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Abstract

Reynolds averaged Navier-Stokes prediction of shock wave turbulent boundary layer in-
teractions can yield significant error in terms of the size of the separation bubble. In many
complex interaction cases, this alters the shock structure and the resulting surface properties.
Shock-unsteadiness modification of Sinha et. al. (Physics of Fluids, Vol.15, No.8, 2008) has
shown potential in improving prediction in compression corner flows. In this paper, the
modification is applied in the simulation of oblique shock wave interacting with a turbulent
boundary layer. The flow solution obtained using k-w turbulence model and the implementa-
tion of the shock-unsteadiness correction are described in detail. The shock pattern and the
surface properties like pressure and skin friction coefficient are compared with experimental

data.
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Nomenclature

by shock-unsteadiness damping parameter
Cy Skin friction coefficient
k  turbulent kinetic energy (TKE)

My, Upstream Mach number normal to shock

w specific dissipation rate of TKE
subscripts

0 upstream of interaction

w wall condition

oo free stream conditions

1. Introduction

Practically many flows are turbulent in
nature. In high speed flows shock waves in-
teract with turbulent boundary layer, alter-
ing its characteristics and thereby changing
surface properties like pressure, skin friction
and heat transfer. Some examples of such in-
teractions are in compression corner, oblique
shock impingement on a surface, single fin
and double fin configurations. In a hyper-
sonic vehicle, shock wave from nose can in-
teract with turbulent boundary layer in the
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inlet of scramjet engines. Such oblique shock
wave turbulent boundary later interaction
(OSWTBLI) can significantly effect the flow
in the engine inlet and thus degrade its per-
formance. Accurate flow prediction in these
interaction regions is therefore important for
the design and operation of scramjet engines.

When a shock wave interacts with a
boundary layer, the strong adverse pressure
across the shock wave can cause the bound-
ary layer to separate. The location and size
of the separation bubble has a strong influ-
ence on the flow pattern as well as pressure
and heat transfer. Pressure increases at sep-
aration point and to a larger extent at reat-
tachment. Heat transfer rate and skin fric-
tion attain high values at reattachment point.
Flow separation and reattachment often gen-
erate additional shock waves and expansion
regions which interact among themselves to
result in a complex flow pattern.

Reynolds averaged Navier-Stokes
(RANS) equations are often used to com-
pute shock wave turbulent boundary layer



interaction. Compared to experimental data
conventional two equation turbulence mod-
els generally result in later separation of the
boundary layer[l, 6, 5]. They also under
predict separation bubble size and over pre-
dict the heat transfer rate at reattachment
point. Most of these limitations in RANS
computations are attributed to fact that the
turbulence models do not account for the un-
steady nature of these interactions. Sinha et
al.[4] identified a damping mechanism caused
by the unsteady interaction of turbulent fluc-
tuations with the shock wave. A correction
was added to standard two equation turbu-
lence models to account for this damping
effect. The shock unsteadiness modification
when applied to supersonic flow over com-
pression corner improved the prediction of
separation shock location and the resulting
pressure distribution[8].

In this paper, we apply the shock un-
steadiness correction to the interaction of an
oblique shock wave with a turbulent bound-
ary layer. The next section describes the
geometry and flow conditions in the test
case of Schulein experiments[9]. Next, we
present a summary of governing equations
and the shock-unsteadiness modification to
k-w model. Then the numerical method and
boundary conditions used in the simulations
are described. The last section describes the
computed results using standard and shock-
unsteadiness modified k-w turbulence mod-
els and their comparison with experimental
data.

2. Test case

Experiments  were  performed by
Schulein[9] for the oblique shock wave tur-
bulent boundary layer interaction (OSWT-
BLI) test case. The geometry consists of a
flat plate and a shock generator with three
different deflection angles 6 deg, 10deg and
1l4deg as in Fig.la. The inviscid shock
from tip of shock generator interacts with
the turbulent boundary layer developed
over the flat plate. Free stream condi-
tions are My, = 5, T = 68.33 K, and
Poo = 0.20433 kg/m?® with unit Reynolds
number Rej,, = 37 x 106/m. The plate is
maintained under isothermal conditions of
300 K. Initially the experiments were done
for flow over flat plate to obtain turbulent

boundary layer values like 6, 0*, # and C'y at
different locations on the plate. Wall data
like pressure, skin friction and heat trans-
fer rates were measured in the interaction
region.

3. Simulation Methodology

Two-dimensional compressible RANS
equations[10] for the mean flow are solved
fully coupled with turbulence model equa-
tions. Two equation standard k-w model of
Wilcox[11] and the recent shock-unsteadiness
corrected k-w model of Sinha et. al.[4] are
used in the simulations. In-house code[7] is
based on finite volume formulation of the
governing equations. Inviscid fluxes are com-
puted using Steger-Warming low dissipation
method of Candler and MacCormack|[2]. Vis-
cous fluxes and turbulent source terms are
computed using central difference method.
The method is second order accurate in spa-
tial co-ordinates. Implicit data parallel line
relaxation method of Wright et. al.[3] is used
to integrate in time and reach steady state
solution.

The computational domain shown in
Fig.1b covers the vicinity of the interaction
region. It extends 85 mm upstream and
150 mm downstream of the interaction re-
gion. In the y-direction, it extends to 44
mm. At the wall isothermal (T, = 300 K),
no slip boundary conditions are applied. At
the upper surface of domain, post-shock con-
ditions are given and at the exit boundary,
the flow variables are extrapolated from the
interior. At the inlet a turbulent boundary
layer velocity profile is specified, which is ob-
tained from a separate simulations over a flat
plate with same free stream and wall bound-
ary conditions as experiment. The inlet pro-
file is modified at the shock entry point to
post-shock conditions calculated analytically.
Free stream conditions for k-w turbulence
model are : koo = 0.01vsoweo = 1.87 x 1073
m?/s? and we, = %= = 8.28 x 10% s71,
where L = 1 m is characteristic length of the
plate. The boundary conditions at the wall
are taken as k = 0 and w = g%’;%, where v,
is kinematic viscosity at the wall, 8 = 3/40,
and Ay is the normal distance to the grid
point nearest to the wall.
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(a) Experimental configuration

Figure 1: (a) Sketch of experimental configuration with flat plate almolck generator of deflection angle
= (3 deg, depicting oblique shock wave boundary layer interactioniihe confined part of experiments
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Figure 2: Computations showing dilatatiofy; and
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pressure contours showing different shocks, ex-

pansion waves and streamlines with separation bubbleg wsamdard:-w model forg = 14 deg and

My =5.

Shock-unsteadiness modified k-w
model

The shock unsteadiness correction[4] is
applied by multiplying the eddy viscosity of
standard k-w model by the factor

¢, =1 fi[L+(07/V3)/(] (1)
where ¢ = s/w is dimensionless mean strain
rate, the parameter s = [23;;5;; — (2/3)52]'/2
and the mean strain rate tensor is §;; =
(1/2)[(01;/0x;) + (04;/0x;)]. The damping
parameter b] caused by the interaction of the
upstream velocity fluctuations and the shock
unsteady motion is given by

by = max(0,0.4(1 — e = M) (2)

where My, upstream Mach number normal
to the shock wave. The function f, locates
the region of shock wave by the ratio §;/s
and takes the values of one across a shock
wave and in other areas it becomes zero. It
is defined as

1

fs

(3)

;tanh[S(é};i /s) + 4]

[\)

4. Results and Discussions

The oblique shock wave turbulent bound-
ary layer interaction is shown in Fig.2 for a
14 deg shock generator using standard k-w
model. The flow in the interaction region is
complex because of the presence of multiple
shocks and expansion waves along with flow
separation. The dilatation s;; becomes nega-
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Figure 3: Computed (a) wall pressure and (b) skin friction with= 14 deg using standard (Std)-w
and modified shock-unsteadiness (Sly model with M., = 5, compared with experiments (Exp).

tive across the highly compressed zones and
captures the shock regions accurately. Fig.2b
is a magnified view of the interaction region
represented by pressure contours. The inci-
dent shock interacts with turbulent bound-
ary layer developed over the flat plate causing
the flow to separate due to adverse pressure
gradient. Streamlines showing the extent of
the separation region are plotted where sepa-
ration (S) and reattachment (R) points are
identified. The separation bubble acts as
ramp and results in the formation of a sep-
aration shock. Intersection of the incident
and separation shocks generates an induced
shock wave. The intersection point has high
flow compression, which is evident from the
large negative values of §;; in this region. The
flow turns over the separation bubble result-
ing in the formation of expansion waves. The
expansion fan is embedded between induced
and reflected shocks and large positive values
of dilatation are observed in this region. The
expansion waves interact with and weaken
the induced shock, which is apparent from
low negatives of §;. The expansion waves
also cause the induced shock to bend (rela-
tive to the dashed line in Fig.2a and merge
with the reflected shock formed by the coales-
cence of compression waves in the reattach-
ment zone. The inviscid flow over the bound-
ary layer is deflected downward through the
incident shock. It then passes through in-
duced shock and expansion waves, and finally
through the reflected shock to become paral-

lel to the flat plate.

Fig.3(a) shows that variation of pressure
and skin friction coefficient along the plate
as measured in the experiments. Pressure re-
mains constant in the boundary layer initially
up to separation point and rises across the

separation shock at = -36.6 mm. Later it
remains approximately constant in the sep-
aration bubble, up-to z = -14.2 mm. Flow

reattachment causes the pressure to rise to
large values and is shown by rapid increase
at the end of pressure plateau. Downstream
of reattachment pressure remains constant in
the recovery region. Due to the adverse pres-
sure gradient across the separation shock the
flow separates and C crosses zero at © =
-33.7 mm. At reattachment point C; again
crosses zero at x = -1.5 mm. In the recircula-
tion zone C takes negative values because of
flow reversal. In the reattachment region as
the boundary layer is compressed, it results in
higher velocity gradient and therefore higher
C¢. Downstream of the reattachment shock,
boundary layer thickness increases hence de-
creasing Cy for £ > 10.5 mm. Simulations
show similar trend as experiments but yield a
smaller separation bubble (7.4 mm) than ex-
periment (34.1 mm). This results in smaller
pressure plateau and a steeper reattachment
pressure rise as compared to the measure-
ment. Also, the computed skin friction at
reattachment is much higher than experi-
ment.
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Figure 4: Distribution of §;; depicting different shock regions.Few points depicted ibgles are taken
on lines (lying on shock regions) and corresponding poiptneam of it along the streamline are shown
by x.
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Figure 5: Computations showing dilatatiofn; and pressure contours, showing different shocks, expan-
sion waves and streamlines with separation bubble, usingkstinsteadiness modifigdw model for

[ =14ddegandM,, = 5.

Application of shock-unsteadiness
modification

In order to incorporate shock-
unsteadiness effects, we need to identify the
shock waves and high compression regions in
the flow. This is done by the function fs. To
apply the shock unsteadiness modification at
a grid point inside a shock we also need to
obtain the flow velocity upstream of this lo-
cation. Then we need to find its component
normal to the shock and calculate the corre-
sponding Mach number (Mi,,). The damping
parameter b] used in the shock-unsteadiness
model is a function of Mj,.

The oblique shock wave turbulent bound-
ary layer interaction is a complex zone where
the values of upstream Mach number normal
to shock Mj,, has to be determined across
the incidence, separation, induced and re-
flected shock waves shown in Fig.2b. Some
of these values depend on the shock pattern

in the intersection region and cannot be pre-
scribed a priory. For example, Mach number
upstream of reattachment shock depends on
the strength of the incident shock, induced
shock and expansion waves. For the separa-
tion shock upstream Mach number varies ap-
proximately between 1.1 to 3.4, and it varies
from 3.4 to free stream value of 5 near the
boundary layer edge for the incident shock.
Downstream of the incident shock wave Mach
number decreases to around 3.6 for the in-
duced shock. As the flow expands through
expansion waves formed after the induced
shock the Mach number varies between 2 to
3.5 upstream of reflected shock wave.

The values of upstream Mach number at
different shocks are calculated manually from
Fig.4. This is done by taking the angle
between the local streamline and the shock
wave and using it with the respective up-
stream Mach number to obtain the Mach



number normal to the shock wave My,,. The
average value of My, and b} across the dif-
ferent shock waves in boundary layer region
is found to be 1.728 and 1.883 and this value
of b} is used to apply the shock-unsteadiness
correction.

The shock pattern obtained using shock
unsteadiness modification is shown in Fig.5 in
terms of dilatation §;; and pressure contours.
The shock structure has striking resemblance
to the experimental shadowgraph[9]. The
high compression (negative §;) regions in
Fig.5a match the corresponding dark lines in
experimental shadowgraph[9]. These include
the incident, separation, induced and trans-
mitted shocks as well as the curve pattern of
the reflected shock. The expansion fan gen-
erated over the separation bubble curves the
induced shock downwards. Similarly the re-
flected shock is curved upwards by the expan-
sion fan. This effect is clearly seen in Fig.5b.

The main effect of the shock unsteadi-
ness modification is to reduce the amplifi-
cation of TKE across a shock wave. Lower
turbulence results in earlier separation than
standard k-w model and a larger separation
bubble is observed. Due to the large separa-
tion bubble the shock structure is changed,
compared to computations using standard k-
w model. The physics of the formation of
different shock waves, expansion waves and
recirculation region is similar to the descrip-
tion given in earlier section using standard k-
w model with several differences as described.
The large separation bubble causes the sep-
aration shock to shift in upstream direction
closer to experiments. It also increases the
length of the separation bubble and induced
shocks. The interaction of incident and sep-
aration shock results in transmitted shock.
This transmitted shock is very small and is
not clear in the k-w solution. From pressure
contour plot of Fig.5b it is observed that the
expansion region embedded between induced
shock and reflected shock is increased. The
induced and reflected shock waves intersect
at about 60 mm from origin. In the experi-
ment the expansion fan generated at the end
of the shock generator deflects both the in-
duced and reflected shocks upwards. Due
to this bending, the two shocks intersect ap-
proximately at a distance of 110 mm from the
origin. From the shock unsteadiness modified

model computations we conclude that the
shock structure is improved and shows bet-
ter prediction in the separation bubble size
and separation point location compared with
standard k-w model.

Computed wall pressure and skin fric-
tion using shock unsteadiness modified k-w
model are shown Fig.3(a). The standard k-w
model predicts the separation point location
far downstream approximately 27.24 mm
whereas the shock-unsteadiness modified k-w
model predicts this location 8.1 mm down-
stream which is closer to experiments. At
the separation point the k-w and modified k-
w model give pressure rise of 2.46 and 3.33
whereas the experiments gives 3.8. The stan-
dard model predicts smaller plateau and the
modified model yields larger pressure plateau
and this is due to prediction of smaller and
larger sizes of separation bubble. Later the
wall pressure rises in the reattachment re-
gion is also better predicted by the shock un-
steadiness modification. Computations with
k-w and modified k-w model give an over-
all pressure ratio across the separation and
reattachment shocks equal to 13.7 and 13.4
which is closer to the experimental value of
13.9. The overall pressure ratio from inviscid
theory is calculated as 13.6. The simulations
using k-w model show approximate incident
and reflected shock angles to be 24.15 deg and
13.1 deg with respect to wall whereas the in-
viscid theory gives 23.3 deg and 13.7 deg.

From Fig.3(b) it is observed that Cj re-
mains constant in the boundary layer up-
stream of the separation shock. It drops be-
fore separation point at x = —10.5 mm for
k-w model which is at a distance of 34.6 mm
downstream of experiments and for the mod-
ified k-w model it drops at x = —30.6 mm
which is at 14.5 mm downstream. The simu-
lations using modified k-w model gives larger
separation bubble size, equal to 27.1 mm
compared to size of 7.4 mm using standard k-
w model. The experiments measure large sep-
aration bubble size equal to 34.1 mm. Both
the models predict the reattachment point
accurately. The k-w model predicts higher
values of Cy across the reattachment region
and later drops to near experimental values
in the recovery boundary layer. The modified
model predicts lower values across the reat-
tachment region and follows the same mag-



nitude in the downstream boundary layer.
5. Conclusions

In this paper, we study the impingement
and reflection of an oblique shock wave on
a turbulent boundary layer. The configura-
tion chosen is a 14 degree shock generator
at Mach 5. Both standard k-w model and
shock-unsteadiness modified k-w models are
used in the simulation, and the results are
compared to experimental data. Issues in-
volved in the implementation of the shock-
unsteadiness modification are also addressed.
These include identification of the different
shocks in the numerical solution and calcula-
tion of upstream Mach number at each shock
location. The standard model yields too
small a separation region and hence does not
predict the correct shock pattern as seen in
the experimental shadowgraphs. The shock-
unsteadiness correction yields improved pre-
diction of the separation location as well as
the separation bubble size. This in turn re-
sults in close matching of the shock struc-
ture with the experiment. The surface pres-
sure computed using the modified turbulence
model also shows improvement over the stan-
dard model.
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