340 AJAA JOURNAL

VOL. 27, NO. 3

Curvature-Dependent Two-Equation Model for
Prediction of Turbulent Recirculating Flows

S. W. Park* and M. K. Chungt
Korea Advanced Institute of Science and Technology, Seoul, South Korea

A new curvature-dependent two-equation model is proposed for prediction of turbulent recirculating flows.
A time scale of third-order diffusive transport correlations in the k-e equations is assumed as a function of the
time scale ratio between a velocity time scale and a curvature time scale, the latter being derived from the analogy
between buoyancy and streamline curvature effects on turbulence. The model coefficient of the destruction term
in the € equation is also modified by the time scale ratio in order to incorporate the streamline curvature effect
on the decay rate of turbulent kinetic energy. The new curvature-dependent two-equation model is applied to
various kinds of turbulent recirculating flows. It has been found that better prediction accuracy can be obtained
for both velocity and pressure fields by the present model than by previous curvature correction methods.

Nomenclature

a, b = model constants for composite time scale

Cy = wall static pressure coefficient

C,, Ca, C; = coefficients in turbulence model

D, H = channel and step height

k = turbulent kinetic energy

L, L, = lengths of upstream and downstream

boundaries

P = static pressure

D = pressure fluctuation

T = normal fence thickness

U = mean velocity

u = turbulent fluctuating velocity

X, Y = Cartesian coordinates

a = model constant for inlet condition

d = boundary-layer thickness

S = Kronecker delta

€ = dissipation rate of turbulent kinetic energy

n = viscosity

e = turbulent viscosity

v, = turbulent kinematic viscosity

o = density

Ok, O, = turbulent Prandtl number for k and e,

respectively

Te = curvature time scale

T, = velocity time scale

Subscripts

LJj = tensor notations

min = minimum value

0 = reference value

Superscripts

) = modified value

() = conventional time average
Introduction

URBULENT recirculating flow consists of many flow
regions such as separated free shear layer, recirculating
flow region, reattachment region, and redeveloping region.
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Since the flow characteristics are significantly different de-
pending on the flow region, previous computational models
have invariably shown a zonal dependency of the prediction
accuracy. For example, the standard two-equation model
yields good prediction in the redeveloping region, but it over-
predicts the velocity profile near the wall in the recirculating
flow region.! But higher-order turbulence models, such as the
algebraic stress model, yield good prediction on the mean
velocity profile in the recirculating flow region,!? whereas
they underpredict the velocity profiles in the redeveloping
region.

Development of the turbulence structure is highly sensitive
to the streamline curvature in a plane of the mean shear.’*
First, the turbulent shear stresses and intensities are reduced
by streamline curvature when the angular momentum of the
fluid element increases in the direction of the radius of stream-
line curvature (i.e., convex curved), and they are increased
when the angular momentum decreases with the radius of
streamline curvature (i.e., concave curved). In other words,
the decay rate of the turbulent Reynolds stresses depends on
the convexity or concavity of the streamline curvature. Sec-
ond, the response of the turbulence structure to the convex
curvature is much more rapid than that to the concave curva-
ture. Third, it has been found by Bradshaw et al.?>- that the
time response of the third-order correlations to the convex
streamline curvature is slower than that of the second-order
correlations. Accordingly, computational closure schemes
must take into account these experimental observations in the
model equations. However, none of the previous curvature
correction methods explicitly reflect these physical natures in
the formulation of the closure models.5!°

Another drawback of one of the most popular curvature
correction models is that, since the curvature corrected eddy
viscosity is substituted into every model term that contains the
Reynolds shear stresses in the equations for turbulent kinetic
energy k and its rate of dissipation e, the effect of the stream-
line curvature is, consequently, unreasonably overemphasized
in the model equations.

From the foregoing considerations, the present study is
aimed at developing a more realistic curvature-dependent two-
equation model that explicitly includes these curvature effects
on turbulence.

Accuracy of the proposed model in this study is assessed by
comparison between predictions and experimental data on the
following two-dimensional recirculating flows: 1) flow over a
surface-mounted thick fence measured by Moss and Baker!!
using the pulsed wire anemometer, 2) a surface-mounted thin-
fence flow measured by Fraser and Siddig!? with the laser
Doppler anemometer, 3) flow over a backward-facing step
which was measured by Eaton!? with the pulsed wire
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anemometer, and 4) a front-facing step flow studied by Moss
and Baker!! with the pulsed wire anemometer.

Mathematical Model
The governing equations for steady-state turbulent flows
can be written in Cartesian tensor notation as follows:
Continuity
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Momentum:
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where U; and u; are, respectively, the mean and fluctuating
parts of the velocity, P is the mean static pressure, and p and
u represent the fluid density and dynamic viscosity, respec-
tively.

The Reynolds stresses in Eq. (2) are generally modeled
through Boussinesq’s eddy viscosity assumption, which ex-
presses the Reynolds stresses with the mean strain rates by the
relation —wag; = v, (U;; + U;;) — 2k 6;/3. In the so-called
two-equation model, the turbulent eddy viscosity », is approx-
imated by », = C, k%/¢, where k and ¢ are obtained by solving
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The model constants C,, C,;, and C, are usually taken as
0.09, 1.43, and 1.92, respectively.

The conventional models for the third-order transport
terms, the first terms on the right-hand sides of Eqgs. (3) and
(4), are the simple gradient diffusion models. The time scale
for such third-order transports has been approximated by a
single velocity time scale 7, = k /¢, which is independent of the
streamline curvature. But it has been found that the third-or-
der transport must have a curvature-dependent time scale
different from the velocity time scale.?'* In the present study,
such streamline curvature effect on the third-order correlation
is modeled by devising a curvature time scale 7. for the third-
order transport mechanism from the analogy between buoy-
ancy and streamline curvature effects on turbulence. Details
of the derivation procedure are described by Chung et al.'

The final model forms for the third-order transport terms

are
B T A W o G S 1S .3
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The model constant ¢ was given to be @ = 0.12 by Chung et
al.l4

The recent experiments by Bradshaw et al.>-> reveal that
length scale is decreased significantly after application of con-
vex streamline curvature. The reduction in the length scale by
the convex streamline curvature implies that the turbulent
kinetic energy decays at a faster rate. Therefore, the decay rate
constant C,, of the destruction term in the ¢ equation must be
modeled as a function of the curvature time scale. The most
convenient form that represents such an effect of the stream-
line curvature on the decay rate is found to be

Co=Co/(1 + b1,/7,) )]

where the model constant b is determined to be b = 0.50 by
computer optimization.
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Fig. 1 Schematics of various two-dimensional recirculating flows: a)
thick-fence flow, b) thin-fence flow, ¢) backward-facing step flow, d)
front-facing step flow.

Table 1 Geometrical dimensions and inlet conditions®

Parameters  Thick fence!! Thin fence’>  BFS! FFS!!
H,m 0.076 0.03 0.051 0.076
D, m 11H 6.67TH 0.127 11H
T, m 2H <1 — —

L, m 10H 10H SH 12H
Ly, m 28H 32H 33H 30H
6, m 0.1H 0.667H 0.012H 0.1H
U, m/s 10.0 3.7 11.65 10.0
[uz/U,, % 0.6 1.0 — 0.6

®s = inlet boundary-layer thickness, U, = reference inlet velocities, | u2/U, =
turbulent intensity of the inlet flow, BFS = backward-facing step, FFS = front-
facing step.

Boundary Conditions and Solution Procedure

Figure 1 illustrates four different kinds of recirculating flow
configurations studied in the present work. The relevant flow
parameters are included in the figure. The inlet boundary is
located sufficiently far upstream of the obstacle so that its
presence is not felt, and the outlet is located sufficiently far
downstream from the reattachment point. The lower and up-
per boundaries correspond to the wind-tunnel walls. Geomet-
ric dimensions and inlet conditions are given for each case in
Table 1.

No-slip boundary conditions are imposed on the mean ve-
locities along the walls, and the streamwise gradients of all
unknown variables are assumed to vanish at the outlet plane.
At the inlet plane, streamwise mean velocity profiles are given
by those from the experimental data. The inlet profiles for &
and e are estimated from

k = aU? (8a)
e= k2 C3*/(C, ) (8b)

where « is estimated from the experimental data, and 6 is the
boundary-layer thickness.

Near the wall, the Couette flow assumption of constant
shear stress is made. The standard wall functions based on log
law for a smooth wall under zero pressure gradient are used
for the parallel velocity component and the turbulent quanti-
ties k and e. No attempt was made to take account of the effect
of the adverse pressure gradient in the formulation of the wall
function.

Grid tests have been carried out with three different mesh
sizes (44 x 37, 50 x 42, 65 x 50) to obtain an optimum grid-in-
dependent solution in each case. It was found that the solution
with the 50 X 42 grids in the X and Y directions were to all
purposes grid-independent.

A staggered grid system is employed as in CHAMPION
code,!” in which the velocity components are stored midway
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Fig.2 Comparison of model predictions with the streamwise mean
velocity profiles of a thick fence flow (o Moss and Baker''; —
present model; -—— LRM).
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Fig. 3 Comparison of model predictions with the wall static pressure
coefficient data of a thick-fence flow (key as for Fig. 2).

between the pressure storage locations. The present solution
method employed the SIMPLE algorithm!6 and skew-upwind
differential scheme.!’

Initial field values throughout the computational domain
had to be specified properly so as not to cause numerical
divergence. The numerical instability is mainly due to the
curvature-dependent turbulence model that contains the ra-
dius of streamline curvature. This problem was overcome by
starting the computation with the standard two-equation
model. After the computational flowfield becomes stabilized
(after about 200 iterations) with the standard model, the mod-
els are switched to curvature-dependent ones.

The computation time of one iteration for 50 X 42 grid
system on an IBM 370 computer was about 8.6 s. When the
convergence criterion is such that the summation of residual
errors is less than 1% of an inlet total value of the variable, the
convergent solution was attained over about 800 iterations.

Results and Discussion

In our preliminary study, currently popular models of Han-
jalic and Launder!® and Leschziner and Rodi,? both of whom
include curvature correction terms in the model equations,
have been tested against the following four flow geometries.
The results showed that the latter model yields better overall
prediction accuracy, as has been proved by the authors.® For
clarity, therefore, the present model predictions are to be
compared with those of Leschziner and Rodi’s model (here-
after referred to as LRM) in the following discussion.

Thick Fence

As a first case study, the thick fence flow (fence width is
twice the fence height) by Moss and Baker!! has been analyzed
by using the LRM and present models. The reattachment
length predicted by the LRM is 8.3H, which is about 17%
smaller than the experimental result. However, the present
model yields it correctly within the experimental uncertainty
(+0.3%).

Figure 2 shows the streamwise mean velocity profiles. The
location X/H = —2 corresponds to the position upstream of
the fence, and 0< X/H <2 is the range where the thick normal
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Fig.4 Comparison of model predictions with the streamwise mean
velocity profiles of a thin-fence flow (o Fraser and Siddig'; ——
present model; --~ LRM).
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Fig. 5 Comparison of model predictions with the wall static pressure
coefficient data of a thin-fence flow (key as for Fig. 4).

fence is placed. The locations X/H = 6 and 9 are within the
recirculating region, and X/H > 12 is in the redeveloping re-
gion.

The agreement of our prediction with the data is much
better than that of the LRM in both the recirculating and
redeveloping regions. This shows that the present model is free
from the region dependency problem of the previous models.
It may be noted that the present model yields fast enough
momentum recovery in the redeveloping region.

It seems that the reason for this improvement is mainly due
to the length scale adjustment of the present model according
to convexity and concavity of the streamline curvature. In the
upper part of the separated shear layer above the recirculating
region, the length scale is shortened by the increase of the
dissipation rate of turbulent kinetic energy caused by the
reduction of C,; in the convexly curved streamline curvature
field. But in the redeveloping region the length scale is slightly
increased due to the opposite mechanism of C.; by the con-
cavely curved streamline curvature.

The calculated wall static pressure distributions are com-
pared with measurements in Fig. 3. Both predictions are good
in the upstream of the fence, but in the downstream region the
present model yields far better predictions than the LRM,
especially in the recirculating region.

Thin Fence

A numerical prediction for a thin-fence flow has been made
and compared with the data of Fraser and Siddig.'? The
predicted reattachment length of the LRM is 6.3% shorter
than the measured value of 11.2H, and that of the present
model is 8% overpredicted.

Figure 4 represents the streamwise mean velocity profiles.
The position of X/H = 0 corresponds to the location where a
fence is attached to the lower wall. Since thin-fence flow has
relatively simple flow characteristics in comparison with thick-
fence flow, which yields a complex flow pattern on top of the
fence, there is no notable improvement in the present model
over the LRM. However, it is noted that the present model
permits better momentum recovery in the redeveloping region
(X/H = 20.7).
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Fig. 6 Comparison of model predictions with the streamwise mean
velocity profiles of a backward-facing step flow (o Eaton®; —
present model; -——- LRM).
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Fig. 7 Comparison of model predictions with the wall static pressure
coefficient data of a backward-facing step flow (key as for Fig. 6).

The predicted wall static pressure coefficients are shown in
Fig. 5. The agreements between both model predictions and
experiment are good upstream of the fence. However, the
present model yields better prediction downstream of the
fence than the LRM.

Backward-Facing Step

The numerical prediction for a backward-facing step flow
corresponds to the experiment of Eaton.!? The predicted reat-
tachment length of the LRM is 6.34H, whereas the measured
value is 7.95H. The present model yields a reattachment
length of 8.03H, which is very close to the experimental result.

Figure 6 represents the streamwise mean velocity profiles.
The position of X/H is measured from the edge of the step
wall. On the whole, the present model yields better results than
the LRM, especially for the predicted velocity profiles at the
positions of X/H = 4 and 6 in the recirculating region, which
fit the experimental data considerably better. Figure 7 shows
the comparison of the wall static pressure coefficients with
predictions and measurement. Also, in this case, the predic-
tion of the present model is better than that of the LRM.

Front-Facing Step

Predicted mean velocity profiles on the top of a front-facing
step are compared with the experiment of Moss and Baker!! in
Fig. 8, where the position X/H = 0 corresponds to the edge of
the step. The prediction of the present model is much better
than that of the LRM. Such improvement of the prediction
accuracy can also be found in the calculation of the reattach-
ment length., Although the predicted length with the LRM is
2.15H, the present model yields 5.32H, which is slightly larger
than the measured value of 4.7H.

Figure 9 shows the wall static pressure distribution of the
front-facing step flow. In contrast to the good prediction
accuracy at the upstream of the step, both prediction results
on top of the step are poor. Considering overall prediction
accuracy of the static pressure fields by our model in the
previous three cases, the cause of such poor agreement in
Fig. 9 is not clearly understood.

U/Uo
Fig. 8 Comparison of model predictions with the streamwise mean
velocity profiles of a front-facing step flow (o Moss and Baker'';
— present model; ——- LRM).
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Fig. 9 Comparison of model predictions with the wall static pressure
coefficient data of a front-facing step flow (key as for Fig. 8).

Conclusions

Incorporation of the new curvature-dependent third-order
model in the k£ and e equations with a curvature-dependent
viscous destruction term in the e equation is found to yield
very good prediction accuracy for various turbulent recirculat-
ing flows.

The prediction of streamwise mean velocities in a thick-
fence flow by our model yields much better agreement with the
data than that of Leschziner and Rodi’s model; especially in
the recirculation region, the improvement in prediction accu-
racy is remarkable. In the thin-fence flow, the present model
yields fast enough momentum recovery in the redeveloping
region. Significant improvement of the prediction accuracy of
the mean velocities was obtained in the front-facing step flow,
particularly in the recirculating zone on top of the front-facing
step. Therefore, it can be concluded that the present model
yields much better prediction accuracy of the mean velocity
distributions, not only in the recirculating region but also in
the redeveloping region. The wall static pressure coefficient
distributions are also better predicted by the present model in
all cases. From the foregoing discussion, it is concluded that
the present model overcomes the barrier of region dependency
of previous turbulence models. This is certainly due to correct
representation of the dependency of the decay rate and the
third-order spatial transport mechanism on the streamline
curvature.
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