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Introduction

OST of inflow conditions in a Reynolds-averaged Navier-

Stokes (RANS) closure are provided by employing experi-
mentaldataat alocation of the inlet section. An alternativeapproach
for generatingturbulentinflow conditionsis the separatesimulation,
which is an auxiliary inflow simulation. Whereas this approach can
provide an accurate inflow condition, it requires additional com-
putation time and data storage.! Moreover, the drawback of this
approach is that it cannot predict the flow accurately when other
external terms exist, for example, pressure gradient, buoyancy, etc.
Because of consideration of these effects, difficulties are encoun-
tered in generating the accurate inlet conditions. It is desirable to
prescribe a turbulentinflow condition at the inflow boundary of the
computation domain.

In the present study, a new simple method for generating equi-
librium turbulent inflow conditions is proposed when calculations
are performed with a RANS closure. The inner layer of the tur-
bulent boundary layer, which is governed by the law of the wall,
is composed of the viscous sublayer and logarithmic layer.> Coles
maintained that the deviations or excess velocity of the outer layer
above the logarithmic layer have a wakelike shape when viewed
from the freestream? Lund et al.® devised a composite profile that
is obtained by forming a weighted average of the inner and outer
layers. In the present study, the inlet values of k and ¢ are obtained
by solving the k-& equations based on the aforestated composite
velocity profile. Here the k—& equations are a subset of the adopted
RANS closure. As a validation, the present method is applied to
the flows of a backward-facing step.*~® The predicted results are
compared with the experimental data.

Generation of Inflow Conditions

Spalding deduced a single composite formula that covered the
entire wall-related region’:
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This expressionis an excellent fit to inner-layer data all of the way
from the wall to the point where the outer layer begins to rise above
the logarithmic curve. In Eq. (1), k and B are near-universal con-
stants for turbulent flow (x =0.41 and B =0.55). The inner vari-
ables u; =U/u, and y* =yu,/v are employed near the wall
region.

Colesnotedthatthe deviationsor excess velocity of the outerlayer
above the logarithmic layer have a wakelike shape when viewed
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from the freestream.? The overlap and outer layers are expressed
as
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The quantity IT, called the Coles wake parameter, is directly related
to the nonzero pressure gradient, which is constant at equilibrium
flow. The wake function f is normalized to be zero at the wall and
unity at y =38. By integrating Eq. (2) across the boundary layer, we
obtain?
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where 9, 0%, and 6 are the boundary-layer thickness, displacement
thickness, and momentum thickness, respectively. The local skin-
friction coefficient C, =2/A? is related to IT and Re; =U, &/ v by
evaluating the wall-wake law [Eq. (2)] at the edge of the boundary
layer?:
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The variables &, I, and u, in Egs. (1) and (2) are obtained by solving
Egs. (3-3).

A composite profile that is approximately valid over the entire
layer is obtained by forming a weighted average of the inner and
outer profiles’:
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The weighting function W(n) is defined as

1 a(n—b)
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where n =y/§ is the outer coordinate and @ and b are constants,
a =4 and b =0.2. The weighting function is zero at n =0, 0.5 at
n =b, and unity at n =1 (Ref. 3).

In a RANS closure, the inlet conditions of k and ¢ are generally
given by the formula of Rodi and Scheuerer’:
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However, in the present study, the inlet values of k and ¢ are obtained
by solving the k-¢& equations in concert with the composite velocity
profile [Eq. (6)]. Here the k-¢ equations are a subset of the adopted
RANS closure. This method is analogous to the a priori test of
Parneix et al.. in which the values of k and ¢ are assessed outside
of their full predictive context. For example, if the k-&- f,, model
is chosen as one of a RANS closure, which is known to give good
predictions in turbulent separated and reattaching flows, the k-¢
equations are expressed as
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The coupled equations (9) and (10) are solved based on the mean
velocity in Eq. (6). Details regarding the model formulation and
model constants can be found in Ref. 1.
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Results and Discussion

It is important to ascertain the accuracy of the present method.
Toward this end, an inlet mean velocity profile has been generated
by using the present method. The experiment of Vogel and Eaton*
is employed for comparison, where the flow is over a backward-
facing step. Based on the given experimental parameters, that is, 6*
and 6, a composite velocity profile can be obtained from Eq. (6) in
concert with Egs. (1) and (2). As can be seen in Fig. 1, the mean
velocity profile obtained by the present method is reproduced well.
In particular, the agreement in the wake region is remarkable. This
guarantees the reliability of the present method.

To look into the influence of the inflow condition, three inlet
conditions are chosen for comparison. The flow over a backward-
facing step is selected as a benchmark test flow. Three inlet condi-
tions are the parabolic profile, the %-power profile, and the present
method. The k-&- f,, model of Park and Sung' is employed as a
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Fig.1 Comparison of the predicted mean velocity profile with experi-
ment.

Fig. 2 Comparison of the predicted results by three inlet conditions
with experiment for U/Uy, k/U}, and v/ @vpmax: ©, Eaton and Johnston®;

- —, parabolic; - - -, %-power; and , present.
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Fig. 3 Comparison of the predicted eddy viscosity with experiment:
o, Driver and Seegmiller®; - —, parabolic; - - -, %-power; and —,
present.

RANS closure. In the first two cases, that is, parabolic and %-
power, the inlet values of k and & are given by the formula of
Rodi and Scheuerer’: k =k,(U/U,)? and ¢ =0.1k(8U/dy). The
predicted results are compared with the experimental data of Eaton
and Johnston? As seen in Fig. 2, when the correctinlet profiles are
given via the present method, the predicted quantities are in good
agreement with the experiment. The predicted results by the %-
power profile also give good prediction with a reasonable accuracy.
However, the parabolic profile is not a good inflow condition.

The comparisonis extendedin the distributionsof eddy viscosity
v;, and the results are shown in Fig. 3 for the recirculating region
(Xg/H —2.1) as well as for the relaxing region (Xz/H +1.9).
Comparisons are made with the experimental data of Driver and
Seegmiller® It is encouraging that the results predicted by the
present method are in better agreement with the experimental data
than those predicted by the %-power profile.

Further evidence by the present method is seen in the compar-
ison of the calculated reattachment lengths X with the experi-
mental results. As seen in Table 1, the computational results ob-
tained by the present method are in excellent agreement with the
experiments. Furthermore, the agreement is widely distributed to
the ranges, where the adopted experimental conditions cover the
ranges 2.8 X 10* <Rey <3.8 X 10* and 1.25 <ER <1.667, where
ER is the expansion ratio. The reattachment lengths obtained by
the %-power law profile are seen to be overpredicted. The degree of
overpredictionis amplified when the parabolic profile is employed.
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Table1 Comparison of computational reattachment lengths with experiments

Results
Reference Rey X 10* ER Experiment  Parabolic %-power Present
Driver and Seegmiller® 3.8 1.125 6.21x0.2 10.56 6.85 6.21
Vogel and Eaton* 2.8 1.25 6.65+0.3 9.83 7.41 6.59
Eaton and Johnston® 3.8 1.667 7.95%x0.3 9.47 8.24 7.92

These findings reinforce the ascertainment that the imposition of
accurate inlet condition is crucial. It follows that the efforts to test
turbulence model performances are far more fruitful when an accu-
rate and robust inlet condition is used.

Conclusions

A simple method for generating inflow conditions for turbulent
boundary layersin a RANS closure has been presented. A compos-
ite profile was obtained by forming a weighted average of the inner
and outer profiles. The mean velocity profile was reproduced well
by using the experimental integral parameters. The inflow condi-
tions of k and & were obtained by solving the k-¢& equations with the
aforestated mean velocity profile. When compared with the compu-
tations using other inlet conditions, the proposed method was shown
to be highly accurate.
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