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Abstract

RSM (Reynolds Stress Model) simulations of turbulent flow on
a streamwise external corner were carried out using the CFD
code FLUENT to obtain skin friction. Both wall function and
near-wall treatment approaches were used. Experimental data
from an earlier experimental study [J. Fluid Mech. 511 (2004)
1], measured at the streamwise station x = 0.54 m was used
as the inlet condition for the numerical simulation. The objec-
tive of the numerical investigation is to determine the accuracy
of RSM prediction of skin friction coefficients (Cf ) for a com-
plex three-dimensional flow. Calculated values were compared
with the experimental data and only wall function model data is
found to be in reasonable agreement.

Introduction

Commercial CFD softwares are widely used to calculate various
forms of drag in number of engineering applications. Most of
these applications are complex in nature. Since experimental
investigation of complex flow, such as turbulent flow along an
external corner has been conducted [1, 2], it is worthwhile to
find whether CFD calculations can replicate the measured skin
friction data.

In the earlier studies of [1, 2] the details of turbulent boundary
layer development over a 6 m long external corner were investi-
gated using hot-wire anemometry in a large closed circuit wind
tunnel. Mean streamwise velocities were also measured using
a Pitot-static tube. The first measurement point of the mean
velocity profile was taken as Preston tube measurement of Cf .
This quantity was also calculated using a Clauser chart. Details
are presented in [1].

For this numerical simulation a commercial Computational
Fluid Dynamics (CFD) software, FLUENT 6.0, was used adopt-
ing a Reynolds Stress Model (RSM). For the details of the nu-
merical scheme, grid configuration and boundary conditions,
refer to [3]. A brief description with emphasis to grid config-
uration is presented in the next section. In FLUENT calcula-
tion, wall can be treated with three different approaches: (a)
near-wall model (based on [4, 5]), (b) standard wall function
model [6] and (c) non-equilibrium wall function model [7]. The
current study utilizes all three models.

Numerical technique

Incompressible turbulent flow along streamwise corners was
considered. The geometry and co-ordinate systems are dis-
played in figure 1(a). Two different sets of grids (one consist-
ing of 588,000 and the other of 507,000 hexahedral elements)
were generated. The first set was created for the near-wall RSM
model, where the grids are clustered closely to the wall to en-
sure that the first computational node is at y��5 (for the cur-
rent study y��1) as per FLUENT guidelines (assuming that the
u� � y� relationship exists in that region). In addition, a very
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Figure 1: (a) Flow configuration of streamwise corner for nu-
merical simulation (not to scale). (b) Mesh distribution on the
cross section of the flow domain. Figures are presented looking
upstream.

fine grid was generated near the streamwise corners to capture
the correct secondary flow structures.

Traditionally, in most of the commercially available CFD codes,
including FLUENT, the preferred mode of simulation is the wall
function approach. For this approach, FLUENT suggests that
the first computational grid should be set at 30� y� �60 (as-
suming that log-law exists in that region). This necessitates
the need for the second set of grids with the first computational



node at y� �30. The same guideline applies for both standard
and non-equilibrium wall functions.

Experimental data measured at the streamwise station at 0.54
m was used as the inlet condition for the numerical simula-
tion. Off-the-wall boundary conditions are normally used for
both near-wall and standard wall function approaches in FLU-
ENT. In the wall function approach (both standard and non-
equilibrium), the viscosity-affected region is not resolved. In-
stead, semi-empirical formulae known as “wall functions” are
used to bridge the viscosity-affected region between the wall
and the fully turbulent region. To compute the values of the
mean velocity components, Reynolds stresses and dissipation
rate (ε) at the first node off-the-wall separate wall functions are
used. In the near-wall model the viscosity-affected region is
usually resolved all the way to the wall. However, similar to
the standard wall functions, enhanced wall functions are used
to compute the quantities at the first grid off-the-wall for the
FLUENT near-wall model. This is a deviation from the original
Launder and Shima model [8], where flow to be calculated all
the way down to the wall, setting zero values of all the velocity
and Reynolds stress components. These boundary conditions
have been discussed elaborately in [3]. The convergence of the
calculation is determined by monitoring the residual versus iter-
ation curves. The simulations are conducted until these curves
are flattened.

Results

In figure 2(a), the spanwise Cf profiles, at x=4.565m, from
all three runs (simulations) are plotted. In addition, near-wall
method data from [3] is shown, in which y� �3. All profiles
have similar trends, except very close to the corner. Unexpect-
edly, near-wall method values are much higher than the wall
function method values. The FLUENT near-wall model cal-
culates wall shear stress based on the assumption that the law
u� � y� exists in the viscous sublayer. Therefore, despite cal-
culating approximately correct values of the mean velocity, a
very minor inaccuracy may result in an erroneous local skin
friction coefficient (Cf ). Although emphasis is given on the im-
portance of setting y� �1 in [5], a simulation with y� �5 does
not provide much variation.

In figure 2(b) all the current numerical profiles, as well as profile
from [9], are normalised by Cf 2D, the Cf value in the 2-D re-
gion. A length scale s2D is also used, which represents spanwise
distance from the corner where the nominal 2-D region approx-
imately starts. For the [9] profile s2D is the distance between
the corner and the wall bisector. The profiles are found to have
excellent similarity, except very close to the corner. Besides
differences in flow geometry, the study of [9] adopted a coarse
grid for the external corner. All these may have contributed to
the larger difference close to the corner.

The Cf is usually measured in mild 3-D flows using a Preston
tube. The experimental data of [1] (obtained using a Preston
tube) is compared with both wall function model data in fig-
ure 3. Overall a very good agreement is observed. However,
data from the near-wall model is not plotted in this figure. Cor-
relating figure 2(a), it is clear that the near-wall model grossly
overpredicts Cf values all along the model.

Unlike the experimental finding, at x=1.07 m multiple peaks
are not found in the numerical profiles and the values of the
peaks (close the corner) are smaller compared to the experimen-
tal data. Overall the non-equilibrium model better predicts the
data at this station compared to standard wall function model.

In figure 4, the comparison of both wall function model data
with the experimental data (obtained using a Clauser chart) is
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Figure 2: (a) Comparison between absolute spanwise Cf pro-
files from all current numerical simulations. (b) Comparison of
normalised spanwise Cf profiles from current numerical simu-
lations and [9]. s2D represents spanwise distance from the cor-
ner where the nominal 2-D region approximately starts.

presented for five streamwise stations. The numerical data is
found to be significantly lower compared to the experimental
data derived from a Clauser chart. This difference is larger at
the upstream stations (i.e. x=1.07 m and 2.17 m) compared to
the downstream stations. However, at x=1.07 m prediction by
non equilibrium model is comparatively better. The difference
between the wall function data and the Clauser chart data is the
same order of magnitude as the difference between the Clauser
chart data and the Preston tube data, which is given in the fourth
column of table 1.

2-D values for Cf distribution
Station (in mm) Clauser Chart Preston tube Diff.
x, s=1070, 40 3.637 x 10�3 3.315 x 10�3 9.71
x, s=2170, 100 3.087 x 10�3 2.869 x 10�3 7.07
x, s=3385, 100 2.941 x 10�3 2.765 x 10�3 6.70
x, s=4565, 100 2.880 x 10�3 2.735 x 10�3 5.30
x, s=5010, 100 2.878 x 10�3 2.731 x 10�3 5.38

Table 1: Cf values in the nominal 2-D region at various stream-
wise station. distribution. The fourth column shows the differ-
ence between two methods as a percentage.

Although in the experimental study, the shape of the spanwise
Cf profile are different at early and downstream streamwise
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Figure 3: Comparison of spanwise Cf profiles from both wall function model simulations with that from the experimental data (based
on Preston tube). Profiles for each streamwise station are shifted 1 unit upwards from the downstream one except at x=5.01m.
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Figure 4: Comparison of spanwise Cf profiles from both wall function model simulations with that of experimental data (derived from
a Clauser chart). Profiles for each streamwise station are shifted 1 unit upwards from downstream one except at x=5.01m.



stations (presented in [1]), these profiles are found to have a
similar shape all along the model in the numerical study. It is
observed that similar to the experimental findings, in the nu-
merical studies with wall function model, the maximum value
of Cf occur away from the streamwise corner. As one moves
away from the location of the maximum, the Cf decays expo-
nentially towards the two-dimensional region. The location of
the maximum Cf from the standard wall function model data
is found to be closer to the corner (s �2.5 mm) compared to
that from the experimental findings (s �5 mm at early station
and s�10 mm downstream). However these locations from the
non-equilibrium model are found to be similar to that from the
experimental study.

Conclusions

Numerical simulation based on an RSM model is performed
for the flow along an external corner. The current study shows
that in an ideal situation the boundary layer develops symmet-
rically about the external corner bisector and therefore, the Cf
distribution is symmetrical too. The Cf distribution from the
wall function model simulation is found to be in reasonable
agreement with the experimental work. However, the near-wall
model simulation grossly overpredicts theCf values. This prob-
lem has been traced back by [3] to the fact that a serious error
is involved with the wall boundary conditions (enhanced wall
functions) for Reynolds stresses. Therefore, it is suggested that
for the near-wall model, instead of using off-the-wall boundary
conditions, flow to be calculated all the way down to the wall
setting zero values of all the velocity and Reynolds stress com-
ponents (as done in [8]).
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