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Three-Dimensional, Shock-on-Shock
Interaction Problem

Paul Kutler* and Leonidas Sakellt
NASA Ames Research Center, MoffettField, Calif.

The unsteady, three-dimensional flowfield resulting from the interaction of a plane shock with a cone-shaped
vehicle traveling supersonically is determined using a second-order, shock-capturing, finite-difference approach.
The time-dependent, inviscid gas dynamic equations are transformed to include the self-similar property of the
flow, to align various coordinate surfaces with known shock waves, and to cluster points in the vicinity of the in-
tersection of the transmitted incident shock and the surface of the vehicle. The governing partial differential
equations in conservation-law form are then solved iteratively using MacCormack's algorithm. The computer
simulation of this problem, compared with its experimental counterpart, is relatively easy to model and results in
a complete description of the flowfield including the peak surface pressure. The numerical solution, with its
complicated wave structure, compares favorably with the available schlieren photographs, and the predicted
peak surface pressures obtained are shown to agree better with the experimental data than existing approximate
theories.

I. Introduction

I/OR over a decade, experimentalists and theoreticians
JL have studied the flowfield generated by the interaction of
an incident shock wave (e.g., that generated by a nuclear ex-
plosion from an offensive re-entry vehicle or by a sister craft
[fratricide]) with a vehicle traveling at supersonic speeds (see
Fig. la). In the past, a great deal of attention focused on
determining the strong-blast-induced transient pulse produced
at the surface of the vehicle because of the belief that the
forces generated might be structurally damaging. Recently,
however, a new question has emerged concerning weak in-
cident shocks (P3/P1 <2); i.e., can such an encounter induce
high-frequency disturbances capable of destroying the in-
ternal structure or appended equipment? The purpose of this
paper is to compute the flowfield generated by such an en-
counter, and thus predict the resulting transient surface
pressures required by the designer to determine the structural
and vibratiorial responses of the vehicle.

A typical flowfield resulting from the interaction of a
planar shock at Mach number M; and inclination A, and a
pointed cone with half-angle a at Mach number Mv and angle-
of attack a. is shown in Fig., Ib. It consists of a multitude of
shock waves and slip surfaces, which interact to yield a rather
complicated three-dimensional, unsteady flowfield. Since the
velocity vector of the conical vehicle and the impinging shock
are assumed to be coplanar, the flowfield is symmetric with
respect to this plane. To the right of the incident shock, there
exists a conical flow generated by the vehicle in the freestream
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Fig. 1 Preinteraction and postinteraction wave patterns for the
three-dimensional shoek-on-shock problem.

or preblast conditions, while to the left of the indicated sonic
line there exists a second conical flow generated by the body
traveling in the post-blast environment. Both conical-flow
solutions can be generated from existing three-dimensional,
supersonic, steady-flow computer codes. The region between
these two flows, which contains the intricate shock structure,
is the crux of the present problem and is determined here.

The region of the shock-on-shock flowfield of most interest
to the vehicle designer is where the transmitted incident shock
strikes the body, for it is the circumferential variation of the
flow variables behind this impingement line that can generate
the undesirable forces. The transmitted shock at the body
depending on its inclination, can transit from a Mach reflec-
tion on the lower surface or leeward side to a regular reflec-
tion on the top surface or windward side, or result in a Mach
reflection entirely around the body. Most of the interest and
recent experimental testing centers around the incident shock,
inclination angle that yields transition from regular to Mach
reflection in the windward plane. This encounter angle is
believed to result in the largest or "peak" surface pressure.
Therefore', only values of the incident shock inclination near
transition are considered here; thus such possibilities as the
broadside encounter are ruled out.

In the past, there have been numerous theoretical at-
tempts1'9 to obtain solutions for the three-dimensional,
shock-on-shock (TDSOS) problem, some of which have
resulted in computer programs.6'9'14 This paper does not try to
summarize them by commenting on the relative merits or
shortcomings of each, rather the reader is referred to papers
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by Aiello,15 and Kutler et al.9 for brief summaries of some of
the existing theories. In general, most of the early theories
required assumptions regarding the position and structure of
the existing shock waves for their model. Consequently, an in-
correct assumption of the shock structure could invalidate the
resulting theory. A big disadvantage of the approximate
techniques that exist today for solving the TDSOS problem is
that, in most of them, both the radial and circumferential
gradients of the flowfield are neglected. These gradients affect
the position and inclination of the transmitted incident shock
as it strikes the body and can therefore gravely affect shock
transition and the predicted peak surface pressure. In fact,
compared with available experimental data, all of the ap-
proximate theories over predict the peak pressure. This com-
parison generated concern from the missile-maker and led to a
rather exhaustive and expensive experimental study.

There have been many experimental investigations16'22 of
the TDSOS problem in the past, resulting in some very good
schlieren photographs of the interactive shock structure and
surface pressure distributions. The most recent experimental
testing23'24 was performed at Holloman Air Force Base by
using a rocket-propelled sled. The earlier studies involved
relatively strong incident shocks, while the latest tests dealt
mainly with the weaker blasj waves because of their greater
probability of occurrence. The numberical results presented
later are compared with both the earlier and most recent ex-
perimental data.

The approach used here to solve the TDSOS problem
parallels that of the two-dimensional procedure9 in which the
shock-capturing technique (SCT) was employed. The self-
similarity of the problem, which results from the absence of a
characteristic length associated with the planar incident shock
or the vehicle itself, is used to transform the three-
dimensional unsteady problem to an equivalent steady-flow
problem. The resulting set of partial differential equations is
of mixed elliptic-hyperbolic type, but is made totally hyper-
bolic by reintroducing the unsteady term. With correct ap-
plication of the appropriate boundary conditions, the
governing equations can be solved iteratively as a mixed
initial boundary value problem using existing explicit, finite-
difference algorithms.

The TDSOS procedure developed here properly accounts
for both the radial and circumferential gradients generated by
the conical-flow solutions, and results in a complete descrip-
tion of the entire flowfield, including the shock structure and
surface pressure distribution. Unlike the experimental coun-
ter-part, a typical numerical solution is quite inexpensive and
requires approximately 18 min of CDC 7600 computer time.

II. Governing Equations
In extending the two-dimensional problem9 to three dimen-

sions, a cylindrical coordinate system (tt .z, r, 0) is selected
with the origin located at' the vertex of the cone, and 0
measured from the lower plane of symmetry (see Fig. 2). The
inclination X of the incident shock is measured with respect to
a plane perpendicular to the axis of the cone. In following the
idea of aligning the coordinates with the position of known
shock waves9'25 to reduce the postcursor and precursor
oscillations associated with the shock-capturing technique, an
independent variable transformation is performed. The
longitudinal coordinate z is transformed £ = f (t, z, r, </>) so
that the resulting constant f planes are parallel to and moving
in the direction of the planar incident shock, while the radial
coordinate r is transformed 77 = 17 (/, z, r, 4>) to normalize the
distance between the body and an outer boundary. The outer
boundary is chosen so that in the two regions of known
conical flow, namely, near the right- and left-hand end
planes, it is a conical surface. Between these two regions, and
in each meridional plane, the outer boundary is composed of
a cubic polynomial that approximately parallels the
peripheral shock. In addition to the shock-alignment trans-

Fig. 2 Coordinate system.

formations, the new logitudinal coordinate f is again trans-
formed \L = /A ( f ) to cluster points26 near the impingement
point on the body of the transmitted incident shock, since the
flow in this region is of paramount importance. Thus, in-
cluding the self-similar property of the flow, the resulting in-
dependent variable transformation from (t, z, r,</>) to (t, ^, 77,
£) space is

• . .._ r-rb(z)
rob(t,z,<l>)-rb(z)

3 = 0

(1)
where

Zv\(t,r>

X

fc
Srnax

r b ( z )
a
rob (/, z,

</>)

</> )

=zmt — rcos </> tan X (equation of planes parallel
to incident shock)

= incident shock inclination (see Fig. 2)
= velocity of left-hand boundary of com-

putational volume = Zmin It [ see Eq. (5) ]
= value of f about which points are to be clustered
= maximum value of f
= cluster ing parameter; concentration of points

increases with 0
=z tan a (equation of the body)
= cone half-angle
= equation of the outer boundary (discussed in the

Sect. Ill)

Applying this transformation to the three-dimensional, time-
dependent Euler equations yields the following partial dif-
ferential equation in conservation-law form

(2)

where

• £ / = £ / *

E =

F = T

G =G*

H =//*_
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and
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pvw
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pv

puv

p(v2 — w2)

2pvw

(e+p)v

= 0

-(f/fc-/)sinh2/3C

= 0

The calculation of the partial derivatives of rob are discussed
in Sec. III.

In Eq. (2), p represents the pressure; p, the density; w, v,
and w, the velocity components in the z, r, and '<t> directions;
and e, the total energy per unit volume. The pressure, density,
and velocity are related to the energy for an ideal gas by the
following equation:

e=p/(y-l)+p(u2 (3)

The transformed, time-dependent Euler equations are
hyperbolic with respect to T and can be solved in an iterative
fashion (e.g., at r=1.0) using an explicit, finite-difference
scheme. Because of the self-similar transformation, the UT
term in Eq. (2) approaches zero as the integration proceeds
with respect to T and results in a converged solution for large r
or after a large number of iterations at r = 1.0.

OUTER
BOUNDARY

fob

Fig. 3 Computational volume.

III. Boundary and Initial Conditions
The transformation given by Eq. (1) results in the com-

putational grid shown in Fig. 3. At the extremities of this
computational volume, the correct boundary conditions must
be applied. On the surface of the cone, the tangency condition
is satisfied by using an Euler predictor/modified Euler cor-
rector with one-sided differences in the ^-direction and im-
posing the condition v = u tan a after the corrector. Since the
numerical technique is iterative with respect to the in-
dependent variable of integration, and we are only interested
in the converged solution and not the transient, the body
boundary condition is accurately simulated9'25'27 by following
this procedure. At the 0° and 180° planes of symmetry, the
"reflection principle" is applied using the conservative
variables. Rather than use of image planes to implement this
boundary condition, the finite-difference scheme is modified
(discussed briefly in Sec. IV).

It is important to ensure that the permeable boundaries of
the computational volume be hyperbolic,25 i.e., the flow
through these boundaries must be supersonic with respect to
the self-similar coordinates. If this condition is satisfied, and
the flow variables along such boundaries are known, then the
associated grid points can be initialized using the known flow
quantities and held fixed during the entire integration
procedure. For the three-dimensional problem, this required
that zmin (the distance along the z axis to the intersection of
the left-hand boundary plane at t=\) lie to the left of the
sonic line, that zmax lie to the right of the incident shock, and
that the outer boundary encompass the peripheral shock
structure (Fig. 3). The position of zmin, zmax, and the outer
boundary depend on the conical flow at the end planes.

To determine the flow at the right- and left-hand bound-
aries (regions 2 and 4, respectively, in Fig. 2), an existing
three-dimensional, supersonic flowfield code28 (TDSCT) was
employed. Given the vehicle Mach number Mv angle of attack
a, cone half -angle a, and ratio of specific heats 7, the TDSCT
program, which treats the bow shock as a sharp discontinuity,
is used to generate the conical flowfield at the right-hand
boundary. In addition, given the incident shock Mach number
MI and its inclination X, the conditions behind the incident
shock or the new freestream conditions M3 and ot3 can easily
be found using the normal shock relations:

=Mia1 velocity of incident shock with respect
to still air

JNum implies that the partial derivative must be obtained
numerically since the function rob(t, z, <t>) is not known analytically.

ql2 =qil{l-[(y
velocity of air behind incident shock with
respect to still air

p3 =p][2yM*-(y-l)]/(y + l)

(4a)

(4b)

(Ac)
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Table 1 Cartesian velocity components (see Fig. 2) of regions l
3, and the incident shock with respect to the cone qj = Ujix + Wj

j
1
3
is

UJ
qj sin o;
QI sin a — ql2 sin X
<7/sino! — <7 / ;sinX

Wj

qjcosa
q-[cosa + qi2cos\
qjcosa + qjjcos X

p3 = (4d)

(4e)

The velocity of the gas in region 3, which is a function of the
velocity in region 1, is given in Table 1. The Mach number and
flow direction are given by M3 = q3/a3, a3 =tan~7 (u3/w3).
These conditions are then used by the TDSCT code to
generate the conical flowfield at the left-hand boundary.

For the positive values of X considered, zmin (which must lie
to the left of the sonic line) is determined by the flow at the
body in the 180° plane, and its location can be found from

(7-tanatanX)coscr (5)

where q4b is the velocity and a4b is the speed of sound at the
body in that plane. The location of zmax depends on the
position of the incident shock at time t=l. The distance zis
(Fig. 3) is given by

(6)

where qis is given in Table 1 and K=\+ tan~7 (uis/ wis).
Since zis is known, zmax is selected to ensure that there is a suf-
ficient number of longitudinal grid points to capture the Mach
stem in the 0° plane.

The data describing the two conical-flow solutions
generated by the TDSCT program, in addition to the state
variables, include the shock position rs and the two shock
slopes drs/dz and 3r5/d</>, which are used in defining the outer
boundary. The position of the outer boundary near the end
planes is chosen so that in both the meridional and
longitudinal directions there is an equal number of grid points
between the conical bow shocks and it, thus imposing a con-
dition that rob^/r0b = r /rs. ^

In the longitudinal direction, the outer boundary is com-
posed of conical rays from the vertex near the end planes and
cubic polynomials in between (Fig. 3). In the 0° plane, for
example, the outer boundary is composed of a conical ray that
extends from zmin to zcbi, followed by a cubic polynomial to
zcbf, and finally another conical ray to zmax- At zcbi and zcbf,
both rob and rob are continuous. Only the four constants zcbi
and zcbf for the 0° plane and zcti and zctf for the 180° plane
need to be specified. A simple linear interpolation between the
bottom and top values is used for the analogous parameters in
the remaining meridional planes. In most of the examples
presented later, zctf and zcbi were set equal to zis based on the
shock patterns of previously computed test cases.

Equation (2) requires that rob/, robz, and rob<^ be known. For
the conical portion of the outer boundary, these functions are
easily determined from the known shape of the conical bow
shocks (rob(=Q). However, it is slightly more difficult to
determine these functions for the nonconical portion.

In a given meridional plane, the cubic can be written as

(7)

where

= value for f for zci, f2 = value for f for zcf

[e.g.,zci=zct i(0/7r)

and

a =rob]/t, b = ro

cos<£tanX)

The quantities rob( and robz are given by

and

(8)

(9)

where/f = df/df and f,, f?, and f, are given in Eq. (2).
Since the circumferential variation of the quantities a,b,c,

and d in Eq. (7) is not known, rob must be computed
numerically. This is easily accomplished using the following
expression and noting that rob^ is zero at the planes of sym-
metry

(10)

In Eqs. (10), rob and dz/d% are numerically using a second-
order, central-difference formula.

With the computational volume established and the
geometrical derivatives defined, the flow variables at the
nodes can be initialized. Grid points that fall in region 1, i.e.,
between the original bow shock and the incident shock, are
assigned values equal to the original freestream. For the cases
considered here, pj and p/ are set equal to 1 .0, which implies
that ql =MV V^y. The individual velocity components for
region 1 as a function of a. and 0 are given in Table 2. The
conditions in region 3, i.e., behind the incident shock and
above the new bow shock, are given by Eq. (4), while the
velocity components of q3 are also presented in Table 2. Be-
tween ZjS

 and zmax» and below the original bow shock, the
right-side conical-flow values (region 2) are assigned, while
between zmin and zis, and below the new bow shock, the left-
side conical- flow values (region 4) are assigned.

To initiate the calculation, the integration stepsize AT must
be specified. If we use a one-dimensional, amplification
matrix, stability analysis25'29 a governing stepsize for Ar
relative to the JLI, 77, and £ directions can be found as follows

AT,, = CNAr;/ IT/, + «r/z + vt\r + ( w/r) rj0

(Ha)

(lib)

(lie)

where CN is the Courant number and is usually set equal to

Table 2 Cylindrical velocity components of regions 1 and 3 with
respect to the cone (q. =Ujiz + vjfr + H^)

j
1
3

UJ
qjcosa
q3cos a3

VJ
— q j sin a cos <f>
— q3s'm &3cos 0

Wj

q j S i n a sin </>
q3 sin a3 sin </>
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1.0. For the calculation to be stable, the minimum of the step-
sizes in Eqs. (11) is used

and

Ar=min(ArAt, AT,, (12)

During a typical calculation, AT is recomputed every 50
iterations, and it is generally Eq. (lib) evaluated at the outer
boundary in the left-hand end-plane for 0 =180° that governs
the stepsize.

IV. Finite-Difference Algorithm
Equation (2) is solved iteratively at time T=1.0 using the

second-order, noncentered, finite-difference scheme devised
by MacCormack.30 It has been demonstrated 9'27'31-32 that this
scheme can accurately determine the correct strength and
location of all discontinuities in the flow as well as the con-
tinuous regions. The version of MacCormack's scheme used
here as applied to Eq. (2) is

(13a)

(13b)
where

E*Jik =

, (n + 1 ) A

The term D"jtk is a fourth-order smoothing term in the ju, and
rj directions (which does
algorithm) and is given by

not affect the accuracy of the

-dri[ U*J+2tk

03c)

where d^ and d^ are constants that control the degree of
smoothing. The intervals A/x, AT/, and A£ depend on the num-
ber of grid points selected in each direction, and the in-
tegration stepsize AT is defined in Eq. (12).

At the planes of symmetry, special differences for the G?
term of Eq. (2) are required to apply the reflection principle
since an image plane is not used. The terms G;, G2, G3, and
G5 in Eq. (2) are odd functions with respect to the planes of
symmetry while G4 is an even function. In the predictor Eq.
(13a) at </> = 180( (k = KM in Fig. 3), the forward difference
of G^ therefore, is replaced by

for G,

In the corrector Eq. (13b) at 0 = 0° (k = 1 ) , the backward dif-
ference of G ^ is replaced by

for G7, G2, G5, and G5

and

><G#.>,-G$) for G.
The geometric derivatives that are set equal to Num in Eq.

(2) must be evaluated numerically for reasons explained
earlier. To do this, the following second-order, finite-
difference formula is used

where

e; =-3, e2 = 4, €5=-7, forward one-sided difference

€] = !, e2 = 0, e3 = — 1, central difference

ej=3, €2= —4, 63 = ly backward one-sided difference

V. Numerical Results
The computational grid for a typical TDSOS case consisted

of 46x30x 10 points in the /*, 77, £ directions, and required
500 iterations to obtain a converged solution. The vector
arithmetic capability of the CDC 7600 enabled solutions to be
computed in 18 min.

The results generated by the TDSOS computer code yield
data that describe the entire flowfield. However, the
distribution of the surface-flow variables in the vicinity of the
impinging shock (or where the peak pressure occurs) contain
minor oscillations characteristic of the shock-capturing
technique. Thus, to improve the prediction of the peak sur-
face pressure and at the same time check the TDSOS
numerical results, a simple analytic procedure was developed
to calculate the local flow at the transmitted shock im-
pingement points. This supplemental calculation is performed
in both the leeward plane (0=0°), where, for the encounter
angles considered, only Mach reflection can occur, and the
windward plane, where either regular or Mach reflection of
the transmitted incident shock can occur.

The shock impingement points (z/0, labeled R and M in
Fig. 4 are determined from the numerical solution. The

for G7, G2, and G5
Fig. 4 Analytic calculation for regular or Mach reflection of trans-
mitted incident shock at the body.
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velocity of the impingement point with respect to the surface
of the cone is then given by

o NUMERICAL SOLUTION
• ANALYTIC POSTIMPINGEMENT PRESSURE

Knowing this velocity, the right-side conical-flow solution
(region 2), and whether a Mach or regular reflection occurs
(which can be determined for the most part from flowfield
contour plots), one can determine the postimpingement flow.

For Mach reflection, the Rankine-Hugoniot relations for a
normal shock are applied to obtain the postimpingement-flow
variables easily. For regular reflection, the inclination of the
transmitted shock 6a in Fig. 4 is required and can be measured
from the computer-generated contour plots. In combination
with the regular shock reflection relations, it is used to deter-
mine the flow behind and the inclination 6b of the reflected
transmitted shock.

To verify the TDSOS numerical procedure, one of the head-
on encounters experimentally tested by Merritt and
Aronson20 was modeled, namely, My = 3.10 and Af, = 1.29.
The uniform preblast and postblast conditions required to
generate the conical-flow, end-plane solutions are given in
Table 3. In Fig. 5, the numerical results in the form of a
pressure contour plot are superimposed on a schlieren
photograph of the model during its flight. The agreement of
the computed and observed shock structure is very good. An
advantage of the numerical solution is that it can focus on the
flow in a given meridional plane, whereas the experiment that
includes both background and foreground flow cannot. Thus,
the structure of the experimentally transmitted incident shock
in Fig. 5 is lost, but can be observed from the numerical
solution.

Table 3 Uniform-flow conditions in regions 1 and 3 for com-
putational cases

Af"

3.10
3.10
3.12
5.00

Cij

0.0
0.0
0.0
0.0

a

9.0
9.0
9.0
11.2

MI A

1.39 0.0
1.61 0.0
2.07 0.0
1.23 0.0

10.0
19.0
22.0
24.0
32.0
40.0

M3
3.27484
3.32252
3.36277
4.99344
4.98882
4.97685
4.97125
4.96709
4.94703
4.92180

a3

0.0
0.0
0.0
0.0
-0.64850
-1.21885
- 1 .40404
-1.52577
-1.99609
-2.43389

9 r

p/p

- Mj 2.07

Z/t

Fig. 6 Surface pressure distribution for head-on encounters; Mv
° ° °

• NUMERICAL SOLUTION

O EXPERIMENT (ref. 22)
— THEORY (ref.20)

Fig. 5 Comparison of numerical solution with experiment for head-
on encounter, Mv =3.1, a = 0°, a = 9°, A// =1.39, X = 0°.

Fig. 7 Variation of peak surface pressure with incident shock Mach
number for head-on encounters; My =3.1, a = 0 ° , a = 9 ° , A = 00.

The surface pressure distribution for the numerical solution
of this case and two others (see Table 3) for which ex-
periments have been performed22 is shown in Fig. 6. The
numerical data points are plotted to indicate the degree of
clustering used and the amplitude of the postcursor and
precursor oscillations associated with the SCT. All three cases
resulted in a Mach reflection of the transmitted incident
shock, and the analytically determined postimpingement
pressures or, in this case, peak pressures are shown and agree
well with the numerical data.

A comparison of the peak surface pressures determined
from the TDSOS code, experiment,21 and an approximate
theory20 is shown in Fig. 7. The approximate theory assumes
that the axial location of the impingement point of the
transmitted shock is the same as that of the intersection of the
incident shock and original bow shock. This information is
then used in conjunction with the normal shock relations to
calculate the peak pressure. The agreement, as shown in Fig.
7, between this theory and the TDSOS results, is good mainly
because the approximate theory's underlying assumption
regarding the impingement point location is very good.

The latest experiment24 to be performed on this problem in-
volved an 11.2° half-angle cone traveling at Mach 5 and was
to have been struck by a Mach 1.23 (p3/p1 = 1.6) incident
shock at encounter angles near the critical angle, which results
in transition from Mach to regular reflection of the trans-
mitted shock. An effort was made to predict some of the
flowfields prior to the actual experiment, and, toward this
end, several numerical solutions were obtained. The specific
encounter angles, including the postblast, uniform-flow con-
ditions, are given in Table 3.

A sequence of density contour plots typical of the solutions
obtained is shown in Fig. 8 for the A = 24° encounter. The
coalescence of constant-density lines, indicative of a discon-
tinuity, depicts a wave pattern in the 0 = 0° plane similar to
that obtained for the internal-corner-flow problem,27 i.e., the
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OUTER
BOUNDARY

Fig. 8 Density contours in all meridional computational planes for
an oblique encounter; Mv =5.0, a = 0°, a=11.2°,Mi =1.23, X = 24°.

P/P,

-NUMERICAL SOLUTION
' ANALYTIC POSTIMPINGEMENT PRESSURE
8

7

6

5

4

3

2
6

Z/t

Fig. 10 Surface pressure distribution in leeward (0 = 0°) and wind-
ward (0 = 180°) planes (Mach reflection); My=5, a = 0°, <r=11.2°,

Fig. 9 Pressure contours of wind-
ward and leeward computational
planes for oblique encounters;
A/17=5.0, a = 0°, (7=11.2°, MI
= 1.23. a) X = 0°, b) X=10°, c) X
= 19°, d) X = 22°, e) X = 32°, f) X
= 40°.

f )

existence of two triple points joined by a corner shock (also
equivalent to the single tangent model of Smyrl1). Emanating
from both triple points are slip surfaces, shown as a weak
coalescence of lines, that eventually strike the body. The tran-
smitted incident shock is curved (concave with respect to the
vertex of the cone) due to the gradients in the radial direction
and strikes the body perpendicularly. The flow in the region
downstream of the transmitted shock is compressed and,
therefore, the peak pressure in this plane does not occur direc-
tly behind the shock but farther downstream. In the <f> =
80° plane, the transmitted shock becomes convex, and com-
pression waves begin to originate from the most curved region
of the shock. With increasing 0 , these compression waves
coalesce and result in a "X-shock" formation. As 0 increases
further, the small Mach stem of the X-shock disappears and
the transmitted incident shock reflects regularly from the sur-
face of the cone.

Pressure contours of the flow in the windward and leeward
planes for the remaining encounter angles are shown in Fig. 9.
For X=0°, 10°, and 19°, Mach reflection of the transmitted
shock in the windward plane occurs, while for X= 22°, 24°,

P/P.

— NUMERICAL SOLUTION
o ANALYTIC POSTIMPINGEMENT

PRESSURE

,

3 4 5 6 7 8 9 10
Z/t

Fig. 11 Surface pressure distribution in leeward (</> = 0°) and wind-
ward (0 = 180°) planes (Regular reflection); Mv =5, a=0°, <r=11.2°,
M, = 1.23056 (p3//>/= 1.6), f = 1.0.

Table 4 Peak surface pressure: Mv =5, « = 0°, <r=11.2°, and
= 1.230563; </> = 180°, f = 1.0

Wt)i Mh

Mach reflection

0.0 4.61
10.0 5.91
19.0 7.72

7.337
7.546
7.806

Regular reflection

22.0
24.0
32.0
40.0

6.85
6.66
6.57
6.55

7.913
7.999
8.398
8.929

45.3
43.5
36.5
30.0

54.3
48.2
34.8
26.4

0.99758
1.10434
1.45522
1.87248

32°, and 40°, regular reflection occurs. Using only the con-
tour plots and for encounter angles near transition, it is dif-
ficult to determine whether Mach or regular reflection occurs.
But in combination with the analytic technique described at
the beginning of Sec. V, the guesswork is minimized.

Plots of the surface pressure distribution in the 0° and 180°
planes are shown in Fig. 10 for Mach reflection and in Fig. 11
for regular reflection. The individual points are not plotted,
but the degree of clustering (see Fig. 6) is the same for all cases
(/3 = 5). The postimpingement pressures calculated from the
analytic technique described earlier faired in nicely with the
numerical data, and the peak pressures in the windward plane
are summarized in Table 4. Note that the peak pressure in the
leeward plane does not occur directly behind the impinging
shock wave, but is actually equal to the quasi-steady conical
value. For the Mach reflection cases, the pressure spike is
much thinner than for the regular reflection cases (compare
Figs. 10 and 11).
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Fig. 12 Variation of peak surface pressure with encounter angle;
Mv = 5, a = 0°, (7=11.2°, MI = 1.23056 (pj/p/=1.6), /z = 4500 ft,

A comparison of the numerically predicted peak pressure as
a function of the encounter angle X with three approximate
theories [ 1) PRIMUS8-Picatinny Arsenal, 2) MDAC6

McDonnell Douglas Astronautics Co., and 3) MMC12-Martin
Marietta Corp.] and experimental data23'24 is shown in Fig.
12. All three theories grossly over-predict the maximum peak
surface pressure compared to the numerical results and the ex-
perimental data. The encounter angle for transition from
Mach to regular reflection of the transmitted incident shock is
different for each solution and it is difficult to determine from
the experimental data what the correct value of X should be.
Both the first23 and second24 series of Holloman sled test data
are shown in this figure and appear to fall in the regular
reflection regime (based on the numerical results). The three
points plotted for each encounter angle represent pressure
data from probes at three different axial locations. The
discrepancies between the numerical and experimental data
can most likely be attributed to the 10 jusec rise time of the
transducer/data recording system, which would tend to trun-
cate the numerically obtained pressure spikes.

VI. Conclusions
The procedure developed to model the three-dimensional,

unsteady, shock-on-shock problem accurately predicts the
complicated interactive flowfield, including the structure of
the resulting shock pattern and the variation of the surface-
flow variables. The results obtained verify the early models
for the shock structure suggested by Smyrl,1 as did later ex-
periments. Predicted values of the peak pressure in the
windward plane for various encounter angles agree fairly well
with existing experimental results and, in conjunction with the
remaining flowfield data, should provide the vehicle designer
with an abundance of information. Finally, it is believed that,
based on the results of these numerical solutions and the latest
experimental data, the concern originally generated by the
large peak pressures predicted by approximate techniques is
somewhat unwarranted.
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