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Abstract

The paper presents results of calculations for 2-D supersonic turbulent com-
pression comer flows. The results seem to indicate that the newer, improved k -
models offer limited advantages over the standard k - E model in predicting the
shock-wave/boundary-layer flows in the 2-D compression comer over a wide range
of comer angles and flow conditions.

1



Introduction

Calculations of flows with shock-wave/boundary-layer interactions have be- t •

come a major challenge in CFD in recent years. However, despite the significant
advances in computational techniques in the past two decades, the ability of CFD in
predicting the complexity of the flow field in regions of shock-wave/boundary-layer
interactions may still hinge upon the choice of turbulence models. In most aerody-
namic flow applications, zero-equationmodels have been used but there has been a
shift to more complex field-equation type models in the last 5 years. The present
paper reports the results of an ongoing study to find the best possible model for
the prediction of shock-wave/boundary-layer flow interactions.

Models and Computations

In the present work, four turbulence models were chosen for comparison;
namely, the standard k - E [1], the two-scale k - E [2], the RNG k - _ [3] and
the realizable k - _ [4] models. All models tested were high-Reynolds number ver-
sions and the compressible wall functions proposed by Huang and Coakley [5]were
used to connect the first grid point to the wall. The first grid line is adjusted to
ensure that it is in the fully turbulent region (y . is between 30 and 50).

The problem involves a 2-D compression corner flow (description of the test
problem can be found!in Settles and Dodson [6].), which was proposed in the
1980-1981 AFOSI_rHTTM-Stanford Conference on complex turbulent flows as a
possible candidate for :testing turbulence models in predicting flows with shock-
wave/boundary-layer interactions. The experiment deals with a 2-D ramp placed
on the bottom wall of a wind tunnel to create shock wave that interferes with the

wall boundary layer. The Mach number was 2.8 to 2.9, the incoming boundary
layer momentum thiclmess was about 0.13 cm and the free-stream unit Reynolds
number was 6.3 × !07/m.

The Navier-Stokes code developed by Huang and Coakley [7]was used in this
study. Calculations were performedin two stages. The first stage involves the solu-
tion of a flow over a flat plate to obtain the mean and the turbulent property profiles
for the boundary layercorresponding to the test conditions before the interaction.
The matching is based on the boundary layer displacement thickness and as can
be seen later, all models produce mean velocity profiels that agree very well with
measurements at the first station. The second stage involves calculations in the
interaction zone (s varies from -15 cm to 15 cm). The corner is located at s -- 0.
The inlet conditions weretaken from the solution established in the first stage. Two
sets of grid mesh (120 × 80 and 80 × 50) were tested in the 24° case (case D). The
results were found to be grid independent. The results reported in the next section
were obtained using the finer mesh.



Results and Discussion

: Figures. 1 and 2 show the predictions of the pressure coefficient, Cp -- pw/p_,,
and the skin friction coefficient, C! = 2"rw/p_U_, for the 8° case. Computations
based on all the models give good predictions of the pressure coefficients, figure

I

1. The predicted skin friction coefficients, figure 2, compare fairly well with data,
considering the reported measurement uncertainty is as high as 15%. The velocity

profile comparison is shown in figure 3. The predicted results were almost identical
and agree well with experimental data.

Predictions of the:pressure and the skin friction coefficients for the 16° case
are shown in figures 4 and 5, respectively. The pressure coefficients were predicted
well by all models, but one starts to see differences in model performance when
comparing the skin friction coefficients in the recovery region. As can be seen from
the figure, both the k-E and two-scale models predicted overshoot of the skin friction
coefficients in the recovery region, while the skin-friction coefficients predicted by
the RNG and the realizable models are in better agreement with experimental
data. Figure 6 shows the comparison of the velocity profiles. Differences in model
predictions can only be seen near the compression corner. The results calculated by
using the RNG and the realizable models show that the flow very close to the wall
is slightly more retarded than the prediction made by using the two other models.
While the differences in model performance can be observed in the near wall region,
all models predicted the flow behavior very well away from the surface.

Model predictions begin to show large differences in the 20° case where the
flow has separated. Figures 7 and 8 show comparisons of the skin-friction and the
pressure coefficients with experiment. As can be seen from figure 8, both the RNG
and the realizable models show a larger size of flow separation than the experimental
data. While the standard k- Eand the two-scale models predict a flow separation in
better agreement with :data, they slightly over-predict the skin friction coefficients
in the recovery region. The larger sizes of the flow separation predicted by the
RNG and the realizable models were also reflected in the comparison of the velocity
profiles. Figure 9 shows that the velocity profiles predicted by the standard k - E
and the two-scale models are better matched with the experimental data and the
other two models display a larger departure from the experimental data in the near
wall region.

At 24°, the flow is separated and the comparison of the pressure and the skin
friction coefficients clearly shows that the RNG and the realizable models over-
predicted the size of flow separation and the standard k - E and the two scale
models under-predicted it, as can be seen from figures 10 and 11. The prediction
of the skin friction coefficients in the recovery region shows mixed results, but in
general all models show a good rate of recovery of the skin friction coefficients,
OCf/Os. The differences in the results are largely caused by the models' deficiency



in predicting flow separation. The deficiency manifests itself when the velocity
profiles are compared. As can be seen from figure 12, the RNG and the realizable
models show excess retardation of the velocity profiles in the near wall region while
the standard k - _ and two-scale models show results in better agreement with

experimental data.
I

Conclusions

While there were some evidence to show that the newer, modified k - Emodels

were capable of predicting separated flows, our experience in this study has shown
otherwise. Overall, all models perform well in flows without separation and the
differences in the model predictions are small. Differences arise when the flow is
separated. We have found that the I_G and the realizable models tend to over-
predict the flow separation and the standard k - _ and the two-scale model tend
to under-predict it. The success of a model in predicting velocity profiles and the
skin-friction and pressure coefficients is strongly affected by the model's ability in
predicting flow separation. Hence, the capability of the model in predicting incipient
flow separation becomes an important factor in a successful calculation of shock-
wave/boundaryolayer flow interactions.
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Figure 2. Skin-friction coefficients for 8° ramp.
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Figure 3. Mean velocity profiles for 8° ramp.
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Figure 6. Mean velocity profiles for 16° ramp.

8



4.0 ' i * i ' I

-- k-=model
• 3.5 ..... 2-scalemodel

-- -- - RNG k-_mo&l
-- -- S&Z k-smodel

• 3.0 [] measurement -

0.5 i t I ! i I i
-0.20 -0.10 0.00 0.10 0.20

s (m)
Figure 7. Wall pressure coefficients for 20° ramp.

0.003 . I , , I '

I-- k-emodel
I ...... 2-scalemodel

I---" RNGk-smodd .,.";_ ..................

I---- S&Z k-_ model -"""
0.002 I [] measurement

 ,ooo...............,_

-0.001 , I , ! , I '
-0.20 -0.I0 0.00 0.10 L20

s (m)
Figure 8. Skin-friction coefficients for 20° ramp.

9



0.05 ..... I .................

k-Emodel

..... 2-scalemodel .
0.04 - - - RNGk-_model

-- -- S&Z k-sm_¢!
[] measurement

0.03 -
[] []

s(m)=.O.038113 -0.0111[] 0.0 0.004!
0.02 [3 [] _ ] -[]

r]

0.01 I'_ -
El

0.00 ..... I , , . ' ' !
0.05

=(m)=
0.04 0.0127 0.0413 0.0762 0.11431

0.03

0.02

0.01

0._
0.0 1.0 2.0 3.0 4.0 5.0

U/U

Figure 9. Mean velocity profiles for 20° ramp.
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Figure 12. Mean velocityprofilesfor 24° ramp.
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