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Computational Analysis of the Unsteady Type IV Shock
Interaction of Blunt Body Flows

Charles A. Lind* and Mark J. Lewist
University of Maryland, College Park, Maryland 20742

A thin-layer approximation to the two-dimensional Navier —Stokes equations, coupled with the total variation
diminishing scheme, is used to examine a type IV shock interaction at Mach 8. The calculations reveal that the
apparent unsteadiness of the type IV interaction is related to the formation and shedding of shear layers within
the shock layer and acoustical feedback between the distorted bow shock and the body. A Fourier analysis of
the flowfield indicates that this shedding frequency is the same frequency associated with the motion of the
supersonic jet. The effects of shock impingement angle and shock strength on the location and magnitude of
the peak pressure are also studied and it is shown that changes in the impinging shock angle can strongly affect
the peak surface pressure and the supersonic jet position. Further examination of the unsteady behavior of the
interaction reveals that a small change in the impinging shock angle can change the flowfield from steady to

unsteady.

Nomenclature

grid-clustering parameters
grid-clustering parameters
reference length

Mach number

Prandt]l number

pressure

Reynolds number

cowl radius

temperature

time

x, y component of velocity
shock angle

ratio of specific heats
change in ()

shock standoff distance
angular measurement
viscosity
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£, m = transformed coordinates
Subscripts

io= et

s = shock

t = total

v = viscous

0 = freestream

Introduction

HE practicality of a hypersonic vehicle will depend on
the design of a weight-saving, engine-integrated air-
frame, in which the forebody acts as the engine compression
surface and the aftbody serves as the engine nozzle, as shown
in Fig. 1. To properly design the inlet of such a vehicle, a
detailed analysis of the flowfield is essential. Of particular
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importance is the interaction of the shock formed on the
compression surface, the inlet shock, with the shock formed
on the engine cowl, the cowl shock.

When the inlet shock interacts with the most forward part
of the cowl bow shock, the result is a very complex flowfield
with extremely high pressure and heat transfer rates in a very
localized region. Experimental as well as computational re-
sults have shown that these pressure loads and intense heating
rates can be up to 30 times larger than those of the nonin-
terfering case.'~¢ In addition, this phenomenon is not limited
to the engine cowl lip region, but may also be of concern on
other areas of a transatmospheric vehicle, including the wing
and tail sections” and at pylon couplings for multistage ve-
hicles. :

The type IV shock interaction, shown in Fig. 2, is one of
six types of shock interactions first categorized by Edney.! In
his work, Edney described the geometry of the six different
flowfields, as determined by schlieren photographs, and also
presented experimental measurements of the heat transfer
rates and pressure loads for blunted bodies of different shapes.

It has been experimentally shown that for the type IV shock
interaction, the peak pressure, heat transfer rates, and pres-
sure distributions are sensitive to upstream thermodynamic
flow conditions, shock strength, and Mach number.!>#9 In
addition, experimental>'® and computational®->!1 work in-
dicates that the type IV interaction is unsteady. In particular,
for the chosen geometries, interaction frequencies on the or-
der of 1-32 kHz were found.

Fig. 1 Generic hypersonic vehicle showing the type IV shock inter-
action.
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Fig. 2 Type IV shock interaction. BS, bow shock; ECW, expansion/
compression waves; IS, impinging shock; NS, normal shock; SL, shear
layer; SJ, supersonic jet; and TS, transmitted shock.

Until recently, relatively little work has been done to ex-
plain this unsteadiness or the mechanism that drives it. Pre-
vious work has suggested the following possible causes for
this unsteadiness: 1) shear-layer turbulence, 2) turbulent in-

teractions at the jet impingement location, 3) acoustic feed-

back within the subsonic region, and 4) sensitivity of the in-
teraction to upstream variations.

Analytical work has shown that variations in the upstream
conditions will not have a significant effect on the unsteadiness
of the type IV shock interaction at high hypersonic speeds.!?
However, at moderate hypersonic speeds upstream unstea-
diness may affect the shock unsteadiness. Therefore, if the
type IV interaction is unsteady, then it would most likely be
associated with the physics of the type IV shock interaction
and not with variations in upstream conditions.

This work first considers the effect of different impinging
shock strengths and impinging shock locations on the type IV
shock interaction. The time evolution of the supersonic jet is
then presented. Finally, a detailed flowfield analysis is nu-
merically presented from which the mechanism of the un-
steadiness is discussed.

Numerical Algorithm

In the present work the TIMETVD code of Yee,'* which
solves the two-dimensional Navier—Stokes equations in gen-
eralized curvilinear coordinates, is used. The total variation
diminishing (TVD) scheme utilized in this work is described
by Yee and assumes laminar flow and a perfect gas. Roe’s
averaging is used to describe the inviscid components of the
flux, as described by Yee. The Euler implicit method is used
for the time integration and the explicit viscous terms are
centrally differenced.

Code validation for this version of the TIMETVD algorithm
has been performed by Lind® and Lee.™

Initial and Boundary Conditions

A blunt body solution is first calculated on each of the grids
used in this study. This converged solution was used as the
initial condition. At ¢ = 0, an impinging shock is introduced
into the flowfield. A no-slip velocity condition, constant tem-
perature, and zero pressure gradient are all assumed at the
body surface. A first-order approximation to the pressure
gradient was applied.

The outflow boundary, which is supersonic for all calcu-
lations, is extrapolated from the adjacent grid point. For the
blunt-body solution 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
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Fig. 3 Schematic diagram of computational and physical domain and
initial and boundary conditions.

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 re-
maining inflow points. A schematic diagram of the initial and
boundary conditions is shown in Fig. 3.

Grid Generation

To provide smooth variation of the grid points throughout
the physical domain, grid clustering in regions of high gra-
dients and grid orthogonality, a two-step grid-generation
process was utilized. An algebraic grid was generated and
used as input to an elliptic grid solver. The algebraic grid
algorithm allowed for the generation of the body, outside
boundary, and clustering of grid points circumferentially in
regions of interest. In particular, the points on the outside
boundary were clustered near the impinging shock location
and points on the solid boundary were clustered near the
impingement region of the supersonic jet. The elliptic solver
was used to ensure smoothness of the grid, orthogonality
of the grid lines at the solid surface, and grid clustering at
the solid boundary.

Table 1 summarizes the grids used in this study. In this
table SIA is the shock impingement angle or the angle at
which the shock intersects the inflow boundary, as shown in
Fig. 3. A6, is the angular difference between two adjacent
grid points at the shock impingement location on the outside
grid and is an indication of the circumferential grid resolution
at the shock impingement region. A, is defined in the same
way as Af,,,, but at the jet impingement location. (X, y)4.q
is the location of the impinging shock on the inflow grid. 6.,
gives the average grid orthogonality at the body near the jet
impingement location. In addition, the circular cylinder was
centered at the origin, the normal distance from the body to
the first grid point was 3.38 x 1073 m, and the cell Reynolds
number at the body, Re, = p.a.AYoq,/M., Was 4.21 X 10%

Algebraic Grid Generation

The solid body was modeled as a circular cylinder. The
freestream boundary was generated using the shock corre-
lations of Billig."* Since Billig’s correlations give the exact
shock shape, multiplicative factors of this equation were used



LIND AND LEWIS 129

Table 1 Summary of grids used in this study

Oorins
Grid Grid B, SIA, Ab,ias Aby4y» body,
no. size deg deg deg deg (%5 Y)gria, M deg
1 88 x 88 18.0 177.80 0.60 0.55 (—0.358, —1.37E-2) 89.8
2 121 x 121 19.0 184.19 0.30 0.49 (—9.75E-2, —7.13E-3) 89.6
3 181 x 160 19.0 185.08 0.34 0.22 (—9.54E-2, —8.47E-3) 89.7

“Representative grid.
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Fig. 4 Typical 181 x 160 semiadaptive elliptic grid. (Note: For clar-
ity, every third point in the £ and 7 direction is shown.)

to generate the upper and lower segments of the outside
boundary so as to conform to the geometry of the type IV
interaction. These segments were connected by a straight line.

Clustering in the circumferential direction was performed
separately on the solid and outside boundary and was accom-
plished by using the following stretching function from Hoff-
mann'®:

- _ sinh[B(n — A)]
r=4 y= D{l T T inh(BA) } M
where A is given by
114 (8 — 1)(DIH)
A=B" T+ (e? = O)(DH) @

In Eqgs. (1) and (2), B controls the amount of clustering, H
is the total length of the direction being considered, D is the
y coordinate where clustering is desired, and £ and 7 are the
coordinates in the computational space.

Elliptic Grid Generation

To ensure orthogonality at the solid surface and to smooth
the grid the elliptic grid generation algorithm ‘developed by
Sorenson'” was used. In addition to grid orthogonality the
algorithm allows the user to specify the spacing between the
solid body and the grid point immediately above it. A typical
grid used in this study is shown in Fig. 4.

Baseline Test Case
In this study the experimental work of Holden,'® in partic-
ular run 24 of that study, is used as a baseline for Mach
number, Reynolds number, and overall geometry. This data

Table 2 Experimental conditions for run 24
and computational assumptions

Experimental conditions Computational
of run 24 assumptions
Wedge length, 0.6731 m v, 1.4

Wedge angle, 12.50 deg Tars 954K
Ax, 1.50E-0.2 m B, 18.0 deg
Ay, 7.34E02 B, 19.0 deg
M., 8.144

Re/m, 1.243 x 107
Hos 2.957 X 10° (m/s)?
:Bculcv 1804 deg

is summarized in Table 2 along with the assumptions for the
present computational work. In this table, Ax is the distance
from the edge of the plate to the front of the cylinder and Ay
is the distance from the center of the cylinder to the top of
the wedge generator. The shock angle B, was determined
from the given wedge angle and freestream Mach number. 8,
and B, are the two shock angles used in this work. B; was
chosen to be representative of the shock angle given by the
freestream Mach number and shock deflection angle in in-
viscid flow, and B, approximates the shock angle measured
directly from the photograph for run 24 of Holden. No at-
tempt was made to find the location of the impinging shock
that resulted in the correct distribution of pressure along the
cylinder surface for run 24; hence, no comparisons with the
experimental results will be performed.

Results

It has been suggested by Hoffmann'® and Klopfer and
Yee? that the calculation of heat transfer is a function of
the distance from the body to the first grid point An. How-
ever, the pressure is not as sensitive to this distance and a
grid spacing that is several orders of magnitude greater is
sufficient to accurately predict the pressure. To accurately
predict the heat transfer in this work it is estimated that
this distance would have to be at least 107 m. Since grid
spacing of this order would drastically and unrealistically
increase the computational effort required and since this
work is directed more towards the unsteady phenomena,
which pressure measurements can accurately analyze, heat
transfer results were not calculated.

Parametric Studies

The sensitivity of peak pressure and jet impingement lo-
cation to the shock impingement angle and shock strength is
shown in Fig. 5. This study was performed on the 88 X 88
grid. Impinging shock angles of 18 and 19 deg were considered
and the location of the impinging shock on the outer boundary
varied from 177.80 = 6 = 187.97 deg. In this figure, the
nonlinear variation of peak pressure and jet impingement
angle with the shock impingement angle is shown. Also notice
in this figure that a change in shock angle, from 18 to 19 deg,
for a shock impingement angle of 182.44 deg, results in a peak
pressure increase of 21% and a 4-deg change in the jet im-
pingement angle. For the 19-deg shock angle calculation no-
tice that a 3-deg change in the shock impingement angle re-
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Fig. 5 Effect of shock strength and shock impingement angle on jet
impingement angle and peak pressure.

sults in an angular change of 11 deg in the jet impingement
location and a 32% change in the peak surface pressure. This
is an indication of the sensitivity of the impinging shock lo-
cation on the interaction.

Jet Unsteadiness

Under certain conditions the previous analysis yielded an
unsteady supersonic jet, as can be seen in a plot of the time
history of the peak pressure. The effect that a change in shock
impingement angle 6 and shock strength, given by a shock
angle of B, have on the time variation of peak surface pressure
and its position is shown in Fig. 6. These cases were also
studied on the 88 X 88 grid. In these figures the discrete
variation in the jet impingement angle with time is due to the
limits of grid resolution at these points.

Figure 6a shows the time variation of peak pressure and its
location for 8 = 18 deg and for 6 = 182.44 and 185.19 deg.
Notice that for these shock impingement angles the flowfield
reaches a steady state in approximately 35 and 45 ms, re-
spectively.

When B is increased to 19 deg, an increase of just 1 deg,
the interaction does not reach steady state at shock impinge-
ment angles of 179.77 deg or for 185.19 deg within the 60-ms
run time, as shown in Fig. 6b. The resulting flowfield appears
to approach a quasisteady state, in that all of the initial tran-
sients have subsided and the supersonic jet has evolved into
a damped, oscillatory motion.

Considering the 185.19-deg shock impingement angle and
18- and 19-deg shock angles, given by the hollow symbols in
Fig. 6, notice that the result of the stronger shock is that the
interaction is not damped as quickly. That is, the amplitude
of the peak pressure and jet impingement angle becomes
larger and the unsteady phenomena do not damp out as quickly,
as indicated by the fact that the steady state has not been
reached in the 60-ms run time.

Although the time history of peak pressure and jet im-
pingement angle is damped in time, for this course 88 x 88,
high-frequency oscillations are still apparent. In particular, a
high-frequency oscillation on the order of 1.4 kHz is modu-
lating a lower frequency response.

The development of the supersonic jet, as shown by time
progression of surface pressure, is shown in Fig. 7 for a 185.19-
deg shock impingement point and shock angles of 18 and 19
deg. For both shock angles the transformation of the flowfield
from the blunt body solution to the type V then back to the
type IV is clearly seen. In particular, note that for a shock
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angle of 18 deg, shown in Fig. 6a, the surface pressure reaches
a steady-state solution. However, for an impinging shock an-
gle of 19 deg, shown in Fig. 6b, the surface pressure distri-
bution does not reach steady state within the 60-ms run.

To study this interaction in more spatial detail the grid
density was increased to a 181 x 160 grid. A time history of
the peak pressure and as well as the position of this peak
pressure is shown in Fig. 8 for a shock impingement angle of
187.08 deg. The oscillatory behavior of the jet is clearly shown.
As depicted in Fig. 8b, the frequency of oscillation is mea-
sured to be 1.38 kHz. A Fourier analysis of the quasisteady
flowfield was performed for this solution, as well as a solution
conducted on a 121 x 121 grid. The analysis on the more
dense grid resulted in a high-frequency oscillation of 1.39 kHz
superimposed on a 85-Hz carrier signal. The solution on the
121 x 121 grid had a 1.45-kHz signal riding on a 100-Hz
signal.

Figure 8 shows that the higher frequency oscillation, as-
sociated with the rapid back and forth jet motion, is super-
imposed on the lower frequency oscillation. The mechanism
driving the lower frequency oscillation is the transient re-
sponse to imposition of initial conditions. The Strouhal num-
ber based on cylinder diameter St, is approximately 5.6 X
10? for the higher frequency oscillation. Future parametric



LIND AND LEWIS 131

12 r :
: Time (s)
+—<—-0.000
101~ 0:00
—v——0.004
[ ——-0.006
8 ~—0—0.008
i ——0.016
i —o—0.032
o 6 —#—0.06
&
a
4 -.
2 -

i PR Y PR Lo 1
(-)45 -30  -15 0 15 30 45 60 75
a) Angular Position (Degrees)
12
[ . Time (s)
; ——<—0.000
10f o 0.00:

[ ~——=0.006
8 EATL ~ 0y DHNK:

V. UUO:
+—-0.016
[ —0—-0.032
(] 6 L
&
45 -30 -15 0 15 30 45 60 75
b) Angular Position (Degrees)

Fig. 7 Surface pressure at various time steps for shock impingement
angle of 185.19 deg. B = a) 18 and b) 19 deg.

work will be performed to determine if there is a correlation
between Strouhal number and the other similarity parame-
ters.

Detailed Flowfield Analysis

A spatially detailed flowfield calculation was performed on
the 181 x 160 grid. A 19-deg impinging shock was chosen
with a shock impingement location of 185.077 deg. For these
calculations a time increment of 10~ ms was chosen, which
resulted in a maximum Courant—Friedrichs—Lewy number of
0.9995.

Plots of the streamline patterns as well as vorticity contours,
as discussed in Lind,® lead to the conclusion that the resulting
unsteady flow is related to the formation and shedding of a
strong vortex, production of which is due to the high-velocity
gradient across the shear layer that bounds the upper part of
the supersonic jet. When the vortex reaches a minimum pres-
sure, it breaks down, resulting in the shedding of shear layers
and formation of embedded shocks that propagate over the
cylinder. A schematic diagram of these flow features is shown
in Fig. 9. ,

Figure 10 shows schematically the evolution of the flowfield
over one time cycle of peak pressure. Figures 11a—~11d show
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Fig. 9 Schematic diagram of the computed flowfield. BS, bow shock;
ECW, expansion/compression waves; ES, embedded shock; IS, im-
pinging shock; NS, normal shock; SL, shear layer; SJ, supersonic jet;
SWBLI, shock wave/boundary-layer interaction; TS, transmitted shock;
and V, vortex.
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Fig. 10 Schematic diagram of the time evolution of flowfield.

Fig. 11 Schlieren type plot of flowfield over one-half time cycle. ¢ =
a) 23.50, b) 23.60, c) 23.70, and d) 23.80 ms.

computationally generated schlieren diagrams for the latter
half of this cycle, 23.50 = ¢ = 23.80 ms, at 0.1-ms increments.
Schlieren-type plots are gradients of density in the x direction,
and hence, the dark regions indicate an increase in density,
whereas the light regions show a decrease in density. The
density contour levels are arbitrarily chosen to show specific
flow features. Comparing these figures with the time variation
of pressure and jet impingement angle shown in Fig. 8, it is
seen that ¢+ = 23.50 ms corresponds to the time when peak
pressure is at a minimum. The remaining plots are presented
at 0.1-ms increments for just over one-half cycle of oscillation.

The phenomena exhibited in Figs. 10 and 11 may be best
explained if one analyzes half a pressure cycle at a time.
Consider first the cycle depicted by points 1-4 in Fig. 10. At
point 1, the upper and lower shocks are farthest away from
the body. Because of the large velocity gradient across the
shear layer, which extends from the upper shock and forms
the upper portion of the supersonic jet, a vortex forms near
the junction where the supersonic jet impinges the body. As
this vortex increases in strength, decreasing the local pressure,
the outer shock structure moves towards the body and the jet
moves upward. At the same time the end portion of the ex-
pansion region, which is bounded by shear layers, bends to-
wards the body.

As the expansion region continues to bend the lower trailing
portion of the shear layer forms into a shock, which then
interacts with the boundary layer, resulting in a mild separated
region. At this point in time, the shock wave detaches from
the shear layer and propagates downstream, degenerating with
time. At about the same instant in time the pressure associ-
ated with the vortex reaches a minimum. This is point 4 in
Fig. 10.

At later times, 23.50 < ¢ < 23.90 ms, shown in Figs. 11a—
11d, the vortex weakens, increasing the local pressure, and
the shock structure moves out. Consider once again Fig. 8b
along with the computational schlieren plots of Fig. 11. Notice
that the variation of the jet impingement angle remains con-
stant over a very short time period after the peak pressure
has reached a local minimum. It is at this time that the vortex
is strongest.

In addition to the shock motion and the generation of vor-
ticity, the schlieren-type plots also show the generation and
shedding of shear layers. By following the shear layer in time
one finds that the frequency of shedding is approximately 1.4
kHz. This is the same frequency found by direct measurement
of the time variation of pressure as well as by the Fourier
analysis performed on the time history of the peak pressure.

Conclusions

The unsteady characteristics of the type IV shock interac-
tion have been numerically investigated using the thin-layer
formulation of the Navier—Stokes equations coupled with a
high-resolution, implicit TVD scheme.

The high-frequency jet unsteadiness is seen to be related
to the formation of a vortex near the junction of upper shear
layer and the termination point of the supersonic jet, its break-
down, and then its propagation along the upper portion of the
cylinder, causing shear layers to be generated and then shed.

The jet unsteadiness is also a function of the shock strength
and its impingement angle. The oscillatory motion of the peak
pressure is strongly dependent on the shock strength. Small
deviations in the impinging shock properties can drive a steady-
state flowfield to an unsteady one.

The computational work presented here did not include
turbulence modeling. The effect of turbulence, especially in
regions near the shear layer and the jet impingement point
may influence the frequency and magnitude of the unstea-
diness; this will be included in future work.
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