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Unsteady Characteristics of a Hypersonic Type IV
Shock Interaction

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

The unsteady characteristics of a Mach 8 type IV shock interaction are numerically studied using a time-
accurate total variation diminishing scheme for solving the thin layer approximation to the two-dimensional
Navier-Stokes equations in conservative form. The calculations show that the peak surface pressure, the im-
pingement location of the supersonic jet, and the time required for the development of the interaction are strong
functions of the impinging shock location. For a range of impinging shock locations the interaction is found to
be unsteady. In addition, this unsteady phenomena is shown to be related to the transients of the interaction
and to the orientation of the terminating shock associated with the supersonic jet. The frequency of oscillation
of the supersonic jet, as described by the location of the peak surface pressure, is shown to be proportional to
the location of the impinging shock.

Nomenclature
A, B = grid clustering parameters
D, H = grid clustering parameters
M = Mach number
p = pressure
Re = Reynolds number
T = temperature
/ = time
jc, y = physical coordinates
p = shock angle
A( ) = change in ( )
6 = angular measurement
p = density

Subscripts
J = Jet
s — shock
w = wall
0 = stagnation
3° = freestream

Introduction

T HE successful design of a hypersonic vehicle will depend
on the accurate prediction of the interaction between the

oblique shocks formed on its primary surfaces and the curved
shocks formed on its protruding surfaces. This configuration
is like that of the proposed hypersonic, transatmospheric ve-
hicle, shown in Fig. 1, or of the hypersonic waverider.1

Since these vehicles will require aerodynamic control sur-
faces, as well as an engine-integrated airframe to successfully
complete their missions, an environment will exist for the
formation of detached, curved shocks. The interaction of the
vehicles straight oblique shocks with its curved shocks can
result in a very complex flowfield with extremely high pressure
and heat transfer rates within an extremely localized region
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(i.e., a type IV shock interaction). Experimental as well as
computational results have shown that these pressure loads
and intense heating rates can be up to 30 times larger than
those of the noninterfering case.2"8 The associated large-tem-
perature gradients and attendant thermal stresses resulting
from this interaction may severely limit the useful life of the
structural components, which in turn could limit the useful-
ness of the vehicle.

The type IV shock interaction is one of the six types of
shock interactions first categorized by Edney in 1968.2 The
six different shock interaction patterns are shown in Fig. 2
and the type IV shock interaction 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 rate,
and surface pressure distributions are sensitive to upstream
thermodynamic flow conditions, shock strength, and Mach
number.2-3-8"10 In addition, recent experimental3'11 and com-
putational5"8-12 work suggests that the type IV interaction is
unsteady. Verifying the unsteadiness and identifying the char-
acteristics of the unsteady phenomena is important from a
structural standpoint. The cooling requirements will strongly
depend on whether or not the supersonic jet is fixed or os-
cillating, and, more importantly, structural fatigue may set in
if the leading edges are not properly designed for the periodic
heating of the structure due to the oscillating supersonic jet.

This work considers the effect the location of the impinging
shock has on the type IV shock interaction, in particular, the
unsteady phenomena associated with the interaction. The var-
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Fig. 1 Generic hypersonic vehicle showing the type IV shock inter-
action.
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Fig. 2 Six types of shock interaction patterns.
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Fig. 3 Type IV shock interaction.

iation of the peak surface pressure with time is considered,
as is the time evolution of the interaction. Finally, a detailed
flowfield analysis of the jet impingement region is performed
from which conclusions can be drawn about possible causes
of the unsteadiness associated with the interaction.

Numerical Algorithm
The approach to high resolution upwind schemes is incor-

porated in the prevention of numerical oscillations, as op-
posed to classical methods where oscillations are damped out
after they have occurred. For this reason, a high resolution

scheme, in particular the total variation diminishing (TVD)
algorithm, was selected for this work and is described in detail
by Lind.8

The original TIMETVD code, which forms the basis for
the present work, was derived from the ARC2D code de-
veloped by Steger and Pulliam16 at the NASA Ames Research
Center. The ARC2D code solves the thin layer approximation
to the Navier-Stokes equations in generalized curvilinear co-
ordinates. Helen Yee,14 also of NASA Ames, modified the
inviscid portion of ARC2D with the TVD algorithm. The
numerical algorithm is an implicit approximate factorization
finite difference scheme (ADI). The TVD scheme used in the
present work, which was developed by Yee and Harten13 and
Yee,14 gives second-order accuracy in space and time. Roe's15

averaging is used to describe the inviscid components of the
flux. The entropy fix of Harten, with Yee's second-order cor-
rections is implemented and the explicit viscous terms are
centrally differenced.

The original ARC2D code has been validated by Pulliam,16

the original TIMETVD code by Montagne and Yee,17 and
the present version of the TIMETVD code by Lind.8

Initial and Boundary Conditions
In order to initiate the time-accurate solution of the shock

interaction, a blunt-body solution (i.e., no impinging shock)
is first calculated. A straight oblique shock (of a given strength
defined by the shock angle /3) is then introduced into the
flowfield such that it intersects the shock formed on the blunt
body at an angle given by 0S, as shown in Fig. 4. For all
calculations a zero pressure gradient and constant tempera-
ture are assumed at the body surface.

The outflow boundary, which is supersonic for all calcu-
lations, is extrapolated from the adjacent grid point. For the
blunt-body calculation 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 angle are assigned to the remaining
inflow points.

Grid Generation
A two-step grid generation process, an algebraic grid fol-

lowed by an elliptic smoother, was used. The algebraic grid
algorithm generated the body, the outside boundary, and clus-
tered grid points circumferentially in regions of interest. Spe-
cifically, the points on the outside boundary were clustered
near the impinging shock location and points on the solid
boundary were clustered near the impingement point of the
supersonic jet. An elliptic solver was utilized to assure
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Fig. 4 Nomenclature used in the discussion.
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Fig. 5 Typical 181 x 160 elliptic grid. (Note: every 4th point in the
f and rj direction is shown.) Inset highlights the body region (every
grid point is shown).

smoothness of the grid, orthogonality of the grid lines at the
solid surface, and grid clustering at the solid boundary.

Algebraic Grid Generation
The solid body was modeled as a circular cylinder. The

freestream boundary was generated using the shock corre-
lations of Billig.18 The upper and lower portions of the outside
boundary were calculated independently, so to conform to
the geometry of the type IV interaction, and were connected
by a straight line.

Clustering in the circumferential direction was performed
separately on the surface and freestream boundaries and was
accomplished by using the following stretching function from
Hoffmann19:

y = D \\ +

where A is given by

x = (

smh[B(rj - A)]]
sinh(BA)

J_ 1 + (eB - !)(£>///)
~ 2 B / / f 1 + (e~B

(la)

(Ib)

In Eqs. (la) and (Ib), 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 f and 17 are the coordinates in the com-
putational space.

Elliptic Grid Generation
In order to ensure orthogonality at the solid surface and

also to smooth the grid, the elliptic grid generation algorithm
developed by Sorenson20 was used. In addition to grid or-
thogonality, the algorithm also allowed 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. 5.

Results
Initial Blunt-Body Solutions

Recall that a blunt-body solution is used as the initial con-
dition for the calculation of the type IV shock interaction.
This calculation was considered converged when the L2 norm

I IP , I I 2 = (2)

where pr.t, the residual of the density, is the difference in
the value of density between two time integration steps

prj.k = PM - PM (3)

It has been suggested by Kloper and Yee6 and Hoffmann21

that the calculation of heat transfer is a function of the distance
from the body to the first grid point Ary^, and that the pressure
is not as sensitive. In addition, they showed that accurate
prediction of the pressure was possible even for grid spacing
several orders of magnitude greater than that required for
accurate heat transfer predictions. This trend was also noticed
in the present work. In particular, the laminar flow over a
blunt body was calculated and compared with the experi-
mental results of Holden,22 run 31. In particular, M^ = 8.033,
Tx = 404.64 K, Tw = 954.0 K, and Relm = 4.911 x 106.
The results are shown in Figs. 6a and 6b for several values
of Ai7M, and they clearly show this trend.

In order to accurately predict the heat transfer in this work
it is estimated that A^ would have to be at least 10~9 m.
Since grid spacing of this order would drastically increase the
computational effort and, moreover, since this work is di-
rected more towards the understanding of the unsteady phe-
nomena associated with the interaction (which pressure mea-
surements can accurately analyze), heat transfer was not
calculated.

Parametric Studies
A series of numerical experiments was performed in which

the value of the impinging shock location Os was varied be-
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Fig. 6 Comparison of calculated a) surface pressure and b) heat
transfer with experiment.
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tween the values of 168-186 deg. The flow conditions are
modeled after those of Holden,22 run 24. Specifically, the
following values were used: M^ = 8.144, Tx - 429.12 K,
Re/m = 1.243 x 107, Tw = 954.0 K, and Ar/^ - 3.4 x lO'5.
Furthermore, the calculations were performed with an im-
pinging shock angle of 19 deg and all calculations were per-
formed on a 181 x 160 grid. The computations presented in
this work are summarized in Table 1. In this table the max-
imum Courant-Friedrichs-Lewy number, CFLmax, corre-
sponds to the maximum CFL for the calculation. Since the

Table 1 Summary of results using 181 x 160 grid

os,
deg

168.2
170.0
171.2
174.0
175.7
179.1
182.9
185.9

JIA,
deg

10.98
13.43
14.96
17.59
18.90
20.98
23.82
27.0

P/Po

9.88
10.07
10.11
10.10
10.08
9.98
9.79
9.78

A/,
x l O ~ 7 s

2.00
2.00
2.00
2.00
1.32
2.00
2.00
2.00

CFL,
max

4.5
4.5
4.4
4.4
2.9
3.3
4.5
4.5

Notes

——

U

U
U

Note: JIA and P/P0 correspond to steady-state values, /3 = 19 deg and U =
unsteady.
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Fig. 7 Effect of Os on the peak pressure and jet impingement angle.
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60 70

Fig. 8
(-10 =

Comparison of surface pressure for 168.2 < Os < 185.9 deg
; 0 < 70 deg).

value of CFL varies with time, only the maximum value is
referenced in the table.

Figure 7 shows the variation of the peak surface pressure
and the angle at which the supersonic jet impinges the surface,
given by the location of the peak surface pressure, for the
various shock impingement angles Qs. The trends shown are
not unexpected. First, as the location of impinging shock moves
downward (from Os < 180 deg to 9S > 180 deg) the impinge-
ment location of the supersonic jet also moves downward. In
addition, the peak surface pressure reaches a maximum, which
is also expected since the other types of interactions have a
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Fig. 9 Comparison of surface pressure for 168.2 < 0S < 185.9 deg
(-80 < 0< 20 deg).
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Fig. 10 Time variation of peak pressure and jet impingement location
for different shock impingement locations: a) full view and b) close
view of pressure.
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Fig. 11 Time variation of peak pressure and jet impingement location
for 0S > 180 deg.
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Fig. 12 Time variation of peak pressure and jet impingement location
for the unsteady calculations: a ) 0 . 0 ^ f ^ l . 5 m s and b) 0.75 < t
< 3.0 ms.

lower peak surface pressure than that of the type IV inter-
action.

Figures 8 and 9 show the surface pressure distribution for
different shock impinging locations in the range 168.2 < 0S <
185.9 deg. Figure 8 highlights the distribution of the peak
surface pressure and Fig. 9 shows the development of an
unsteady separation bubble as 6S increases from 168.2 to 185.9
deg. The unsteady flowfield associated with Os = 185.9 deg
will be discussed in more detail later. These plots also rein-
force the results shown in Fig. 7.

Low frequency
transients

Quasi-steady
state

Time

Fig. 13 Schematic of the pressure distribution with time showing
types of oscillations.
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Fig. 14 Effect of 0S on the low frequency VL and high frequency VH
oscillations.
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Fig. 15 Time history ( t :
174.0 deg.

1.0 ms) of the surface pressure for Os =

Jet Unsteadiness
A time history of the peak surface pressure and its location

are considered for several shock impingement positions (168.2
< 6S < 185.9 deg) and are shown in Figs. 10-12. The results
for some of the cases where Bs < 180 deg are shown in Fig.
10. Notice that some cases resulted in flowfields in which the
transients of the interaction subsided, as given by the value
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Fig. 16 Time history (t
174.0 deg.
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Fig. 17 Time history of the surface pressure for Os = 185.9 deg and
t < 3.2 ms.
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Fig. 18 Close view of time history of the surface pressure for Os
185.9 deg showing the unsteady peak pressure region.
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Fig. 19 Close view of time history of the surface pressure for Ss =
185.9 deg showing the unsteady separation region.
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Fig. 20 Variation of a) density along select paths as described in the
plot of b) Mach number contours for Os = 170.0 deg.

and position of the peak surface pressure, while others con-
tinued to oscillate. Figure lOb compares the peak pressure
distribution for one of the unsteady cases, Os = 175.7 deg,
with the steady cases and highlights the oscillatory behavior.
The cases for 6S > 180 deg are shown in Fig. 11. A comparison
of the jet impingement angle (JIA) and the peak surface
pressure for the cases studied in this work determined to be
unsteady are shown in Fig. 12.

In general, Figs. 10-12b show that the peak surface pres-
sure and the position of the peak surface pressure are slightly
out of phase and that the interaction with the greatest am-
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Fig. 21 Computational schlieren of the terminating shock associated with the supersonic jet for various shock impingement locations: 0V =
a) 168.2, b) 171.2, c) 175.7, d) 179.1, e) 182.9, and f) 185.9 deg.

plitude in the peak pressure is associated with the case with
the greatest shock impingement location 6S. For the cases in
which 0V > 171.2 deg, increasing the impinging shock location
tended to increase the peak transient surface pressure, de-
crease the steady-state surface pressure, increase the rate of
convergence to the peak pressure associated with the transient
phase, and increase the angular position of the impinging jet.

Figures 10-12b also show that there is a low-frequency
transient as well as a high-frequency "steady-state" motion
associated with the interaction. This is shown schematically
in Fig. 13. The effect of 6S on the frequency of oscillation is
summarized in Fig. 14. This figure shows that there is a direct
relationship between the oscillation frequency and the loca-
tion of the impinging shock.

A time history of the surface pressure, for 6S = 174.0 deg,
is shown in Fig. 15 for t ^ 1 ms in steps of 0.1 ms. Figure 16
is a similar plot, but for t ^ 4.4 ms in steps of 0.5 ms. It is
important to note the rate at which the solution reaches the
steady state, which should be compared with the previous
figures.

Figures 17-19 describe the time history of the surface pres-
sure for the unsteady case in which Os = 185.9 deg for t <
3.2 ms. Notice that after 1 ms the solution converges to a
quasisteady state, oscillating about a mean angular position
of about 27 deg. For this case the unsteadiness appears to be
caused by an unstable separation region located around 0 =
-40 deg, as shown in Fig. 19. The oscillation frequency was
determined to be about 2.4 kHz, which corresponds to the
low-frequency oscillation described in Fig. 14.
Detailed Flowfield Analysis

In order to better understand the type IV shock interaction
phenomena, particularly the region where the supersonic jet

impinges, detailed flowfield calculations were performed.
Resolution of the key interaction features (shocks and shear
layers) is shown in Fig. 20 for the case in which ds = 170.0
deg. Figure 20a describes the density variation along the se-
lected grid lines that are highlighted in the Mach contour plot
shown in Fig. 20b. These figures show that the shocks are
captured within 5 grid points and the shear layers are captured
in less than 10 grid points. This further shows the importance
of grid clustering.

Recall that for certain shock impingement locations the
interaction was determined to be unsteady. Close examina-
tion of the jet impingement region reveals interesting flow-
field characteristics and suggests a possible explanation why
some of the interactions were steady and others were un-
steady. Computational schlierens of some of the interactions
studied in this work are shown in Fig. 21. Comparison of Fig.
21 with Figs. 10-12b shows that for the configurations in
which the jet was oscillating the terminating shock associated
with the supersonic jet was angled slightly upward or down-
ward. For the case where Os — 180 deg the interaction was
steady.

This has subsequently led to the following subdivision of
the nomenclature used to describe the type IV shock inter-
action:

Type IV-: for 0, > 185 deg
Type IV: for 175 < Os < 185 deg
Type IV + : for 0S < 175 deg

Using this nomenclature, the type IV+ was found to be
steady, the type IV~ unsteady, and the type IV may be steady
or unsteady.
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Conclusions
The unsteady characteristics of the type IV shock interac-

tion have been numerically investigated using a time-accurate
thin layer formulation of the Navier-Stokes equations cou-
pled with a high-resolution, implicit TVD scheme.

Grid clustering is important to capturing the essential phys-
ics of the interaction. In addition to the surface gridding nec-
essary to capture the boundary layer, it is also important to
have sufficient gridding in the shock and shear layer regions.

The location of the impinging shock has a strong influence
on the development of the interaction, on the maximum value
of the peak pressure, and on the frequency of oscillation
associated with the interaction. The unsteadiness associated
with the type IV ~ interaction resulted from an unstable sep-
aration region located above the jet impingement location
and to the orientation of the terminating shock associated
with the supersonic jet. The unsteadiness associated with the
type IV interaction, an inherent unsteadiness, appeared to
only be related to the orientation of the terminating shock of
the supersonic jet. It was also observed that when the ter-
minating 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.
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