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Effect of Geometry on the Unsteady
Type-IV Shock Interaction

Charles A. Lind*
U.S. Naval Academy, Annapolis, Maryland 21402

This work describes the effect of cowl geometry on the unsteady behavior of a type-IV shock inter-
action. The numerical procedure used for the thin-layer approximation to the compressible Navier —Stokes
calculations is a second-order central difference approximation for the diffusion terms and a total vari-
ation diminishing type scheme for the inviscid terms. The calculations show that the peak surface pres-
sure, the impingement location of the supersonic jet, and the time required for the development of the
interaction are functions of both the impinging shock location and the cowl geometry. In addition, it is
shown that the peak pressure loads associated with the type-IV shock interaction can be reduced by

changing the geometric shape of the cowl.

Nomenclature

= grid clustering parameters
speed of sound

grid clustering parameters
length scale

Mach number

pressure

= time

x, y component of velocity
physical coordinates
shock angle

change in ()

angular measurement

= transformed coordinates
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Subscripts

= circular cylinder
= jet

grid indices

= residual

shock

= total

= viscous

= wall

= freestream
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Superscript
n = Y-coordinate exponent

Introduction

NE of the most challenging problems associated with the

design of hypersonic vehicles is the accurate prediction
of the interaction between the oblique shocks that form on the
primary vehicle surfaces and the curved shocks that form on
the protruding, secondary surfaces of the vehicle, as shown in
Fig. 1, or of the hypersonic waverider, described in detail by
Bowcutt.'
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Since these transatmospheric vehicles will require aerody-
namic control surfaces, thrusters, or even engine integration to
successfully complete their missions, an environment will exist
for the formation of detached, curved shocks. The interaction
of the primary oblique shocks with the curved shocks can re-
sult in a very complex flowfield with extremely high pressure
and heat transfer loads in a localized region. Experimental as
well as computational results have shown that these pressure
loads and heating rates can be up to 30 times larger than those
of the noninterfering case.”™® The associated large-temperature
gradients and attendant thermal stresses resulting from such an
interaction may severely limit the life of these structural com-
ponents or perhaps the usefulness of the vehicle.

The type-IV shock interaction is one of six types of shock
interactions first categorized by Edney.” The six different shock
interaction patterns are shown in Fig. 2 and the type IV is
described in more detail in Fig. 3.

It has been experimentally shown that for the type-IV shock
interaction, the peak pressure, heat transfer rates, and pressure
distributions are sensitive to upstream thermodynamic flow
conditions, shock strength, and Mach number.”> In addition,
recent experimental®® and computational*™® work indicates
that the type-IV interaction is unsteady. In particular, for the
geometries studied, interaction frequencies on the order of 1
-30 kHz were found.

Since it is desirable to find new ways to minimize the effects
of the heat and pressure loads on the engine cowl (because of
the shock on shock interactions) as well as to decrease the
effect of the shock reflections within the engine, resulting in
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Fig.1 Generic hypersonic vehicle showing the type-IV shock in-
teraction.
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Type 1

Fig. 2 Six types of shock interaction patterns: SP, sonic point;
IS, impinging shock; and BS, bow shock.
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Fig. 3 Type-1V shock interaction: BS, bow shock; ECW, expan-
sion/compression waves; IS, impinging shock; NS, normal shock;
SL, shear layer; SJ, supersonic jet; and TS, transmitted shock.

shock-/boundary-layer interactions, a geometric change in the
engine cowl is studied.

This work considers, for the first time, the effect of imping-
ing shock location on the type-IV interaction for a variety of
cowl leading-edge geometries. In addition to parametric stud-
ies, the time-accurate variation of the peak surface pressure is
presented, as is the time evolution of the interaction. Detailed
flowfield analysis is also performed from which conclusions
can be drawn about the effect of engine cowl geometry.

Numerical Algorithm
The approach to high-resolution upwind schemes is incor-
porated in the prevention of numerical oscillations, as opposed
to classical methods where oscillations are damped out after
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they have occurred. It is for this reason that a high resolution
scheme, in particular the total variation diminishing (TVD)
algorithm, was selected for this work.

The original TIMETVD code, which forms the basis for the
present work, was derived from the ARC2D code developed
at NASA Ames Research Center. The ARC2D code solves the
thin-layer approximation to the Navier—Stokes equations in
generalized curvilinear coordinates. The inviscid portion of
ARC2D with the TVD algorithm was also modified at NASA
Ames Research Center. The numerical algorithm is an implicit
approximate factorization finite difference scheme (ADI). The
TVD scheme used in the present code, which was developed
by Yee and Harten,'' gives second-order accuracy in space and
time. Roe’s averaging is used to describe the inviscid com-
ponents of the flux. The entropy fix of Harten, with Yee’s
second-order corrections is implemented," and the explicit vis-
cous terms are centrally differenced.

The original ARC2D code has been validated by Pulliam,"
the original TIMETVD code by Montagne and Yee,"” and the
present version of the TIMETVD code by Lind.’

Initial and Boundary Conditions

To initiate the time-accurate solution of the shock interaction
flowfield, a blunt body solution is first calculated for each ge-
ometry. A straight oblique shock (of a given strength defined
by B) is then introduced into the flowfield such that it intersects
the initial bow shock formed on the blunt body solution at an
angle given by 0,, as shown in Fig. 4.

At the body surface a zero-pressure gradient and constant
wall temperature is assumed.

The outflow boundary, which is supersonic for all calcula-
tions, is extrapolated from the adjacent grid point. For the blunt
body calculations, freestream values are used for all points on
the inflow boundary. For the shock interaction cases, free-
stream conditions are assigned to the points on the inflow
boundary above the shock impingement point and values given
by the Rankine—Hugoniot equation, for the given freestream
Mach number and shock strength, are assigned to the remain-
ing inflow points.

Grid Generation

Each grid in this study resulted from a two-step grid-gen-
eration process: an algebraic grid smoothed by an elliptic
solver. The algebraic grid algorithm generated the body, out-
side boundary, and clustered grid points circumferentially in
regions of interest. Specifically, the points on the outside
boundary were clustered near the impinging shock location
and points on the solid boundary were clustered near the im-
pingement point of the supersonic jet. An elliptic solver was
utilized to ensure smoothness of the grid, orthogonality of the
grid lines at the solid surface, and grid clustering at the solid
boundary.
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Fig. 4 Nomenclature used in the discussion.



66

Algebraic Grid Generation

The solid body, for each geometry, was modeled by scaling
the y coordinate of a circular body of a given radius. In par-
ticular, for any given x coordinate, the y coordinate of the new
cowl geometry is given by

y(x) = yx)" (1)

where y. is the y coordinate of the circle and n is a number in
the range 1.0 = n = 1.2. This is shown schematically in Fig.
5. The geometries used in this work are shown schematically
in Fig. 6. In this figure, y = y#%1.00 corresponds to the circular
cylinder and is shown as a reference.

The freestream boundary was generated using the shock cor-
relations of Billig."* The upper and lower portions of the out-
side boundary were calculated independently so as to conform
to the geometry of the type-IV interaction. The upper and
lower portions of the outer boundary were connected by a
straight line.

Clustering in the circumferential direction was performed
separately on the solid and outside boundary and was accom-
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Fig. 5 Description of surface boundary.
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Fig. 6 Four different geometries used in this study.

plished by using the following stretching function from Hoff-
mann'”:

B B sinh[B(n — A)]
r=t =D {1 © T inh(BA) } (22)
where A is given by

A:LE 1 + (e = 1)D/H) 2b)

2B "1+ (¢ *— D(DIH)

In Egs. (2a) and (2b), B is the grid clustering parameter and
controls the amount of clustering, H is the total length of the
direction being considered, D is the y coordinate where clus-
tering is desired and & and m are the coordinates in the com-
putational space.

Elliptic Grid Generation

To ensure orthogonality at the solid surface and to smooth
the grid, the elliptic grid generation algorithm developed by
Sorenson'® is used. In addition to grid orthogonality, the al-
gorithm also allowed the user to specify the spacing between
the solid body and the grid point immediately above it, Asyqy-
A typical grid used in this study is shown in Fig. 7. All grids
used in this study had a constant As., of 3 X 107° m.

Results

Initial Blunt Body Solutions

The initial condition for each of the runs (for each geometry)
was a converged blunt body solution (i.e., no impinging
shock). The blunt body calculation was considered converged
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Fig. 7 Typical 179 x 160 elliptic grid (n = 1.2 and every third
point in the £ and m direction is shown). Inset highlights body
region (every grid point is shown).

Table 1 Summary of shock interference studies”

n=1.0 n = 1.05 n=1.1 n=12
Shock equation 0, Shock equation 0, Shock equation 0., Shock equation 0.,
y=mx + 0.03151 168.2 y=mx + 0.02365 171.1 y=mx + 0.02019 173.7 y=mx + 0.01663 176.0
y=mx + 0.02959 170.0 y=mx + 0.02135 173.8 y=mx + 0.01902 175.1 y=mx + 0.01601 176.9
y=mx + 0.02656 172.9 y=mx + 0.01902 176.5 y=mx + 0.01723 177.3 y=mx + 0.01476 178.6
y=mx + 0.02365 175.7 y=mx + 0.01601 179.9 y=mx + 0.01601 178.8 y=mx + 0.01283 181.0
y=mx + 0.02019 179.1 y=mx + 0.01476 181.3 y=mx + 0.01413 181.1 y=mx + 0.01081 183.7
y=mx + 0.01601 182.9 y=mx + 0.01283 183.5 y=mx + 0.01081 185.0 y=mx + 0.00941 185.5
) =mx + 0.01283 185.9 y=mx + 0.01149 185.1 y=mx + 0.00941 186.7 y=mx + 0.00796 187.3

S

The equations describe the impinging shock, m = 0.331613 (19 deg) and 6, is the location on the bow shock where the oblique shock impinges.
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Fig.8 Effect of impinging shock location 0, on the peak pressure
and JIA for each geometry.
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Fig. 9 Comparison of surface pressure for n = 1.05 and various
SIAs.
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Fig. 10 Comparison of surface pressure for n = 1.1 and various
SIAs.

when the L, norm of the density residual dropped below 10~ "°.
The L, norm of the density residual is defined as

Jmax kmax

S S 02,/ Vit
Jj=1 k=1

lp-l> = 3)
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Fig. 13 Close view of surface pressure for various geometries
with 0, ~ 181 deg.

where p,;, the residual of the density, is defined as the differ-
ence in the value of density between two time integration steps

€]

In this work only the pressure calculations are performed.
To accurately predict the heat transfer in this work, it is esti-
mated that Ay would have to be at least 10~ ° m, as discussed
by Lind.” Since grid spacing of this order would drastically

_ ntl _ n
Prik = Pjk Pk
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increase the computational effort required, and since this work
is directed more toward the unsteady phenomena, which pres-
sure measurements can accurately analyze, heat transfer results
were not calculated.

Parametric Studies

The flow conditions used in this work are based on those
used by Holden et al."” for run 24. Specifically, M., = 8.144,
Re/m = 1.243 X 107, and T = 954 K. All calculations were
performed with an impinging shock angle of 19 deg. Three

10
9 =
Time (ms)
8F 5 2%
— A 284
F — 2388
6F —o0— 292
—— 296
=2
E —o— 3.00
E 5
4 -
3 -
2 -
1 F A
0 - s i
-20 0 60 80

20 40
Angular Position (*)

Fig. 14 Time history of the surface pressure over one cycle for
the n = 1.1 and 0, = 178.8-deg calculation.
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Fig. 15 Close view of time history of the surface pressure over
one cycle for the n = 1.1 and 0, = 178.8-deg calculation.
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Fig. 19 L, norm of the density residual for the geometry y =
y X" for various 0.

different geometries were studied (n = 1.05, 1.1, and 1.2) and
were compared with the results for n = 1.0°. The cases studied
are summarized in Table 1. A constant time step of 2 X 1077
s was used for all calculations.

The overall trends for the four different geometries, shown
in Fig. 8, are similar and are to be expected. First, as the
impinging shock location moves downward (from 6, < 180 deg
to 6, > 180 deg), the supersonic jet location also moves down-
ward. Also, the peak surface pressure reaches a maximum, for
each geometry, which is to be expected since the other inter-
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actions have a lower peak surface pressure than that of the
type-1V interaction. The exception to this is for the larger val-
ues of O, whenn = 1.1 and 1.2.

It is also noticed from Fig. 8 that as n increases, thereby
making the cowl geometry more elliptic, the angular region
over which the type-IV interaction occurs is less. Furthermore,
the peak pressure decreases and the location of the largest
value of pressure moves downward along the cylinder surface.

Figures 9—-11 show a comparison of the surface pressure for
various shock impingement angles (SIAs) for each of the ge-
ometries. These figures highlight the trends shown in Fig. 8.
Note also that some of the cases have separated regions for 0

< 0 deg.
Figure 12 shows a full view of the surface pressure distri-
bution for various geometries with 6, ~ 181 deg and Fig. 13

shows a close view of the peak pressure region. In these figures
notice that the width of the jet decreases, as given by the an-
gular extent of the surface pressure distribution, and the value
of the peak pressure decreases as n increases. As indicated in
Fig. 8, Figs. 12 and 13 show how the interaction moves down
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Fig. 22 Computational schlieren of the terminating shock asso-
ciated with the supersonic jet for various shock impingment lo-
cations and y = y . 0, = a) 175.1, b) 178.8, and c¢) 182.6 deg.
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across the cowl surface as n increases for a constant value
of 0,.

Jet Unsteadiness

The time variation of the surface pressure for the n = 1.1
geometry with 0, = 178.8 deg is shown in Figs. 14 and 15.
Notice from these figures that in addition to the jet motion
there is an unsteady separation region. This separated region
was noticed for all geometries when 6, was approximately
greater than 180 deg, the type-IV® region, described by Lind.”

The time history of the peak pressure for various 0, are
shown in Figs. 16—18. These figures are for n = 1.05, 1.1, and
1.2, respectively. In addition to the trends noted earlier, these
figures show which of the interactions remain unsteady and
which reach a steady-state solution. In addition, these figures
show that as the body surface is made more elliptic in shape
(n increasing) the interaction develops faster.

Another measure of the unsteadiness of the interaction can
be made by looking at the L, norm of the density residual, as
shown in Figs. 19 and 20. These plots show global unsteadi-
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Fig. 23 Computational schlieren of the terminating shock asso-
ciated with the supersonic jet for various shock impingement lo-
cations and y = y > 0, = a) 176.9, b) 181, and c¢) 183.7 deg.

ness, as opposed to Figs. 16—18, which show the localized
unsteadiness associated with the supersonic jet. The low os-
cillation frequencies measured from Figs. 19 and 20 range
from 2.7 to 12.6 kHz. These oscillations occurred when the jet
impingement angles (JIAs), 0, were greater than 180 deg.

Detailed Flowfield Analysis

It was determined that for the configurations in which the
interaction was unsteady, the terminating shock associated with
the supersonic jet was either parallel with the body surface or
angled downward. Computational schlierens of the shock con-
figurations for some of the cases are illustrated in Figs. 21—
23 and should be compared with the cases described earlier.
These figures also show that as the cowl becomes more elliptic
in shape the supersonic jet becomes more narrow and the in-
teraction moves in closer to the cowl and becomes more com-
pact.

Conclusions

The unsteady characteristics of the type-IV shock interaction
for several different geometries have, for the first time, been
numerically investigated using the thin-layer formulation of
the Navier—Stokes equations coupled with a high-resolution,
time-accurate, implicit TVD scheme.

The quasisteady state unsteadiness associated with interac-
tions resulted from an unsteady separation region located
above the jet impingement location. There is also a relationship
between the orientation of the terminating shock associated
with the supersonic jet and the measured unsteadiness. When
the terminating shock is oriented such that it is either parallel
with the body surface or makes an angle such that the flow
through the shock is deflected downward, the interaction was
found to be unsteady.

Changing the cowl geometry from a circular shape to a more
elliptic shape tends to decrease the value of the peak pressure,
move the location of the maximum peak pressure downward,
decrease the width of the supersonic jet, and decrease the de-
velopment time of the interaction.
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