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Both two-dimensional and three-dimensional numerical simulations of the turbulent flow through a staggered

tube bundle are presented. The primary aim of the present study is to search for a turbulentmodel that could serve as

an engineering design tool at a relatively low computational cost. In the present study, the performances of the

Spalart–Allmaras model, the k-" model, and large eddy simulation are evaluated by comparing their simulation

results against experimental measurements. The turbulence models are assessed mainly based on their ability to

resolve time-dependent features of the flow related to vortex shedding. Simulations are performed at a Reynolds

number of 9300. Overall, the predicted streamwise mean velocity and transverse mean velocity in the present study

are in good agreement with measurements, and the results show that the simple one-equation Spalart–Allmaras

model could be a verypromising tool for numerical simulation of complex turbulentflows, since the Strouhal number

obtained by it agrees well with measurements available in the literature for similar tube geometries.

Nomenclature

Cd = streamwise drag coefficient, 2Fd=�U
2
1�dLz

d = tube diameter, m
Fd = streamwise drag force, N
k = turbulent kinetic energy, m2=s3

Lz = computational domain in the z direction, m
Re = Reynolds number, �U1d=�
SL = longitudinal pitch, m
ST = transverse pitch, m
T = temperature, K
t = physical time step, s
t� = nondimensional time step, tU1=d
U = x-direction mean velocity component, m=s
U1 = inlet velocity, m=s
uiuj = Reynolds stress, �m=s�2
u� = friction velocity, m=s
V = y-direction mean velocity component, m=s
W = z-direction mean velocity component, m=s
x = streamwise coordinate, m
y = transverse coordinate, m
z = spanwise coordinate, m
�y = distance from wall to the first grid point, m
�y� = first node’s wall unit (��yu�=�)
" = turbulent dissipation, m2=s3

� = dynamic viscosity, kg=m=s
�t = turbulent viscosity, kg=m=s
� = kinematic viscosity, m2=s
� = fluid density, kg=m3

� = angle measured clockwise from front edge of the tube,
deg

! = specific dissipation rate, s�1

Introduction

F LOW and heat transfer in tube bundles have many important
industrial applications and have been studied in the past both

experimentally and through numerical simulation. Many inves-
tigations, mostly for steady flow, have been reviewed in two earlier
papers [1,2], regarding staggered tube banks and in-line tube banks,
respectively. A literature search on unsteady flow associated with
vortex shedding in tube bundles reveals that much work has been
done in the past on this aspect, especially within the last decade. The
experimental results of Abd-Rabbo and Weaver [3] showed that
alternate vortex shedding occurs at low Reynolds numbers in
staggered arrays. This has been confirmed recently by many flow
visualization studies, including Weaver et al. [4] and Price et al. [5].
Recently, Wang et al. [6] have found that alternate vortex shedding
also exists at a very high Reynolds number (106) in a staggered tube
bundle. In experimental studies conducted by Paul et al. [7], the
existence of the spatially periodic region was found for all three
Reynolds numbers (4800, 9300, and 14,400). Their experimental
results indicate that flow evolves fairly rapidly in the streamwise
direction and becomes spatially periodic after a relatively short
distance.However, because of the complicatedflow characteristics in
the tube bundles, the vortex structures could not be clearly obtained
by their experiment and information on vortex shedding was not
reported in their paper [7]. Paul et al. [8] also conducted a two-
dimensional numerical investigation of turbulent crossflow over the
tube bundle with four Reynolds-averaged Navier–Stokes (RANS)
models at a Reynolds number of 9300. They arrived at the conclusion
that two-dimensional computations with RANSmodels for turbulent
crossflow over the bundle are not adequate for predicting the mean
flow features accurately. It has been noted that the steady models
were chosen in their simulations. Therefore, no vortex-shedding
information was provided in that paper either. A similar conclusion
was obtained by another two-dimensional numerical investigation
conducted by Kulasekharan and Prasad [9]. It has been known that
for simulation of a developing flow, both upstream and down-
stream lengths should be long enough so their location will not
have a significant impact on the solutions obtained. However, in
Kulasekharan and Prasad’s study, there are almost no upstream and
downstream lengths. In their numerical study, instead of using the
periodic boundary condition, a uniform approach velocity was ap-
plied to the inlet boundary condition, and the pressure outlet was
applied to the outlet boundary condition. With such boundary
condition setup, it is thus no surprise that in their study, none of
solutions obtained from nine turbulence models were in good
agreement with the measurements of Simonin and Barcouda [10].
Recently, large eddy simulation (LES) has become a very popular
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and reliable numerical method, and has been successfully used in
prediction of flow around tube bundles, such as in simulations
conducted by Barsamian and Hassan [11], Bouris and Bergeles [12],
Mollet-Miet et al. [13], and Benhamadouche and Laurence [14].
However, most of the numerical simulations of the turbulent flow
around tube bundles that have been performed to date are based on
one (or more) of the following simplifying assumptions: low
Reynolds number laminar flow, statistically steady turbulent flow, or
fully developed periodic flow in the streamwise and cross-stream
direction. It should be noted that in an numerical investigation
conducted by Liang and Papadakis [15], the aforementioned

limitations were removed. They studied the flow development in a
staggered array consisting of six rows at a Reynolds number of 8600
by three-dimensional LES. Two distinct vortex-shedding frequen-
cies were reported behind the first two rows, but the high-frequency
component vanished in the downstream rows. The corresponding
Strouhal numbers agree well with those of experimental findings.

The primary aim of the present study is to search for a turbulent
model that could serve as an engineering design tool at a relatively
low computational cost. The performances of the Spalart–Allmaras
model (referred to as the S-A model throughout), the k-"model, and
LES are evaluated by comparing their simulation results against
experimental measurements. The turbulence models are assessed
mainly based on their ability to resolve time-dependent features of
the flow related to vortex shedding.

The rest of the paper is arranged as follows. First, the geometry and
computational grids are presented, followed by the numerical
approach and turbulence models. The predicted streamwise mean
velocity and transverse mean velocity are then validated against
detailed experimental data. Following validation, instantaneous flow
patterns are analyzed and the temporal evolution of vorticity are
presented. Finally, the associated Strouhal numbers are compared
with available experimental results.
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Fig. 1 Two-dimensional simulation domain with the coordinate
system.

Table 1 Grid information: coarse grid (G1-O),

coarse grid with refinement (G1-A), finer grid (G2-O),

and finer grid with refinement (G2-A)

S-A model k-" model

Mesh Cells �y� Cells �y�

G1-O 50,482 3.71 50,482 3.84
G1-A 83,605 1.04 75,412 1.03
G2-O 111,580 4.53 111,580 3.86
G2-A 133,924 1.12 132,607 1.01
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Fig. 2 Sample grid detail.
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Simulation Overview

Problem Description

The geometry of the two-dimensional domain representing a
typical region in a bundle with tube diameter d� 0:0254 m, trans-
verse pitch ST � 0:0955 m, and longitudinal pitch SL � 0:05334 m
is shown in Fig. 1a. Figure 1b shows the details of the region, in
which most results will be presented using spatial coordinates
normalized by the tube diameter. The case was originally studied by
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Fig. 3 Sample profiles of the grid-independence test of streamwise mean velocity and transverse mean velocity at x=d� 45:19.
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Fig. 4 Sample profiles of the grid-independence test of the streamwise mean velocity and transverse mean velocity at x=d� 11:25.

Table 2 Grid information: coarse grid (G1-O), coarse grid
with refinement (G1-A), finer grid (G2-O), and finer grid

with refinement (G2-A)

LES S-A model k-" model

Mesh Cells �y� Cells �y� Cells �y�

3DG2-O 824,064 5.87 824,064 3.89 824,064 3.99
3DG2-A 1,067,286 4.81 1,335,330 2.82 1,008,843 2.36
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Paul et al. [7] using particle image velocimetry. In two-dimensional
study, the simulation domain is 2:5 � 0:0955 m, which is half of the
experimental domain in the transverse direction because a combi-
nation of symmetry and no-slip boundary condition is applied at the
bottom edge. For two-dimensional simulations, the distance from the
inlet to the center of the first tube and the distance from the center of
the last tube to the outlet are taken to be 43:9d and 44:0d respectively,
which are identical to the Paul et al. [7] experimental setup. For three-
dimensional simulations, due to the higher computational cost, the
distance from the inlet to the center of the first tube and the distance
from the center of the last tube to the outlet are taken to be 10d and
15d, respectively. These lengths were judged to be sufficiently long
so that any increase in their values would not have a significant
impact on the solutions obtained. In two-dimensional simulations
conducted by Paul et al. [8], the upstream and downstream lengths
are both taken to be only 10d.

Grid and Numerical Approach

Two-Dimensional Grid

Twomesh schemes are generated for the calculations and the grid-
sensitivity study. The examples of coarse grid are presented in
Figs. 2a and 2b, and the example of finer grid is presented in Fig. 2c.
The coarse grid (referred to as G1-O throughout) consists of 50,482
cells with a maximum volume of 1:02 � 10�5 m3, and the finer grid
(referred to as G2-O throughout) consists of 111,580 cells with a
maximum volume of 4:57 � 10�6 m3. Both mesh schemes were
generated having a thin boundary layer around all tubes and the top
wall. Irregular triangular mesh elements were used for both schemes.
The important advantage of using irregular triangular mesh elements
is that the mesh aligned to the tube corners on top and bottom

boundaries does not need to be stretched as the structuredmesh does.
It was found that meshG2-O has a higher quality regarding themesh
skewness. Both solution-adaptive refinement and boundary-adaptive
refinement (features of FLUENT) were used in the calculation
domain, mainly in the tube bank region. Gradients of velocity
magnitude and turbulent quantities have been selected as the field
variables for adapting the grid. The number of grid points after
refinement for calculations with two different models is given in
Table 1. After refinement, all �y� values are less than 2 in the flow
domain for the simulations, and the finest grid consists of 133,924
cells.

Figure 3 shows the streamwise mean velocity and transversemean
velocity at x=d� 45:19 as predicted on different grids by the S-A
model and the k-" model. It is observed that mean velocity profiles
obtained by the k-" model on four grid sets are practically identical.
Simulation results obtained by the S-Amodel were more sensitive to
grid refinement. The profiles of transverse mean velocity obtained
with fine grids were closer to the experimental data than the profiles
of transverse mean velocity obtained with coarse grids. However, the
differences among solutions obtained by two fine grid sets (G2-O
andG2-A) are difficult to detect. In the rest of this paper, only results
from G2-O are presented, unless otherwise stated.

Three-Dimensional Grid

In three-dimensional study, one simulation domain is set to
be 0:9017 � 0:0955 � 0:0762 m with 824,064 cells (3DG2-O).
Another grid scheme is generated for grid-independence study
purpose and only LES is performed on it. That simulation domain is
set to be 2:5 � 0:191 � 0:2 mwith 1,732,895 cells (3DG1-O). After
refinement, the cells number reaches 2,021,414. The simulation
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Fig. 5 Comparison of streamwise mean velocity at selected axial locations (see Fig. 1b).
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results plotted in Fig. 4 indicate that the agreement between the
solutions obtained by LES on two grids is reasonably good although
the grid 3DG1-A is very coarse. Figure 4 also indicates that both
streamwise mean velocity and transverse mean velocity predicted by
S-A model, k-" model, and LES were not sensitive to the grid
refinement. In the rest of this paper, only results from the finer grid
with the refinement (3DG2-A) are presented. The grid refinement
information for three models is summarized in Table 2. It should be
noted that even after refinement, the grids are still relatively coarse
compared to those used in the two-dimensional simulations.

Numerical Approach

The boundary conditions for the solution domain shown in Fig. 1a
are as follows. Fluid with an approach velocity U1 enters the
solution domain uniformly at the inlet region, and a combination of
symmetry and no-slip boundary condition is used at the bottom edge.
In addition, at the inlet the turbulent intensity, based on the
experimental data, is set equal to 4%. A pressure-outlet boundary
condition was used to define the static pressure at the flow outlet, and
it was set to be equal to the operating pressure of 101,325 Pa (default
value in FLUENT [16]). For all the calculations, a segregated
solution approach using the SIMPLE algorithm was used. The
governing equations were discretized by the second-order upwind
scheme. A second-order implicit scheme was used for the unsteady
formulation. The nondimensional time step (t� � tU1=d) for
calculations was 0.015. The simulations were performed on an SGI
Altix 3000 with up to eight CPUs.

For the S-A model, it took approximately 13 and 136 s on G2-A
and 3DG2-A, respectively, to complete one time step. Each time step
took around 11 subiterations to converge for the two-dimensional
case and around five subiterations to converge for the three-
dimensional case. For the k-" model, it took approximately 10 and
73 s on G2-A and 3DG2-A, respectively, to complete one time step.
Each time step took about four subiterations to converge for both
two-dimensional and three-dimensional simulations. For LES, it
took approximately 504 s on 3DG2-A to complete one time step, and
each time step took around 18 subiterations to converge. On
3DG1-A, it took approximately 792 s to complete one time step and
each time step took about eight subiterations to converge. At least
6000 time steps were used to obtain the time-averaged results, and
convergence was declared when the maximum scaled residuals were
less than 10�4 for all governing equations.

Turbulence Models

Three turbulence models are investigated in the present study: the
S-A model, the k-" model, and LES. The S-A model is a relatively
simple one-equation model that solves a modeled transport equation
for the kinematic eddy viscosity [17], while in LES, large eddies are
resolved directly and small eddies are modeled. The details of their
mathematical formulation and their implementation in FLUENT can
be found in the authors’ previous publication [18] and are not
presented in this paper, due to space limitations. The standard k-"
model is a semi-empirical, two-equation model based on model
transport equations for the turbulence kinetic energy k and its
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Fig. 6 Comparison of transverse mean velocity at selected axial locations (see Fig. 1b).
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dissipation rate " originally proposed by Launder and Spalding [19].
The model transport equation for k is derived from the exact
equation, while the model transport equation for " was obtained
using physical reasoning and is not mathematically exact.

The turbulence kinetic energy k and its rate of dissipation " are
obtained from the following transport equations:

@
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In these equations, Gk represents the generation of turbulence
kinetic energy due to the mean velocity gradients, calculated as

Gk ���u0iu0j
@uj
@xi

(3)

The turbulent (or eddy) viscosity �t is computed by combining k
and " as follows:

�t � �C�
k2

"
(4)

The model constants C1", C2", C�, �k, and �" have the following
default values:

C1"� 1:44; C2"� 1:92; C�� 0:09; �k� 1:0; �"� 1:3

Results and Discussion

Mean Velocity Profiles and RMS Velocities

The distribution of the dimensionless streamwise and transverse
mean velocities obtained with two-dimensional and three-
dimensional grids at selected x=d locations are shown together
with the experimental measurements in Figs. 5 and 6. The
experimental data are extracted from Figs. 9 and 10 in Paul et al. [8].
Figures 5 and 6 reveal that allmodels produce the correct trends of the
streamwise and transversemeanvelocity profiles at all x=d locations.
In Fig. 5, in the flow-developing region (x=d � 47:29), the
streamwise mean velocity obtained in the present study is in very
good agreement with themeasurements (see Figs. 5a and 5b), while a
relatively larger disagreement between the simulation and the
measurements occurs in the spatially periodic region (x=d > 47:29,
see Figs. 5c and 5d). However, in all four locations, the present
simulations appear to be in better agreement with the measurements
than the numerical simulation results conducted by Paul et al. [8]. In
their numerical study, four turbulence models were used and none of
them were able to consistently reproduce the mean velocity well. It
should be noted that in Fig. 5d, experimental data are extracted from
Fig. 4 in [7] and Fig. 9 in [8] because it has been found that at the same
location, the difference between the experimental data reported in
two papers is obvious. In Fig. 6b, results from the S-A model and
LES are in better agreement with the experimental data than results
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Fig. 7 Comparison of spanwise mean velocity at selected axial locations at z=d� 1:5 (see Fig. 1b).
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from the k-" model. The predicted transverse mean velocities
obtained by k-" model have underpredicted the peak values. This
behavior is consistent with the model performance in the previous
numerical study [8]. At x=d� 49:39, the present simulations
obtained using the k-" model and three-dimensional S-A model
appear to be in much better agreement with the measurements than
solutions obtained with two-dimensional S-A and LES. At
x=d� 51:49, the results obtained by two-dimensional S-A and LES
appear to be in much better agreement with the measurements than
solutions obtained with k-" model. The distribution of the
dimensionless spanwise mean velocities obtained with three-
dimensional grids at selected x=d locations are shown in Fig. 7. The
spanwise mean velocity is much smaller compared with streamwise
mean velocity and transverse mean velocity plotted in Figs. 5 and 6,
indicating that the mean flow structure is dominated by only
streamwise mean velocity and transverse mean velocity. Unfor-
tunately, there are no spanwise mean velocities obtained from
previous studies available for comparison. Overall, in the present
study, mean velocity profiles obtained by all models are in good
agreement with the experimental data.Most likely because the three-
dimensional grid was too coarse, no three-dimensional solutions
appear superior to two-dimensional solutions, and LES has no
advantage over the S-A model or k-" model.

RMS velocities from the simulations are examined and compared
with Paul et al. [7]. The simulated RMS velocities did not compare
as well with previous observations as did the mean velocities.
Specifically, it has been found that the largest RMS values developed
after the fourth tube row in the S-A simulations, rather than after the
second tube row, as previous observations would suggest. The RMS
values from the k-" were delayed even further, not developing until

after the sixth tube row. TheLEShad a similar difficulty in simulation
of RMS values.

Instantaneous Streamlines, Vorticity Contours, and Temperature

Contours

Some previous studies have clearly shown that alternate vortex
shedding occurs at discrete frequencies inside tube arrays over awide
range of configurations and Reynolds numbers. Closer examination
of the instantaneous flow patterns in tube bundle reveals that in the
present study, only the S-A model and LES are capable of capturing
the spatially periodic flow structure. The streamlines of the
instantaneous flow over tubes obtained by the three models are
shown in Fig. 8. Figure 8a reveals that the flow is nearly symmetrical
around the forward portion of the tube. The stagnation point (point B)
is located at the middle-tube horizontal centerline. The separations
occur at an angle of �� 102 and 258	 on the top part of the tube and
on the bottom part of the tube, respectively. Two unsymmetrical
vortices are observed downstream from the tube that indicate that
flow has a spatially periodic structure after the second tube row. This
finding is consistentwith that of Paul et al. [7]. Itwas found from their
experimental study that the flow develops very rapidly through the
tube bundle and becomes spatially periodic after the second tube row.
In Fig. 8b, unlike in Fig. 8a, the stagnation point at the fourth tube row
has been shifted away from the middle-tube horizontal centerline.
The separations occur at an angle of �� 102	 on the top part of the
tube and at an angle of �� 234	 on the bottom part of the tube. Two
vortices, different in size and opposite in rotational direction, are
formed downstreamof the tube. The size of the recirculation region is
much smaller than that behind the tube in the second row. From the
streamlines around the sixth tube row, it can be seen that the
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Fig. 8 Instantaneous flowfield around tubes.
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stagnation point was pushed down further compared with that of the
fourth tube row. The separations occur at an angle of�� 108	 on the
top part of the tube and at an angle of �� 246	 on the bottom part of
the tube (see Fig. 8c). The streamlines of the instantaneous flow over
tubes obtained by the k-" model are shown in Figs. 8d–8f. Two
vortices, similar in size but opposite in rotational direction, are
formed downstream of both tubes in row two and row four. Around
the sixth tube row, flow is still near symmetrical in the forward
portion of the tube. The solution obtained by the k-"model indicates
thatflowbecomes spatially periodic after the sixth tube row. Theflow
develops much slower through the tube bundle in comparison with
the experiments. The streamlines of the instantaneous flow over
tubes at z=d� 1:5 obtained by LES are shown in Figs. 8g–8i.
Unsymmetrical streamlines are observed downstream from the
second tube row, and flow patterns are similar to those observed with
the two-dimensional S-A model.

Figure 9 presents the evolution of the vorticity fields around the
tubes from t� 14:00 to 14.20 s obtained by the two-dimensional S-A
model. It clearly captures the character of the vortex shedding. Only
the evolution of the vortex around the tube in row four is discussed
here. The sequence begins in Fig. 9a with a vortex that has just
detached from the upper surface of the tube.Anewvortex has already
started to form on the lower surface of the tube. When the detached
vortex moves downstream and passes the gap between the tubes in
row five, it is stretched (Fig. 9b). The vortex continues to move
downstream toward the front wall of the tube in row six. Before it hits
the front of the tubewall, it can still be distinguished. However, there
is no evidence of this vortex surviving past tube row six. While this
detached vortexmoves downstream, the vortex that is still attached to
the lower surface of the tube continues to grow until it is finally shed
(Fig. 9c). At the same time, the vortex that has already formed on the
upper surface of the tube continues to grow (Fig. 9d). Finally, when
this vortex grows too large to remain attached to the tube, it is shed
(Fig. 9e). Figure 9e is similar to Fig. 9a, as the flow starts a new
vortex-shedding cycle.

Figure 10 presents the instantaneous vorticity field around the
tubes obtained by the two-dimensional k-" model and three-
dimensional LES.Unlike the solutions obtained by the S-Amodel, in
Fig. 10a, there is no spatially periodic structure observed through the
tube bundle, and the alternate vortex shedding only occurs after the
sixth tube row.Downstream from the last tube row in Fig. 10b, a large
number of smaller-scale eddies, nonexistent in both the S-A and k-"
calculations, are observed in the vorticity field from the LES.

Because of a very high computational cost involved in three-
dimensional simulations, the energy equation was only included
in two-dimensional calculations. The instantaneous temperature
contours obtained by the S-A model and the k-"model are presented
in Fig. 11. The higher-temperature areas were not only observed in
the recirculation regions behind each tube but were also strongly
associated with the vortex shedding in the spatially periodic region.Fig. 9 Temporal evolution of vorticity obtained by the S-A model.

Fig. 10 Instantaneous vorticity contour. Fig. 11 Instantaneous temperature contour.
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This finding is consistent with that of Beale and Spalding [20]. Their
numerical results reveal that the formation of the vortices has a
significant effect on the temperature field in both in-line and
staggered tube bundles at the Reynolds number of 300.

Statistical Features for Unsteady Flow

Part of the temporal evolution of the streamwise drag force
coefficient and the frequency spectra of the streamwise drag

coefficient are shown in Figs. 12 and 13, respectively. The simulation
results shown were taken around the fourth tube row obtained by the
two-dimensional S-A model, two-dimensional k-" model, and the
three-dimensional LES. There are important differences in the
magnitude and nature of the streamwise drag coefficient in Fig. 12.
Streamwise drag coefficient in the k-" is small and constant, whereas
S-A predicts a significant variation around the mean with a regular
pattern, consistent with a regular vortex-shedding frequency.
Furthermore, LES predicts a more significant variation around the
mean with no regular pattern, consistent with the random nature of
the shedding and in agreement with observations from experiments
with similar tube geometries [21].

In Fig. 13, the frequency has been converted to a Strouhal number.
In S-A, the peak value was 0.345 (or St� 0:254 based on the
gap velocity), which corresponded to f� 5:00=s, i.e., it took
approximately 0.20 s to complete a whole vortex-shedding cycle.
The value estimated from flow visualization discussed in Fig. 9 is
also 0.20 s, and it perfectly matches with the peak value obtained by
statistical analysis. In LES, two Strouhal numbers are detected
around the fourth tube row, and the dominant Strouhal number is
same as observed in S-A. This dominant Strouhal number was
attributed to vonKarmanvortex shedding,which agreeswell with the
experimental value of 0.35 (or St� 0:26 based on the gap velocity)
of Balabani and Yianneskis [21,22]. However, the origin of the
second periodicity detected in LES remains uncertain. The
experimental value of 0.37 was obtained by Weaver et al. [4] for a
rotated square array with a pitch ratio of 2.42. In LES of Liang and
Papadakis [15], the dominant Strouhal number, which was detected
behind all tube rows, is 0.38. However, they observed that the second
Strouhal number, only detected behind the first two rows, had a value
of 0.49. This disagreement with the present results may stem from
differences in the tube spacing and Reynolds number.

Conclusions

The S-A model, k-" model, and LES have been used to simulate
the flow through a staggered tube bundle at Re� 9300. In two-
dimensional simulations, both the S-A model and the k-" model
reproduce better predictions in the mean quantities than the previous
two-dimensional numerical studies [8,9]. The comparison of the
two-dimensional simulation results with experimental data [7] shows
that the solutions obtained using the S-A model successfully
predicted the locations where flow becomes spatially periodic but in
the solutions obtained using the k-" model, the flow develops much
slower through the tube bundle. Furthermore, the vortex-shedding
frequency detected by the two-dimensional S-A is identical with the
vortex shedding detected by the three-dimensional LES, which
agrees very well with previous published data for similar tube
geometries. In the future, the two-dimensional S-A model could
become a very promising numerical simulation tool in industrial
design, due to its lower computational cost in comparison with
other turbulence models. In mean velocity prediction, no three-
dimensional solutions appear superior to two-dimensional solutions,
and LES has no advantage over the other approaches.
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