23087 (x~5.5) 5.5<x<8.1122
1.5729+0.23087 (x-8.1122)-0.097186 (x-3.1122)
1.71 x>9.3

L L
I O [

3

geometry of the upper wall is:

2.75 - 0.08749 (x-2.75) 2.75<x55.0

2.5527 ~ 0.17633 (x-5.0) 5.0<x<8.782
1.8907 ~ 0.17633 (x~8.782)+0.17021 (x~8.782)
1.845 9.3<x

2

I L i
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8.1122<x€9.3

8.782<x<9.3
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SAMPLE INPUT CARDS (cont'd)
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2. Sample Output

Sample output sheets for the case of the preceding pages
is given on the following pages (vp. 126-129).

The first page, Table I, gives the input data. If the
simplified input is not used, just disregard those parameters
which are used only for the simplified input. They are:

MACH M, :
ANGLE OF ATTACK
DY 0y on initial lines

For completeness, a review of the meaning of Table I follows:
The first two lines of output are self-explanatory.

TUNFLO = 0 means the incident flow is uniform and the
simplified input is being used

MACH = 12.23 M, = 12.3

GAMMA = 1.4 Y = 1.4

ANGLE OF ATTACK = 0 is self-explanatory

DY = 0,1 dy = 0.1 on the initial data line which is
computgd internally

JA = ] means the flow is axiéymmetric

IIWPFTS = 4 means there are four geometry fits on the
lower wall

IUPFTS = 4 means there are four geometry fits on the
upper wall
INPT = 0 means the flow is uniform and the simplified

input is being used

]
 sand

ICORNL means there is one sharp corner on the lower

wall after the leading edge
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ICORNU = 1 means there is one sharp corner on the
upper wall after the leading edge

X UPPER = 2,75 is the abscissa of the leading edge of the
upper wall (cowl)

X FINAL = 9.5 is the maximum abscissa to be computed on the
upper wall

X LOWER = 0.0 is the abscissa of the leading edge of the

lower wall

Following are the abscissae and slopes (dy/dx) of each of the
corners on the upper and lower walls. TAU LEFT is dy/dx on the
upstream side of the corner. TAU RIGHT is dy/dx on the downstream
side. Remember, the leading edges are not counted as corners in
this part of the input. e

Following are the coefficients of the polynomial fits for
the walls. This data is self-explanatory.

Table II shows the data on the eleventh down running character-
istic of the first strip. Note that the leading edge of the upper
cowl has not yet been intersected. Also note that since the data
at x = 0, y = 0, is on the first characteristic, one would expect
to have the eleventn characterisiic having an ordinate of y = 1.0
since 8y = 0.1 was input. The fact that y = 0.9 here indicates
that twice a failure has occurred in an iteration and the initial

_Ay was temporarily halved. In this example this happened at the
~very beginning near the symmetry axis of the conical centerbody.

The lower walil has a leading edge of 10° yielding a conical shock
of 11.9°, For a more extensive discussion of how to read this table,
see Appendix I, Part c.

Table III gives the dati along a down running characteristic
further downstream.

The shock wave pattern for this example is given in Appendix
III along with some comments about the computation.
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TABLE I - SAMPLE OUTPUT (2-D)

SUPERSUNIC INLET-PROGRAM 1A

[o—

RUN NUMBEKR 512 ON 8/25/07 .
FUNF-LO=~0 MACH= 142300t 21 GAMMA=  1.40t J0 . _ANGLE UF ATTACK= =0, Y= _1.Q000€E-Q1 JA= 1
[Lwf15= 4 LUPFTo= & . INPT= -0 1CORNL= 1 ICUKNY= 1
X UPPER= ¢.7529C00CE J¢ X FINAL= 3.52C0000% OO X LUWEK= -0.
LUWER CURNERS UPPER CORNERS
X TAU LEFT TAU RIuHT _ . X TAJ LEFT _ TAU RIGHT
550000C0 00 1.7633000E-01 243087000E-01 5.0000000E OG ~8.7490000E-02 ~1.7633900£-C1
-n, -0. -Ca -0, -0. -0.
-0 d Ll U =Ce -0 -0. -0
~0e -G -0 R . .|°w ~De '00!. *
~N, =Ce =0 -0 -0 -0.
-Q. ~-C. -0 -0. -0. -0.
~0. -0, -0. -0. -0 -0e
CUEFFICIENTS rux GEUMETRY FITS, YERY=A+BF(R~-X D) ¢S (X-X])*%2, FUK X BETWEEN Xi ANJ Xlel
LOWEK wALL UPPER wWALL
A B ¢ X1 A 8 9 xi
-0 1.7033c-01 -J. -0. 2.7500E 00 -847490E-02 -0. 2.7500E QG
Fe6%id2e-11 2.3007c-01 -0, 5.5CJ%E ¢ 2e2>527€ 00 ~147633E-01 -0. 5.0C00t 0C
1.5729c vl 2.3L87E-01 =9.7136L-02 3.1122E CO 1.8907€ V0 -1.7633t-01 1.7021E-01 B8.7b620E 0C
1.719Ce 3C -0O. =D 3.3020t Gu 1. 845GE 00 -0. -0. 93000t 0OC
O C. : C. 0. Oe - Je O. Qe
2. Cc. De 7. 0. 0. 0. Je
0. n. c. c. - o. o. . o. o.
Oe (29 Ge Jde O. Oe Qe Oe
Q. C. Q. Je O. Q. Q. Ve
De C. Ge Je Qe Qe De Qe
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TABLE III - SAMPLE OUTPUT {(2-D)

e e e e STEP _NUMBER 18 _ .. STRIP NUMBER 3
: K INTERFACE SHOCK SIGMA 1/SIGMA
FE S, 2¢ 16 1.1599865E-01 8.6207896€ 00 . __
b 2 c 25 2.4282260€F 11 4.1182328E 0N
- 3 n Fe) C. 0, PR -
4 o o 0. 0.
. _.5 G 4] Oa Qo IR
6 n v 0. n,
H SR+ S, ] Oa N, R oo
” 8 © 0 0. 0.
FE.* S D o Qo n, —— . —— -
19 o 0 0. Ce

e X Y .. k 8 THETA(DEG) MACH

NS

- e .

1 7J1775E A0 2.1B11E 90 1.222E 01 2.26NE 0N -1.00% €1 B8.010E 90 1,402E-01

c 2 7.1661F N0 __2,1630F OC 1,225E 01 2,263E 0% -1.702€ 01 _8,275€ 39 1.4116-01
7.1664E 00 2.1629E 00 1.225€E Ol 2.263E 00 -1.002E 01 8,005E 00 1.410E-01

3
“:,wIENbwawmlbblINhHMPNmuwPiLthHMIDPIlNPNHnmlbb|Hhhbwwmrmp.l@kb@mm,oo 1.415€6-01
5

7.2942E N°  2,1226E =0 1.142E 01 2.221F N0 -1.046F 01 B8.086E 00 1.427€-01
6. 1.3898FE N0 _2,0923F 00 1.148E C1 2,226E 00 -1,049E 0] 8,N76E N0 1.439E-01

f

7 7.5148E 00 2.0526E 00 1.1556 Ol 2.233E 00 ~1,054E 0L 8.063E 00 1.457E-01
_B_7.5237F 00  2.0497F 00 1.156E 01 2.233F 00 -1,955E 01 8.062€ 00 1.,458E-01

9 7.7352E O 1.9821F 70 1.168E 01 2.245E 00 -1.064E 01 8,039 00 1.489E-01
10 7.I825E 00 1.967CE 20 1.171E £1 2.248€ 00 -1.066E 01 8,233€ 00 1.496E-01

€

11 7.9528F 0C 1.9118€ 00 1.1B2E 01 2.363€ 0C -1.,073E 01 7.820F 00 2.158€-01

12 8,0614E 00 1.8761F 70 _1.189E Ol 2,487€ 00 -1.079F 01 7.605& 00 2.854E-01

ava rw

13 B8.19S3F ) 1.8311E Cu 1.198E 01 2.713F 89 -1,1786E 01 7.253F 029 4.040E-01
14 B8.2116FE 00 1.8256E "0 _1.199€ 01 2.742€ 00 =1."87€ Ol 7.211€ N0 4.185E-C1
T 15 B.2264F 00 1.8205€ 00 1.200E 61 2.T68E NN -1.,087€ 01 7T.174E 00 4.316€-01
T 16 _8,2699F 00 1,8056E "0  1.203E 01 2.834%E Q0 =1.19NE 01 _7.081E 00 4.635€-01
V17 B.2699E I  1.8056E 00 6.,173E 01 S5.093E 097 3,110E-01 5.068E 00 6.299E-01

1B 8,2795€ N0 __1,8N37E MO 6.173E 01 _5.124E 02 3,111€-01 5.059€E 00 6.385€6-C1

1Y

19 8.4042E 0C 1.7790E 00 6.171E Ol 5.262E 097 3.128E-01 4.970€ 00 6.758€E-01
!20 _B.43T4E 00 1.7724E 00 _6.170E 01 _S5.286E 00 3,132E-01 4.957€E 09 6.820E-01

21 B.4374F 00 1.7724E 70 6.17CE €1 S5.353E 720 3,132£~-91 4.919E 09 6.998E-01

22 B 4T54E D0  1.7648F NG 6.169E 01 5,353 €9

3.139E-01 4.919€ 09 6.998€=01

D23 B8.7092E 70 1.T14BE 00 4.793E 01 4,787E 00 -1.719€ 00 5.258€ 00 6.444E-01
24 B8,7926F 00 1.6G45E N0 3.263E 01  4.194E 09 ~4.625€ 00 5.681F 00 6.129E-01

S 25 P.7998F 00 1.6926E ©G 3,132E Nl 4.136F N1 -4,912E 00 S.726E N0 6.098E~-M1

26 B.T99BE N 1.6926E ¢ 1.162E 2 6,475E 09 5.669E 00 4.4"5E )  6.977E-"1
27 B.8740E N0  1.6921F £0 1.167E 02 6.407€ 00 S.708E 00 4.404E 00 5.967E-01
28 8.B299F N0 1,6885E N0 L 104E 02 645426 N9 5.221€ N0  4,448E D0 T.480E-N1

\ e

1.,094E
1.094E
1.094E
1.094¢
1.094E

. 1.094E

1.094E
1,094E
1.096E
1.N94E
1.094E
1.094¢
1.094€
1.004E
1.094E
1.094€
1.094E
1.094E
1.094E
1.094€
1.094E
1.N94€
1.094¢
1.094¢
1.N94E
1.094E
1.094E
1.094F

n2
Q2
02

nz.

02

n2

02

02

02
02
02
02
92
02
22
02
n2
2
02
02
22
02
n2
02
n2
22
n2
02

. _FLOW_ _
1.101E 02
1,075€ 02
1.075€ 02
1.059F 02
1.022€ 02
9.841€ 01
9.345€ 01
9.309€ 01
8.487€ C1
B843U6E 01
T.669E 01
T.279€ 01
6.820E Ol
6.T66E M
6.T17€ 01
6.577E 01
6.577F 01
6.462€ 01
5.002E 01
4.620F 01
4e620E 01
4.188E 01
1.802€ O1
1.150€ 91
1.104F 91
1.104F N1
1.026F 01
5.492F 0N

? TOTAL

1i.703€

1.200€

1.200E
1.199¢€
1.195E
1.191€
1.186¢E
1.186€
1.177€
1.175€
9.956E
84365E
6.219E
5.998E
5.805E
5.359E
3.536E
3.460E
3.153E
3.103¢
2.969E
2 .969€
3.410E
3.689¢
2,718¢
2.984¢E
2.992¢
2.992€

0s
05
65
0s
05
cs
€5
ns
05
05
re
04
04
04
04
04
06
C4
04
04
c4
ca
04
04
ca
04
04
Co
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APPENDIX III

The shock wave pattern for the example case given in Appendix
II is shown in Figure 4l. The strip numbers are shown in the
Figure in order to illustrate once again that feature of the program,

Another sample case is shown in Figure 42. This is an in-
ternal flow problem with many sharp compressions and expansions and
{llustrates very well the interaction of the various wave patterns.
The flow is two~dimensional and at an incident Mach number of 3,

P i{s the ratio of the local pressure to free stream pressure and M

is the local Mach number. The values of P and M are indicated for
various points in the flow field. Thus, at point D we have

B = 0.109 and M = 4.63, Point D is just in front of the interseetion
of the two shocks. Do not interpret the letters as indicating that
an entire area has the specified properties. For instamce, the
properties of F are at a point at the wall slightly im front of the
egpansion corner, The properties vary along the wall between E and
F'
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APPENDIX IV

DISCUSSION ON THE GEOMETRY SPECIFICATION AND
SUGGESTIONS ON HOW TO ACHIEVE GREATER FLEXIBILITY

It has already been stated that the geometry of the upper and
lower walls is specified through a number of second order polynomial
fits for y as a function of x. Presently, this number is nine, but
it can be increased by simply increasing the dimension of the
appropriate variables. In addition, there is provision for six
corners on each wall. That number can also be increased. The
dimension of the appropriate variables must be one more than
the number of fits or corners, respectively.

It would not be difficult to increase the order of the poly-
nomials. The limitations are primarily machine storage space and
convenience in input. However, the polynomials could be increased
to sixth order while still retaining the pattern of one data card
per polynomial. It is only necessary to modify the dimension state-
ments for YLBC and YUBC from (10, 4) to (10, 7), to change the cor-
responding input and output statements, and to modify the coding
in functions YUB, YLB, TUB, TLB, which compute y(x) and dy/dx on
the upper and lower boundaries.

These functions can be made as versatile as desired, the only
penalty being that a certain amount of programming needs to ke per-
formed. Each of these functions has an argument, XIN, which is the
value of the abscissa at which one would like either y or dy/dx.
That is,

FUNCTION YLB (XIN) computes y(XIN) on the lower boundary,

FUNCTION TLB (XIN) computes r=dy/dx at x=XIN on the lower boundary.

FUNCTION YUB (XIN) computes y (XIN) on the upper boundary,

FUNCTION TUB (XIN) computes t=dy/dx at X=XIN on the upper boundary.

An example can best illustrate the method for changing the geometry
routines. Suppose that the second order fits are satisfactory on the

upper wall but not on the lower wall where it is desired to specify
y(x) as:

y(x) =0 0<x<l
y (x)=tanh (x~]) lex<g2
y(x)=0.76159 x>2
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then
y' (x)=0 O<x<l
y'(x)=sech2 (x-1) l<x<2
y'(x)=0 X>2

The procedure is to recompile FUNCTION YIB(XIK) and
FUNCTION TLB(XIN) as follows:

$IBFTC YL
FUNCTION YLB (XIN)
IF (XIN.LE,1.))YLB=0.0
IF (XIN.GT,.l.) .AND.XIN,LE,2,0) YLB=TANH (XIN-1.0)
IF (XIN;GT;Z .0)YLB=0.76159
RETUKN
END

$IBFTC TL
FUNCTION TLB(XIN)
IF (XIN,LE.1.0)TLE=0.y
IF(XIN.GT.1.0.AND.XIN.LE.2.0)TLB=1,/COSH(XIN--1.0)) #*2
ID (XIN.GT.2.0) TLB=0.0
RETURN
END

Do not forget that it is necessary to input the proper data

indicating that there is a compressive corner at x=1.0 and an ex~-
pansion corner at x=2.0.
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APPENDIX V

PROGRAM OPERATION (THREE-DIMENSIONAL)

These programs are coded in the IBM Fortran IV
language. It is designed for use with the IBSYS Monitor
system for the IBM 7090/94 digital computer. The only
tapes utilized are the system input tape mounted on unit
Bl (logical tape 5), and the system BCD output tape
mounted on unit B2 (logical tape 6).

No sense switch settings are inte.rogated, nor any
program stops. anticipated. This program may be "backed"
with other runs and may be pre-processed via the IBM1401,
say, in the usual manner. ‘

Execution time for the longer programs is approxi-
mately 1 minute per case.
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1. Wedge Program

The wedge program compu“cs the shock and inviscid
£low ficld about a swept wedge with supersonic leading
edges including the effects of an angle of attack. The
conditions behind the reflection of this shock from a
) plane surface parallel to the base of the wedge as well
b as the reflected shock geometry are also computed. 1In
' ' its present form the program uses a ratio of specific
heats, y , equal to 1.4,

Input

The card input to the program is on a single card
- and is read as follows:

X M“: A, @, A2, T
FORMAT (6E10.4)

The symbols in the input statement have the follow-
ing meanings:

fx CHI (x): Wedge sweep angle (deg.)
{ M-INF(M ); Free stream Mach number
LAMBDA (" \)sWedge angle in y-z plane (deg.) )

! ' ' ALPHA (a):Angle of attack with respect to wedge base

‘. plane (deg.)

DELTAZ (A2)Step size in z for determining intersection
curve. A typical value is 0.05r.

R(r): Distance between reflection plane and the base
plane of the wedge (normalized in any convenient
manner) .

N Output " ) |

o ] - The output consists of the conditions in the two-

2 dimensional region and the constants that define the !
shock shape, follcwed by tables of conditions in the ’
conical region for each computed point on the shock re-

flection curve. It should be noted that the conditions
corresponding to the last point in these tables represent

the two-dimensional shock reflection.

} " The meanings of the symbols in the first part of
' the output are:

LAMBDA-N(An): Wedge angle in a plane normal to the ‘
' leading edge (radians).

- ALPHA~N (an): summ of wedge angle and angle of attack in

plane normal to leading edge, i.e., flow

deflection across two-dimensional shoc

~ (radians). 135 .' ’ %




MN“INF (M_ ) H

MT-INF (M_ ) :

THETA(QI):

Pl/P-IN!"(R]_/bu)

MTL (M¢y) ¢

THETA-N (8, )

CHI-STAR (y*) :
SIGMA—l(cl):

THETA-S (8 ) :
BETA-STAR (8%) :
THETA-CP (8" ):

A

XJp (xj'):

H(h):

-

S
e S

Component of free stream Mach number in a
plane normal to leading edge.

Component of free stream Mach number
tangent to leading edge.

Two-dimensional shock angle with respect
to Mpg, in a plane normal to leading edge
(radians).

:Pressure jump across two-dimensional shock.

Componen t of Mach number behind two-
dimensional shock, tangent to leading edge.

Shock angle with respect to base plane of
wedge in a plane normal to leading edge
(radians).

Total Mach number on wedge surface.

Angle between z'-axis and leading edge
(radians).

Flow deviation on wedge surface with
respect to z' axes (radians).

Two-dimensional shock angle with r.-c2ct
to the base plane of wedge in a plane
parallel to the x-y plane (radians).

Two-dimensional shock angle with respect
to base plane of wedge in a plane parallel
to the y-z ‘plane (radians).

Two-dimensional shock angle with respect
to base plane of wedge in a plane normal
to the z' axis (radians).

Constant in equation of parabolic sheet (35)
The x coordinate of the point of inter-

section of the two-dimensional shock and
the local Mach cone in the plane z' = cos )\

Constant in eguation of parabolic sheet (36) °

136

paeoY

, e




THETA-SW (A

) : Angle betw.en the three dimensional shock

and the z' axes in the y-z plane (radians).

The meanings of the symbols in the tables of conditions
on e.ch conical ray i are:

I(i):

z(zi) :

x(xi)z

SIGMA-1 (ql )
i

M-l(Ml ):
i

MT (M )
lti

MN(M:L )

n.
1

MKN.(MN )
i

DELTA-l(Gl ):

M2T (M ):

2
ty

P2/P~1INF
(Pp; /P
M2 (Mp; )t

SIGMA-Z(UZi):

1

Designates conical ray in central region.
Normalized z coordinate of the intersection
point of conical ray i and the shock re-
flection curve on plane surface.

Normalized x coordinate of the intersection
point of conical ray i and the shock re-
flection curve on plane surface.

Angle between the tangent to the inter-~
section curve and the z-axes (radians).

Flow deviation on conical ray i (radians).
Total Mach number on conical ray i.

Upstream Mach number component tangent
to intersection curve.

Upstream Mach number component normal to
intersection curve, on plane surface.

Total Mach number component in a plane
normal to intersection curve.

Flow deflection acrcss reflncted shock
(radians). ' .

Component of Mach number behind reflected
shock, tangent to intersection curve.

Pressure ratio behind reflected shock.
Total Mach number behind reflected sﬁbck;

Flow deviation with respect to z axes
behind reflected shock (radians).
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THETA-P Reflected shock angle with respect to the
(8. .): reflection plane in a plane normal to the
2ni intersection curve (radians).

The subroutine which contains the oblique shock
relations is equipped with four stops printed out as

follows:

1) Mbo = 1l: If the total Mach number becomes sonic.

2) Upstream normal Mach number <1: If the Mach number

component in a plane normal to the leadir y edge or
to the intersection curve becomes sonic.

3) Mach Reflection: If the flow deflection used in the
shock relations exceeds the maximum value given by

4 (Mé - 1)3/2
bn = 3 v (y+1) M2

where MY is the Mach number component in a plane .normal
to the leading edge or to the intersection curve, The

computation of the intersection curve is terminated but
the rest of the computation is continued for the points

already obtained.

4) Imaginary roots: 1If a pair of roots of the cubic
equation for the shock angle are imaginary.

138

. ARG T

ey

r———

P—

JRrS———

—

Ao ponery
4




i

g

PrN
»

2 Conical Shock-Plane Surface Program and Characteristic
Subroutine

This program starts with the shock and flow field
about a cone at zero angle of attack and computes the
reflection of this shock from a plane inclined at an
angle 6; to the cone axes. The characteristic subroutine
computes the flow field behind the reflection curve on
the plane surface by using two-dimensional characteristics
and may be applied to any of the programs of the report.
The ratio of specific heats, y, is an input quantity in
the program, while the characteristic subroutine auto-
matically uses the value which the main program has used.

Main Program
Input

The card input to the program is on two cards and
is read as follows:

CARD 1: M, al, Vs v, r, g, Az'
FORMAT (7E 10.4)

CARD 2: Pc/P,: M*jo, d1c. S,/R
FORMAT (4E 10.4)

The symbols in the input statement have the follow-
ing meanings:

M-INF(M ): Free stream Mach number.
[

THETA-l(el)g Angle between plane surface and free
stream direption (deg.)

GAMMA~-C (4 ): Conical shock angle from Reference 15 (rad.)
c

R (r): y distance between origins 0 and 0' (Fig.31),
nomalized in any convenient manner.

Q (q): Nondimensionalized z distance between- 0
and 0', usually zero.

DELTA-Z(A2'): Step size in z' for determining inter-
section curve. A typical value is 0.05 r.
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/P~INF Pressure r

INF rat
(pc/pw): Reference 15.

M1-STAR (MI ): Critical Mach number behind conical shock,
c from Reference 15.

Angle of flow behind conical shock with

PSI (wlc):
respect to the cone axes (rad.).

SZ/R(Sz/R): Entropy change across conical shock
normalized with respect to the gas constant.
Output

The output of the program consists of tables of con-
ditions in front of and behind the reflected shock, near
the plane surface, for each point i on thereflection

curve,

The meanings of the symbols in the output are:
I(i): Designates point on reflection curve.

ZP(z'i): Normalized z' coordinate of point i on
reflection curve.

XP (x'i): Normalized x' coordinate of point i on
reflection curve.

OMEGA(Qi): Angle between the tangent of the reflection

curve at point i and the z' axes. The
computation terminates whenCH_<5 (rad.).

M2XP (M2x' ): Mach number component behind conical shock
i in x' direction.

M2YP (M2 , ): Mach number component behind conical shock
Yy in y' direction.

Mach number component behind conical shock
z2' in 2' direction.

M2N (MZn'): Mach number component in front of the re-
) flected shock, normal to the reflection

curve, on the plane surface.
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M2T (M2 ): Mach number component in front of reflected

ti shock, tangent to the mflection curve.
M2KN (M2N ): Total. Mach .number component in front of
i the reflected shock, in a plane normal to

the reflection curve.
DELTA-2 (§_.), Flow deflection across the reflected shock
21i°" jn a plane normal to the reflection curve
(radians).

P4/p2 (p4/p2)i:Pressure jump across reflected shock.

A4/72 (a4/a2).g Speed of sound ratio across reflected

shock.
M4N (MAN ): Mach number component behind reflected
i shock in a plane normal to the reflection

curve.

THETA 4 (A, ): Reflected shock angle, in a plane normal

i to the reflection curve, with respect to
the direction of M?N , (radians).
i
M4T (M4t ): Mach number component behind reflected
i shock, tangent to reflection curve.

P4/P-INF

(p4 /pbo): Pressure ratio behind reflected shock.

i

SIGMA-4(g,.): Flow deviation behind reflected shock,
with respect to z' axes (radians).

THETA-P-4(8' ): Reflected shock angle with respect
4. .
i to plane body (radians).
S(S4 ): Change in entropy from the free stream
i valie, nondimensionalized by twice the

specific heat at constant pressure (2 cp).
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characteristic Subroutine

The Characteristic Subroutine is an integral part
of the program of this section, Conical-Shock-Plane Body,
and the program of Section V, Plane Shock-Conical Body.
In these cases no additional input is needed. The sub-
routine also exists as a separate program for which the
input is given below. The output of the subroutine is
the same for all cases and is alsou given below.

Input

When used as a separate program, the input is on
N+1 cards and is read as follows:

CARD 1: v, P /pw, N
FORMAT (2E10.4, Il0)
CARD 2: MN, Py $N‘ ON, SN (Data at last point of

main program)
(One card for each data point)

CARD N+l: Myropyr ¥y 91, S (Data at first

point of main program)

The symbols in the input statement have the follow-

ing meanings:
GAMMA (y) : Ratio of specific heats

P/P (pN N/'poo):Pressure ratio at point N,N (Fig.32).

N: Number of data points.

M (Mi j): Total Mach number at data point, i=j.

RHO(pi RE Nondimensionalized coordinate of data-
+J point (Fig.32).

PSI (., .): Nondimensionalized coordinate of data
L3 point (Fig.32.)
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THETA (@, .): Flow deviation with respect to p axes,
ted at data point (radians).

s (§i )3 Entropy change from free stream at data
rJ point, normalized with respect to twice
the specific heat at constant pressure.

Output

The output consists of the Mach angle and velocity
at the data points, which is printed next to the data,
and a page of .output for each second family characteristic
line, i=constant, which gives the flow conditions at each
point along the line.

The output symbols, not defined under input, have
the following meanings:

MU (ui j): Mach angle (radians).

W (Wi ) e Flow velocity, normalized with respect to
2 the limiting velocity.

I (i): Second family characteristic line. The
computation starts at I=N, Fig. 32.

P/P—INF(pi ./poo): Pressure ratio at the wall points,
*J i.e., last point on each i line.

J (3): First family charucteristic line, Fig.32.

143




™
T A Tt st v
Fe :??W’.fﬂ“ﬁ;;\i ;;!&;,5?:“' "%ji’?“:ﬁ“ﬂ’ﬁ?@ffﬁ"?‘kmw o

ey

o

3 Double Conical Shock Program

The double conical shock program computes the flow
field behind the intersection of two conical shocks of
different strength when given the flow conditions behind
the shocks. An option is included which allows one of
the cones to be oriented by an angle attack, @, with re-
spect to the free stream direction. The properties
immediately behind the upper and lower shocks behind the
intersection are found, along with the new shock angles.
This data can be used in the characteristic subroutine,
(Section C), to find the flow field on a plane passing
through the shock intersection.

Input

The card input consists of three cards if both cones
are at zero angle of attack and four cards if one cone
is at an angle of attack, and is read as follows:

CARD 1: * *
FORMAT (5E10.4)
CA 2: * bk
RD My os ¥F 5 0 Yor Py/P 8y /R
FORMAT (5E10.4)
CARD 3: r,q,5d,v, S,/R,KALF

FORMAT (5E10.4, I10)

CARD 4: * * %
a, n/e, M*, MY 5e¥,

FORMAT (5%10.4)
(Only required if the angle of attack « # 0)

The symbols in the input have the following mean-
ings:

M1* (Ml*): Critical Mach number behind the shock of
the first cone, ("base cone"), which has
zero angle of attack.

PSI 1* (wl*) Flow direction angle behind the shock of
the base cone, (radians).
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GAMMA 1 (y.):

P1/P-INF (Pl/Pu,)

Si/R (Sl/R):

* (M* .
M12 (Ml,Z)'

PS12 (¥} ,):
GAMMA 2 (vz)z

P2/pP- INF(PZ/P
Sl.:/R(Sl, 2

R(r):
Q (q):
DELTA-PSI (A)):

GAMMA-BAR () :

$2/R (SZ/R) :

KALF:

ALPHA (a):

ETA/ALPHA ( n/e) :

* *) .
M2 (M2 ):

Base cone shock angle, (radians).

Entropy increase across bas

(]

normalized with respect to the universal

gas constant, Reference 15.

Critical Mach number behind the

shock of

: Pressure jump across base cone shock.

—— Ji T 1
Co.m€ Bi40CK,

the second cone, for zero angle of attack.

- Flow direction angle behind the

the second cone, for zero angle
(radians).

Shock anale of second cone at zero angle

of attack, (radians).

shock of

of attack,

: Pressure ratic across the second cone

shock, for zero angle of attack.

for zero angle of attack.

Vertical, (y), distance between

cone

verticies, normalized in any convenient

mannei.

/R) : Entropy increase across second cone shock,

Normalized z distance between cone verticies.

Step size in ) for determining the inter-
section curve. A typical value is 5 deg. {deg. )

Ratio of specific heats.

Entropy perturbation, due to angle of

attack of second cone

Index for ir.cluding angle of attack of
second cone; =0, zero angle of attack; # O,

nonzero angle of attack.

Angle of attack of second cone,

to angle of attack 16,

(deg.).

Ratio of tilt angle of second cone shock

Critical Mach number perturbation, due to
angle of attack, behind second cone shock.
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MW2%* (M* Critical Mach number normal to meridian

w,2). - o
re plane, behind second cone shoeck.
* (Y *
PSI2 (wz ) Flow direction angle perturbation, due to
angle of attack, behind second cone shock,
(radians).
Output

The output consists of the maximum value of J, three
quantities which are invariant along the intersection curve
and tables which describe the intersection curve, the base

and second cone flows and the flows in the upper and lower

intersection regions, for each point i on the intersection

curve.

The meanings 0f the symbols in the output are:

Maximum value of intersection curve
coordinate, iy, kefore reaching double

values of p, (degrees).

PSI-MAX (ymax.) :

Angle between second cone shock axis and

THETA-1 (Gl):
free stream direction, (radians).

Direction cosine of binormal to intersection

C0S (BZ) (cos (bz)):
curve and z axes.

Mach number comprnent in z direction, behind

MzZ1(M, ):
1 lower cone shock.
PSI (¢i): Meridian coordinate of point on intersection
curve, (radians). s

COS(TX)(vos(tx)) :Direction cosine of tangent to intersection
curve and x axes.

COS(TY)(cos(ty&) ¢sDirection cosine of tangent to intersection
curve and y axes.

COS(TZ)(éos(tz)) ¢tDirection cosine of tangent to intersection
curve and z axes.

Direction cosine of binormal to intersection

COS(BX)(cos(bX%}:
curve and X axes.
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COS(BY)(cos(bv)) :Direction cosine of binormal to intersection

curve and y axes.

COS(NX)(cos(nx)) :Direction cosine of normal to intersection

curve and x axes.

COS(NY)(cos(ny&) :Direction cosine of normal to intersection

curve and y axes.

COS(NZ)(cos(nz)) ¢:Direction cosine of normal to intersection

RHO (pi):

GAMMA (Pi):

MYl (M, )
11

el ()
i

MT-BAR 1 (Mg, )
i

MN—BAR].(M-—1 )

MB-BAR]'(MSI )
. i

MNL (4, )

i

DELTA 1 (6, ):
1

curve and z axes.

Nondimensionalized radial coordinate of
peint on intersection curve.

Angle between the normal to the intersection

curve and the free stream direction, (radians).

Mach number component in y direction behind
base cone shock.

Mach number component in i« dlrectlon behind
base cone shock.

Mach number component tangent to the inter-
section curve, behind the base cone shock.

Mach number component along the normal ton
the intersection curve, behind the base
cone shock.

Mach number component along the binormal to
the intersection curve, behind the base
cone shock.

Total Mach number component in a plane normal
to intersection curve, behind the base cone
shock upstream of the intersection.

Strength of the base cone shock in a plane
normal to the intersection curve, and which
is assumed to be constant through the inter-
section, (radians).
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X (x'):
Y (y'):

2 (z'):

PHI (wi):

U-BAR (ui):

V-~BAR (Vi):

W-BAR (wi):

M*(Mi*):

A2 (az.):
i

MX2 (MXZ‘)
1
MY2 (M )

Yy,
bR

MZ2 (Mz )

2,
i

MT-BAR 2 (ME )

2,
i

MN-BAR 2 (Mﬁ )

2,
i

Nondimensionalized x' coordinate of inter-
section curve point 1.

nondimerisionalized y' coordinate of inter-
section curve point 1i.

rondimensionalized z' coordinate of inter-
section curve point 1i.

Meridian angle of intersection curve point,
(second cone coordinates), (radians).

Velocity component behind the second cone
shock along the z axes, normalized with
respect to limiting velocity.

Normalized velocity compcnent behind the
second cone shock along the r axes.

Normalized velocity corponent behind the
second cone shock, normal to the meridian
plane.

Total critical Mach numbe. behind the second
cone shock.

Speed of sound behind the second cone shock,
normalized by the limiting velocity.

Mach number component in x direction, behind
second cone saock

Mach number component in y direction, behind
second cone shock.

Mach number component in z direction behind
second cone shock.

Mach number component tangent to the inter-
section curve, behind the second cone shock.

Mach number component normal to the inter-
section curve, behind the second cone shock.
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MB-BAR 2 (Mb ) : Mach number component along the binormal

MN2 (MN )
2
i

DELTA 2 (52 )¢
i

MBL (M.B )

THETA (8, )

\ -
M3T (M3 )

’.
[

1

M3 (M3'):
i

P3/P-INF(p, /p,):
1

s3 (S3 ):

to the intersection curve, behind the
second cone shock.

Total Mach nrumber component in a plane
normal to the intersection curve, behind
the second cone shock.

Strength of the second cone shock in a
plane normal to the intersection curve,
and which is assumed constant through the
intersection, (radians).

Mach number component behind lower portion
of intersection, in a plane norial to the
intersection curve.

Second cone shock angle with respect te 51 ,

i
in a plane normal to intersection curve, be-
hind the intersection, (radians) .

Mach number component behind lower portion of
intersection, tangent to the intersection
curve,

Total Mach number behind lower portion of
intersection.

Pressure ratio immediately behind lower
portion of intersection.

Entropy change from free stream, behind
lower portion of intersection, normalized
by twice the specific heat at constant
pressure.

Mach number component behind upper portion
of intersection, in a plane normal to the

intersection curve.

Base cone shock angle,with respect to 62 )

in a plane normal to the intersection
curve, behind the intersection, (radians).
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M4AT (Mt ): Mach number component behind upper portion

4i of intersection, tangent to the inter-
section curve.

M4 (M4 ) Total Mach number behind upper portion of
i intersecticn.

P4/P-INF (p,/p ):Pressure ratio behind upper portion of
4/ % e
i intersection.

S4 (S, ): Entropy change from free stream behind upper
4, . . . . -
i : portion of intersection, normalized by twice
the specific heat at constant pressure.
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4, Plane Shock - Conical Body

When given a conical flow field and a free stream Mach
number, this program computes the flow behind the shock
from a two-dimensional wedge, both before and after its
intersection with the conical shock. The reflection
curve of the modified plane shock on the conical body is
then determined, together with the flow field behind
the reflected shock on the cone surface. The characteristic
subroutine, described in Section C, is incorporated in the
program to compute the rest of the flow field on the
conical body.

Input

" The card input to the program consists of four cards
and it is read as follows:

CARD l: Mco' 611 r, q, Azl Y
FORMAT (6E10.4)

CARD 2: Pe/P . Py/Dyr To/T, S,/R
FORMAT (4E10.4)

- *
CARD 3: yc, M 1c’ ¢1c
FORMAT (3E10.4)
» *
CARD 4: Yoo M* . byy

FORMAT (3E10.4)
The meanings of the s;mbols in the input statemecnt are:
M-INF (Mm): Free stream Mach number.
DELTA-1 (61): Two-dimensional wedge angle, (deg.)
R (r): y distance of the wedge vertex.froﬁ the cone
vertex, normalized in any convenient manner,

(Figure 38).

Q (q): Normalized z distance of the wedge vertex
from the cone vertex.
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DELTA-Z (Az'): Step size in z' for determining inter-
section curve.

GAMMA () : Ratio of specific heats.

PC/P-INF (pb/bm):Pressure ratio behind conical shock.
PB/P-INF (p%/pm) :Pressure ratio at cone surface.
TC/T-INF (Tc/Pm):Temperature ratio behind conical shock.

S2/R (Sz/R): Entropy increase across conical shock,
normalized with respect to the universal
gas constant.

GAMMA (v _, ): Conical shock and cone angles, respec-
¢’ .
tively, (radians).

Ml-STAR(Mﬁ_ Mﬁ&):Critical Mach numbers behind conical shock
Cr and on cone, respectively.

PSI‘l(dﬁc wn): Flow deviation behind conical shock and
! on cone, respectively, (radians).

Output

The output consists of many parts. The first includes
some quantities in the two-dimensional and conical fields,
which are independent of the shock intersection. Second,
are tables describing the intersection curve of the plane
and conical shocks, and the flow conditions ahead and .
behind the modified plane shock near the intersection. Next,
the reflection curve of the modified plane shock on the cone
surface is described, along with the flow conditions in
front and behind this shock near the body. Finally, the
conditions behind the reflected shock on the cone surface
are given. The characteristic subroutine is included in
the program and its output is described in Appendix .-V-2.

The meanings of the symbols in the output are:
GAMMA-C (yc): Cone shock angle, (radians).
MR (Mr): Mach number component behind the conical

shock, parallel to the shock.
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M-1 (Ml):

THETA-1  (8,):

Pl/P-INF(Pl/Pm):

Al/A-INF(al/aw):

zZp (z'i):

Xp (x'i):

OMEGA (Qi):

M2Xp (M )
2_,
M2YP (M2 ):

MZZP(M2 ):

M2NP (M2 ):

Mach number behind the two-dimensional shock.

Two-dimensional shock angle, with respect
to the free stream direction, (radians).

Pressure jump across two-dimensional shock.

Speed of sound increase across two-dimen-
sional shock.

Normalized z' coordinate of point on two-
dimensional and conical shock intersection,
on plane of two-dimensional shock.

Normalized x' coordinate of point on shock
intersection curve.

Angle between the tangent to the inter~
section curve and the z' axes. The con-
putation of the curve terminates «hen
Qi<5°, (radians).

Mach number component in x' direction,
behind conical shock.

Mach number component in y' direction,
behind conical shock.

Mach number component in z' direction,
behind conical shock.

Mach number component normal to the
intersection curve in the plane of the
two-dimensional shock, behind the conical
shock. :

Mach number component tangent to the inter-
section curve, behind the conical shock.
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M2KN (M2 ):

N.
i

DELTA (2):

OMEGA-STAR :

 GAMMA:

Total Mach number component in a plane
normal to the intersection curve, behind
the conical shock.

Flow deviation behind conical shock withrespect
to plane of two-dimensional shock, in a

plane normal to the intersection. (First

term of Eq. 138 ), (radians).

n/z-Qi, (radians).

Free stream flow deviation with respect to
the plane of the two-dimensional shock, in
a plane riormal to the intersection curve.

(Second term of equation 138), (radians).

DELTA(2)STAR(&39:Strength of the conical shock in a plane

DELTA (1):

normal to the intersection curve, (radians).

Flow deviation behind two-dimensional shock
with respect to two~dimensional shock plane,
in a plane normal to the intersection curve.
(Second term of equation 135 ) (radians).

DELTA (1) STAR($6%* ):Strength of the plane shock in a plane normal

1‘
i

P4/P2(p4/p2)i:

A4/A2(§4/a2)i:

M4N (M4 )¢

N.
1

THETA (4) (94i):

M4t (M4 )¢

t.
1

to the intersection curve, (radians).
Pressure jump across modified plane shock.

Speed of sound increases across modified
plane shock.

Mach number component in a plane normal to
the intersection curve, in the lower inter-
section region.

Modified plane shock angle behind inter-

section, with respect to upstream conical
flow direction, in a plane normal to the

intersection curve, (radians).

Mach number component tanget to the inter-

section curve, in the lower intersection
region.
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M4 (M4 ): Total Machk number in the lower intersection
i regiocn.

P4/P—INF(p4/p )i:Pressure ratio in the lower intersection |
o .
region.

i
A4/A—INF(a4/hQ: Speed of sound ratio in the lower inter- |
i section region. !

i

|

. SIGMA(4) (o0, ): Flow deviation in the lower intersection
, 4.7 . . . .
. i region with respect to the z'-axes, (radians).

THETAP (4) (Qh'): iower shock angle with respect to the [ axes,
i Figure 39, (radians).

sS4 (S, ): Entropy increase from free stream, in the lower
4. . . . . .
i intersection region, normalized by twice the
specific heat at constant pressure.

GAMMA (K) (yb): Conical body half angle, (radians).

I (i): Shock - conical body intersection points.
E ETA (7.): Normalized coordinate, normal-to plane of
| the two-dimensional shock, of intersection

point of modified plane shock and conical ;
body, (Figure 39). ;

ZETA (ci )2 Normalized coordinate of intersection point,
1 in plane of two-~dimensional shock normal to
intersection curve.
, X (x. ): Normalizeb ¥ coordinate of intersection
3 e | point.
E E Y (yi ): Normalized y coordinate of intersection
B 1 point.
At
,; X z (Zi ): Normalized z coordinate of intersection
” 1 point.
;] { RHO (pi): Normalized radial, conical coordinate of :

intersection point, (Figure 40).

o Ny
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PHI (wi): Meridian, conical coordinate of inter-
section point, {radians).

CHECK: Checks if x. , y. ., z. , lie on the
ll ll 1 2
conical body (xzi +y -(tan v )2 z, =0)
1 H b 1

THREE POINT I=a, I=b, I=c : Intersection points

SELECTION : chosen for determining reflection curve.

(The program presently uses I=1, I=4

1 I=10).

j . RHO-0,RHO~-1,RHO~2, Normalized coordinates of the three sel-
(po.‘pl, p,): ected points.
PHI-1,PHI-2, Cooordinates of last two selected points.
(wl, mz): The coordinate e, = 0, (radians).

COS(TX)(cos(é&%):Direction cosine of tangent to reflec-
tion curve and x axes.

COS(TY)(cos(é&&)gnirection cosine of tangent to reflec-
tion curve and y axes. K

COS(TZ)(cos(éﬁh};Direction cosine of tangent to reflec-
tion curve and z axes.

COS(BX)(cos(ﬁ&));Direction cosine of binormal to reflec-
tion curve and x axes.

COS(BY)(cos(ﬁyh):nirection§cosine of binormal to reflec-
tion curve and y axes.

COS(BZ)(cos(ﬁéh}:nirection cosine of binormal to reflec-
tion curve and z axes.

COS(NX)(cos(ﬁkL),Direction cosine of normal to reflec-
tion curve and x axes. ' ’

COS(NY)(cos(ﬂy&):nirection cosine of normal to reflec~
tion curve and y axes.
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A
COS(NZ)(cos(nz)i): Direction cosine ¢f normal to reflection

M2XP(M2 ):
X pi

MZ&P(M2 ):
D L d
MZZ‘(M2 ):

M2T (M2 ):

thi

M2N(M2 ).

i

MZKN(M2 ):

Noi

P4/P2(p4/p2)

A4/A2(a4/a

M4CN(M4 )

Mg

THETA(4)(64 )

b

bi’

2)pi?

curve and Zz axes.

Mach number component, in x' direction, on

conical surface.

Viach number component,
*~nical surface.

in y' direction, on

Mach number component, in z' direction, on

conical surface.

Mach number component tangent to intersection
curve, on conical surface.

Mach number component normal to intersection
curve, on conical surface.

Total Mach number component in a plane normal
to the intersection curve, on the conical
body.

Pressure jump across the modified plane shock
near the cone.

Speed of sound inci-<ase across the modified
plane shock near the cone.

Total Mach number component in a plane
normal to the intersection curve, in front
of the reflected shock, near the cone. °

Modified plane shock angle near the cone,
with respect to the direction of M2 .

(radians). Nbi

Total entropy change behind the modified
plane shock near the cone, normalized by
twice the specific heat at constant
pressure.

Mach number component tangent to the inter-

section curve, in front of the reflected
shock, near the cone.
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ted shock, near the cone.

M4B(M4 ) e Mach number component along binormal to
b, . intersection curve, in front of reflec-
ted shock, near the cone.

M4TB(M4_ ): Mach number component tangent to the
t, ) reflection curve, in front of the reflec-
ted shock, near the cone.

M4VB(M4_): Mach number component along the normal
n to the reflection curve, in front of the
reflected shock,near the cone.

: Mach number component along the binormal
b. to the reflection curve, in front of the
reflected shock near the cone.

DEL'I‘A--4(64 ): Flow deflection across the reflected shock
i in a plane normal to the reflection curve,
(radians).

M4KN (M ; )¢ Total Mach number component in a plane
N normal to the reflection curve, in front
of the reflected shock.

THETAP—6(9% }: Reflected shock ancle with respect to the
i cone surface, in a plane normal to the re-

flection curve (radians).

PG/P4(p6/p4)i: Pressure jump across reflected shock on cone

surface.
A6/A4(a6/a4lz Speed of sound increase across the reflected
1 shock on cone surface.
MEN (M, ) : Total surface Mach number component in a
Ni plane normal to the reflection curve behind

the reflected shock.
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M6T(M6_ ): Sur face Mach number component tangent to
t, the reflection curve, behind the reflec-
i
ted shock.

P6/P-INF(p6/pw).:Pressure ratio on cone surface behind re-
flected shock.

SIGMA-6(g,. ): Surface flow deviation behind the reflected
6, . .
i shock, with respect to the 5 axes.

SG(S6 ) ' Total surface entropy change behind the re-

i flected shock, normalized by twice the
specific heat at constant pressure.
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APPENDIX VI

(SAMPLE PROBLEMS - THREE-DIMENSIONAL)

1. Wedge Program Example

To illustrate the use of the wedge program a particular
example was carried out for the following input data:

x = 55 deg.
M_= 4.23

A = 8 deg.
n =0

Az= 0.05

All lengths have been normalized with respect to r by in-
putting r=1. The program output is included in this appendix
and the symbols are defined in Appendix V-1l.

Each set of non-dimensionalized coordinates x and z
represent a point on the intersection curve of the shock on
-he plane surface. However, if the ratio x/z is considered
the variation of flow conditions on the wedge surface is
determined. Each set of conditions, i, corresponds tc the
flow on a ray on the base plane of the wedge passing through
the wedge vertex and making a angle tan‘l(x/z)i with the z
axes. Due to the assumption of linear theory the flow on the
wedge surface is the same as that on the base plane of the

wedge. The last set of conditions (i = 22) corresponds to those

on the edge of the local Mach cone and therefore also to the
constant conditions in the two-dimensional region. Note that
the step size has been reduced by a factor of 5 for the last
set of points in order to approach the two-dimensional values
more closely. Figure 43 oresencs the variation of Mach
number, pressure ratio and flow deviation across the wedge
surface. Only half the wedge is shown due to its syrmetry.

These conditions are also valid in front of the reflected
shock. The strength of the reflected shock at any poiat i on
the intersection curve depends on the upstream Mach namber in a
plane normal to the intersection curve at that point and on the

160

vy o v— s

——————y

Py

Fomr——

iy

o




SNOILIQNOD IADVAUNS IADUEM ~ €7 JINdOId

£°0 2°0 z/x) 10 0
0 ] ! 1
4oz -os ¢
1
o T
ds la
Jirz4es-¢
7z T
lo” -
. Pyl W
(-62p) o T
._”b
ct- z°z-09-°¢
I‘ﬂ////(lh
P}
4e-z4so°¢
- — 0= 7
] uoibay| uoibHey 6 = X
da-z 1edTuUo) °
B8 = X
(=3
g2°p = W
i ] ]

Sheadd aal i

o gl S -




)
M
3
z

s,
%

9y ;,.);,‘:7

e SRS s

i ottt
et
7, Lt

deflection of the flow necessary to turn the flow parallel

to the plane surface. These quantities are plotted for each
point on the intersection curve i.. Figure 43. At first,

one would expect that the shock strength would decrease as
points further and further from the z axes are considered

since the normal Mach number decreases. However, it is also
necessary to consider the fact that the flow deflection in-
creases as the two-dimensional region is approached. There-
fore, the shock strength may increase or decrease depending

on the relative effects of these two quantities. It is also
possible that as-the two~dimensional region is approached the
required deflection will become too large for the corresponding
normal Mach number, resulting in a Mach reflection. This did
not occur in this example but would result in a program stop as
described in Appendix V.

The conditions immediately behind the intersection curve
on the plane surface are plotted in Figure 45. Figures 44
and 45 do not represent a cross section, but points on the
intersection curve (Figure 3u of the main text). It can be
seen that the shock strength decreases a little and then in-
creases as the intersection curve is traversed from the z axes
to the two-dimensional region. It should be noted that the
values of ngi can be used to construct the reflected shock.

In particular LP is the angle between the reflected shock
i=1
and the z axes in the y-z plane.
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FIGURE 45 - CONDITIONS BEHIND INTERSECTION CURVE
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2. Conical Shock-Plane surface Program Example

This program was run together with the characteristic
subroutine program for the following input data.

M = 4.0
[+ ]
91 = 10 deg.
Yo = 0.30918 rad. (10 deg. cone)
y - =1.4
r = 2.5
q = 2.0
Az = 0.01

o) /p°° = 1.562
M¥ = 2,09123
= 0.0803353 rad.
Sz/R= 0.089929

This program output is included in the appendix and the
. symbols are defined in Appendix Vv.2.

Corresponding to each value of i, the set of coordinates
x' and z' represent a point on the reflection curve of the

conical shock from the plane surface. This curve also represents

the data line for the characteristic subroutine and is shown in
Figure 46. . The curve is terminated after computing a maximum
number of 25 points. If it is necessary to find the flow
further out on the curve the step size, Az, would have to be in-
creased. If a large enough step size were used the reflection
curve computation would terminate either at a Mach reflection or
when the slope of the curve with respect to the z' axes becomes
5° or less.

The variation of the reflected shock strength can be
determined from Figure 47 where the total upstream Mach number
component in a plane normal to the reflection curve (M2 ) and

N

i
and the flow deflection necessary to turn the flow parallel to
the plane surface (62 ) are plotted vs. the slope '
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FIGURE 47 - CONDITIONS AFFECTING STRENGTH OF
REFLECTED CONICAL SHOCK
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of the reflection curve Qi . The effect of these parameters

is described in Appendix VI.l where it is also pointed out
that this figure does not represent a cross-section but points
along the reflection curve.

The conditions on the plane surface behind the reflection
are given in Figure 48. The first part of the figure shows
the pressure and Mach number variations immediately belhiind the
reflection curve. It can be seen that a Mach relection must
occur quite soon since the pressure is increasing so rapidly.
The second part of the figure showsthe variation of the pres-
sure along the line of symme:ry (p or z' axes) on the plane
sur face as obtained from the characteristic subroutine program.

Something should be said here about the output of the
characteristic subroutine. The first page gives the value of
the pressure behind the reflection curve on the centerline and
the flow conditions along the reflection curve, which is now
called the data line. The data is given in reverse order, i.e.,
the point furthest out on the curve is listed first and the
centerline point is given last. The next page gives the condi-
tions along the second family characteristic line closest to
the centerline data point. This line is designated by the
value of i, and the value of p/p°° given at the top is the
pressure ratio at the 4intersection of this second family
characteristic line and the centerline (wall). The procedure
continues until the second family line from the data point

furtherst out on the reflection curve has been considered.
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2.75944E-01
3.23092E-01
3.84982E-01
5.30928£-01
6.93322€E-01
7.59634E-01
8,11190E-01
8.55128E~01
8.94210E-01
9.29851E-01
9.62892E-01
9.93878E-01
1.02319E 00

PS5l

%« 02594E-01
3.91356E-01
3479402E-01
3.66570€E-01
3.52622€6-01
3437197€-01
3.19681€-01
2.98884E~-01
2.71718E-01
2.05659€6-01
1.38583E-01
1.10415E-04
8. 862496E-02
7.01283E-02
5437329€-02
3.88273€-02
2.50486E-02
1.21608E-02
o.
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16 P/P-INF= 6.26931E Q0
THETA S
~4.926060E-02 3.65899€-02
-4+ 18436E-02 3.66891€-02
~4.63313E-02 3465884£-02
—4.47091E~02 3.658768E-02
-4229476E-02 3,.5873€-028
~4.10023€E~02 3.6586096-02

-3.87980E~02
-3.61880€~-02
~3.27933€~02
~2+46215E~02
=1.64623E-02
=1.30776€~-02
=1.04752E~-02
-8.27603E~03
~6.33359E-03
~4.57220E-03
~2494742€E~03
~1.43009€E-03
o.

3.65867€-02
3.658567E-02
3.065471E-02
3.65890E-02
3.08911E-02
3.65920€-02
3.65927E-02
3.66533E~-02
365938802
3.65943E-02
3.65947€-02
3.65951€E-02
3,6H6954E-02
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[prs—e—

3.73402E-01
3. 73948E~01
3474530E-01
3.,75155E-01
3. 75836E~01
347458901
34 TTe4eE~0l
3478450E-01
33T797T86E-01
3082999801
3486236E-01
3.8%58¥k-01
3+88631€-01
3389515E~-01
329029701
3.91008E~01
3492666E~01
3092280£-01
3.92861E~01
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T474905E~01
1474474E-01
T4T74014E-01
T473521£~01
T4129684€-01
1472390k~01
7<71717E-01
1.70917€-01
7+469875E-01
7.673558-01
T464824E-01

1.63769E-01

T<62957&-01
T62269E-01
7¢61660E-01
7.61108€-01
T460598E-01
7.60120E-01
7+59670E-01
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10-3418867¢
10-3€9265°2
T10~3€6966°L
10-312109"2
10~328909"2
10-35€279°2
10-34981972
10-3€€529¢f2
10-39%¢€9%L
10-3209%9°L
T0-36€699"2L
10-386469"1
10-31050L477
10-310€T1L"2
10-35L6T2°72
10-36962L"L
10-3901€LrL
10-3009€L°2
10-3090%L°2
10-326%%L°L
T10-3106%L"L

T0<«3596K6T€E
T0+32T4¢6°€
T0-3TEBZ6E
10+3IST2Z6°E
T0+-316616°€
T0+-36%806'¢€
T0<-3T9006°¢€
T0~392168° €
10-3TET1E8 €
TO=3lL1HB" €
TO-36ESEBTE
TO-3LT1€08YE
T0-306682°€
TO=3€EL6LLYE
T0:39TT1LL €
TO+3ITIEDL *€
T0-318952 ¢
T0=395052 '€
TO+32L Y%L €
TO-3GZ6ELTE
T0+320%¢€2 "€
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Z20-3496669°¢
20-319659°¢
20-ILH669°¢€
Z0-3€EH659 ¢
20-36£659°€
Z0-3%€659°¢€
20~-362699 "¢
20-3€2669°¢C
20-391659'¢
20~-320699'¢
20-318869 *¢€
20-30£899°¢€
€0-3898499"¢
20--301869°¢
20-342869°¢
20-308899%¢
20-3198899°¢
20-3468%9°¢
20-3€0659°€
20-IET6S9E
20-3%2659 ¢t
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20-30€€81°1—
20-3%GE4S "1~
20-300282° 1~
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20-3015T9°€~
20-325%6L €~
20-3L5610° %~
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20~-360L61°6—
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20-32€1L€°2
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20-369L1€0°S
20-366L2¢°°
20-3+1291°8
10-329100°1
10-364612°1
10-366005°1
10-3T€TLT1°2
T0-3221€8°2
10-329201°¢
10-3%€01€°¢E
10392684 °¢
T0-31e6€E9°¢
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10-37n068°%L
10-3690¢F2°L
10-3%65L19°4
10-3€2691°%
10-30L 066 °¢
10-302280°¢
10-342699°2
T10-39¢e44%€°2
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T0-3828%L°1
TO-3T1€E8% T
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1.10000E-01
1.32172E-01
1.55503€E-01
1.30197E-01
2.06526&~-01
2.34871E~01
2.65765E~01
3.00040£-01
3.39096E-01
3.85662E~01
4o ¥6798E~-01
5:967237E-01
7.51538E~01
8.17109€E-01
B8.08096E-01
9.11553€E-01
9.50212t-01
9.85471t-01
1.01816E 00
1.04881E GO
1.07782€ 0C
1.10543E 00
1.13187€ 00

PSi

4e45255E~01
4+35151E-01
4.24543E-01
4.13340E-01
4.01422E-01
3.88628E-01
3.74720E-01
3.55336E~C1
3441867E-01
3.21120€-01
2.94016E-01
2.28081E-01
1.61094E-01
1,32953E-01
1.11179€-01
9.26945E~02
7.63072E-02
6.14071E~02
4476323€-02
3.474706-02
2.25875E-02
1.10351E-02
0.
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TABLE V (Cont'd)

14 P/P—INF=

FHETA

~5.45506E-02
-5.32673€~02
-5.19200€E~02
~5.04976E-02
~4.89853k-02
~-4.73831E-02
—4.56010c-02
—~%.36563E-02
~4.24521E~02
~-3.88420E-02
=3.54473E~02
~2.72755€E~02
-1.91163£~-02
~1.57317€-02
—1e31293E~-02
-1.09301€-02
-8.98767£-03
-7.22629E-03
~5.60152E-03
-4.08421E-03
~2+65414E-03
—-1.29634E-03
0.

6340216E 00
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3.65955E-02
35656942E-02
3.65929E-02
3.65918E-02
3.65907E-02
3+66897VE-02
3.66888E~02
3.65881€-02
3.65875E-02
3.65871€-02
34,65830k-02
3.65884E-02
3.65904E-02
3.65913€-02
3.65920E-02
3.65926E-02
3.65931£-02
3.659356—02
3.65940£-02
3.65944E-02
3.65947E-02
3,66951k~02
3«65954E-02
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3.73414£-01
3473907601
3474425€E=01
3:74973c~01
3.75556E~01
3476183E-01
3476865601
3,7T620E~01
347847801
3.79496E~01
3.80826E~01
3.84048E-01
3.8TF295E-51
3.88651E-01
3.89697E~01
3490583E-01
3.91368E~01
3.92082E-01
3492741801
3.93358E~01
3.93940E~01
3.94494E-01
3495%023E~01

o

L

L

Te"+0.0E-Ul

. 74500£-01
Te74097€E-01
T«73605E-01
7+473205e-01
T«72710E-01
T472173E-01
T«71578E-01
7¢70903L-01
1.70103E-01
1469059E~-01
T466534E-01
Te61998E-901
7462942601
746212701
7461438€E-01
7.60828E-01
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16597 13E-01
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7.58834£-01
T7.58406E-01
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10-3602L5"2
10-3€09L5"2
T0-3€T7086°2
10~32%%86"2
10-3€6886"1
10-32L¢€65°L
10-3%80865°2
10-38€%09"L
10-38%019"2
10-38EL1972
10-3€6629°2
10-3019C9"2
10-36%199°2
10-361989"2
10-302269*2
10-32250L2°8
10-3L611L°2
10-326LTL°2
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TO-3ZESSE'E
T0+3T00%6%¢
T0=-3L9%%6'¢
T0+-3€98E6° €
T0-3942t6 €
10+3989T5°¢
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T0-341€18°¢
10-3e068L°€E
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20-39T659°¢E 20-31€LEH° T
20-360659 '€ 20~366L69 T~
20-310699'¢ 20~-3109€0°2~
20-328899°¢ 20-~326TSA2~
20-32£899°¢ 20-311699° €~
20-391869¢ 20-3I85R00 *&—
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10-38€3TL°T
10-3086R¢ °2Z
T0-3eS5H%0°¢F
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T0~-31%5972 %6
T0-30R0RE*6
10-39%846°8
10-3521%%°8
10-30068L2°L
10-3L€16?°0
T0~-3THRGLH
10-3850<1°%
10-3€9189°¢
10-3L6667°¢€
10-359866°2
10-36€169°2
10-3€869¢ °2
10-321801°2
10-329298°1
10-3610¢9°1
10-3¢+C1%°1
10-300002°T
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12 @/R~INF= 6.52634E 00
J RHOU [ £ THETA S LY w
12 1.30000&-01 4.84228E-01 -5.93997€~02 3.66038k-02 3.73433e~02 T¢74880E~C1
13 1.50055E-01 %.74970E-01 -5.82203E-02 3.66020E-02 3.738856~01 T474523E-01
14 1.70973E~01 %.653336-01 ~5+59924E-02 3.66002E-02 3474357:~02 T«74151E-01
15 1.92478E~01 4.55261E-01 ~5.57091E-02 3.65985€6-02 34 748506~01 T«73761E-01
le 2.15930£~01 4.44685€-01 =5.43618E-02 3865968E-02 3.753696~01 7.73352€~01
17 2.40330E~01 4e33516E-01 ~54.29393E-02 3.05952E-02 3,75918E-01 Te72919E-01
18 2.06349E~01 4e21634E-01 ~5.1427T1€E-02 3.65932£-02 3. 74503E~01 T«72458E-01
19 2.94357E-01 4.08875€E-01 ~%.98048E-02 3.65923E-02 3.7€1316~01 T719632-01
20 3.24889E~01 3.95006£-01 ~4.80434€E-02 3.65910E-02 3.32815e-01 TeT1425E-0i
rat 3.58766E~01 3.79663E-01 ~4%.80981E-02 3.65899E-02 3.23572E~01 T470829E-01
22 3.97371€-01 3462237E-01 -%,38938E-02 3.65888£-02 3:79432E-~01 7470153€-01
23 4.43405E-01 .3.41540€-01 -4.12837E-02 3.65880&~-02 3.80453E-01 7.69351€-01
24 5.03850E~-0d 3.14495E-01 -3.78890€-02 3.65874t-02 3.8Lk785E~01 T68306€E-01
25 ©.52336E~01 2.48683E~01 ~2.97172€-02 3.65881€-03 3183016€6-~01 7465777€-01
26 3.05294E~-01 1.81787&~01 ~2.15580€-02 3.65898k-02 34882716~01 T463237€-01
27 8.70186E-01 1.53674E~01 ~1.81734€E-02 34 65906E-02 3.89531€E~01 7462178E-01
28 9.20652€E-01 1.31918€-01 ~1.55710€-02 3. 65913E-02 3.90680E-02 7.61363€~01
29 9.63670E~01 1413446E-01 ~1e33719€E-02 3,65918E-02 3,91569€E~01 746067201
30 1.00194E 00 9. 70676E-02 ~1e1429%E~02 3.65924E-02 3.92356E~01 7.60061£-01
31 1.03085F 00 8.21746E-02 ~9.66805E~-03 3.65928E-02 3+93072€--01 7.59507e-01
32 1.06921€ 00 6.84050E-02 -8.04327c-03 3.65933E-02 3493733€~01 1.58995E-01
33 1.09957E 00 5.55234€~02 -©.525895€-03 3.66937E-02 3.94351€-01 T.58516E-01
34 1.12829€ 00 4+ 33666E-02 =5.09589€E-03 3.65941E-02 3494935601 T« 38064E-01
35 1.15563E 00 3,18159E-02 -3.73809E~03 3.65944E-02 3,95491E-01 T«57634E-01 O
36 l.18182€E 00 2.07818€E~-02 ~2.44176E~-03 32659486-02 3496022E-01 1¢57224E-01 @
37 1.20699E 00 1.01949€~-02 ~1.19397E-03 3.65951€-02 3.96532E~01 7+56830€-01
38 1.23124€ 00 O. Q. 306595464E-03 3.97024E-01 7¢56450E-01
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1.40000c~-01
1.59162:-01
8eT79121E-01
1.99918£-01
2.21698k-01
24451701
20048 THE~-O]
2e94T50E-01
3.220600€-01
3.52962t-01
3.86050£-01
4.22042€E-01
4.70d25£-01
5¢30944E-01
o. T3089~-0U1L
de3l831k-ul
Be954U2E-01
Q.49022E-01
9.3d432t-01
1.020%28 20
leColebE U
$.093647E 30
leldi3o9t Q0
lel2e27c 00
1.1794%t JV
1.29555t OC
1.23061lc VO
1.25479t OV
1.278198 OU
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5.U2003t-01
4¢93694c-01
4.84451%-01
4o 74829t-01
4.64773E-01
4e54213E-01
4+43060t-01
4031195E-01
4o 18454E-01
4.04603E~-01
3.89280€-01
3.71876E~01
3.51203E-04
3.24188E-01
2.58436E-01
1.91585E~C1
l.63486t-01
1.41740t-01
1¢23274L~01
le009012-01
7.201226-02
T.82455E~02
6¢236063E~02
5¢32112€6-02
4.16018E-02
3.G6286£~02
2e00422c-02
9.84751E-0
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TABLE V (Cont'd)

THETA

—6.16941E-02
-6.05576E=02
~5.93782k-02
-5.81503£-02
~5.68670£=02
~5.55197£-02
-5.640972€6-02
—5.25850E~02
-5.09627£-02
-4.92013E-02
~ s 72559E~02
~4.50517€-02
—6424416E~02
~3.90469E~02
-3.08751£~02
-2,27159£-02
~1.93313t-02
~1.67289E-02
~1.45298¢=02
-1.25873c-02
~1.08259E-02
-9,2011C£-03
-7.0d376E-03
-6425373E-03
~4.89595E=03
~3.59900E-03
~—2.35581E~03
“1.15783¢-03
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3.66090€-02
3.68069€E-02
3.66048E-02
3.66028€-02
3.660096-02
3.65990E-02
3.65973€-02
3.65955&-02
3.05939£-02
3.£5924E-02
3,65920€E~-02
3.65897E-02
3.654d6E-02
3,65878£-02
3.656880E-02
3.658956-02
3.65903€-02
3.65900€-02
3.65915k-02
3.66920£-02
3.65925€-02
3.65930€-02
3.65934E~02
3.65938E-72
3.65941€-02
3.65945€-02
3.669486-02
3.059516-02
3.65954c-02
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3.7345E~01
3.73880E~01
3. 74333E6-~01
3.74805€E~01
3475299€-01
3,758196~01
3,763686~01
3.769536-01
3.7¥5682E~01
378267601
3.79024E~01
3479885E-01
3.80907:~01
3482241E~01
3.854706E-~01
3.88736€6~01
3490097E-~01
319k148E-01
3.92038€~01
3.920826E-01
3.93542€-01
3.94206E-01
3.94824E-01
3.9%609€E-01
3493965E~02
396496E~01
3.97008&-01
3.97500E~04
3.979776~01
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Ta74527€~01
1474170£-01
TeT73797E~01
T«T73407E-01
7.72997E-01
T72564E~01
7.721036-01
T471608E~01
Te71069E~-01
T470473E-01
1659797€-01
T4H8995E~01
Te 57948E~01
Tebd418E-01
7. 42875€-01
T4618106€-01
71«61000€-01
T460309E-01
1459697E-01
74591 42E-01
1458629E-01
1458150€-01
7.57693€E-01
T¢57208t-01
156857E-01
T7456463E-01
T.56082€-01
Te557156-01
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10-3522R6"2
T0-38R196°2
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T10-32%909°2
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1.40824E 00
1.42986E 00
1.45092€ 00
1.47148E 00
1.49158E 00

PS1

5+86073E-~01
5078450E~01
5.706296-01
5.62591E~-01
5¢54313€E~01
5.45769E-01
5436929E-01
5.27757€-01
5418207€~01
5.08235€-01
4e97741E-01
4. 86666E~01
4.74882E-01
4062227€-01
4e4P465E-01
4e33238E-01
4.15938E-01
3.95383g-01
3.%8510E~-01
3.030595E-01
2.36432E-0C1
24084CHBE~01
leB6T710E~01
1.68281E-01
le51930F-0}
1.37068E-01
1.23319€-01
1. 10454E-9.
9.83100t
84677037 /.
Te5T441E~02
6451633E-02
5+ 49726E-02
4¢51279E-02
3.55926E-02
2463360E~-02
1le473325€E-02
8.56021E-03
0.
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TABLE V (Cont'd)

6 P/P-INF= 6.86544E 00
THETA S

~T1.21972E-02
~7.12193€E-02
~-7.02154E-02
~6.918296-02
-6,61133k-02
-6.70211E~02
—6.58847€E-02
~6.47052E-02
—6.3¢773€6-02
-64.21940E-02
-6.08467t-02
-5.94242E-02
-5.79119E-02
~ben2896E~02
=5.45281E~02
~5.25828E-02
-5.03785€E-02
~4.77T684E-02
~4.437376-02
-3.62018€~02
-2.80427E-02
~2.46581E-02
~2.20597E~02
-1.98506E-~02
~1.79141€-02
~1.61527€~02
-1.45279c-02
-1.30106E-02
-1l.15806t-C2
-1.02228E~02
~8.926%3E~-03
~7.68267E~-03
~0.48470e~-03

5.32690E~03
—4.20438E-03
-3.11350E-03
~2+05104E~03
~1.013956-03

0.

3.66453E-02
3.66419E-02
3.66385E~02
3.66352E8-02
3466319E-02
3.66286€~02
3.66254E-02
3.566223E~-02
3.66192£~02
3.66161E-02
3.66131E-02
3.066102E-02
3.,66073€E-02
3.6604496-02
3.66017€-02
3.65990E-02
3.65366E-02
3.65938E-0Q2
3.05914E-02
3.65800&£-02
3.65890€~02
3.65893€-02
3,65897€-02
3.65902€~02
3+65906£~-02
3.65910£-02
3. 65915E-02
3.65919E-02
3.65922E-02
3.65926E-02
3.65920c~02
3.65933E-02
3.65936E-02
3.65940£-02
3.65943€-02
3.65946E-02
3465949€-02
3,659528~02
3.659546-02
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3.73526E-01
3473900E~01
3. T4284E-01
34 74£806-01
3.75088E~01
34755106~01
3.75948E-01
3.764026~01
3.76876c~01
3, 71373E~01
3.77895E~01
3.784476-01
3.790356~01
3479666E~01
3.80354E~01
3.81115e~01
3.81980E~01
3.83008€-01
3.84349E-01
3.81601E-01
3,90880=01
3.92249£-01
3.93306E~01
3,942026-01
3494995E~01
34957156~01
3.196382E-01
3.97005E~01
3.9259°~01
3498153£-01
3.98588E~01
3.99202&~01
3.99619E~01
%.00179E-01
%400645E~01
#.01098E~01
4.01561E~01
44019T3E~01
#402398E--01

L]

T474807€~04
Tel4e511E~Cl
T«74208E~01
7.7389%6k-01
Te73573E-01
T.73240£-01
1.72896€-01
7.72537€-01
1.72164€E-01
7«71773E-01
T«713062E-01
7.709248E~01
7.704065£-01
Te69969t-01
769429:-01
7.68831E-01
T«68153E-01
T.07348€£-01
T466299€-01
T«63760E-01
T.61208E-01
7.60145-01
Te593256~01
Te586326~01
T.58018E~01
Te574616-01
7456946E-01
Te564065€E-01
7.56011t-01
7«55579E~Q1
T455167E-01
Te54771E-01
Te54389:-01
T¢34020E-01
Te53651E-01
7453313E-01
1.52973£-01
Te52641E-01
154316601
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TABLE V (Cont'd)

= 4 R/R-INF= 6.9T104E 00

J Rl PSi THETA 13 LU L]

4 2.10000E~-0) 6.16381E-01 ~7.60505€-02 32 66650E-02 34735T1E-01 TaT4TTi-01
5 2423034E-01 6.,09131E-01 -7.51186E-02 3206610E-02 3.73926E-01 . T74491E-01
6 2.40437€-01 6.,01715€-01 ~7.41647E~02 3.66571E-02 3.74291£~01 T+74203E-0)
7 2.56241E-01 5494116€-01 -T7.31868E-02 3.66532€-02 3. 74665601 1473907E-01
] 2.72482E-01 5486320€-01 ~7.21828E-02 3.66493E-02 3435050E~C1 1473603€-01
9 2.89203€-01 5.78307e~-01 ~7.11504E£~02 3.66456E-02 3. 75448E-01 T«73291E-01
10 3.06451£-01 5470054E-01 -7.00868€-02 3.66418E-02 3.7%055€E-01 T¢72969E-01
11 3.24284E-01 + 5.61536E-01 ~6.8988¢E~-02 3.66381E-02 3.76278E~01 772635E-01
12 3.42768E-01 5.527236-01 -b.78521E~02 3.66344E-02 3.76716E~01 Te72290E~01
13 3.61984c-01 5.43577TE-01 ~6.66726E-02 3466308E-02 3.72172E-01 T71932E~01
lae 3.82030E-01 5.34055E-01 -8.54447E-02 3.66272E-02 3.71696E~01 1471558€-01
15 4.C3027E-01 5.264101€E-01 ~6.4L614E~02 3+66236E-02 3.78143E-01 Te71167€~01
lo 4.25126€-01 5.13046E-01 -6.28140E-02 3.66201E-02 3.78666E-01 T«70755€E-01 )
17 4.48522E~01 *~ 5.,02602E~01 -&.13915E-02 3.661067£-02 3.79219e~01 1.79321E-0}
la 447347701 4.90849E-01 -5.98792E~02 3.06133£-02 3.,79807:~02 7.¢9858E~01
19 5.00345E-01 ©.78226E-01 -5.82569E-02 3.66099E-02 3.80440E-02 7469361E-01
20 e dJ043E-01 4.64499E-01 -5 84955E-02 3.66066E-02 3481129€-~01 7468820€-01
21 5.62159E-01 4.49309€-01 ~5.45501E-02 3.66033£-02 318X892E-01 7.68222E-01
22 5.99226F-01 4o . 2049E-01 -5.23458€E-02 3+66001E-02 3.82758E-01 T1467544E~01
23 0.43444E-01 4.11539€-01 ~4.97357E-02 3.65969£-02 3.83787E~-01 7.66738E~-CL
24 7.01534E-01 3.84722€-01 ~4.63410t-02 3265937E-02 3.85131E=01 T+65687E-01
25 8.%4373E~01 3.19383€-01 -3.81691E-02 3.65900£-02 3. 88289E-01 Te63145E~01
26 9.91721E-01 2.52851€-01 ~3.03100€~02 3.65892-02 3.93675E6~Q} 7460590€-01
27 1.05429€E 00 2.24857e-01 -2.66253E-02 3.65892€~02 3493048E-01 7+55526t~01
28 1.10298E 00 2.03180&-01 -2.40230E-0¢2 3.65895-02 34941076-0) Te567056-01 b4
29 1.14449E 00 1.84766E-01 -2.18236E~-02 3.05898€-02 3.93004E~01 7.58010-01 ~
30 1.18144E 00 1.68433E-01 -1.98813E-02 3.65902£-02 3.957996~01 7457396E-01
31 1.21515E 00 1.53575€~01 -1.81200€-02 3465906E-02 34+96521€-01 7450838t-01
32 l.24040E 00 1.393834t-01 -1.64951E-02 3.66909&-02 3,97189t~01 Te56323t-01
33 1.27573k 00 1.26975€-01 ~1.49779E~-02 3.65913E-02 3.97814E+01 755841t-01
34 1.303248€ 00 1.14837&-01 ~1.3547T8E-02 32659176~-02 3.98404E-01 Te55386L-01
35 1.32991t 00 1403301E-01 -1.21901€-02 3.6592)£-02 3.98965E~01 Te54954E-01
36 1.35:21F GO 9.22790€E-02 -1.08937E~-02 3.65924E-02 3.995016~01 Te54541E-01
37 1.37955E 00 B8.17013E~-02 -9.64994E-03 3.65927€-03 %4+00017E~01 Te54144€-01
34 1.40303t 00 7.15132€-02 ~B8.45197&-03 3.65931E-02 ©+00514€E~01 753762E-01 .
39 1.42576E 00 6.16T05€E-02 “~T.29419€-03 3.65934E~G2 £.00995E~01 145339201
4u 1.44782E 00 5.21368E-02 -6,17170£~03 3.65937E~02 4301462E~01 753033E-01
4l 1.46927€ GO %4 28815E~-02 ~5.08C84E~03 3.65940E-02 ©»01917E-01 7452684E-01
42 1.49018t 00 3,38790€E-02 ~4,01836E--03 3.65943E~02 4,02360E-01 T452344E-01
43 1.51058E QO 2451072€-02 ~2.98129E-03 3265946E-02 €< 02794E~01 7452011£-01
44 1.53052€ 00 1.695474L-02 -1.96733E~03 3.068949E-03 4403218€=N1 7¢51686t-01
45 1.55003t 00 8418310&-03 -9.74136E-04 3.659536-02 4+03636E-01 T.51367E~01
40 1.5c916E 00 [+ 29 O. 3:65954E-02 44040426~01 74510556~01
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3. Double Conical Shock Program Example

TMhic nroaoram wag
This program wag

cone is at an angle o

arried out

*
M* =
b* = 0.165935 rad.
y, = 0.38032 rad.

pl/pco = 2.4056
Sl/R = 0.067733

M*l 5 = 2.06346

y* , = 0.12262 rad.

the case where one

o c
attack for the following input data:

2.03183 (Mm = 4,0, 15 deg. cone).

Yy = 0.342957 rad. (Mco = 4.0, 12,5 deg. cr .

p,/p_ = 1.9441

sl,Z/R = 0.029667
r =2.0
g =1.0

A = 5.0 deg.
y =1.4

SZ/R = 0.52932
KALF = 1

n = 2.0 deg.

n/a = 0.654926
M,* = -0.408226
wt , = 1.86308

s

wg =~0.505885 rad.
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The program output is included in this appendix and the
symbols are defined in Appendix V.3.

The intersection curve of the two conical shocks is
described in terms of conical coordinates p and ¥, which
lie on the base cone surface. The computation of this
curve is terminated when the value of Y, .. ., which repre-
sents the point where the intersection curve starts to
bend back in, is reached.

The pressure, Mach number and entropy immediately
behind the intersection curve in the lower and upper regions
are given by Figures 49 and 50. These quantities are
plotted versus the meridian angle j and therefore are at
points along the intersection curve. As shown in the out-
put these computations are terminated when a so-called Mach
reflection is reached. This means that the normal Mach
number components are too small for the necessary deflections
and a cusped intersection with a normal shock region occurs.
Comparison of Figures 49 and 50, shows that the pressure
ratios in the lower and upper regions, at each point on the
intersection curve, differ by less than 2% even though the
assumption of constant shock strengths has been used instead
of an iteration procedure. '
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FIGURE 49 - LOWER CONICAL~CONICAL INTERSECTION REGION PROPERTIES




STILYIJ0oUd NOIOTHY NOILOISUILNI TYOINOD-TIYDINOD ddddn - (¢ JINOII

(*pex) ¢ .
b € z° T 0
1 — T ﬂ — T
e 2 AN AINBLSNA . ot
ISV O nl
o8z}~ Jdzv-v
91
- 9" v
T
.«.:
o Ty
82 1L d/ Yaq
Yy
01X me.mr 05" b
~—~
)
(o]
0" 1}
= 14 3R 4
A o
D6C 85
verTp '3U0D PuUODBS L5°Z1
0 ‘auoc) ased ST
y = W H4z9'¢
— L h 1 _ _ L
o “.zllz..L waix.::.t r......za:\ [ FO— P — [P [S——— e .
PYIRSP Sl = lindd




Ales 2,04183E 00

Nl20e 2.00346E 00

ALPHAS 2.0000UE OV

ke 2.00u00t 39

- - 7\ Ryt s [ISR .

TABLE VI - SAMPLE OUTNUT - DOUBLE CONICAL SNOCK FROSLEM
DOUBLE LUNICAL SHOCK BROGAAN

FLIAST GUME .

PSiies 1.059356-01 GANNAL® 3,80320€-01 PL/PiNF= 2.40500E& 80 SL/Re 8.77330€-02

SECUND CUNE wWiTuW MU ANGLE L. ATEACK
PSElas 1.226206~-01 GANMA2= 3,42957&-0) P2/8~INF= 1.944)0F 00 S12/Kk= 2.90610E-02

* UATA FOR SECOMU CONE wiTH ANGLE UF ALTALK
LTA/ALRHA® 6.5649206L-01 H2ee—4.08220€6~01 Nuiss 1.803088 OO0 P3I285—5.05885E6-01

ys= 1.00000t 00 OLLIA P3l= 5.00000c 00 $2/78= 5.29320&-01 CANMA-BAL= 1,40000c OL

ALPHA AMD DELTA #SI ARE IN CEGREES

PSI-RANCDEGREESEs 5.23005€ 0L

TERMS INULPENMDENT UF PSELID
TAkTA~1" 1.20054E-02 LOSSBZ)=-3.71218E-01 A2is 327530 OO0
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TABLE Vi (Cont'd) . .
MACH REFLECTEON

tege= 7 CAth NBa= }
|
#sl NB1 THETA "I n3 P3/P~INF s3 ;
0. 2.873366E 00 4.116648E-~01F —0. 2.873366€ 00 4.554718t 00  1.3%3131E-02
84726646E-02 2.726020E 00  4+326F77T2E+01 ~9.14874TE-01  248T5444E 00 €.541239E 00  1.338228£-02
1746329601 2.3T4T30E 60  4.925270E~0F —1.5315641€ 00 24881193 00 4.600727E 00  1.324864E~G2
2.617994E-01  1.9692e4E 00 5.860076E-O0F -2.113722E 00 2i88B9L8E 00  4.459746E 00  1.3073796-02
3.49C059E-01  1.587814E 00  7.1393€4E-0L ~2.420010€ 00 21894409€ 00  4<426527€ 00  1.295257E-02
4.363323E~01  1.232307€ 00 B8.98772FE-01 -2.806381E 00 2J083020E 06  4.495577E 00  1.320679£~02
esi NB2 THESA ey ne P&/R—INF Se
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8.726646E-02 2.718533E 00  4.471016E=0Fk -9.146360E-01 24868271E 00 4.598628E 00  1.327465E-02
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2.490659E-01  1,575906E 00 7.323876E~01 -2.418992E 00 24887040E 00 4.491620E 00  1.264519€-02
©.3633236-01 1.213386€ GO 9.162864E-01 -2.603055€ 00 24B71968E 00  ¢.581099E 00  1.312793t-02
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4. Plane Shock-Conical Body Program Example

The following input data has been used as an example
of the operation of this program:

it

M =4.0
[--]
61 = 10 deg.
r = 2.5
a = 2.C ;
..;
Az = 0.05
y =1.4
3
pc/p°° = 2.405 (15 deg. conej ;
pb/pco = 2.80 g
Tc/Tm = 1.31
s,/R = 0.067733 '
Yo = 0.3803 rad.
|
M*. = 2.03183 {
lc ; _
wlc = 0.165935 rad. { i
Yp = 0.261799 (15 deg.)
¥ = . F
M1b 2.01128 ]
¢1b = 0.261799 rad.

The program output with the characteristic subroutine is
included in this appendix and the symbols are defined in
Appendix V-4.
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chn~lr
shock

ngl SR B - VT - [ 8 3o el

in coordinates on the plane surface is given in Figure
51. As noted on the first page of the output, this com-
putation terminates when a so-called Mach reflection is
reached, which means a cusped-normal shock intersection
exists in the plane normal tc the intersection curve.
Figure 52 shows the variation of Mach number, pressure
ratio and entropy in the lower intersection region, immedi-
ately behind the intersection curve (conditions 4) versus
the slope of thé curve with respect to the z' axes (Qi).

The intersection curve of the plane and conical

The program next computes the intersection curve of the
modified plane shock and the cone surface. To do this it
is necessary to pick three points through which to construct
the second order curve (Section E ). The points chosen in
this case are i = 1,4, and 10. This curve is terminated due
to a Mach reflection. The flow properties M, , p. /p

i i ®
and S4 immediately behind the modified plane shock near
bi

the cone surface are shown in Figure 53 and differ some-
what from those in Figure 52 since the flow upstream of
the modified plane shock is conical. The flow properties
immediately behind the reflected shock on the cone surface
are plotted versus the slope of the reflection curve on the
conical surface, B, given by

in Figure 54. The pressure variation along the centerline
on the cone surface obtained from the characteristic subroutine
is given in Figure 55, The output of the characteristic sub-
routine is described in Appendix VI-2.
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