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Abstract

Latest developments in the simulation of turbulence by detached eddy simulation (DES) have suggested that this technique might
be able to replace large eddy simulation (LES) within the next decade. The results of the flow past a square cylinder show that this
approach is quite inexpensive compared to LES while capturing the most important features of the flow. This study extends the
range of applications of DES towards a fully unsteady three-dimensional case with strong streamline curvature, which is known to
be a major problem for Reynolds-averaged Navier—-Stokes equation (RANS) methods. The case considered is the turbulent flow
over wall-mounted cubes at a Reynolds number of Re = 1.3 x 10*. The results demonstrate that DES is able to capture the most
dominant flow patterns like LES, while RANS only gives a only a poor representation of the unsteady flow phenomena. © 2002

Published by Elsevier Science Inc.
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1. Introduction

In the past, the Reynolds-averaged Navier—Stokes
equation (RANS) seemed to be the only way to calculate
turbulent flows of industrial relevance. However, large
eddy simulation (LES) has recently become very popu-
lar, but currently appears not to be able to fulfil the
promise to be the adequate tool for computational fluid
dynamics in the future. This is basically due to the ab-
sence of universal wall functions, which would allow for
a reduction of grid points in the near-wall region and the
simplicity of present subgrid-scale modeling, which is
not able to capture all relevant flow phenomena with
sufficient accuracy. Hence, LES demands very fine near-
wall resolution to directly resolve the turbulent struc-
tures. For this reason, wall-resolving LES remains fairly
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time consuming, disqualifying this method for industrial
applications especially at higher Reynolds numbers.

Most recently, detached eddy simulation (DES) has
become a promising tool for the prediction of turbu-
lence. Besides other approaches to combine RANS with
the quality of flow predictions by wall-resolving LES,
this method avoids the high near-wall resolution by
applying RANS in the vicinity of the wall and employ-
ing a modification of the Spalart-Allmaras one-equation
turbulence model in the far field. In the overlap region,
this model blends automatically from a statistical tur-
bulence model to a subgrid-scale model without the use
of shape functions. Since RANS calculations often fail
to capture unsteady flow phenomena, which are present
behind bluff-bodies (e.g. cubes) or airfoils at high angles
of attack, the main advantage of DES arises from the
fact that it captures unsteady flow regions such as wakes
and recirculation zones.

This study aims at validating this fairly new technique
and wants to shed light on its physical limitations in
comparison to wall-resolving LES and RANS. The main
intention of this paper is to investigate the level of three
dimensionality in terms of spatial resolution is required
for DES in order to still outperform RANS results
and to get the dominant unsteady flow features and
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satisfactory results, which favourably compare to LES
results on the other hand.

2. Simulation of turbulence

As this paper focuses on the comparison of different
numerical techniques to simulate turbulent flows, LES
and DES are briefly described in the following para-
graph. For RANS, we refer to literature (Pope, 2000;
Wilcox, 1993).

2.1. Large eddy simulation

In LES, only the large scales are explicitly resolved
by the numerical grid while the smaller ones are repre-
sented by a subgrid-scale model. The motivation for this
approach is that the large-scale vortices are dominated
by geometrical constraints and boundary conditions.
Due to turbulent transport phenomena these vortices
pass their kinetic energy on towards smaller vortices
while the orientation of the initial vortices gets lost
during this energy cascade. Therefore, the small-scale
turbulence is expected to be isotropic without any pre-
ferred orientation and should consequently be much
easier to model than the whole spectrum of turbulence.

Starting with the governing equations for an incom-
pressible three-dimensional (3D) unsteady flow field
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The correlation within the convective term (i) is a
priori unknown and has to be modeled. The most
common way is to rewrite this term to

Ty = Will; — Uil (4)

and split the additional stresses into an anisotropic part
1y, = 1; — 1/3t0;; and add the isotropic fraction to the
pressure p* = p+ 1/31y, leading to the LES equation
set, forming the basis of this investigation
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2.2. Subgrid-scale models

The most commonly known model is the Smagorin-
sky model (Smagorinsky, 1963), which is based on a
simple mixing-length approach. It includes one para-
meter (Cs) which has to be fixed according to the flow
problem and is usually be taken to Cs = 0.1 for most
turbulent flows. Under strong shear this parameter has
to be reduced and near rigid walls a Van Driest damping
function (Van Driest, 1956) must be introduced to en-
sure the correct wall development by dampening out the
eddy viscosity.

The dynamic procedure (Germano et al., 1991; Lilly,
1992) overcomes this parameter problem as it extracts a
time-dependent mixing-length from the filtered velocity
field and evaluates a local parameter C(x,y,z,¢). This
important feature avoids the a priori determination of
the mixing-length in terms of the model parameter and
makes this model sensitive to the local turbulence
structure. Hence, the dynamic model (DM) is able to
switch off in laminar or fully resolved flow regions.
Additionally, this model is capable of predicting back-
scatter in terms of negative values of the mixing-length
and consequently of the eddy viscosity. Despite the fact
that the DM avoids the parameter problem, the proce-
dure suffers from numerical difficulties possibly desta-
bilizing the calculation and leading to divergence.
However, in the presence of homogeneous directions,
these shortcomings can be suppressed by averaging the
parameter in these directions.

The more elaborate dynamic one-equation model
(DOEM) (Davidson, 1997) employs the turbulent sub-
grid kinetic energy to avoid these aforementioned nu-
merical difficulties associated with all DMs, while
retaining the key features of the dynamic approach. This
model remains stable also in complex geometries with-
out any homogeneous directions and is in this sense
superior to the standard model. The favourable stability
properties as compared to the DM usually outweigh the
higher computational costs of solving the additional
transport equations.

The higher demand of computer resources introduced
by dynamic modeling is more than justified, as the
Smagorinsky requires the knowledge of the local wall
shear stress to ensure the correct near-wall behaviour
and the adequate level of dissipation to give satisfactory
results. The advantage of the DM is the property that it
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does not require any adjustments prior to the simula-
tion.

2.3. Detached eddy simulation

DES (Spalart et al., 1997) takes advantage of the
RANS method where the mean flow remains attached
and steady (e.g. walls) while offering, like LES, the
sensitivity to capture unsteady flow phenomena in areas
of physical interest such as wakes or recirculation zones.
Although this method is beyond the computational costs
of a steady two-dimensional (2D)-RANS calculation, it
reveals nearly as much information of the flow dynamics
as LES. For this reason, DES could be a promising way
out of the limitation detaining LES from being applied
to high Reynolds numbers.

The DES methodology is basically a modification of
the dissipation term within the Spalart-Allmaras one-
equation turbulence model (Spalart and Allmaras,
1994). This term is strongly affected by the wall-normal
distance d, which is substituted by a new length scale d
(Shur et al., 1999)

d = min(d, Cpgsd4), Cpgs = 0.65, (7)

which defines the border between RANS and LES. For
small values of the wall distance, where d < Cpgs4 (e.g.
in boundary layers), the original model will hold. In the
far field d > Cpgs4 the length-scale approaches the local
grid size 4, for which the maximum of 4., 4,, 4. is
taken. This makes the SA-model act as a subgrid-scale
model with a mixing-length equal to the grid spacing.
Note that this is in contrast to the usual practice in LES,
wherein an average cell volume 4 = (AXA'VAZ)I/ 3 is used.

As RANS remains attractive to simulate a wide range
of turbulent flows, the results of unsteady calculations
with an algebraic stress model (EASM), which is basi-
cally a non-linear eddy-viscosity model, is also included.

3. Numerical scheme

The flow solver ELAN3D (Xue, 1998) is based on
an implicit pressure-based finite volume Navier—Stokes
procedure applying a cell-centred discretisation on semi-
structured grids. The scheme uses a pressure correction
scheme and a generalised Rhie and Chow (1983) inter-
polation to avoid a de-coupling between velocity and
pressure. The code is second-order accurate in space and
time and uses multi-block algorithms. Several upwind-
biased limited HOC schemes are available, which are
only used in the context of DES and RANS. They en-
sure a higher approximation order of the convective
terms on coarse meshes, which are usually employed
by RANS/DES compared to LES. In the far field, the
inherent numerical diffusion of the convection scheme
retains numerical stability without sacrificing the loss

of resolved dynamics in areas close to the airfoil
(e.g. wake). For LES, only the symmetric convection
scheme CDS-2 is applied. Furthermore, the solver has
been parallelised using domain decomposition, where
the performance has been quantified to roughly 60
MFLOPs per processing element on a CRAY T3E-900.

4. Flow past a square cylinder

A suitable testcase to work out the differences be-
tween LES and DES is the turbulent flow over a square
cylinder, which is considered to be a key flow configu-
ration for the validation of turbulence models. The on-
coming laminar flow is impinging on the cylinder front
and separating at the leading edges. The flow undergoes
transition to turbulence in the separated shear layers
and forms a vortex street in the wake due to periodic
vortex shedding at the lee side of the cylinder. The
typical shedding frequency is characterised by the
Strouhal number (St = fD/U,,), normalised by the cyl-
inder diameter D and the flow speed U,,. The flow do-
main and the Reynolds number (Re = 22000) are set
according to the experiment (Lyn et al., 1995).

Although this test case is rather simple in geometry
and has a fixed geometry-induced separation, this flow
features an unsteady wake, which turned out to render
difficulties for RANS based models usually leading to a
under representation of the transient motion. Therefore,
the aim of this validation is to investigate whether
switching to DES automatically leads to superior results
when run on the same grid as RANS. Furthermore, a
grid study based on DES is performed to find out how
much three dimensionality has to be directly resolved
by the mesh to achieve acceptable results or from an
opposite point of view, to help getting an idea of the
minimum spanwise resolution required to predict the
main features of the 3D flow. Recent LES results based
on the DOEM (Table 1) are added for reference and
were previously compared to results of the ERCOFTAC
workshop (Rodi et al., 1997).

All simulations make use of the same block-struc-
tured grid in the cross-sectional (x,y) plane which con-
sists of about N,p = 32000 grid points. The wall-normal
distance of the first mesh point around all cylinder walls
was set to 0/D = 0.0064 being smaller than the value
0/D = 0.0080 taken by (Sohankar et al., 2000). In order
to demonstrate the influence of the spanwise discretisa-
tion, different numbers of grid points (NK) to resolve
this direction (z) are used (Table 1). While the LES case
uses NK = 32 points, the DES cases employ NK = 20
(DES-A), NK = 10 (DES-B) and NK = 2 points (DES-
C), respectively. Note that the latter is applied to a
smaller spanwise domain to prevent the rise of numeri-
cal oscillations owing to extreme cell aspect ratios in that
direction. This simulation (DES-C) is performed on a
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Table 1
Global parameters of square cylinder flow

CPU~h/T*  NK 4.
(T* =D/U,)

St I, Ca c c

EXP?* - -
LES-OEDSM" - 25

66 h 32
DES-A 41 h 20
DES-B 21 h 10
DES-C 4h 2
RANS-EASM¢ 4h 2

0.167

0.125
0.200
0.400
0.500
0.500

LES-DOEM*®

0.132 1.38 2.1 - -
0.130 - 2.25 0.20 1.50

0.13 1.07 2.18 0.19 1.47
0.13 1.16 2.42 0.28 1.55
0.10 1.37 2.48 0.54 1.36
0.09 1.36 2.57 0.68 1.39
0.15 1.64 2.21 0.08 0.95

#Lyn et al. (1995).
®Sohankar et al. (2000).
¢Schmidt (2000).
dSchmidt et al. (1999).

typical 2D mesh and therefore comparable to an un-
steady RANS calculation, it requires only 6% of the
computing time of the LES. The comparative run with
the EASM was carried out on the same mesh as the
DES-C and made use of wall functions.

The global parameters (Table 1) give an impression of
the dynamical behaviour of the flow. A decrease in the
spanwise resolution results in a loss of unsteady motion
represented by the Strouhal number which drops from
0.13 (LES) to 0.09 (DES-C). At the same time, the
predicted size of the recirculation zone /, increases as
can also be seen in Fig. 1(a). This is basically due to a
reduction of momentum exchange in the under resolved
spanwise direction, leading to a quasi-2D flow field. The
mean drag coefficient ¢4 and its fluctuating component
¢} increase due to a loss in three dimensionality, while
the lift fluctuations ¢| retain their magnitudes (¢; = 1.4
1.5). In order to assess the performance of the DOEM,
comparable LES results with a DOEM (Sohankar et al.,
2000) are shown, indicating a good agreement for all
given parameters. Remaining deficiencies can be attrib-
uted to the local grid spacing in the cross-sectional
plane and in the spanwise direction, since both used a
comparable numerical methods of the same accuracy.
From the LES and DES results it becomes evident that a
larger recirculation length /; usually reduces the shed-
ding frequency St. The additional RANS results, ob-
tained with a non-linear eddy-viscosity model, however,
show a contrary behaviour: both quantities /. and St
are higher than the corresponding LES and DES values.

A closer look at the centreline profiles of the mean
velocity (Fig. 1(a)) reveals that both LES and DES-A
yield nearly the same back-flow component at x < 2,
while the latter over predicts the velocity in the wake
x > 3. Compared to case DES-A, the coarse-grid simu-
lations DES-B/C result in a much better prediction of
both mean recirculation length and wake region, which
almost matches the LES and experimental data. From
the velocity fluctuations (Fig. 2(a) and (b)), it can be
seen that the reduction of the spanwise resolution leads
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Fig. 1. Square cylinder flow: (a) mean streamwise velocity and (b) total
kinetic energy.

to a strong increase of the streamwise stress component
wu' /U2 and a decrease of the spanwise component
ww /U2, which vanishes completely for DES-C (Fig.
2(a)). The dominating cross-flow stress component
v/ Ufc (Fig. 1(b)) is rather insensitive to the spanwise
resolution and therefore predicted at nearly the same
magnitude by all simulations, which leads only to a
small rise of the turbulent kinetic energy k/U2 (Fig.
1(b)). The EASM shows the typical behaviour of the
RANS approach, as the dynamic properties of the flow
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Fig. 2. Square cylinder flow: (a) total normal stress in the stream- and
spanwise and (b) in the cross-flow direction.

in terms of Reynolds-stress levels are under predicted.
Compared to the DES-C, the EASM achieves only poor
results with distinct differences in all quantities. It turns
out that even a DES on a 2D-mesh outperforms a so-
phisticated non-linear eddy-viscosity model, like the
EASM (Schmidt et al., 1999).

5. Flow over wall-mounted cubes

The considered flow is the turbulent flow over an
array of wall-mounted cubes in a channel. The Reynolds
number based on the mean velocity U, and the cube size
H equals Re = 1.3 x 10*. The geometry of the testcase,
which has already been the subject of the ERCOFTAC
workshop in Helsinki (Hellsten and Rautaheimo, 1999)
is shown in Fig. 3. The computational domain covers
the area from 0 <x < S, —=S/2<y < +§/2 and 0 <
z < h=3.4H and is a subset of the total experimental
setup of Meinders (1998), who experimentally investi-
gated an array of cubes. As the main intention of this
paper was an assessment of numerical techniques for
calculating turbulent flows based on a 3D geometry, the
heat transfer was not accounted for.

The previous validation suggested that DES can be
successfully carried out on coarse RANS meshes and is
able to achieve satisfactory results compared to LES.
Although the flow over wall-mounted cubes is a true
3D configuration, it offers similar features as the flow
around a square cylinder such as a fixed geometry-
induced separation and an expected unsteady recircu-
lation zone between two following cubes. As DES is
applied to a RANS mesh and aiming to resolve the
turbulent structures like LES, the DES results are ex-
pected to be worse than the LES ones in the interior part
of the domain and similar to RANS close to the walls.
On the other hand, using the same amount of grid points
as LES would reduce the savings of the DES compared
to RANS significantly. Therefore, the DES is carried out
on the same mesh as RANS to get a comparable re-
sponse of the quality of DES on a fairly coarse mesh.
The numerical grid consists of a block-structured mesh
containing roughly 800000 and 120000 cells for the
LES and DES/RANS respectively. The cube wall-normal
distance is kept within a range of on ~ 0.007H (LES)
and on ~ 0.015H in case of the DES/RANS, which is
in the range of contributions of the workshop (Hellsten
and Rautaheimo, 1999).

5.1. Boundary conditions

To allow for a comparison with the experimental data
(Meinders, 1998), periodic boundary conditions are used
for both streamwise (x) and spanwise (z) directions. All
other faces are treated as fixed walls employing the no-
slip condition for LES and wall functions for DES/
RANS. The flow is forced by a pressure gradient which
is generated by a pressure difference AP. Since there is
no exact relation between the friction and and the
pressure force, the exact pressure difference is part of
the solution. In a prior steady RANS calculation, this
pressure is estimated and afterwards used as an input
parameter for the periodic simulations (LES/DES).
Additionally, the required mass flux @ = 6.85 x 1073
kgs™! is ensured by adapting the pressure gradient
during the calculation by comparison of the actual and
desired mass flux at each time-step and adapting the
pressure force successively until the right pressure has
been found. After that initial process, the simulation has
been advanced over t* =~ 10tU,/H convective time units
to get rid of any initial conditions.

6. Results

Since RANS predicts a steady flow field, only time-
averaged quantities are presented for LES/DES. The
results of all numerical approaches are compared to the
measurements of Meinders (1998). The streamline pat-
terns (Fig. 4) give an impression of the flow behaviour in
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Fig. 3. Wall-mounted cubes: boundary conditions and geometry; (a) x, y-plane and (b) x, z-plane.

the considered domain. In the plane z/H = 0.0, both
LES and DES form a weak rear-corner vortex and one
major front vortex, while in the RANS calculation a
strong arch vortex downstream of the cube dominates
the flow in the recirculation area. At half cube height
y/H = 0.5, the streamline pattern indicate a non-sym-
metric distribution in the recirculation area for all sim-
ulations. For LES and DES this can be attributed to the
non-settled statistics of the mean velocities while for the
RANS this effect is due to a lack of three dimensionality,
which consequently limits the turbulent mixing.

6.1. Mean velocities

The numerical and experimental data at five locations
x/h=0.3,0.7,1.3, 1.7, 2.3, 3.7 downstream of the cube
are shown on the planes z/H = 0.0 and y/H = 0.5 (Fig.
5). As expected, all results achieve a reasonable agree-
ment with the measurements, showing only minor dif-
ferences in the mean recirculation zone between both
cubes. In that region, only LES is able to capture the
correct velocity profile. Both DES and RANS over

predict the height and the spanwise extent of the recir-
culation zone.

6.2. Fluctuating velocities

The Reynolds-stress levels of v/u//U? (Fig. 6(a) and
(b)) show that LES is able to capture the main flow
physics correctly. However, on both cutting planes at
all locations too large stress values are obtained re-
vealing an insufficient spatial resolution in the region of
the separated shear layer around the cube (y/H =~ 1,
z/H ~ £0.5). The DES results obtained on an even
coarser mesh are worse and exceed the LES ones by
more than a factor of two. This is due to the low reso-
lution of the DES mesh compared to the LES mesh in
the separating shear layer. The DES is basically de-
signed to work like a LES on a RANS grid and there-
fore the DES is not able to resolve the turbulent
structures like LES. This is apparently in contrast to the
flow past the square cylinder, where even on a very
coarse mesh the fluctuating velocities were quite satis-
factory. It is known that under resolved simulations of
turbulence usually predict higher velocity fluctuations in
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Fig. 4. Time-averaged streamlines of LES (a), DES (b) and RANS (c)
on the z-plane and y-plane.

the mean flow direction (x) and smaller values in the
cross-flow direction (y,z). This has happened in case of
the DES (see Fig. 6(c)—(f)). The spanwise stress com-
ponent w'w'/UZ (Fig. 6(e) and (f)) is under predicted by
both LES and DES. In terms of the stress level, the

RANS results do a better job, however, predicting a
different shape of the profiles, especially near the upper
channel wall, where a local stress maximum is visible
and in the recirculation zone, where the results suffer
from a misinterpretation of the flow structures. Unfor-
tunately, no experimental data are available for the wall-
normal stress component v'v//U2 (Fig. 6(c) and (d)).
Comparing the shape of v/v//UZ with the previous dis-
cussed stress w'w//UZ, it is most likely that the stress is
also under resolved by LES and DES while the RANS
result fails to capture the shape of the profile once more.
Note that all Reynolds stresses are predicted remarkably
well by RANS outside the important recirculation zone
and the upper channel wall—in particular u's//UZ (Fig.
6(a) and (b)). Apparently, the EASM, which is basically
a non-linear k—¢ model, employed in the RANS calcu-
lation is not very suitable for that kind of flow, although
the included curvature terms should have a positive ef-
fect on the flow prediction. The results of the workshop
(Hellsten and Rautaheimo, 1999) indicate that w-based
RANS models compare reasonably well with the mea-
surements while models based on ¢ seem to give poor
results.

From the active shear stresses u'v//UZ and u'w'/U}
(Fig. 7(a) and (b)) only minor variations can be seen.
Like the cross-flow normal stresses (see Fig. 6(c)—(f)),
the shear stresses tend to be under estimated showing
lower values for the DES compared to the LES. The
shear stress level predicted by RANS are of the same
magnitude as the LES ones with slightly different shape
owing to the principle differences of the models used.

7. Conclusions

In this paper different numerical approaches, namely
LES, DES and RANS were applied to the flow past a
square cylinder and over wall-mounted cubes. The main
intention of this investigation was to assess of the per-
formance of DES compared to LES and RANS on a
given coarse mesh without aiming to achieve perfect

Fig. 5. Mean streamwise velocity /Uy, on the z-plane (a) and y-plane (b).
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agreement of any of the solutions with reference data
but to investigate the advantages and limitations of this
fairly new approach. DES is an alternative to pure
RANS and LES. It is a combination of both incorpo-
rating the advantages to capture unsteady flow features
like LES and being reasonably cheap in terms of com-
puting resources like RANS.

The outcome of this study is twofold. The flow past
the square cylinder has revealed that a coarse approxi-
mation of the spanwise direction reduces the resolved
stress levels and the dynamics of the vortex shed-
ding, but has only a minor influence on the mean ve-
locity profiles. Therefore only the wall region has to be
of major concern when creating a mesh. On the other
hand, the simulation of the flow around the wall-
mounted cubes has demonstrated that poor results will
be obtained when applying DES to a coarse RANS

mesh, which does not account for any expected turbu-
lence structures. The lack of resolution in the shear layer
leads to under resolved mixing and hence to a mis-
representation of the Reynolds stresses. These results
clearly demand similar resolution requirements for both
DES and LES.

From the present results documented in this paper,
two main conclusions concerning the applicability of
DES can be drawn.

In internal flows such as the flow over wall-mounted
cubes where a large portion of the domain will be di-
rectly influenced by the configuration walls, DES re-
quires almost the same spatial resolution as LES, since
DES directly resolves the turbulent structures in most of
the flow domain. In this case only the small part close to
the wall allows DES to save grid points as it does not
require the same fine resolution like a LES to capture
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Fig. 7. Reynolds shear stresses uju; JUZ on the z-plane (a) and y-plane (b).

the wall dynamics. This issue becomes even more im-
portant at higher Reynolds numbers and in more com-
plex geometries.

The main advantage of DES arises in external flows,
where usually only a fraction of grid points compared to
LES are required, because the transient motion which
occur around bodies generally covers a smaller part of
the computational domain (e.g. the wake of an airfoil)
and does not interact with geometric features such as
complex 3D geometries very intensely. As an example,
the application of DES to an airfoil configuration
(Schmidt and Thiele, 2002) demonstrates the great po-
tential of this new method.

Summarising, it can be expected that, the more the
flow contains a substantial amount of unsteady motion,
DES will be superior to RANS. However, special care
should be taken when creating a mesh for DES in order
to account for expected flow patterns in the computa-
tional domain. Although the computational effort for an
unsteady DES is generally higher than for a typical
steady RANS simulation, promising results can be ob-
tained in a reasonable amount of time. From a LES
point of view, DES is a way out of the limitation given
by resolution constraints, which have to be obeyed by
wall-resolving LES and opening up a wide range of in-
dustrial related 3D applications.
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