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Abstract: A new hybrid RANS/LES approach is proposed. The key feature of this ap-
proach is a blending between two eddy-viscosities, one given by the k " RANS model and
the other by the Smagorinsky VMS-LES (variational multiscale LES) closure. The blending
is set by a parameter : VMS-LES mode is active when = 0, RANS mode if =1, a
hybrid mode for 0 < < 1. The proposed hybrid model has been applied to the numerical
simulation of the flow around a square cylinder at Rep. = 22000. Three different parameters
(based on viscosity ratio, time ratio and length ratio) are tested. The results obtained with
this new hybrid approach are compared with those obtained using the LNS approach for
two different grid resolutions; comparisons with experimental data in the litterature are also
provided. The sensitivity of the model to some setting parameters (the inflow value of the
turbulent kinetic energy, ko and the parameter in the approximate wall treatment) is also
analysed.
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Stratégies de couplage RANS/VMS-LES

Résumé : Une nouvelle approche hybride RANS/LES (RANS: Reynolds Averaged Navier-
Stokes /Navier-Stokes avec moyenne de Reynolds ; LES: Large Eddy Simulation/Simulation
de grandes Structures) est appliquée a la simulation numeérique de 1’écoulement autour d’un
cylindre carré. Le dispositif principal de cette approche est la fusion entre deux viscosités
turbulentes, I'une donnée par le modéle RANS k " et I’autre par une formulation VMS-LES
(VMS: Variational Multiscale) basée sur la fermeture LES de Smagorinsky. La fusion entre
les deux modeles est controlée par le paramétre : VMS-LES est appliquélaoa =0, RANS
laou =1, et un mode intermédiaire pour 0 < < 1. Trois paramétrages différents (basés
sur le rapport de viscosité, le rapport de temps et le rapport de longueur) sont examinés.
Les résultats obtenus avec cette nouvelle approche hybride sont comparés & ceux obtenus
en utilisant approche LNS (Limited Numerical Scale) pour deux résolutions différentes
de grille; des comparaisons avec les données expérimentales sont également proposées. La
sensibilité du modéle & quelques paramétres de réglage (le niveau ko d’apport d’énergie
cinétique turbulente et le paramétre dans le traitement approximatif des couches limites)
est également analysée.

Mots-clés : Turbulence, Hybrides RANS/LES, Variational Multiscale, Limited Numerical
Scales, géométries complexes, maillages non-structurés
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1 Introduction

The Direct Numerical Simulation (DNS) of the Navier-Stokes equations is feasible only for
low Reynolds numbers (Re) due to the necessary computational resources, which already
become prohibitively large for Re  10*. For this reason, turbulence modeling is a necessary
step for the numerical simulation of flows of engineering interest. In this context, the most
widely used approach for the simulation of high-Reynolds number turbulent flows is the one
based on the Reynolds-Averaged Navier-Stokes equations (RANS). In the RANS approach,
time averaging is applied to the Navier-Stokes equations and only the time-averaged flow is
simulated. In this way a noticeable simplification of the problem is obtained, computational
costs are drastically reduced and become almost independent of the Reynolds number when
this is sufficiently large. However, RANS models usually have difficulties in providing accu-
rate predictions for flows with massive separations, as for instance for the flow around bluff
bodies, for which they are too dissipative to properly simulate 3D phenomena, yielding to
significant discrepancies with respect to the experimental results.

An alternative approach is the Large-Eddy simulation (LES), in which a spatial filter
is applied to the equations in order to get rid of small-scale turbulent fluctuations which
are thus modeled, and the remaining flow scales are directly simulated. Since the dynamics
of large scales is directly simulated and three-dimensionality and unsteadiness of the flow
are naturally taken into account, the LES approach is generally more accurate, but also
computationally more expensive, than the RANS one. Moreover, the cost of LES simulations
increases as the flow Reynolds number is increased. Indeed, the grid has to be fine enough to
resolve a significant part of the turbulent scales, and spatial resolution becomes particularly
critical in the near-wall regions.

A new class of models has been recently proposed in the literature in which RANS and
LES approaches are combined together in order to obtain simulations as accurate as in the
LES case but at reasonable computational costs. Among different strategies of combining
the two approaches, we consider here the blending strategy, in which RANS and LES are
blended together in a continuous way throughout the computational domain. This approach
leads to the so-called universal models.

Among the universal models described in the literature, the Detached Eddy Simulation
(DES) has received the largest attention. This approach, first described in Ref. ([22]), is
based on the one-equation Spalart-Allmaras RANS model, in which the length scale of the
turbulent kinetic energy destruction term is modified to be the minimum one between the
distance to the wall and a length proportional to the local grid resolution. Thus, in the
near-wall region and with RANS-like grids the Spalart-Allmaras RANS model is used, while
far from the wall the simulation switches to the LES mode with a one-equation SGS closure
(SGS: sub-grid scale).

Another hybrid approach, the Limited Numerical Scale (LNS) one, has been recently
proposed in Ref. [I]. In this approach, the blending parameter depends on the values of the
eddy-viscosity given by a RANS model, ¢, and of the SGS viscosity given by a LES closure,

s- In practice, the minimum of the two eddy-viscosities is used. This should ensure that,
where the grid is fine enough to resolve a significant part of the turbulence scales, the model
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4 Gennaro PAGANO,

works in the LES mode, while elsewhere the RANS closure is recovered. An example of
validation of this hybrid model for the simulation of bluff-body flows is given in Ref. [7].

In the present work, a new strategy is proposed for blending RANS and LES approaches
in a hybrid model. To this purpose, as proposed in Ref. [I3], the flow variables are de-
composed in a RANS part (i.e. the averaged flow field), a correction part that takes into
account the turbulent large-scale fluctuations, and a third part made of the unresolved or
SGS fluctuations. The basic idea of the proposed approach is to solve the RANS equations in
the whole computational domain and to correct the obtained averaged flow field by adding,
where the grid is adequately refined, the remaining resolved fluctuations. The equations
governing the resolved fluctuations are derived from the RANS and LES equations. Instead
of using a zonal approach, in which regions to be treated by a RANS or LES approach are
a-priori defined, as in Ref. [I3], a universal hybrid model is proposed here. To this aim, a
blending function is introduced, , which smoothly varies between 0 and 1. The correction
term which is added to the averaged flow field is thus damped by a factor (1 ), obtaining a
model which coincides with the RANS approach when =1 and recovers the LES approach
in the limit of ¥ 0. Three different definitions of the blending function are proposed,
based on the ratios between (i) the two eddy viscosities, (ii) two characteristic length scales
and (iii) two characteristic time scales given by the RANS and the LES models, respectively.
The RANS model used in the proposed hybrid model is the standard k " model Ref. [15],
while for the LES part the Variational Multi-Scale approach (VMS) Ref. [I1] is adopted.
The VMS approach can be compared in terms of accuracy to the dynamic Smagorinsky
model, but its computational cost is definitely lower and comparable to that of the simple
Smagorinsky model, as shown in Ref. [12].

The proposed model has been implemented in a numerical solver (AERQ) for the Navier-
Stokes equations in the case of compressible flows and perfect Newtonian gases, based on a
mixed finite-element /finite-volume scheme formulated for unstructured grids made of tetra-
hedral elements. Finite elements (P1 type) and finite volumes are used to treat the diffusive
and convective fluxes, respectively. Concerning the VMS approach, the version proposed in
Ref. [12] for compressible flows and for the particular numerical method employed in AERO
has been used here.

Also the LNS approach has been implemented in AERO as described in details in Ref.
[7], using the standard k ™ model and the Smagorinky SGS model as the RANS and LES
part, respectively.

The capabilities of both the LNS approach and the proposed hybrid approach have been
appraised in the simulation of the flow around a square cylinder at a Reynolds number, based
on the far-field velocity and on the side length of the cylinder, equal to Re = 22000. For
this value of the Reynolds number, several experimental and numerical results are available
in the literature (see, for instance, Ref. [16],[3],]2]). Different simulations have been carried
out by varying the grid refinement, the inflow value of the turbulent kinetic energy and
the free parameter in the approximate wall treatment used in AERO, which is based on
the Reichardt wall-law Ref. [T0]. In the case of the proposed model, all the three different

INRIA
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proposals for the blending function have been tested. Comparisons with experimental data
and numerical results in the literature are also provided.
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6 Gennaro PAGANO,

2 Hybrid RANS/LES coupling

The Navier-Stokes equations for compressible flows of (calorically and thermally) perfect
Newtonian gases are considered here, written in conservative form in the following variables
(using Einstein notation): density ( ), momentum ( uj, i = 1;2;3) and total energy per
unit volume (E = e+ 1=2 ujuj, e being the internal energy).

As in Ref. [13], the following decomposition of the flow variables is adopted:

- ] c SGS
MELHEST ity v

RANS correction

where < w; > are the flow variables in RANS, obtained by applying an averaging operator
to the Navier-Stokes equations, W are the remaining resolved fluctuations (i.e. <w; > +wf
are the flow variables in LES) and w;S®S are the unresolved or SGS fluctuations.
If we write the Navier-Stokes equations in the following compact conservative form:
w
ow +r F(W)=0
ot
in which F represents both the viscous and the convective fluxes, for the averaged flow hW i
we get:
@hWi
ot
where RANS(hW i) is the closure term given by a RANS turbulence model.
As well known, by applying a filtering operator to the Navier-Stokes equations, the LES
equations are obtained, which, in the previously introduced notations, can be written:

+r FOWi)= RANSHwi) (1)

OhWi+W°©
@t
where LES ig the SGS term.

An equation for the resolved fluctuations W ¢ can thus be derived as follows (see also
Ref. [13]):

+r FOWi+W° = SStwi+w°) (2)

ew*
ot

The basic idea of the proposed hybrid model is to solve Eq. () in the whole domain
and to correct the obtained averaged flow by adding the remaining resolved fluctuations
(computed through Eq. (Bl)), wherever the grid resolution is adequate for a LES. Instead of
using a zonal approach as in Ref. [13], in which the regions where the additional fluctuations
that must be computed are a-priori defined, we wish to construct a universal hybrid model.
To this aim, we introduce a blending function, , smoothly varying between 0 and 1. When

= 1, no correction to hW is computed and, thus, the RANS approach is recovered.
Conversely, wherever < 1, additional resolved fluctuations are computed; in the limit of

+r FOWi+W° r FOWi)= "NSawi)  “BStwi+w®)  (3)

INRIA
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¥ 0 we want to recover a full LES approach. The definition of the blending function is
discussed in details in Sec. Xl Thus, wherever < 1, we also solve the following equation
for the fluctuations:

W r FOWI+WE)  r FOWI) =
ot (4)

(l ) RANS(hWi) LES(hWi +WC)

Note that for ¥ 1 the RANS limit is actually recovered; indeed, for = 1 the right-hand
side of Eq. (@) vanishes and, hence, a trivial solution is W° = 0. As required, for =0
Eq. @) becomes identical to Eq. (@) and the remaining resolved fluctuations are added
to the averaged flow; the model, thus, works in LES mode. For going from 1 to 0, i.e.
when, following the definition of the blending function (see Sec. EI), the grid resolution is
intermediate between one adequate for RANS and one adequate for LES, the righthandside
term in Eq. @) is damped through multiplication by (1 ). Although it could seem rather
arbitrary from a physical point of view, this is aimed to obtain a smooth transition between
RANS and LES. More specifically, we wish to obtain a progressive addition of fluctuations
when the grid resolution increases and the model switches from the RANS to the LES mode,
in order to try to overcome the well known problems of existing universal hybrid models in
the transition from RANS to LES, as, for instance, the “gray zones” in DES or the need of
addition of synthetic turbulence in LNS Ref. [1].

Summarizing, the ingredients of the proposed approach are: a RANS closure model, a
SGS model for LES and the definition of the blending function.

As far the closure of the RANS equations is concerned, in the present study, the standard
k " model Ref. [I5] is used, in which the Reynolds stress tensor is modeled by introducing
a turbulent eddy-viscosity ¢, defined as a function of the turbulent kinetic energy k and of
the turbulent dissipation rate of energy, ", as follows:

=c ¥ (5)

where C is a model parameter, set here equal to the classical value of 0:09 and k and " are
obtained from the corresponding modeled transport equations (see Ref. [15]).

For the LES mode, we wish to recover the Variational Multi-Scale approach Ref. [I1],
in which the flow variables are decomposed as follows:

= W 0 SGS
wi = I\fli} + I\fli} +Wi (6)

LRS SRS

where W; are the large resolved scales (LRS), W! are the small resolved scales (SRS). This
decomposition is obtained by variational projection in the LRS and SRS spaces respectively.
In the present study, we follow the VMS approach proposed in Ref. [I2] for the simula-
tion of compressible turbulent flows through a finite volume/finite element discretization on
unstructured tetrahedral grids.

RR n° 0123456789



8 Gennaro PAGANO,

If | are the N finite-volume basis functions and | the N finite-element basis functions
associated to the used grid, the Galerkin approximation of the Navier-Stokes equations can
be written as follows:

oW

ot’
where (; ) denotes the L? scalar product, Fc(W) are the convective fluxes, discretized by
finite volumes and F, (W) are the viscous fluxes, discretized by finite elements. In order to

obtain the VMS flow decomposition in Eq. (@), the finite dimensional spaces Vgy and Vgg,
respectively spanned by | and |, can be in turn decomposed as follows Ref. [12]:

o+ (r Fe(W), )D+(r Fk(W); 1) =0 I=1LN (7)

- M. - M.
VEv = Vpy Vev ;. VEE=VEe Vge (8)

in which L denotes the direct sum and Vgy and V,O:V are the finite volume spaces associated
to the largest and smallest resolved scales, spanned by the basis functions 77 and {; Veg
and VL are the finite element analogous. In Ref. [T2] a projector operator P in the LRS
space is defined by spatial average on macro cells in the following way:

(@) 1
— XB vol(cy) X<
W =P(W)= NLICOHE ,—gwk (9)
IR }
Tk
for the convective terms, discretized by finite volumes, and:
(0] 1
_ XB volcy X
W=pw)=_ Bx£dCJ ,—gwk (10)
Kk Y Ol(Cj)j I
IR }

k

for the diffusive terms, discretized by finite volumes. In both Egs. (@) and (I0), C; is the
finite volume cell around the node j, V ol(C;j) denotes its volume and lx = fj=Cj 2 Cm)9,
Cm(x) being the macro-cell containing the cell Ck. The macro-cells are obtained by a process
known as agglomeration Ref. [14]. The basis functions for the SRS space are clearly obtained
asfollows: = | —jand = | |

Finally, in the VMS approach the SGS model is added only to the smallest resolved scales.
As in Ref. [12], the Smagorinsky model is used, and, hence, the SGS terms are discretized
analogously to the viscous fluxes. Thus, the Galerkin projection of Eq. () becomes:

%:_\NC; i+ (r Fc(Wi+W°); )+ a1)
(r Fy(OWi+W?°); )= LES(W'; ! I=1;N

INRIA
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in which | gs is modeled by introducing a SGS eddy-viscosity s. The Smagorinsky SGS
model Ref. [2T] is adopted here; thus, we have:

0 2c1 0 Qo

where Cs is the model input parameter, ng is the strain-rate tensor (computed in the VMS
approach as a function of W and  is a length which should be representative of the size
of the resolved turbulent scales. Here, has been selected as V ol(i)1*3 (that is the volume
of the i-th tetrahedral element) and Cs has been set equal to 0.1.

Finally, the Galerkin projection of Egs. (@) and @) for the computation of 'W i and of
the additional fluctuations in the proposed hybrid model become respectively:

hW i . .
T ROW) )+ (r ROW) )= )
RANS(hWi); | I=1;N
Cc
Se 1 ROWIE W ) (r R )+ )
(r FW(W®; D=@ ) RANShwi); | LES w1, I=1;N
2.1 Definition of the blending function
As a possible choice for , the following function is used in the present study:
=F( ) =tanh( ?) (15)

where is the blending parameter, which should indicate whether the grid resolution is fine
enough to resolve a significant part of the turbulence fluctuations, i.e. to obtain a LES-like
simulation. The choice of the blending parameteris clearly a key point for the definition of the
present hybrid model. In the present study, different options are proposed and investigated,
namely:

¢« = —s, which is also used as a blending parameter in LNS Ref. [1],
t
k3=2
¢ =i Irans being a typical length in the RANS approach, i.e. lrans = —
RANS
t
° i LES , tLes and trans being characteristic times of the LES and RANS ap-
RANS
1 k
proaches respectively, t| es = €——— and trans = —-

RR n° 0123456789



10 Gennaro PAGANO,

2.2 Simplified model

To avoid the solution of two different systems of PDE and the consequent increase of required
computational resources, Eqs. (I3) and (@) can be recast together as follows:

ow

! T FeW) )+ R(W) ) =

RANS(Wi); 1 (1 ) “BSw');  I=LN

(16)

Clearly, if only Eq. (I8) is solved, hW i is not available at each time step. Two different
options are possible: either to use an approximation of hW i obtained by averaging and
smoothing of W, in the spirit of VMS, or to simply use in Eq. ([8) RANS(W). The second
option is adopted in the present study as a first approximation.

INRIA
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3 LNS approach

The Reynolds-Averaged Navier-Stokes equations for compressible flows of (calorically and
thermally) perfect Newtonian gases are considered here, written in conservative form in
the following variables: density ( ), momentum ( uj, i = 1;2;3) and total energy per unit
volume (E = e+ 1=2 ujuj, e being the internal energy).
The standard k " model Ref. [15] is used for the closure of the RANS equations, in which
the Reynolds stress tensor is modeled as follows, by introducing a turbulent eddy-viscosity,
t-

> @ei 08} 2Qe 2_
Rij —+— -—— i = Kij ; 17
] t I @XJ @Xiz7 30X J} 3 1] ( )
Ieij

in which the tilde denotes the Favre average, the overbar time averaging, ij is the Kronecker
symbol and K is the turbulent kinetic energy. The turbulent eddy-viscosity ¢ is defined as
a function of k and of the turbulent dissipation rate of energy, ", as in Eq. (&).

In the LNS model the Reynolds stress tensor given by the RANS closure is multiplied
by a blending function. Thus, the LNS equations are obtained from the RANS ones by
replacing the Reynolds stress tensor Rjj, given by Eq. ([I7), with the tensor Lj:

2
Lij = Rij = & 5_( K) ij (18)

where is the damping function (0 1), varying in space and time.
In the LNS model proposed in Ref. [I], the damping function is defined as follows:

=min —=;1 (19)

in which ¢ is the SGS viscosity obtained from EqII2 with the only difference that here
has been selected, for each tetrahedral element of the grid, as the length of the longest edge
(see Ref. [H]).

RR n° 0123456789



12 Gennaro PAGANO,

The set of LNS equations is reported here for sake of completeness:

0 0 _ .
I + o =0 ; (20)
08 , 088 _ O 0y +Ly) . (21)
ot @Xj @x; @Xj
@_'_@aj E+p _Oeie;;  OeiLy @ . @k
ot 0x; 0x; 0x; 0x; ¢ K 0x; , (22)
ﬂ &( + )E =
@x; Pr Y0
Pk, 0ek_ 8, Bk | fe L,
ot N 0x; 0x; N k0% *Li 0x; ' (23)
™  07"g; _ @ t @ " Qe _"
ot ey ey (‘33—><j+clR L”@—Xj Cop B

in which p is the pressure, jj the viscous-stress tensor, the molecular viscosity, Cp the

specific heat at constant pressure, T the temperature and P r¢ the turbulent Prandtl number.

The following values have been used for the different parameters in the k and " equations:
= 1:4245, C 1 = 1:44 and C , = 11=6.

Summarizing, wherever the LES SGS-viscosity is lower than the RANS eddy-viscosity
( <1), an expression very similar to the classical Smagorinsky model is obtained for the
turbulent stresses by combining Eqs. (@), (&) and(@). The difference with the classical
Smagorinsky model is the presence of the diagonal term proportional to k. However, for
compressible flows, this can be considered as a model for the isotropic part of the SGS
stresses. As discussed in Ref. [I], the model should work in the LES mode where the grid
is fine enough to resolve a significant part of the turbulence scales, as in LES; elsewhere
( =1),thek " RANS closure is recovered.

Note that in LNS R;j is replaced with Ljj not only in the momentum and energy equa-
tions, but also in the two additional equations in k and "'. This implies that, although the
total turbulent kinetic energy dissipates at the rate dictated by ", the energy-production
term Rij%—? is replaced by Lij%—e}‘ = Rjj @@E!‘. Consequently, a reduction of the turbu-
lent kinetic energy production is obtained in those regions where a fraction of turbulence is
directly simulated ( <1).

A reduction of the turbulent transport of k and " in regions where < 1 is also obtained
by replacing ¢ with ¢ in the RANS equations for k and "'.

Finally, one can notice that, by construction, the present version of the LNS model is no
more time consuming than the RANS k model. Indeed, the extra-cost due to the eval-
uation of the Smagorinsky eddy viscosity is negligible compared to the overall computation
required by the solution of the RANS k equations.

INRIA
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4 Numerical method

The governing equations have been discretized in space using a mixed finite-volume/finite-
element method applied to unstructured tetrahedrizations. The adopted scheme is vertex
centered, i.e. all degrees of freedom are located at the vertices. P1 Galerkin finite elements
are used to discretize the diffusive terms.

A dual finite-volume grid is obtained by building a cell C;j around each vertex i through
the rule of medians. The convective fluxes are discretized on this tessellation, i.e. in terms
of fluxes relative to the common boundaries shared by neighboring cells.

The Roe scheme Ref. [20] represents the basic upwind component for the numerical
evaluation of the convective fluxes F:

oa) 4 I ] -
F (Wi; n) . F (W;; R) P 1PR] Wi W (25)

R(Wi; Wj; R) = 5

in which R (Wi; Wj; R) is the numerical approximation of the flux between the i-th and
the j-th cells, W;j is the solution vector at the i-th node, f is the outward normal to the cell
boundary and R (Wj; Wj; ) is the Roe Matrix. The matrix P (W;; Wj) is the Turkel-type
preconditioning term, introduced to avoid accuracy problems at low Mach numbers Ref. [9].
Note that, since it only appears in the upwind part of the numerical fluxes, the scheme
remains consistent in time and can thus be used for unsteady flow simulations. Finally,
the parameter g, which multiplies the upwind part of the scheme, collected within square
brackets in Eq. (Z8), permits a direct control of the numerical viscosity, leading to a full
upwind scheme for ¢ = 1 and to a centered scheme when ¢ = 0. 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 Ref. [24], is therefore employed
to increase the order of accuracy of the Roe scheme. This is obtained by expressing the
Roe flux between two cells, centered on two generic nodes i and j, as a function of the
reconstructed values of W at their interface: R (W; i Wiji; Rij), where Wj;j is extrapolated
from the values of W at nodes i and j. A reconstruction using a combination of different
families of approximate gradients (P1-elementwise gradients and nodal gradients evaluated
on different tetrahedra) is adopted, which allows a numerical dissipation made of sixth-
order space derivatives to be obtained. The MUSCL reconstruction is described in detail
in Ref. [6], in which the capabilities of this scheme in concentrating the numerical viscosity
effect on a narrow-band of the highest resolved frequencies is also discussed. As discussed
in Ref. [6], this is specially important in LES simulations to limit as far as possible the
interactions between numerical and SGS dissipation, which could deteriorate the accuracy
of the results.

Either implicit or explicit 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 N-stage
low-storage Runge-Kutta algorithm is available, in which the number of stages and the
coeflicients can be varied to obtain different schemes. An implicit time marching algorithm
is also available in the code, based on a second-order time-accurate backward difference

RR n° 0123456789



14 Gennaro PAGANO,

scheme. A first-order semi-discretization of the jacobians is used together with a defect-
correction procedure Ref. [I7]; the resulting scheme is linearly unconditionally stable and

second-order accurate.
More details on the numerical ingredients used in the present work can be found in

Ref. [4, 8.

INRIA
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li=D 1,=D Hy=D H,=D | N.nodes | N. elements
Grl 4.5 9.5 7 975 |83 10| 475 10°
Gr2 || 45 9.5 7 9.75 [ 35 10*| 1.9 10°

Table 1: Main feature of the computational domains and grids

5 Test-case description and simulation parameters

The flow around a square cylinder of infinite length is considered. The Reynolds number,
based on the cylinder side length and on the free-stream velocity, is equal to 22000 and the
used computational domain is represented in Fig. [l together with the frame of reference.

With reference to Fig. [l the domain dimensions are the following: Lj=D = 4:5, L,=D =
9:5, Hy=D = 7, H,=D = 9:75 (where z is for the span-wise direction). They are equal to
those employed in the LNS simulation in Ref. [7].

The computational domain in Fig. [lis discretized by generating two unstructured grids
made of tetrahedral elements (grid GR1 and GR2 in Tab. ). The two grids have a different
resolution in order to test the influence of this parameter on the model. The section z =0
of the first grid and z = 4:875 of the second are reported in Fig. Ba),(b).

Approximate boundary conditions, based on the Reichardt wall-law Ref. [I0], [I8], are
applied at the solid walls. The boundary treatment is controlled by the parameter , which
sets the distance from the wall at which slip conditions are imposed. The velocity is assumed
to vanish at the wall, starting by the value computed at the distance , by following the
Reichardt wall-law. Appropriate values of the shear stress are obtained and used in the
simulations as boundary condition. This law has the advantage of describing the velocity
profile not only in the logarithmic region of a boundary layer but also in the laminar sublayer
and in the intermediate region. This type of wall treatment has been successfully used in
previous LES (Ref. [5], [6], [12]), RANS ([18], [19]) and LNS (Ref. [7]) simulations of the
same flow. Finally, this approach allows the same boundary conditions to be used for both
the RANS closure and the LES Smagorinsky model. At the inflow, the flow is assumed to be
undisturbed and the Steger-Warming Ref. [23] conditions are applied. Boundary conditions
based on the Steger-Warming decomposition are used at the outflow as well. On the other
surfaces (y = Hy, z= H;) slip conditions are imposed.

For both grids, the computations have been carried out using the LNS model and the
new proposed hybrid model with the three different definitions of the blending parameter.

The simulations have been initialized with different values of kg (the initialization of the
kinetic energy for the K " RANS model) and (the parameter of the wall-law) to test the
sensitivity of the model to these features.

Following the LNS work in Ref. [7], the numerical parameter , which controls the
amount of numerical viscosity introduced in the simulation, has been set equal to 0:1 for
GR1 and 0:5 for GR2, in order to obtain stable simulations.
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Figure 1: Computational domain (side view)

Figure 2: grid GR1(a) and GR2 (b)
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Simulations Grid CFL Model ko
LNS2 Grl 0.0041 0.1 10 LNS Up=1000
LNS3 Grl 0.02 0.1 10 LNS Up=1000
LNS5 Gr2 0.02 0.5 10 LNS Up=1000
LNS6 Gr2 0.02 0.5 10 LNS Up=10000
BLE1 Grl 0.0041 0.1 10 tanh(( vms LEsS= k )2) Up=1000
BLE2 Grl 0.02 01 10 tanh(( vms Les= k »)?)  Up=1000
BLE4 Grl 0.0041 0.1 20 tanh((tVMs LEs=tk )2) Up=1000
BLE5 Grl 0.02 0.1 10 tanh((tVMs LEs=tk )2) Up=1000
BLE6 Gr2 006 05 10 tanh(( vms LEs= k »)?)  Uog=1000
BLE7 Gr2 0.02 05 10 tanh(( vms Les= k »)?)  Up=1000
BLES Gr2 0.02 05 10 tanh(( vms Les= k )?) Up=10000
BLE9 Gr2 0.02 0.5 10 tanh((tVMs LEs=tk )2) Up=1000
BLE10 Gr2 0.02 0.5 10 tanh((tVMs LEs=tk )2) Up=10000
BLE11 Gr2 0.02 0.5 10 tanh((LVMS Les=Lk )2) Up=1000
BLE12 Gr2 0.02 0.5 10 tanh((Lvms rLes=Lk ")?) Up=10000

Table 2: Simulation parameters

The simulations have been implicitly advanced in time, with a maximum CFL number
in the range from 10 to 20. In a previous work (Ref. [7]), it was shown that no significant
information is lost in time provided that CFL 25.

The parameters characterizing the different simulations are summarized in Tab.
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Simulations Cq Cf C! St I
LNS2 2.02 0.158 1.032 0.127 1.60
LNS3 2.11 0.116 0.654 0.131 1.15
LNS5 2.07 0.087 0.68 0.130 1.19
LNS6 2.08 0.086 0.628 0.136 1.01
BLE1 1.90 0.145 0.897 0.128 1.65
BLE2 1.95 0.107 0.810 0.130 1.37
BLE4 1.86 0.156 1.023 0.126 1.69
BLE5 2.01 0.117 0.792 0.131 1.16
BLE6 1.97 0.063 0.545 0.127 1.24
BLE7 2.01 0.074 0.580 0.129 1.13
BLES8 2.01 0.072 0.600 0.129 1.10
BLE9 2.01 0.071 0.600 0.131 1.21
BLE10 2.01 0.073 0.600 0.129 1.16
BLE11 2.01 0.083 0.630 0.128 1.05
BLE12 2.02 0.077 0.620 0.129 1.10
Exp.(Bearman and Obasaju 1982) 2.28 1.2 0.130
Exp.(Lyn and Rody 1994) 2.1 0.132 1.4

Table 3: Simulation results
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6 Results

A brief summary of the global parameters obtained in the different simulations and of some
experimental data can be found in TabBl In particular, the sensitivity to the hybridization
model, to and to Ko are investigated. For each of the considered cases, figures showing the
iso-contours of the blending parameter and of the LES or RANS eddy viscosities are reported,
in order to highligth the behavior of the different considered hybridization strategies. Some
mean velocity profiles are also shown and compared to experimental data.

6.1 Model influence

The model influence was tested for both grids. For the grid GR1, it is possible to compare
simulations BLE1 and BLE4, in which the blending parameter is based on the viscosity
ratio (VR) and time ratio (TR) respectively, with the simulation LNS2, which employs the
LNS model. Figure Bl and Bl show the blending parameter (a), the VMS-LES (c¢) and RANS
(d) viscosity fields, for BLE1 and BLE4; in fig. Bl the viscosity fields (LES (a), RANS (b))
are plotted and also the isoline at LNS parameter = 0:95. This is a numerical threshold
between the zones in which the LNS model works in LES or RANS mode. It’s important to
underline that LNS works only in RANS or in LES mode so is possible to define a value of
threshold like that explained before. In the new proposed hybrid model this is not possible
because the model works also in an hybrid mode as seen in Secl2l The simulation BLE1
seems to work in LES mode in the whole domain except near the wall of the cylinder in
which the RANS model is adopted (figB(b)) and in some part outside of the wake (upwind
from the cylinder, in the shear layers and near the lateral boundary) where the hybrid mode
is set. This is in accordance with the viscosity fields, s being lower than ¢ in the wake and
comparable in those points of the field where the model works in the hybrid mode. Looking
at BLE4 the differences with respect to BLE1 are evident. In the wake the model works
not only in LES mode but there are also hybrid and RANS zones, the zone using RANS in
the shear layers is larger that previously and around the wall the RANS mode is only near
the upwind corners. This configuration is not completely in accord with the viscosity fields
because, for example, in the wake the VMS-LES viscosity is everywhere lower than the RANS
one while the model works somewhere in RANS mode. Comparing the two simulations with
the LNS it is possible to see that the behaviour of the LNS model in the wake and outside
is similar to that of BLE1 but the zone around the cylinder is closer to that of BLEA4.
Looking at the numerical results, from Tab3], it appears that in the LNS2 simulation a
better prediction of the mean drag coefficient Cq is obtained than in BLE1 and BLE4. The
rms values of lift and drag coefficient and of the Strouhal number obtained in the different
simulations are very similar. The length of the recirculation bubble (I) is overestimated in
all cases. Figure Bl shows the stream-wise velocity profiles along the center line (Fig. Bl (a))
and in the lateral direction at two different locations in the wake (x=h=1.25 in Fig. B (b) and
x=h=2.5in Fig. Bl (c)). It can be seen that the differences between the models are small. The
overall agreement with the experiments may be considered satisfactory, except for the much
higher recovery velocity obtained in all simulations with respect to the experiments. This
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is, however, a discrepancy observed in almost all the previous simulations in the literature
and is discussed, for instance, in Ref. [5].

Simulations BLE2 and BLE5 , using the same models as BLE1 and BLE4, but with a
different , can be compared with LNS3.

Figure[d Bl and Bl report the same quantities previously discussed for BLE1, BLE4, LNS2
and namely the blending parameter, the LES and RANS eddy-viscosity. It seems that the
behaviour of the blending parameter is the same as that observed for the previous set of
simulations except for the zone around the cylinder in BLE2 ([l(b)), in which the model now
works in the hybrid mode with only small RANS regions near the corner of the cylinder
(fig D (b)). _

The results, with reference to TabBl show that Cq is better predicted than previously in
all the presently considered cases. As previously, the values of r.m.s. of the force coefficients
and of the Strouhal number are very similar for the different simulations. The mean recir-
culation length obtained in BLE5 and LNS3 is the same and is lower than the experimental
value. Conversely, the length obtained in BLE2 is very close to the experimental one. For
the mean velocity profiles (shown in Fig. [[0), the same considerations as previously can be
made, except that in this case BLE2, i.e. the simulations employing the viscosity ratio as
blending parameter, seems to give a better agreement with the experiments than the other
models. It should also be underlined that the differences between LNS3 and BLE5 are very
small. For the grid GR2, the simulations BLE7, BLE9 and BLE11, using VR, TR, and
the length ratio (LR) respectively as blending parameters, can be compared with the LNS
simulation LNS5 or BLE8, BLE10 and BLE12, which employ the same models as BLE7,
BLE9 and BLE11 respectively, but with a different ko, can be compared with LNS6. The
global parameters (TabB]) are very similar for all the different versions of the new hybrid
model, but it seems that LR gives a slightly better prediction of the r.m.s. values of the
force coeflicients and TR of the mean recirculation length. However, the r.m.s. values of
the force coefficients are underestimated in all the simulations and the best agreement with
the experiments is obtained with LNS. The mean drag coefficient is well predicted in all
the simulations, the maximum error is less than 4%. As it is possible to see in fig. [l (a)
(BLE?Y), fig. (b) (BLE9) and fig. [[3 (¢) (BLE11), the hybrid based on TR and VR as
blending parameters has a behaviour very similar to that one in grid GR1. In the other case
(LR as blending parameter), into the wake the model works in VMS-LES mode. Starting
from the upwind corner the wake is bounded by a RANS zone and then (most of all in the
upwind part) there is a zone where the model works in an hybrid way. In the other part of
the domain RANS mode is used. The velocity profiles, shown in Figs. [d and B0, are also for
this case not very sensitive to the model and the overall agreement with the experiments is
rather satisfactory (except for the recovery velocity in the far wake, as previously discussed),
especially for the very coarse considered grid.
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6.2 Sensitivity to the inflow value of the turbulent kinetic energy,
Ko

The sensitivity to the inflow value of the turbulent kinetic energy, Ko, was tested only on
grid GR2. The numerical predictions of the flow global parameters (compare BLE7 vs BLES
or BLE9 vs BLE10 or BLE11 vs BLE12 in TabB] ) seem not to be very sensitive to this
parameter. Also, the mean velocity profiles obtained with different values of ko are very
similar, as can be noticed by comparing figlld] with fig2ll The only visible change is in
the blending function behaviour: it seems that decreasing the value of Kq there is a larger
region outside the wake in which the RANS model is used (compare for example figl[3(a)
with figll&(a)). This is due to the different value of the RANS viscosity in the inlet part of
the domain, compare for example figlI3(d) with figlI&(d). Indeed, it is possible to see that
the RANS viscosity in BLE11 shows a step decrease in the inlet part that is not present in
BLE12. This seems to indicate that in BLE11 the inlet value of Ko is too high. However,
the fact that the results are not sensitive to Ko indicates that the proposed hybridization
strategies does not require a fine tuning of the inlet RANS parameters, which is conversely
important in pure RANS calculations.

6.3 Sensitivity to the parameter in the approximate wall treat-
ment

The sensitivity to the parameter in the approximate wall treatment (see Sec. Hl) was tested
only on grid GR1. As for the global parameters (compare BLE1 with BLE2 or BLE4 with
BLE5 in TabB), when is increased, the accuracy of the numerical prediction of Cq, St
and |, seems to be improved, while that of the numerical prediction of the r.m.s. of the
force coefficients seems to deteriorate. The blending parameter, as function of , changes its
behaviour only in the zone near the cylinder: increasing the RANS zone decrease (compare
fig. Ba) with figl(a)). The mean velocity profiles are very sensitive to this parameter. The
first comparison that can be made is between fig. Bla) and fig. [Ma), which shows the
X-component of the velocity (u) in the plane y=L = 0. Increasing the curves are translated
backward with respect to the X axis and the slope is increased. Then, it is possible to
compare fig. B(b) and fig. Mb), showing the u profile in the plane x=L = 1:5. Increasing

there is a translation towards higher values near the middle of the wake (y=L = 0) and
towards lower values outside (higher y). TR (BLE4 and BLE5) and LNS (LNS2 and LNS3),
are subjected to larger variations than VR (BLE1 and BLE2). In addiction the behaviour
of the profile of BLE1 and BLE2 seems closer to that of the experimental data. Looking at
fighl(c) and figlllc), in which the u profile of the plane x=L = 2:5 is reported, it can be
seen that the results are also affected by . For example in the zone between 1 <y=L < 2:5
the curves of the simulations with = 0:02 are closer to the experimental data than those
with = 0:0041.
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Figure 3: Plot of the blending parameter (a) and zoom around the cylinder (b), plot of the
VMS-LES viscosity (¢) and RANS viscosity for the BLE1 parameter.
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