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SUMMARY

Large-eddy simulations of the flow around a square cylinder on coarse unstructured grids are investi-
gated. The numerical solver is based on a mixed finite-volume/finite-element formulation. A modified
Roe scheme is employed for convective terms, together with the MUSCL method to increase the order
of accuracy. An upwinding parameter, ys, directly controls the numerical diffusion, which is formed of
fourth-order space derivatives. The eddy-viscosity Smagorinsky model and its dynamic version are used
for the subgrid scale (SGS) terms in the LES equations. The effects of upwinding, and, in particular,
the interaction between SGS and numerical dissipation, are studied by varying the value of ys. The
sensitivity to grid inhomogeneity and to SGS modelling are also investigated. Results are compared to
those obtained in other LES in the literature and to experimental data. Copyright © 2002 John Wiley
& Sons, Ltd.
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1. INTRODUCTION

The numerical simulation of flows of engineering and industrial interest, characterized by
high Reynolds numbers (Re) and complex geometry, generally requires turbulence modelling.

The numerical discretization of the Reynolds-averaged Navier—Stokes equations (RANS) is
the most widely used approach in engineering applications at the moment. However, in this
approach all information on turbulent fluctuations is contained in the closure model. Although
several closure models have been proposed in the literature, each of them is known to give
satisfactory results only for particular classes of problems and it is almost impossible to devise
a model of general validity.
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Large-eddy simulation (LES), in which only the large scale motion is computed and the
subgrid scales (SGS) are modelled, could be an effective tool for tackling complex engineering
flows. The great advantage of this approach is the direct simulation of the large scales,
which are the most interesting in engineering applications. Moreover, the smallest turbulent
scales might be considered less dependent on the particular flow considered. Therefore, the
formulation of closure models of general validity seems to be more plausible than for RANS.

Large-eddy simulation has been successfully used in the recent years to simulate different
turbulent flows. However, up to now most of the simulations reported in the literature are
limited to simple geometries and moderate Reynolds numbers. Moreover, some of the recom-
mendations given in the literature for LES, i.e. highly resolved grids and high-order numerical
schemes (see, for instance, References [1,2]), are clearly difficult to respect in an industrial
context.

As far as computational domain discretization is concerned, structured grids, classically used
in LES, are not well suited, since they are extremely difficult to generate around complex
geometry. Unstructured grids offer an effective alternative; however, few examples of LES
on unstructured grids are reported in the literature [3—10]. Thus, the capabilities of the LES
approach on this type of grids need to be investigated more systematically. In particular,
unstructured grids for industrial applications are characterized by:

(p1) a much coarser resolution than that generally used in LES in the literature;
(p2) grid inhomogeneity, i.e. large elements near small ones;
(p3) high element stretching.

Moreover, the use of unstructured grids and the need to limit the computational costs usually
lead to numerical schemes having the following characteristics:

(p4) accuracy not higher than second order, since high-order schemes are expensive for un-
structured meshes;

(p5) co-located schemes (higher-order mixed FEM are again too expensive), thus requiring
upwinding for stability.

Our main goal is to investigate whether large-eddy simulation, carried out with ‘industrial’
grids and numerics, could be an alternative to RANS methods, at least for those flows for
which RANS are known to have difficulties, such as bluff-body flows. With this aim, large-
eddy simulations of the flow around a square cylinder were carried out on unstructured grids
having characteristics (pl) and (p2), with a second-order (p4) co-located (p5) numerical
scheme.

The flow around an infinite square cylinder at Re =22 000, based on free-stream velocity
and the length of the cylinder side, was selected here because, although the geometry is
rather simple and the Reynolds number moderate, this test case is well suited for a first
investigation of LES capabilities in the perspective of application to industrial problems.
More specifically, it is known that statistical turbulence models, such as those used in the
RANS approach, usually have difficulties in accurately predicting the flow around bluff bodies
(see, for instance, Reference [11] for applications to the square-cylinder test case). Indeed,
although few RANS models [12,13] could give quite satisfactory results if used together
with a very fine grid resolution, they generally give a too high dissipation and do not take
into account 3D phenomena and this yields significant discrepancies with the experimental
results. Moreover, as shown in Reference [11], results may be significantly sensitive to the
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boundary conditions imposed for the turbulent quantities, that are sometimes difficult to be
assigned, e.g. the turbulent dissipation rate ¢ at the inflow. Conversely, since large-scale eddy
structures dominate turbulent transport and since unsteady processes like vortex shedding
are the prevailing features, then large-eddy simulation seems to be particularly well suited.
Finally, the flow considered was one of the selected test cases in a workshop held in June
1995 in Germany and the results obtained in large-eddy simulations by different contributors
are published and compared to experimental data in Reference [14]. More recent LES results
are also documented in References [15, 16].

Since one of the main objectives of the present study is to investigate the capabilities of LES
on coarse unstructured grids (point (p1)), the number of nodes used in the present simulations
is significantly lower than in almost all the LES in References [14—16]. Grid coarseness is
particularly critical near solid walls, and approximate boundary conditions are thus needed. In
the present study, a near wall treatment classically used in RANS simulations was employed,
together with the Reichardt wall law [17]. Most of the simulations in Reference [14] also use
the same type of approximate boundary conditions, but with different wall laws. The Reichardt
wall law has the advantage of describing the velocity profile not only in the logarithmic region
of a turbulent boundary layer but also in the laminar sublayer and in the intermediate region.
However, the derivation and validation of approximate boundary conditions in LES is certainly
complex and still an unsolved problem; we thus preferred not to investigate this point in detail
in this paper. In particular, our test case is not so sensitive to reasonable choices of boundary
conditions at the solid walls, since laminar separation is fixed by the geometry. Rather, we
plan to dedicate subsequent studies to this problem.

On coarse grids, the SGS model is expected to play a crucial role. Two SGS models are used
in the present study. The first is the eddy-viscosity Smagorinsky model for compressible flows
[18]. Although it is known to have several drawbacks, the simplicity of implementation and the
low computational cost nevertheless render it attractive for industrial applications. Additional
problems arise on unstructured grids, for instance the lack of theoretical work for definition of
the equivalent filter width, needed to compute SGS viscosity. In the present paper we test a
definition different from that generally used on unstructured grids in the literature [4, 5,9, 10].
The second SGS model is the dynamic eddy-viscosity model [19], which is currently widely
used in LES. The dynamic procedure is slightly modified here (as also done in References
[6,9]) to also evaluate the equivalent filter width and thereby overcome the indetermination
in its definition. A local smoothing procedure is also proposed to avoid numerical instabilities
due to large oscillations of the model coefficient.

As far as grid inhomogeneity is concerned (point (p2)), the results obtained on different
grids having the same number of nodes but differently distributed are presented for both the
Smagorinsky and dynamic SGS models. This allows us to study the sensitivity of LES results
to local refinement obtained not by enrichment, but by modification of the node distribution
and element shape, which is particularly easy to obtain for unstructured grids.

We do not address (p3) here, since it is anticipated that the numerical scheme employed
is not well adapted to highly stretched meshes. Thus, in the grids used in the present study
the elements are only moderately stretched.

The code employed [20], which has been developed for industrial problems, permits the
simulation of compressible flows on unstructured grids. The spatial discretization is vertex
centred to minimize the number of unknowns and is based on a mixed finite-volume/finite-
element formulation. The Roe scheme [21], modified by the introduction of an upwinding
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parameter y, [22], is used for the convective terms. The order of accuracy of the scheme
is increased by the MUSCL reconstruction technique [23]. Either an implicit second-order
accurate algorithm or explicit time advancing can be used.

The use of low-order (second-order) schemes (p4) is still a controversial point in LES.
Indeed, some a priori and a posteriori studies (see, for instance, References [1,2]) indicate
that high-order or spectral schemes are needed to obtain reliable results in LES. On the
other hand, successful LES have been documented in the literature with second-order accurate
schemes for a wide variety of flows (see, for instance, References [24-26]). It is clear that
a second-order method can give results as accurate as a higher-order one, provided that the
grid used is fine enough to give the same level of error. In this paper, we aim to show that
this is not even necessary and that a second-order accurate scheme can be used, provided
that the numerical dissipation aspect is mastered. We also wish to emphasize that accuracy
better than second order on unstructured, or even structured non-uniform meshes, is difficult
to obtain without a high complexity in approximation assembly and a particular effort in
dissipation design. Recently, an example of a third-order Taylor—Galerkin scheme applicable
to LES on unstructured grids has been proposed in Reference [27]. However, our approach
is quite different from the one by Colin and Rudgyard [27] in that they propose to develop a
new software ab initio while we explore methods for adapting existing CFD codes to LES.
More specifically, they use a P, interpolation, that is not only very different from, but also
significantly more expensive than today’s industrial standard in compressible CFD. Moreover,
stiff transonic or supersonic phenomena cannot be taken into account in the method proposed
in Reference [27] without adding ad hoc shock capturing, while shock capturing ability,
although not applied in our study, is a natural option of our technology.

In our opinion, the most critical point concerning the numerical scheme that we use is
in fact the need for numerical dissipation (p5). In MUSCL schemes, the pressure, as well
as the other flow parameters, is stabilized by the upwinding of the scheme. Since there are
no SGS terms for the stabilization of pressure, there is a risk of obtaining an non-physical
oscillatory behaviour of the pressure field if the numerical viscosity is too low. This is in
particular a problem for singularities, such as the cylinder corners in the test case considered.
Although there are some studies in the literature which claim that the numerical dissipation
given by monotone flux treatments may be an accurate SGS model (see References [10, 28]
for an application to unstructured grids), it is common opinion in the LES community that
the numerical viscosity can interact with the SGS model and significantly deteriorate the
results (see, for instance, References [29,30]). Thus it appears that the effects of numerical
dissipation and SGS models should be separated as far as possible. In almost all previous
applications of LES to unstructured grids [3—10], numerical dissipation is achieved by second-
order spatial derivatives, either through Petrov—Galerkin upwinding or TVD limiters. Our
proposal in this paper is to use a MUSCL upwind scheme which involves a dissipation
built as a fourth-order spatial derivative of the flow variables and no TVD limiters. Fourier
analysis clearly shows that such a dissipation has a much more localized effect on high
frequencies than stabilizations based on second-order derivatives. This makes it possible to
reduce the interaction between numerical dissipation, which damps only the highest resolved
frequencies, and SGS modelling, which should reproduce the effects of SGS scales on all
resolved frequencies. The Taylor—Galerkin method in Reference [27] also involves fourth-
order spatial differences as the main numerical dissipation term. However, since it relies on a
Lax—Wendroff type time advancing, the involved dissipation is tuned only by the time step.
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In the perspective of industrial applications, this presents two drawbacks that are not in our
approach. Firstly, this limits the interest of implicit time advancing, since large time steps
result in large spatial viscosity, and secondly this limits the possibility to really tune the
numerical dissipation to a low level, since this would lead to very small time steps and then
large computing effort. Conversely, in our approach, numerical dissipation can be tuned to
the smallest amount required to stabilize the simulation by means of a key coefficient (ys).
The interaction between numerical and SGS viscosities was studied a posteriori for both SGS
models by carrying out simulations with different values of the related parameter.

In Section 2 we recall the modelling aspects; Section 3 is devoted to the description of
numerical aspects. Section 4 concentrates on the presentation of the test case. Results are
analysed in Section 5 and the algorithm efficiency is briefly discussed in Section 6.

2. GOVERNING EQUATIONS AND SUBGRID SCALE MODELLING

The filtered Navier-Stokes equations for a compressible Newtonian fluid are considered. The
density-weighted Favre filter is introduced denoted by a ~and defined as follows: f = (pf)/(p),
where the over-line denotes the grid filter and p is the density of the gas. Thus the governing
equations can be written as follows:

0p  Opu;
R (D
opu; | Opil;  0p OM(” aM;?)
ot axj __aixl—F (lu l]) j ——— + axj (2)
ope  ol(pe+ pi]  o(iuP, ij) 6% 0 ) ) 3)
o T 0x; o Ox 0x; T o ox; (Ef TET T ) G)

in which p, p, e and u; are, respectively, viscosity, pressure, total energy and the velocity
component in the 7 direction. The Einstein notation has been used. The tensor P,] is defined
as: P,j = Skké,j + 2S,j, in which S,j is the resolved strain tensor,

< 1 /ou; o
Si=3 ( o+ 0x>
g; is the resolved heat vector flux.

" The SGS model adopted here is intended to be used to study flows at high Reynolds
numbers and such that low compressibility effects are present in the SGS fluctuations. In
addition, we assume that heat transfer and temperature gradients are moderate.

The SGS terms in the momentum equation are:

M = pugt; — piiy 4)
which is the classical SGS stress tensor, and
M) i P )
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Ml_g_z) takes into account the transport of viscous terms due to small scales fluctuations. Since
we are interested in high Reynolds number flows, it can be neglected compared to the SGS
stress tensor, which represents the momentum transport at the SGS scales. The modelling of
M,g-l) will be described in detail in Sections 2.1 and 2.2.

The SGS terms in the energy equation are:

ED =[i,(pé + p) — u(pe + p)] (6)
E”) = uPyu; — ubyi (7)

oT oT
3) _ il R -
E® = <K ax[) (K 5x,~> (8)

where K and T are, respectively, heat conductivity and temperature. The term Ei(z) can be
neglected for high Reynolds and low Mach number flows such as those considered here. The

SGS term E,.(3) can also be neglected under the assumption that the temperature gradients

are weak in the flow, as suggested in Reference [18]. The modelling of Ei(l) is detailed in
Sections 2.1 and 2.2.

2.1. Smagorinsky model

In order to model the SGS term M

;i » 1t Is convenient to split it into its isotropic and deviatoric

parts:
1 1 1 1
M = M — 5 M3y + 5 M, )
—_———— N——
T D

The deviatoric part 7;; can be expressed by an eddy viscosity term, in accordance with the
Smagorinsky model [31] extended to compressible flows [18]:

];'j = - .usgsﬁi;; MHsgs :ﬁ(CsA)2|§| (10)
in which g is the SGS viscosity, A the filter width, Cs a constant that must be assigned

a priori and |S|=1/2S5;;S;,. To complete the definition of the SGS viscosity, the grid filter
width must be computed.

When an unstructured grid is used, it is not trivial to define the width of the filter
corresponding to the numerical discretization. The following expression has been employed
here for each grid element /:

AD = max (A) (11)

in which A is the length of the ith side of the /th element. Another possible definition of
A, already employed in LES with unstructured grids [4, 5,9, 10], is

AD = 3/Vol(T;) (12)

in which Vol(7}) is the volume of the /th tetrahedron of the mesh.
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The isotropic part D;; can be rewritten following Erlebacher et al. [32]:
Dzii:—(% VMszgsﬁ)5ij (13)

in which y is the specific heat ratio of the flow and M, the SGS Mach number. Since we
are interested in problems for which My, is low, D;; can reasonably be neglected.
The term E() in the energy equation can be modeled in analogy with the Smagorinsky
model used for the SGS tensor:
oT
ED o Hses 0L 14
! p Prsgs ax,- ( )
where C, is the constant pressure specific heat. The SGS Prandtl number, Pryg, is defined
as follows: Prygs = ises/KsesCp, Where Ko is the SGS heat coefficient that must be assigned
a priori.

2.2. Dynamic model

The version of the Smagorinsky model described in the previous section is used as the base
model, but the parameters C = C? in Equation (10) and Pr, in Equation (14) are determined
following the dynamic procedure proposed in Reference [33] and extended to compressible
flows in Reference [19]. This procedure will be briefly described in the following.

A test filter of larger width than the grid one (denoted by a hat) is applied to the governing
equations. Thus, a sub-test stress tensor appears in the momentum equation, which is modeled
as the SGS stress tensor:

— U DUl A2
%’J = pu,—uj - (pulcpul> = —CA
P

i

|S|2; (15)

Do

where A is the test filter width.

The test filter used here consists in evaluating the value of a flow variable on a given
node by averaging on all the elements having this node as a vertex with a linear weighting
function, which is the relative base function used in the P1 finite-element method.

It can be shown [33] that the SGS and the sub-test stress tensors are related by the following
identity:

—— 1 _ - T
Ly = iy — = (piipiy) = My — My (16)
5 .
Then, by injecting Equations (10) and (15) in identity (16), the following tensorial equation
is obtained:

L;=(CA»B; (17)

in which L,‘j = ,%j — %ghhéu and

:Ub

N

=

ij

A \2
e A
B =plS|P; — (A)
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The only unknown in Equation (17) is CA? and it can be determined by a least-square
method. This gives

(CA*)=

(18)
Note that we chose to compute CA? instead of C to avoid the indetermination in the definition
of the filter width. .

The only unknown quantity to be assigned a priori is the ratio A/A. This ratio can be
estimated as follows. Consistently with the definition of the test filter, at a given node is,
A:\3/V01,»S where Vol;; is the total volume of all the N tetrahedra having node is as a
vertex. Similarly, one can assume that the implicit grid filter width depends on an average
volume Vol /N, i.e. A=+/Vol;/N;. Thus, the ratio A/A has been defined on each node as
follows:

A

A,

Clearly the previously discussed indetermination in the definition of the grid filter also affects
the evaluation of A/A. However, it is shown in the literature [33] that results obtained using

the dynamic procedure are only moderately sensitive to variations, even large, of A/A; thus,
we expect that approximations involved in Equation (19) should be less critical than those in
the definition of A for the Smagorinsky model.

Parameter Pr,, is computed by an analogous procedure, which is omitted here for sake of
brevity. This results in

(20)

where

o~

A N2 2 - .
S+ 0P (e T i —o |[2) 55 9L _ (55
(pe + p) 5] [(pe + p)i;] and Z;=C, <A> p|S| o (pSI ax_,>

Qi:

The dynamic procedure proposed in the present section is usually unstable due to the
oscillating behavior of CA? with negative peaks and a large auto-correlation time. In order
to avoid this problem, a local smoothing is applied by averaging over neighboring grid cells.
A clipping procedure is also applied, setting CA? to zero when the sum of the SGS and the
molecular viscosity is negative.

3. BASIC NUMERICAL INGREDIENTS

The numerical code considered herein (AERO) is a Navier—Stokes solver for Newtonian, com-
pressible and three-dimensional flows [20]. AERO is a prototype for demonstrating innovative
methods in fluid-structure interaction. It has been intensively applied to various industrial
configurations (see, for instance, References [34—-36]). It employs unstructured grids for de-
scription of complex moving and possibly deforming geometries. A mixed finite-volume/
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finite-element method is used for space discretization. The finite-volume formulation is used
for the convective terms and finite-elements for the diffusive terms.

The Roe scheme [21] represents the basic upwind component for the numerical evaluation
of the convective fluxes 7 :

F(Wm) + F(Wm)
2

N (W, W;,m) = P5d™ (W, W;,m) (1)

W — W

d* (W, W, m) = | 2O, W, m) (22)
in which W is the solution vector at the ith node, n is the normal to the cell boundary and
2 is the Roe Matrix.

The spatial accuracy of this scheme is only first order. The MUSCL linear reconstruction
method (monotone upwind schemes for conservation laws), introduced by Van Leer [23],
is therefore employed to increase the order of accuracy of the Roe scheme. The basic idea
consists in expressing the Roe flux as a function of a reconstructed value of I at the boundary
between the two cells centered respectively at nodes i and j: ®R(W,, W;,n;;) (see References
[37,38]). W is extrapolated from the values of /¥ at the nodes. This extrapolation is performed
by a f-scheme:

Wy =W+ 311 = 2B)(VIV)C +2B(VIW)Plasa 23
W= — 311 = 2B)(V I + 26V lasa

The term (VW) .a;a; in Equation (23) is defined as
(VW)C.a[aj = VU — W

The term (VW )P is the so-called nodal gradient of W at node i, i.e. an averaging of gradients
on triangles around i. When the weight f is put equal to zero, the above ‘extrapolation’ is in
fact the interpolation resulting in a central differenced scheme, since:

(W) p=0 = (W;i)p—o = (W + W;)/2.

For f§ equal to ;, the scheme is half-upwind, of Fromm-type, while it is equivalent to a fully
upwind scheme for f§ equal to 1.

A classical (spatial) truncation error analysis [22] for the 1D advection model discretized
by the fys MUSCL scheme leads to the following equation:

U +u,= — é(l —3B)uz Ax? — %ﬁysuz‘xA)ﬁ + O(AxY)

This error analysis highlights a leading second-order dispersion error with coefficient
1/6(1 —3p) and a third order dissipation error, formed of fourth-order space derivatives, with
coeflicient 1/4fy;. Note that (proof by Fourier analysis) dissipation terms formed of fourth-
order space derivatives have a larger damping effect on high frequencies and a smaller effect
on low frequencies than dissipation terms composed of second-order space derivatives. For
p= %, the first dispersion error term vanishes and the scheme is third-order accurate; if fur-

1

thermore ys =0, this scheme becomes fourth-order accurate. In this case (f=3 and y,=0),
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the scheme is of centred type, and will exhibit some numerical oscillations when applied
to CFD problems since the integration is co-located (by opposition to staggered or mixed
elements). Our standpoint is thus to choose a small, but not vanishing value for 7.

Note that this analysis does not take into account either the non-linearity of the hyperbolic
terms in the Navier—Stokes equations nor the possible non-uniformity of the mesh. On irregular
unstructured meshes, the above scheme has shown second-order spatial accuracy, see for
example Reference [39].

In practice we use 5 equal to % in order to have a minimal dispersion. A minimal spatial
dissipation is also mandatory, since, although composed of fourth-order derivatives, the spatial
numerical dissipation will compete with the second derivative dissipation of the LES model
and may partly deteriorate the results. In the proposed MUSCL-LES model, the pressure, as
well as the other flow parameters, is stabilized by the upwinding of the scheme for a non-zero
7s. Velocities enjoy the stabilization carried by the SGS model. Since there is no SGS term
for the stabilization of pressure, the risk is that a non-physical oscillatory behavior of the
pressure field may be obtained if the numerical viscosity is too low. We will therefore choose
the smallest s for which non-physical pressure oscillations are eliminated.

Either implicit or explicit second-order schemes can be used to advance the equations
in time by a line method, i.e. time and space are treated separately. In the explicit case a
Runge—Kutta algorithm is used, while in the implicit case a second-order backward differencing
scheme is applied [40], which involves an explicit time derivative expressed only as a spatial
residual, so that it does not depend on time step length. The resulting method is second
order accurate in space and time and allows stable calculations to be carried out on very
heterogeneous grids (with locally very small cells) and for a large range of Mach numbers.

For a more detailed description of the AERO code, we refer to Reference [20].

4. TEST CASE AND SIMULATION PARAMETERS

The proposed methodology is applied herein to the flow around a square cylinder at Re =
2.2x10% This flow was investigated experimentally by Lyn and Rodi [41,42] and data are
available for the time-averaged as well as for the phase-averaged flow.

The simulations presented here were carried out with a Mach number M =0.1; hence,
the effects of compressibility can be neglected. The results can thus be compared with the
experiments, performed for incompressible flows.

Numerical results are also available in the literature. In particular, those obtained by the
contributors to a recent workshop devoted to large-eddy simulation of the same test case are
documented in Reference [14]. More recent LES results are reported in References [15, 16].

The computational domain and the flow configuration considered here are represented in
Figure 1. With reference to Figure 1, the domain dimensions are the following: L;,/D=4.5,
L,/D=9.5, HID=", H,/D=4. They are the same as those employed by contributors to the
LES workshop [14], except for a shorter distance between the cylinder and the inflow boundary
L; used here.

Two different unstructured grids, having the same number of elements (559136) and nodes
(97980), but differently distributed, were used for the simulations presented here; x—y sections
of the two different grids are shown in Figure 2. As can be seen, both grids are more refined
in a rectangular region containing the cylinder and the wake, while outside this region the size
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of the elements increases progressively as the boundaries are approached. In the grid denoted
GR2 this region is narrower than in the other (GRI1), but it contains the same number of
nodes and elements. This results in enhanced grid resolution near the cylinder and in the
wake, while the elements outside the refined region are larger.

As far as the resolution in the spanwise direction is concerned, in the large-eddy simulation
of the flow around a circular cylinder in Reference [19] the following rule was adopted to
estimate the wavelength of the spanwise structures in the near wake:

J:/D ~25Re™ "3 (24)

which in our case gives: 4,/D~0.17. By assuming that the rule is plausible in our case as
well, approximately 32 nodes are used for both grids in the spanwise direction within the
wake region, which corresponds to a spanwise resolution Az ~0.125D.

The average distance of the first layer of nodes from the cylinder surface is around 0.06D
for GR1 and 0.02D for GR2. In both cases this appears to be rather large compared to
near wall resolution typically used in LES. Indeed, it is estimated a posteriori that the first
node is located approximately at y* €[10,100] in GR1 and y* €[4,24] in GR2. Approximate
boundary conditions are thus assigned near the solid boundaries. In particular, a slip condition
is imposed on the velocity at a distance ¢ from the wall. The Reichardt wall-law [17] is then
used to derive the shear stresses caused by the presence of the wall. This wall law has the
advantage of describing the velocity profile not only in the logarithmic region of a turbulent
boundary layer (y*>40) but also in the laminar sublayer (y*<3) and in the intermediate
region. This also guarantees correct asymptotic behaviour at the wall of the SGS terms in the
Smagorinsky model.

At the inflow, the flow is assumed to be undisturbed and Steger—Warming [43] conditions
are used. In Reference [16] it was shown that the introduction of a random perturbation at
the inflow, corresponding to a turbulence level of about 2% as in the experiments by Lyn
[41,42], does not affect the statistics of the velocity field and the flow dynamics. Boundary
conditions based on Steger—Warming decomposition are used at the outflow as well. On the
side surfaces slip conditions are imposed. Finally, the flow is assumed to be periodic in the
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Figure 2. Computational grids; x—y section at z=0: (a) GR1; (b) GR2.

spanwise direction in order to simulate a cylinder of infinite spanwise length. Note that in
simulations carried out in References [14, 15] periodicity is likewise imposed in spanwise
direction. Conversely, in Reference [16] semi-artificial free-slip conditions are applied on the
domain boundaries normal to the spanwise direction.

Although a previous investigation [44,45] indicated that implicit schemes and, hence, rather
high values of CFL can be successfully used in LES, an explicit four-stage Runge—Kutta
scheme has been used here, because periodic boundary conditions are for the moment imple-
mented only for the explicit time advancing.

In the AERO code, parameter s can be used to control the numerical viscosity of the
scheme, as explained in Section 3. In previous studies [44,45] carried out for the same test
case, but with different grid and computational domain dimensions, a preliminary analysis was
performed to investigate the influence of this parameter on the solutions. The Smagorinsky
model was used for the SGS terms. Results indicated that numerical viscosity significantly
affects the global parameters of the flow as well and that it should be reduced as far as possible
in order to obtain reliable results. On the other hand, it was also shown that SGS viscosity
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Table 1. Main parameters in experiments and present simulations. Corrections, if present, are made to
account for blockage effects (see cited references for details).

Free stream Aspect End
Experiments Re/10* Blockage turbulence (%) ratio plates Corrections
References [42, 41] 2.2 7.0 2 9.75 No No
Reference [46] 0.58 =32 5.5 0.04 ~17 Yes No
Reference [47] 1.3 <5 0.06 =17 Yes No
Reference [48] 3.4 5 0.5 9.2 Yes Yes
Simulations 2.2 7 (%) No No

Table II. Summary of the different simulations.

Simulation SGS model Grid Vs

SM1 Smagorinsky GR1 0.05
SM2 Smagorinsky GR1 0.02
SM3 Smagorinsky GR2 0.03
DM1 Dynamic GR1 0.10
DM2 Dynamic GR1 0.05
DM3 Dynamic GR2 0.06
NM1 No model GR1 0.10

acts as a stabilizing term for the velocities and that significantly less upwinding than without
SGS models is necessary. Following the above results, simulations were carried out for both
Smagorinsky and dynamic SGS models and both grids with the lowest value of y, needed
for the numerical stability of each simulation. For each model, we also present the results
obtained on grid GR1 by roughly doubling the value of y;, in order to provide a detailed
analysis of the effects on the accuracy of the results. A simulation has also been carried out
on grid GR1 without any SGS model for y;=0.1, which is the lowest value reachable in that
case.

The results obtained in our simulations are compared with the experimental [41,42,46—48]
and LES [14-16] data present in the literature. We also provide the results of Reference [11] as
an example of RANS calculations, where the standard k—¢ model and the modified k—& model
of Kato and Launder [12] are used for the closure of the equations. The main parameters of the
different experiments are summarized in Table I, together with the corresponding parameters
used in our simulations. Other parameters characterizing our simulations are summarized in
Table II. It should be added that the constant in the Smagorinsky model was set to Cs=0.1.
This value is classically adopted for shear flows. As far as the dynamic model is concerned,
the smoothing procedure described in Section 2.2 was used to avoid numerical instabilities.
Generally, spatial averaging in homogeneous directions is used to smooth the dynamically
evaluated model parameters, in order to stabilize the simulation. Even though the present test
case has an homogeneous direction, it was chosen to adopt a local averaging as a smoothing
procedure in order to use a general method for complex geometries, where there are usually
no homogeneous directions. Procedures of local averaging of the dynamic coefficient are
also used in the literature with structured grids (see, for instance, References [24,26]). In
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order to check the effects of local averaging on the results, several simulations have been
performed starting from 1 smoothing cycle up to 20. The effects on the time history of the
bulk coefficients were very low. In the present simulations ten smoothing cycles are used,
which represent a good compromise between stability and computational cost.

5. RESULTS AND DISCUSSION

5.1. Comparison with the experiments

5.1.1. Bulk coefficients. The bulk coefficients obtained in the present simulations are shown
in Table III together with the numerical and experimental results previously cited. All mean
quantities presented for our simulations were evaluated by averaging in time over at least 6
shedding cycles and in the homogeneous spanwise direction. It was verified that in all cases
the sample used was sufficient to obtain good statistical accuracy.

From Table III it appears that the overall agreement with the experimental data obtained
in our simulations is comparable to that obtained in more resolved large-eddy simulations in
the literature [14, 15].

Let us analyse now in more detail the behaviour of each parameter in Table III.

The Strouhal number is defined as

_J/D
=

where U, is the free-stream velocity and f is the vortex shedding frequency evaluated in
our simulations by Fourier analysis of the lift coefficient. All the experiments agree on the
St value, indicating that this parameter is almost insensitive to the different experimental
conditions. The sensitivity of St to SGS modelling and numerical viscosity in our simulations
is low. Conversely, a significant effect of the node distribution is observed. In particular, St
is predicted within experimental accuracy in all the simulations carried out on GR1 while
a significant increase in St is observed on GR2 for both Smagorinsky and dynamic SGS
models. This is related to the fact that, in the simulations carried out on GR2, the shear-layers
detaching from the cylinder corners are less tilted with respect to the streamwise direction
than in simulations on GR1, as shown for instance in Figure 3 for DM. Consequently, the
frequency of vortex shedding increases.

The differences observed in the shear-layers between calculations on GR1 and GR2 also
affect the value of the mean drag coefficient, which significantly decreases when GR2 is used.
Simulations SM3 and DM3 should be compared with SM2 and DM2, respectively, since they
are obtained with ), tuned in order to have the lowest amount of numerical viscosity required
for the stability of each simulation. Note that, when the Smagorinsky SGS model is used, the
minimum value of y, reachable is lower than with the dynamic model (ys=0.02 in SM2 and
7s =0.05 in DM2, as shown in Table II). This is related to the larger SGS dissipation given
by the Smagorinsky model, as discussed in further details in Section 5.2.

In all the present simulations Cy is underestimated with respect to the experimental data.
Note, however, that a significant scatter is present in the experimental data as well and con-
sequently the Cq4 coefficient seems to be particularly sensitive to the different experimental
conditions. Likewise in our simulations, the drag coefficient was found to be significantly
affected by the simulation parameters. In particular, as far as SGS modelling is concerned,

St (25)
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Table III. Bulk coefficients; comparison with experimental data and with other simulations described in
the literature. C| is the r.m.s. of the lift coefficient, Cy the time-averaged drag coefficient, Cj the r.m.s.

of the drag coefficient, —C,, the mean pressure coefficient at the center of the rear cylinder face, St
the Strouhal number and /; the recirculation length.

Simulations ql Cq C; —Cpp St A
SM1 0.79 1.84 0.10 1.31 0.129 1.45
SM2 0.95 1.89 0.10 1.39 0.128 1.39
SM3 0.71 1.80 0.06 1.309 0.143 1.59
DM1 0.84 1.94 0.095 1.38 0.133 1.53
DM2 091 2.03 0.12 1.50 0.136 1.24
DM3 0.73 1.87 0.09 1.35 0.147 1.52
NM1 0.89 1.93 0.10 1.37 0.133 1.47
Reference [14] [0.38,1.79]  [1.66,2.77] [0.10,0.27] — [0.07,0.15] [0.89,2.96]
Reference [15] [1.23,1.54] [2.03,2.32] [0.16,0.20] [1.3,1.63] [0.127,0.132] —
Reference [16] [1.30,1.34] [2.0,2.2] [0.17,0.20] — [0.129,0.135]  [1.29,1.34]
Reference [11] [0.05,1.17] [1.5,2.1] [0.002,0.068] — [0.122,0.146] [1.0,3.0]
Experiments c/ Cq C} —Cpp St I
References [42,41] — 2.1 — — 0.132 4+ 0.004 1.4
Reference [46] 1.2 2.28 — 1.6 0.13 —
Reference [47] — 2.16 — 1.43 0.132 —
Reference [48] 1.21 2.21 0.18 1.52 0.13 —
__ DM2
DM3
\

Figure 3. Streamline detaching from the cylinder corner for GRI
and GR2 (mean flow); dynamic SGS model.

the values obtained using the dynamic model are higher and in better agreement with exper-
imental data than those given by the Smagorinsky model. An opposite trend was observed
in References [14, 15] in which the Smagorinsky model seemed to systematically give higher
values of Cy4 than the dynamic model. This difference might be related to the definition of the
equivalent filter width used here for the Smagorinsky model (see Section 2.2), which leads
to an excessive dissipation when the usual value for the Smagorinsky constant is used, as
it is discussed in detail in Section 5.2. Furthermore, upwinding could have an appreciable
influence on the SGS model behavior, especially in the case of coarse grids.

From Table III, the overall underestimate of Cy4 in the simulations appears to be related to
the underestimate of the pressure on the rear face of the cylinder (see fCT,b values). However,
this is not the only cause of the discrepancy, as can be seen for instance from the comparison

Copyright © 2002 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2002; 40:1431-1460



1446 S. CAMARRI ET AL.

between computation DM2 and experiments in Reference [47]. Thus, in Reference [47] Cy is
higher than in DM2 even if —C, is lower. In order to analyse the reasons for this behaviour
in greater detail, the pressure coefficient distribution over the cylinder obtained in the different
simulations is compared in Figure 4 with the experimental data from Reference [46] (pressure
distributions from the other experiments were not available). It is evident from Figure 4(a)
that in all simulations using the Smagorinsky model the absolute value of C, is noticeably
underestimated on the lateral and rear edges of the cylinder (faces BC and CD). Better
agreement is found using the dynamic model, especially in the simulation on GR1 with the
lowest value of numerical viscosity (DM2). More surprisingly, independently of the SGS
model, the pressure coefficient is also underestimated in the front part of the cylinder (face
AB), thereby explaining the underestimate of the drag coefficient even in simulations in
which the base pressure is rather well predicted (see DM2). This discrepancy is caused
by the inadequacy of both grids GR1 and GR2 in that region. Indeed, large elements are
located too close to face AB, where gradients are high. This assumption is confirmed by
the results obtained in other simulations, not reported here for sake of brevity, performed
on a more refined grid, better designed in the region upwind of the cylinder. The pressure
coefficient obtained in these simulations on face AB was accurately matching experimental
data [49].

The r.m.s. of the lift coeflicient, C| is available for two different experiments, which agree
on its value. Conversely, it has been found to vary significantly in LES simulations in the
literature [14,15]. For RANS calculations the dispersion in C| is even more remarkable,
and this is due to difficulties of this approach in accounting for unsteady phenomena. In
particular, the standard k—e model may give a dramatic underestimate, depending on different
numerical details. In all the simulations presented here this quantity is also underestimated
with respect to the experiments, although in much less extent than in k—& RANS calculations.
This discrepancy is again due to the inadequacy of both used grids in the front part of
the cylinder. Indeed, values in good agreement with the experiments were obtained in the
previously mentioned simulations carried out on a more refined and better designed grid [49]
(C] €11.09,1.10],C; €[0.15,0.18]).

The length of the recirculation bubble in the after-body (/) showed great variations
between the different simulations in References [11, 14—16]. Our computations likewise found
it to be significantly sensitive to the different simulation parameters. In particular, a decrease
in numerical viscosity leads to noticeable reduction of /;. The effect of SGS modelling is
also important, but no precise trend can be identified from our simulations. As for the drag
coefficient, our findings are at variance with Reference [14], in which it was observed that
the dynamic SGS model gives larger /., than the Smagorinsky model. For both SGS models,
the recirculation length increases noticeably when GR2 is used. This is again related to fact
that on GR2 the shear-layers detaching from the cylinder are less tilted with respect to the
streamwise direction (see Figure 3).

5.1.2. Mean velocity field. Figures 5(a) and 6(a) show the streamwise distribution of U in
the centre of the wake, obtained in the different simulations with SM and DM, respectively.
Experimental data from References [41,42] are also shown. The above discussed differences
in recirculation length prediction are also visible in these figures. In addition, it is evident that
all the simulations overestimate recovery of the streamwise velocity in the intermediate wake
at about 7 diameters from the rear face. This velocity is independent of numerical viscosity
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Figure 4. Numerical pressure coefficient distribution over the cylinder compared to experimental
data from Reference [46]: (a) simulations with Smagorinsky SGS model; (b) simulations with
dynamic SGS model and without SGS model.

and shows slight variations with SGS modelling. The effect of grid resolution is appreciable
only for DM. The overestimate of the recovery velocity is a common problem for the other
simulations in the literature [11, 14—16] but the reasons for this discrepancy have not yet been
elucidated. In our case, the outflow boundary conditions probably have significant influence
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Figure 5. Mean streamwise velocity for the Smagorinsky SGS model: (a) x-distribution in the centre
of the wake (y=0); (b) y-distribution at x =D; (c) y-distribution at x =0.25D.
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Figure 6. Mean streamwise velocity for simulations with dynamic SGS model and without
SGS model: (a) x-distribution in the centre of the wake (y=0); (b) y-distribution at
x=D; (c) y-distribution at x =0.25D.
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on the wake region, especially on the recovery velocity, and non-reflecting conditions [50]
might be more suited for this kind of flow.

Figures 5(b) and 6(b) show the profile of U in the wake at a distance of 0.5D from the
rear face of the cylinder. The simulations employing SM and DM on GRI1 fit the experimental
data well; DM gives a slightly better agreement near the center line. In simulation SM3 the
experimental U profile in the region y/d ~1 is not well captured. This is probably caused by
the noticeable variation in element size at that location for GR2 (see Figure 2(b)), which is
particularly critical in this area where recirculating flow and strong gradients are present. This
problem is not present in DM3, showing that DM seems to be less sensitive than SM to grid
inhomogeneity (see also Section 5.2). This could be due to the fact that parameter CA? is
dynamically evaluated, instead of only C as in the classical approach, and to the smoothing
procedure employed for numerical stabilization, in which CA? is repeatedly averaged on
neighbouring cells (see Section 2.2).

Figures 5(c) and 6(c) show the profile of U on the upper face at a distance 0.25D from the
middle point. This profile is predicted in good agreement with the experiments in all the sim-
ulations, except for slight differences in the region close to the solid wall. However, the com-
parison very close to the wall is not possible since grid resolution at that section is very low.

Summarizing, for SM the numerical viscosity does not noticeably influence the mean ve-
locity field, while the effect of grid node distribution seems to be more important. Conversely,
for DM the effect of numerical viscosity seems to be the prevailing one. Following this result,
we also performed a simulation (NM1 in Table II) without any SGS model and with 7y tuned
to the minimum value permitted by numerical stability (ys=0.1). This value is significantly
higher than for the simulations using SGS models (ys =0.02 for SM and 0.05 for DM) and
this confirms the fact that the SGS model has a stabilizing effect at least for the velocity. The
results obtained in NM1 (see Table III and Figures 4(b), 6(a)—(c)) are very similar to those
obtained with the dynamic SGS model and the same value of y, (DM1), confirming that in
DMI the effect of numerical viscosity was the prevailing one. However, when the dynamic
model is used, the value of y; can be halved without encountering numerical problems (DM2)
and in that case the results are significantly closer to the experimental data. This indicates
that numerical viscosity cannot replace SGS modelling.

The behaviour of SGS and numerical viscosity will be analysed in further detail in the
following section.

5.2. Subgrid-scale and numerical dissipation

Figure 7(a) shows the isocontours of the field (us.s/u), in which (-) denotes averaging in the
spanwise direction, obtained in SM1 at a time-step corresponding to a peak in the C; time
history.

In the convective contribution to the time derivative, @R(Wj, Wi, m;;), the dissipation part
can be separated from the central-differenced consistent advection term. The dissipation part
has the following expression (Equations (21) and (22)):

W, —
Dy =[] —=——

Thus we can compare the contribution to the time derivative at node i, 20 =
with that of SGS fluxes.

j neighbour i Dij"
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Figure 7. SM1: (a) ratio between SGS and molecular viscosity. Isocontours range from 0 (white) to 80

(black) with a step of 4; (b) norm of the upwind component of the convective flux in the momentum

equation. Isocontours range from 0 (white) to 0.12 (black) with a step of 0.006; (c¢) norm of the SGS
flux in the momentum equation. Isocontours range from 0 (white) to 0.12 (black) with a step of 0.006.

However, before discussing the comparison, two important differences between these two
terms should be recalled: firstly, the 2 are fourth-order derivatives, which implies that their
effects are more concentrated on singularities and high frequencies than the SGS second-order
dissipation. Secondly, in the truncation analysis (valid only on regular meshes) the 2() are
weighted by a coefficient (A7), while the SGS viscosity is weighted by (A/), where Al is
the mesh size. This means that a ratio observed for a given mesh may change considerably
for a slightly finer mesh.
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Each component of ) (525{"), k=1,5) represents the contribution to the time derivative
of each flow variable. In the following we will consider the ‘norm’ of ), defined as

. 4 -
1290 = 1/ (@7
k=2

Since the flow is almost incompressible, the contributions to the time derivative of density
and energy will be neglected.

Figure 7(b) shows the isocontours of ||2()| obtained in SM1 at the same time-step as
in Figure 7(a); isocontours of the corresponding norm of the SGS fluxes are plotted in
Figure 7(c). Figures 8-10 show the same quantities as in Figure 7 for DM1, SM2 and
DM2, respectively.

5.2.1. SGS model dissipation. Let us compare first Figures 7(a) with 8(a) and 9(a) with
10(a). The SGS viscosity resulting from SM is significant in the wake, in the front shear
layers but also in other areas of the domain far from the body where the flow is expected to
be laminar. It also shows concentrated peaks near the front edges of the cylinder. Conversely,
DM gives a physically more realistic SGS viscosity field, which is significant only near the
body and in the wake and has no peak near the cylinder edges. Quantitatively, the values
obtained in SM and in DM are in a ratio of about 8:1. This is in contrast with previous
simulations in the literature in which DM was found to give SGS viscosity peaks noticeably
higher than SM. The present behaviour is probably due to the use of unstructured grids as
well as to the particular definition of the filter width employed for SM. Note, in this context,
that A, is here defined by Equation (11) instead of Equation (12), which has commonly been
used in the literature. These two definitions can lead to significantly different SGS viscosity
fields as the element distortion grows. A priori tests (not reported here for sake of brevity)
showed that SGS viscosity fields obtained with Equations (11) and (12) are in a ratio of
about 1:7 for GR1, although the two different fields are qualitatively very similar. Thus, it
may be concluded that Equation (11) leads to an excessively dissipative SGS model when
typical values of the Smagorinsky constant are used. Note that, in the formulation of DM used
here, it is not necessary to define an equivalent filter width, A, and this is an additional
favorable feature besides the already known advantages of the dynamic model. Also, it has
been checked that the smoothing procedure does not significantly affect the SGS viscosity
field for DM.

5.2.2. SGS model versus numerics. If we now compare the upwind and the SGS fluxes
(Figures 7(b), 7(c), 8(b), 8(c), 9(b), 9(c), 10(b), 10(c)) it can be noted that, independently
of the SGS model used, they are qualitatively similar, even if the upwind flux is more spotty.
This is consistent with the fact that numerical dissipation is expected to mainly act on the
smallest resolved scales, while the effects of the SGS viscosity are significant at all the resolved
scales. When SM is used, there is a ratio of about 1:1 between the two fluxes, indicating that
the upwinding and the SGS models have a comparable effect on the solution. On the other
hand, the ratio between upwinding and DM fluxes is about 1:10. This indicates that, when
DM is used, the upwinding presumably has greater influence on the solution than the SGS
model, at least on the smallest resolved scales. Note that if Equation (12) has been used for
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Figure 8. DM1: (a) ratio between SGS and molecular viscosity. Isocontours range from —0.55 (white)

to 9.45 (black) with a step of 0.5; (b) norm of the upwind component of the convective flux in

the momentum equation. Isocontours range from 0 (white) to 0.12 (black) with a step of 0.006;

(¢) norm of the SGS terms flux in the momentum equation. Isocontours range from 0 (white)
to 0.012 (black) with a step of 0.0006.

the filter definition in SM, as discussed previously, SGS fluxes would also have been much
lower than numerical upwinding.

5.2.3. Influence of node distribution. As far as the sensitivity of SGS viscosity to node
distribution is concerned, Figures 11(a) and 11(b) show the ratio (/i) obtained in SM3 and
DM3. As expected, also on the basis of the analysis in the previous section, the Smagorinsky
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Figure 9. SM2: (a) ratio between SGS and molecular viscosity. Isocontours range from 0 (white)

to 80 (black) with a step of 4; (b) norm of the upwind component of the convective flux

in the momentum equation. Isocontours range from 0 (white) to 0.12 (black) with a step of

0.006; (c) norm of the SGS flux in the momentum equation. Isocontours range from 0 (white)
to 0.12 (black) with a step of 0.006.

model is very sensitive to grid inhomogeneity. In particular, the problem of noticeable SGS
viscosity present far from the body and the wake, where the flow is expected to be laminar,
is worsened by the fact that on GR2 the size of grid elements is increased outside the refined
region. This problem is eliminated with the dynamic model which gives significant SGS
viscosity mainly in the wake, as in the case of GR1. However, as discussed in the previous
section, grid inhomogeneity significantly affects the results also for DM.
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Figure 10. DM2: (a) ratio between SGS and molecular viscosity. Isocontours range from —0.55

(white) to 9.45 (black) with a step of 0.5; (b) norm of the upwind component of the convective

flux in the momentum equation. Isocontours range from O (white) to 0.12 (black) with a step of

0.006; (c) norm of the SGS terms flux in the momentum equation. Isocontours range from 0 (white)
to 0.012 (black) with a step of 0.0006.

6. ALGORITHM EFFICIENCY

The additional computational cost per time-step with respect to the laminar Navier—Stokes
solution is about 13% for SM when a 4 stage Runge—Kutta procedure is used for time
discretization. Note that a standard k—e RANS model leads to an increase of approximately
30%. On the other hand, the CPU per time-step is increased by 180% for DM as the dynamic
procedure on an unstructured grid requires, at each node and for each stage of the Runge—Kutta
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(a)
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Figure 11. Ratio between SGS and molecular viscosity: (a) SM3, isocontours range from
0 (white) to 80 (black) with a step of 4; (b) DMS3, isocontours range from —0.55
(white) to 9.45 (black) with a step of 0.5.
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scheme, averages of several quantities over the elements containing the node (see Section 2.2).
This implies a significant increase not only in CPU time, but also in memory requirements (test
filtered quantities should be stored at each node). We developed an algorithm that significantly
reduces the additional memory requirements but, at the same time, leads to a larger increase
in CPU time. Further improvements of the algorithm in terms of CPU cost could clearly be
devised. Furthermore, in order to solve the flow equations efficiently, we use a parallelization
strategy which combines mesh partitioning techniques and a message-passing programming
model. This strategy implies an additional communication cost for DM compared to the
laminar Navier—Stokes solution, on account of the evaluation of averaged quantities at the
subdomain interfaces. Note that if an implicit time advancing procedure is used, a much
lower impact of SGS model computation on the global simulation cost is expected.

7. CONCLUDING REMARKS

This paper investigates the mutual adaption of an industrial CFD methodology and a LES
approach. One originality of our standpoint is to propose computations with a very low level
of numerical dissipation together with rather coarse and inhomogeneous meshes. This is in
contrast to the use of upwinding schemes as LES models.

The numerical solver is based on a vertex centered finite-volume/finite-element formulation.
Since this scheme is of co-located type, an approximate Riemann solver of Roe combined
with the MUSCL interpolation is applied for spatial stability. The resulting scheme contains an
upwinding parameter, s, which directly controls a fourth-derivative based numerical diffusion.
Two different SGS models are introduced, viz. the Smagorinsky model for compressible flows
and its dynamic version.

As a first good example of the flow of interest in industry, we have applied out method to
the simulation of the flow around a square cylinder at yet a low Reynolds number. Near-wall
resolution requirements are relaxed by the use of approximated boundary conditions, based
on a wall law.

Simulations were carried out for different values of the parameter y, to study the effects of
numerical dissipation and its interaction with SGS terms. Sensitivity to grid inhomogeneity was
also studied by using two grids having the same number of nodes, but differently distributed.
Results obtained in the different simulations were compared in details with experimental data
and other numerical results.

The main output of the study concerns the use of numerical dissipation. We have checked
that if s is tuned to the minimum value compatible with numerical stability, our LES calcu-
lations are of sufficient predictivity, by comparison with other LES simulations. This validates
the proposed solution for the numerical stabilization of a compressible LES model.

This also validates:

— the choice of the different ingredients for the model, and in particular the utilization of
the Reichardt wall law with small values of y*,

— the use of a second-order spatial approximation on unstructured meshes,

— the application to rather coarse and inhomogeneous meshes.

The present investigation also confirms that industrial-like LES approaches are interesting
for bluff-body flow simulation, at least when boundary layer separation is fixed by geometry.
However, a number of adverse results also emerge from this study.
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The already known drawbacks of the Smagorinsky model are, as can be expected, more
limiting when coarse and unstructured grids are used. In particular, there is as yet no theoretical
work to help defining the equivalent filter width as a function of element size and shape
on unstructured grids. We adopted a definition different from that usually employed in the
literature for unstructured grids. In our simulations, Equation (11) was used instead, since it
seemed more representative for the smallest resolved flow scales. However, it turned out that,
for typical values of the Smagorinsky model constant, it led to an excessively dissipative SGS
model. Moreover, SM is particularly sensitive to grid inhomogeneity, it is inaccurate near the
flow singularities (the cylinder corners) and also gives significant dissipation far from the
wake where the flow is supposed to be laminar.

The above problems are less critical for the dynamic model, especially in the formulation
proposed here, in which the equivalent filter width is dynamically evaluated together with the
Smagorinsky constant. For this particular flow only a few smoothing cycles were necessary
at each time step to eliminate non-physical isolated peaks of SGS viscosity.

Nevertheless, for both SGS models, we encountered problems with the sensitivity of the
solution to grid inhomogeneity, i.e. when large elements are close to small ones, since this is
a typical situation in industrial CFD. The present study suggests that, at least for the subgrid
scale models and numerical scheme employed, it is advisable to avoid abrupt changes in
element size in critical areas of the flow, especially in the main convection direction.

Before the proposed method can be used for more complex flows, several lines of investi-
gations are suggested by the present work. We discuss two of these.

As for numerics, since the present results are encouraging for the use of second-order
schemes on unstructured meshes, future investigation and development should in our opinion
concentrate on further pushing the logic of higher-order-derivative based diffusion towards
sixth-order-derivative diffusion, as proposed in [51], in order to amplify the complementarity
between the LES model and MUSCL stabilization and filtering (and further reduce their
competition). In this way we also hope that the sensitivity of the results to y; could be
reduced, thus preliminary accurate tuning of 7 could be avoided.

As far as SGS modelling is concerned, it should be noted that, when coarse grids are
used, limits of validity of eddy-viscosity models are far from having been reached. Thus, it is
certainly worth testing SGS models based on different physical assumptions, such as dynamic
mixed models [24, 52], deconvolution models [53] or multiscale models [54]. However, the
formulation of these models on unstructured grids is not trivial and dedicated studies appear to
be needed. In the perspective of application in an industrial context, it should also be assessed
whether the accuracy improvement plausibly obtained with such models could compensate
for the increase in computational cost (see Reference [55] for an investigation in a simple
geometry with a spectral numerical scheme).

Advances in these two directions would noticeably increase the interest in extending the
validation to different types of flow such as detached flows on smooth walls or higher-Reynolds
flows, with the perspective of providing users with a new generation of simulation tools for
unsteady aerodynamics.
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