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Three-Dimensional Shock/Boundary-Layer Interaction
Using Reynolds Stress Equation Turbulence Model

Ge-Cheng Zha* and Doyle Knight'
Rutgers University, Piscataway, New Jersey 08855-0909

The three-dimensional crossing shock wave/turbulent-boundary-layer interaction caused by an asymmetric
7 X 11-deg double fin with incoming Mach number 3.95 was simulated using the Reynolds-averaged Navier—Stokes
equations with a full Reynolds stress equation turbulence model. An implicit approximate factorization method
is used for the temporal integration. Roe’s scheme is used for evaluation of the convective terms of the mean flow
and Reynolds stress equations with a third-order MUSCL-type differencing. The computed surface pressure is
in good agreement with the experiment. The computed heat transfer coefficient shows a modest improvement
compared with previous results obtained using the k—e model with Chien’s low-Reynolds-number correction. Both
computations of the heat transfer display significant deviations from experiment. Tests of the grid refinement,
different upstream boundary-layer profiles, and different isothermal wall temperature also are presented.

1. Introduction

ITH the development of aerospace technology, the super-

sonic and hypersonic aerodynamic design for aircraft attracts
more attention. Even though the Concorde supersonic transport and
the Space Shuttle have been in use for more than a decade, many
supersonic acrodynamic problems are not well understood. An im-
portant problem is the shock wave/turbulent-boundary-layer inter-
action, which enhances the heat transfer and the skin friction and
reduces the kinetic energy of the flow. Good understanding and
prediction of the shock wave/turbulent-boundary-layer interaction
will provide important information to aircraft designers. Knight!
recently reviewed the status of the computational fluid dynamics re-
search on three-dimensional shock wave/turbulent-boundary-layer
interaction for a family of geometries. It is now generally agreed that
the wave structure and pressure field can be accurately predicted in
general for simple three-dimensional shock wave/turbulent-bound-
ary-layer interactions, e.g., sharp fin and swept compression corner.
However, the predicted heat transfer typically shows a large devia-
tion from experiment. Such disagreement is apparently attributable
to the inadequacy of the eddy viscosity concept inherent in alge-
braic and k—¢ models. Reynolds stress equation (RSE) turbulence
models are promising candidates because they naturally incorporate
the nonlocal and history effects of the Reynolds stress development.
However, RSE models have been applied mainly to incompressible
flows, but they recently have begun to be used also for compressible
flows.2=% However, most of the work is limited to two-dimensional
compressible flows, and no work has been done to apply an RSE
model to a three-dimensional shock wave/turbulent-boundary-layer
interaction.

Because the structure of shock wave/turbulent-boundary-layer in-
teractions for simple geometries is generally well understood, atten-
tion has focused in recent years on more complex three-dimensional
shock wave/turbulent-boundary-layer interaction, including the
crossing-shock (double fin) interaction (Fig. 1). This configuration
has been proposed as a possible hypersonic inlet.”-® Virtually all
research to date has focused on the symmetric crossing-shock
interaction.”~!® Collaborative experimental and computational re-
search has elucidated the wave and streamline structure. Good
agreement has been observed between computed and experimental
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surface pressure and flowfield profiles; however, computed heat
transfer typically overestimates the experimental data.! ' Var-
ious modifications to two equation turbulence models have been
tested to improve the prediction of heat transfer. !¢

There are only a few studies of the asymmetric crossing-shock in-
teraction. Garrison'® obtained surface flow visualization and planar
laser-sheet images for a series of crossing-shock configurations at
Mach 3.9, Zheltovodov et al.!” obtained surface pressure, heat trans-
fer, and flow visualization for several asymmetric crossing-shock in-
teractions at Mach 3 and 4. Knight et al.?® computed two crossing-
shock interactions at Mach 4 corresponding to experimental con-
figurations of Garrison'® and Zheltovodov et al.,"” using Chien’s
k—e model.* Good agreement was observed between computed
and experimental surface pressure and flow visualization; however,
surface heat transfer was overpredicted by 100% within the three-
dimensional interaction region.

The purpose of this paper is to study the asymmetric three-
dimensional crossing shock wave/turbulent-boundary-layer interac-
tion with a full RSE model of turbulence. The objectives are twofold.
First, we seek to evaluate the accuracy of a full RSE model by com-
parison with the experimental data of Zheltovodov et al."” for a
Mach 3.95 asymmetric 7 x 11-deg crossing shock. The previous
results of Knight et al.?’ using Chien’s k—¢ model also are presented
for comparison with the full RSE model. Second, we examine the
flowfield structure predicted by the RSE model, and offer some
conjectures regarding the enhancement of turbulence by the shock
wave/boundary-layer interaction.

II. Governing Equations and Turbulence Modeling

The governing equations are the Reynolds-averaged Navier—
Stokes equations with the additional equations for the Reynolds
stresses, the turbulent dissipation rate, and heat flux terms. The

Fig.1 Diagram of a double fin.
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Reynolds-averaged Navier—Stokes equations for conservation of
mass, momentum, and energy are

3,p + & pitx =0 %))

8, pit; + Oppit; ity = —Op + i (—pujuy + Tix) )
8, pe + d(pe + Pty = 8 (—cppT"ui — Gi)

+ B (—pul Uit + 1 Tx) + e (—5 o luTuy + 1 Tiy) (3
where 9, = 8/0t, 8, = 3/ x, and the Einstein summation convention
is employed. The overbar denotes a conventional Reynolds average,
and the tilde is used to denote the Favre mass average. A double
prime (”) represents fluctuations with respect to the Favre average,
whereas a single prime (') stands for fluctuations with respect to the
Reynolds average.

In the above equations, o is the mean density, #; is the mass-
averaged Cartesian velocity with (&4, it2, 43) = (&, v, W), p is the
mean pressure, and e is the mass-averaged total energy per unit
mass. The following relations are employed to evaluate p and e:

p=ART @

sl + k (5)

pk = %pu,’-/u,f/ (6)
The mean molecular viscous stress ;; is
T = —%ﬁakﬁkaij + (i + 850;) @)

where i = u(T) is determined by the Sutherland law. Similarly,
the molecular heat flux is

- Cpll ,
= ———04,T 8
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where Pr is the molecular Prandt] number.

In the energy equation, the triple velocity correlation % pujuuy
and the velocity—molecular shear correlation uT; are considered
small and are neglected.'

To close the above equations, a turbulence model needs to be
introduced to determine the Reynolds stress —pu;/u’} and the turbu-
lent heat flux —c,pT"u;. A full RSE turbulence model developed
by Gnedin and Knight?' is employed. The model is an extension of
an incompressible-flow RSE model to its compressible counterpart
with some modification regarding the compressibility effects. The
model is presented below.

The equation for the Reynolds stress is

S,pu;/u’j’ + 8;(/)14;/“'!{ ﬁk = A,‘j -+ B,‘j + C,‘j + D,‘j (9)

where the A;;, B;j, Cij, and D;; are the Reynolds stress production
term, diffusion term, pressure-rate of strain correlation, and dissi-
pation term. They are expressed as

A,‘j = —pu’jfu;:akﬁ; - pu;’uZGkﬁj (10)

Bi; = dl—puiuiuy +ujty + ultip — puldi — puida) (11

Cij = p@;u] + du) (12)
D,‘j = —.,'k(r)ki/t/j, — rjkaku,’/ (13)
The production term of the Reynolds stress requires no further mod-

eling because the Reynolds stress and mean velocity are dependent
variables,

In the RSE model, the diffusion term is modeled as

Bij = 8k{C,11 (k/ﬁe)[mam (W

+ pu'jug, By (puul) + puiuld, (puju))1}

+ 0PI (oul ) + B (oul ) + O (o U]} (14)

where U = fi/p and C;, is a constant. This model is an extension
of the incompressible-flow model of Launder et al.??

The correlation of the instantaneous pressure and fluctuating rate
of strain is modeled as

Cij = —Cp, (/)| puju] — % pkd;;} + Cp, pk{d;it; + dit;} (15)

where C,,, and C), are constants. This is an extension of Rotta’s
model?® for incompressible flow.

An isotropic dissipation model with compressibility effect is used
to determine the dissipation term

Dij = —3pes;; (16)

1'24

According to Sarkar et al.?* and Zeman,?

pe=p e +e)

where €, = Cye,M? and the turbulence Mach number is M, =
+/(2k)/a. Even though this compressible-flow effect for dissipation
is incorporated in the computer code, it is actually not used, and
C = 0 because, for wall-bounded flows, this effect is small and the
above modification is also questionable.

The conventional equation?’ is employed for «,:

3 pe, + dpesiiy = —Ce, (6,/ k) pulu] 0
— Ce, (€2 k) + & [(Ce, PP /) + i) 21e, ] a7

where C,,, C,, and C,; are constants.
The turbulent heat flux is modeled using a gradient diffusion
hypothesis,

—c,pT"u] = c, pCy(k* /)T (18)

where C, is a constant.

Table 1 presents the values of the closure constants of the present
RSE turbulence model.?!

There are two ways to treat the flowfield in the vicinity of the
walls: one is to use wall functions and the other is to use the low-
Reynolds-number correction to resolve the viscous sublayer. The
wall-function method is chosen in this paper to save computation
time. The asymptotic solutions of the above governing equations in
the fully turbulent region of a two-dimensional boundary layer were
obtained previously.?® The asymptotic solutions (wall functions) are

o .
o {B + VB2 4 4A2 sin[A”—(logy+ + B')
UooK

Uo 2A2

B
—arcsin(m>]} =0 (19)

Table1 Turbulence
model constants

Quantity Value
Ca 0.086
Cp, 4.325
Cpy 0.179
Ce 1.01

Ce, 1.80
Cey 0.10
Cy 0.0

Cn 0.0857
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where Pr, = 0.9; u,, and T, are reference velocity and tempera-
ture, respectively; ki, = 1 indicates a specified wall temperature;
and ki, = 0 implies a specified wall heat flux. The constants o, oo,
a3, and o4 are defined as

2
s 29
= (Cp + )\/;(Cm—l—l.SCmCm) >

C, —1
o) = —————« 30
2 C, +2 I (30)
O3 = Oy (31)
C.o?
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where o = 1 (o + o + a3).

These wall functions are extended in a straightforward manner
to three-dimensional flow under the assumption that the turbulent
shear stress is locally aligned with the direction of the mean flow ve-
locity at the point of application of the wall functions. The pressure-
gradient correction® to the wall functions is omitted. The relative
contribution of the pressure-gradient terms to the Reynolds shear
stress at the point of application of the wall functions? is propor-
tional to y and thus decreases with decreasing y. As indicated in
Sec. IV.B, the computed flowfield is insensitive to the y value of the
point of application of the wall functions, and thus it is concluded
that the pressure-gradient correction to the wall functions would
have a small effect on the computed flowfield.

III. Numerical Algorithm

An implicit finite volume approximate factorization method is
used to solve the discretized equations. The individual block matrix

size is 12 x 12 because the equations are fully coupled. The modified
approximate factorization method of Vandromme is employed*->:

{I—AzS}{I+£8—C—H SA—I@]
V at \V an
ALA) it orien
X {I+V¥} Q = RHS (33)

For the source-term Jacobian, we only keep the diagonal elements of
the original source-term Jacobian. This treatment enhances diagonal
dominance.

Roe’s flux difference splitting scheme is employed for the mean
flow and RSE convective terms because of its ability to obtain high-
resolution shock waves and low numerical diffusion for viscous
flows. The third-order MUSCL-type differencing is used for these
convective terms.’ However, because central differencing is used
for the viscous and turbulence diffusion and the source terms, the
general accuracy of the solution is second order. The temporal dis-
cretization is first order to save CPU time because only the steady-
state solutions are of interest. First-order accuracy is used also for
the left-hand-side implicit operators to save CPU time and to obtain
diagonal dominance.

At the turbulent—nonturbulent interface, the turbulence variables
have discontinuous derivatives, as observed by other research-
ers.?:3! The flux limiters, designed to achieve monotone shock-
wave profiles for the higher-order upwind schemes, are essential to
capture the turbulent—nonturbulent interface and make the compu-
tation stable even when there is no shock wave in the flowfield. Two
smooth limiters, Roe’s Super Bee limiter and Minmod limiter, were
tested with the MUSCL-type reconstruction.*’-32:33 The numerical
tests indicated that the Minmod limiter was able to reduce the resid-
ual to machine zero, whereas the Super Bee limiter was only able to
reduce the residual by one order of magnitude. Using the Minmod
limiter in the present computations, the variable profiles captured at
the turbulent-nonturbulent interface are as sharp as those resolved
by the boundary-layer code computation, which used a much finer
adaptive mesh.3*

IV. Results and Discussion

To ensure the accuracy of the three-dimensional computer code,
several validation computations were performed. Computed super-
sonic laminar flat-plate results have no distinguishable difference
from the analytical Blasius solution.’> This ensures that the code
has small numerical dissipation. For the supersonic turbulent flat-
plate flow, excellent agreement was also obtained by comparing the
results with those from a separate computation of the compressible
boundary-layer equations with the same RSE model.** This ensures
that the turbulence model is correctly implemented.

The asymmetric double-fin channel was calculated using the
aforementioned algorithm. The two fins have angles of 7and 11 deg.
The Mach number of the upstream flow is 3.95. The thin bound-
ary layers on the fin surfaces were not resolved, and slip bound-
ary conditions were applied at the fin surfaces. Previous studies of
the single-fin interactions® demonstrate that the bottom-wall shock
wave/turbulent-boundary-layer interaction is essentially unaffected
by the boundary layer on the fin. Of course, sufficiently far down-
stream of the intersection of the crossing shocks, the shocks will
interact with the turbulent boundary layers on the sidewall fin sur-
faces. However, in the present study, nearly all experimental data
are obtained upstream of the sidewall shock wave/turbulent-bound-
ary-layer interactions, and consequently, the omission of the fin
boundary layers does not affect comparison with the experiment in
this regard. Also, Bardina and Coakley!” observed that the treat-
ment of the fin boundary layers as laminar—turbulent affected the
flowfield in the immediate vicinity of the fin—plate junction for a
Mach 8.3 crossing-shock interaction. However, in the present study,
experimental data are available only in the central portion of the
flow, and thus our comparison with experiment is expected to be
unaffected by the use of slip boundary conditions on the fins.

A boundary-layer equation code with the same RSE turbulence
model?! was used to generate the upstream variable profiles. The
upstream boundary-layer profiles agree reasonably well with the
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Table 2 Flow conditions

Parameter Experiment Computation

My 3.95 3.95

Resso 3.033 x 10° 3.033 x 10°

8%, (m) 1.12 x 1073 1.12 x 1073

Boo () 1.3 x 1074 1.246 x 1074

Choo 7.9 x 1074 591 x 10~*

Py (MPa2) 1.492 1.492

Tioo K 260.4 260.4

Table 3 Grid sizes
Refined in
Parameter Baseline case x y z
Ny 101 201 101 101
N, 69 69 137 69
N, 49 49 49 97
yi 29 29 20.9 29
Ayf 6.21 6.21 2.64 6.21
Y1/800 0.0326 0.0326  0.02374 0.0326
Yimax/8eo 15.51 15.51 15.51 15.51
AYmin /800 0.007 0.007 0.003 0.007
AYmax /80 1.16 1.16 0.621 1.16
Ax /oo 0.5 0.25 0.5 0.5
AZmin/5oo 0.2 0.2 0.2 0.1
AZmax/Soo 0.4762 0.4762 0.4762 0.2881
2 3 4

Inviscid shock

m
735mm Lot : mm }

Throat Middle Line

l 11 deg

F—— 46 mm

79 mm

112 mm

192 mm

Fig.2 7 X 11-deg double-fin measurement locations 1, 2, 3, and 4.

law of the wall and wake.?!37 The upstream turbulent variable pro-
files determined by the present model also agree favorably with the
available experimental data® at Mach 3. Because it generally is not
possible for the computed upstream profiles to exactly match all of
the experimental parameters upstream of the intersection, the high-
est priority was matching the experimental displacement thickness,
which is considered to have the best measurement accuracy. A com-
putational test is conducted to study the influence of the variation
of upstream profiles and the results are given in Sec. IV.B. Table 2
presents the flow parameters for the computations.

A. Baseline Case

As the baseline case, the first computation for this asymmetric
double-fin flow used a mesh size equal to 101 x 69 x 49 inthe x, y,
and z directions. The y™ of the first grid point adjacent to the wall
is equal to 28.96 at the inflow boundary. A series of computations
was carried out to test the dependence of the present RSE model on
the grid refinement, upstream profiles, and wall temperature. Those
results are compared with this baseline case in Sec. IV.B. Table 3
provides the mesh-size information for the baseline case and grid
refinement cases.

Figure 2 shows the experimental measurement locations on the
bottom surface of the channel. Location 1 is the throat middle line,
which is along the streamwise direction. Locations 2, 3, and 4 are in

r —————— RSE Computation
s k-e& Computation

7

6

........... Inviscid

st . Experiment ;
4

3

P/Peo

) 50 100 150 200

Fig. 3 Pressure distribution along the throat middle line.

RSE Computation
[ k-&€ Computation
st R Experiment (x=46 mm)
R Experiment (x=79 mm)
5t . Experiment (x=112 mm)
P/P_ ] Inviscid (x=46 mm)

0% =20 10 0 0200 30
Z- Z‘I‘ML (mm)

Fig. 4 Bottom-wall pressure distribution at x = 46,79, and 112 mm.

the spanwise direction with the sireamwise positions equal to 46, 79,
and 112 mm, respectively. Figures 3 and 4 are the pressure distribu-
tions compared with the experiment® and the results using Chien’s
k—e model?® at those locations. The experimental uncertainty in
pressure measurement is £0.5%. In Fig. 3, the computed pressures
using both the RSE and k—e model along the throat middle line
agree well with the experiment except at the very end where there is
a strong shock-wave reflection from the side walls. Because the side
wall is treated as inviscid, the computed reflected sidewall shock is
displaced downstream of the experimental shock. This is the cause
of the deviation between computed and experimental pressures for
x > 140 mm. The sections at x = 46 and 79 mm are located up-
stream of the inviscid intersection of the initial waves. The computed
pressures agree closely with the experiment, as shown in Fig. 4. At
x = 112 mm, which is located after the shock-wave intersection,
there is a pressure plateau in the experiment that is not accurately
represented in the present computation (see Fig. 4). The interaction
of the shock waves with the turbulent boundary layer generates two
counterrotating vortices. The computed-pressure valley at x = 112
mm corresponds to the vortex generated by the 11-deg fin. At the
vortex-pressure valley region, the k—e model predicted the pres-
sure a little better than the RSE model. The disagreement between
computed and experimental pressures at x = 112 mm may be at-
tributable to differences in the strength of the vortex generated by
the 11-deg fin; however, measurements of the vortex strength are
unavailable. The computed and experimental results show that the
sharp pressure gradient generated by the shock waves in the invis-
cid flowfield are greatly eased through the shock wave/turbulent
boundary-layer interaction.

Although there are no turbulence measurements for this configu-
ration, it is nonetheless useful to examine the predictions of the RSE
model for the turbulence kinetic energy. Figure 5 shows the mean
streamline structure together with contours of the turbulence kinetic
energy normalized by u2,. The streamlines start at the channel en-
trance within the incoming boundary layer with the height equal
to 0.18,, where §., is the incoming boundary-layer thickness. At
x = 39.4 mm, the individual counterrotating vortices, generated by
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Fig. 5 Turbulent kinetic energy contours with streamlines at different locations.
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Fig. 6 Streamwise turbulent kinetic energy distributions.

the interaction of the fin-generated shock waves with the boundary
layer, appear as enlarged elliptical regions. The high turbulent ki-
netic energy fluid in the lower portion of the incoming boundary
layer is entrained into the vortex core, as indicated at x = 77.9 mm.
At x = 116.4 mm, the vortices have combined to form a counter-
rotating vortex pair, with maximum turbulence kinetic energy in the
region between the two vortices.”

Figure 6 demonstrates the streamwise distribution of maximum
turbulent kinetic energy and the turbulent kinetic energy distribution
along a streamline. The starting point of the streamline is between
the two middle streamlines in Fig. 5 and is located at x = 0.0 mm,
y = 0.1, and z — zm = —0.7 mm. The starting point also has
the same spanwise location as that of the inviscid shock intersec-
tion, which is close to the throat middle line (see Fig. 2). Along the
streamline, it can be seen that the turbulent kinetic energy starts to
increase at the location where the pressure starts to rise (see Fig. 3)
before the inviscid shock intersection (x = 91 mm). It is attributable
to the A shock generated by the fin shock/boundary-layer interaction.
The turbulence has a strong response because of the intersection of
the shock waves with a enhancement of the turbulence kinetic en-
ergy from x = 91 to 110 mm. The turbulent kinetic energy reaches

0.005¢
0.004 RSE computation
] SRR k-€ computation 7

0.003 " Experiment :
o ;

0.002

0.001}

0.0005 50 100 150

X (mm)

Fig. 7 Heat transfer coefficient distribution along the throat middle
line.

the peak at the location where the pressure has a plateau along the
throat middle line. The turbulent kinetic energy decays after the
peak whereas the pressure continues to rise downstream of the in-
tersection of the inviscid shocks. The turbulence is enhanced again
near the exit by the sidewall shock-wave reflection. The maximum
turbulent kinetic energy distribution has a trend similar to that of
the k distribution along the streamline. The maximum turbulent
kinetic energy starts to rise at the entrance of the channel because
the fin shock wave/turbulent-boundary-layer interactions start there.
The shock wave/turbulent-boundary-layer interaction enhances the
computed turbulence intensity by increasing the maximum value of
k about 2.3 times from the channel entrance to the exit.

Figures 7 and 8 are the computed heat transfer coefficients com-
pared with the experimental results and the computational results
using Chien’s k—e model. The heat transfer coefficient C, is defined
2520

C. = qu(x, 2)
"7 PocUeotpl Ty (5, 2) = T (x, 2)]
where q,,(x, z) = —k,,dT/dy is the wall heat flux. The experimen-

tal uncertainty in Cj is £10-15%. Two computations are needed
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Fig.8 Heat transfer coefficient distribution at the cross sectionx = 112
mm.

42, —— RSE Computation
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Fig.9 Adiabatic wall-temperature distribution along the throat middle
line.

to determine Cj, i.e., an isothermal case and an adiabatic case. For
the isothermal case, the wall temperature is set to 265 K and the
local heat transfer ¢, (x, z) is computed. For the adiabatic case, the
zero wall-temperature gradient 37 /3y = 0 is used as the bound-
ary condition, and the local adiabatic wall temperature T, (x, z) is
computed.

The C;, measurement locations are the same as those for the pres-
sure. Results at two representative locations are presented. Along
the throat middle line shown in Fig. 7, the computational results
using the k—¢ model and the RSE model agree quite well with the
experiment before the intersection of the shock waves. Both com-
putational results are substantially higher than the experiment after
the intersection of the shock wave interacting with the turbulent
boundary layer. The maximum deviation of the RSE model from
the experiment is 80% and the k~¢ model is 100% at x = 138
mm. Figure 8 shows the heat transfer coefficient at the location
x = 112 mm, which is downstream of the intersection of the in-
viscid shock waves. The heat transfer coefficient computed by the
RSE model is lower than that computed by the k—e model and is
closer to the experiment. The RSE model overpredicted C, by as
much as 39%, but this still yielded a 28% improvement over the
k—€ model. On the basis of these results, we conclude that the RSE
turbulence model improves the prediction of the heat transfer for
the intersecting shock waves/turbulent-boundary-layer interaction.
However, the deviation from the experiment remains significant.

Figure 9 is the adiabatic wall temperature along the throat mid-
dle line. Both the RSE model and k-€ model predict the adiabatic
wall temperature to within 5%. The experimental measurement un-
certainty of the adiabatic wall temperature is £0.3 K. Before the
shock-wave intersection, the RSE model predicts an adiabatic wall
temperature that is in closer agreement with the experiment. In the
region of the shock wave/turbulent-boundary-layer interaction, the
RSE model predicts an adiabatic wall-temperature variation that is
opposite to the one obtained by the k—e model. .

The CPU time per time step for the baseline case is 113.8 s usin
the Cray C-90 with a single processor. Approximately 2000 time
steps are needed to achieve a converged solution.*

B. Solution Convergence Tests

A series of computations is conducted to investigate the solution
convergence of the baseline case. There are five tests, including grid
refinement tests, the different isothermal wall temperature test, and
the different upstream boundary-layer thickness test.

Because there are 12 equations to be solved for the RSE tur-
bulence model, the CPU time is substantial. The computation for
the completely doubled size mesh in every direction would be very
time-consuming. Each mesh refinement is therefore implemented
one at a time in each coordinate direction. Table 3 shows the mesh

size for each refinement test. The following describes each test:

1) Refinement test in the x direction: This test halves the mesh
spacing in the streamwise direction while the mesh sizes in the other
directions are kept the same. This test will show whether the baseline
streamwise mesh resolution is adequate to capture the boundary-
layer development.

2) Refinement test in the y direction: This test halves the mesh
spacing in the y direction. The y; at the channel entrance is reduced
from the baseline case value y; = 29 to 20.9. This test will show
whether the solution is sensitive to the different y; values used.

3) Refinement test in the z direction: This test halves the mesh
spacing in the spanwise direction. The refinements in the y and z
directions will show the influence of the resolution of the shock
waves and vortices on the computational results.

4) Different upstream boundary-layer profile: As mentioned in
the baseline case, it is difficult to match all upstream experimental
parameters simultaneously. Therefore, this test investigates the ef-
fect of the incoming boundary-layer profile. In this test case, the
incoming boundary-layer displacement thickness was reduced 45%
from the baseline case, which resulted in an increase in the up-
stream heat transfer coefficient of 10%. This test will show whether
the variations in the incoming boundary-layer profiles significantly
affect the solution.

5) Different isothermal wall-temperature test: In the experiment,
the temperature on the bottom wall was not uniform. There were
insufficient experimental data that can be used to specify the wall
temperature for the computation. The isothermal wall temperature
is therefore treated as constant in the computation. This is based on
the hypothesis that the heat transfer coefficient is independent of the
wall temperature when the isothermal wall temperature is close to
the adiabatic wall temperature. This test is to verify this hypothesis
by using a wall temperature that is different from the baseline case.
The wall temperature is set to 270 K, which is 5 K higher than the
baseline one.

Figure 10 displays representative results of the convergence tests
for the surface pressure along the throat middle line. The grid refine-
ment in the x, y, and z directions does not perceptively change the
pressure distribution. Also, the grid refinement changes the pressure
distributionatx = 49, 79, and 112 mm (not shown) by less than 1%.

The computed surface pressure is insensitive to the upstream pro-
file. The 45% reduction in the upstream displacement thickness
causes a 7% change in the maximum surface pressure on the throat
middle line. Also, the change in the isothermal wall temperature has
a negligible effect on the surface pressure.

7r — — Baseline
gl Refined in x
_____________________ Refined in y
] Refined in z
4 b - RedUCCd 6*
P/P_ [ oo Increased T,
3
2
1
0t ' 50 :
0 50 100 150
X (mm)

Fig.10 Pressure distribution along the throat middle line at the bottom
wall.
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Fig. 11 Heat transfer coefficient distribution along the throat middle
line.

Figure 11 displays representative results of the convergence tests
for the heat transfer coefficient along the throat middle line. The
maximum change in Cj, is 4% for all convergence studies, which
is less than the experimental uncertainty of £10-15%. In partic-
ular, note that C, is insensitive to the location y; at which the
wall-function boundary conditions are applied, and to the incoming
boundary-layer displacement thickness §*. Also, the C,, distribution
changes by less than 2.5% at x = 46, 79, and 112 mm. Moreover,
the computed T,,, changes by less than 1.5% for all convergence
studies on the throat middle line and at x = 46, 79, and 112 mm.

V. Conclusions

The three-dimensional shock wave/turbulent-boundary-layer in-
teraction caused by an asymmetric 7 x 11-deg double fin was cal-
culated using the Reynolds-averaged Navier—Stokes equations with
a full RSE model. An implicit approximate factorization method
is employed for the temporal integration. Roe’s scheme is used for
evaluation of the convective terms with a third-order MUSCL-type
differencing. A minmod total-variation-diminishing limiter is used
and is essential for capturing the irregular turbulent—nonturbulent
interface to make the computation stable. The computed surface
pressure is in good agreement with the experiment. The computed
heat transfer coefficient achieved 20% improvement compared with
the results from the k—e model with Chien’s low-Reynolds-number
correction. However, the maximum heat transfer coefficient still
exceeded the experimental values by 80%. The computation re-
solved the counter-rotating vortex pair generated by the cross shock
wave/turbulent-boundary-layer interaction, and predicted an en-
hanced turbulence intensity between the vortices. Mesh refinements
indicate that the solution is grid converged on the basis of mesh size.
Wall functions are used as boundary conditions to treat the solid
walls. Within a proper range of y;, the flow solutions are basically
insensitive to the location of y;". The test with reduced incoming
boundary-layer thickness indicates that the heat transfer coefficient
is generally not sensitive to the Reynolds number. The test with
different isothermal wall temperature shows that the computed heat
transfer is independent of the isothermal wall temperature when it
is close to the adiabatic wall temperature. The computer code with
the RSE turbulence model is quite robust.
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