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Automatic hybrid RANS/LES strategy for
industrial CFD

Grégoire Pont, Paola Cinnella, J.C. Robinet, and Pierre Brenner

Abstract An automatic HRL! strategy is investigated in FLUSEPA, a finite-volume
solver developed by Airbus Defense & Space. A HRL turbulence model is coupled
to a high-order hybrid numerical approximation method. Concerning the turbulence
model, the well-known k — € two equations RANS turbulence model is sensitized
to the grid as suggested by Perot and Gadebusch [1]. Concerning the numerical
strategy, a third-order accurate upwind approximation method is locally re-centered
in vortex dominated regions to achieve non-dissipative fourth-order accuracy. Re-
sults are presented for a 2D backward facing step and an an axisymmetry backward
facing step, which represent good prototypes of after body flows.

1 Introduction

There are three kinds of viscosity in a numerical simulation of turbulent flow : lam-
inar viscosity v, eddy viscosity V; introduced by RANS (Boussinesq hypothesis) or
SGS model in use , and numerical viscosity V,, intrinsic to the numerical scheme.
The second kind of viscosity is equal to zero for so called “implicit”modelling ap-
proaches (see e.g Ref[2]). The main idea of a hybrid turbulence model is to reduce
the turbulent viscosity V; to locally solve unsteady turbulent structures. In the re-
solved part of the turbulent spectrum, the numerical viscosity must be negligible
compared to eddy viscosity, otherwise, turbulent structures will be dissipated by the
numerical scheme.
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In this work, the numerical solver in use is FLUSEPA, the unstructured finite-
volume solver developed by Airbus Defense & Space company to calculate com-
pressible, multidimensional, unsteady, viscous and reactive flow over bodies in rel-
ative motion. The numerical scheme used in this solver is designed for highly com-
pressible flows and has good shock capturing capabilities. The solver is based on a
high order Godunov type method along with a MUSCL-like reconstruction. All the
required derivatives are calculated by a successive corrections algorithm. Fhe Go-
dunov methods are well known to be suitable for compressible flows with shocks
because they introduce a numerical dissipation that damps non-physical oscillations
and ensures the stability of the method, but they are much too dissipative for HRL
calculations. In the quest for a compromise between computational cost and resov-
ability properties of the numerical method, we retain a hybrid scheme, combining a
3rd-order accurate version of the present scheme in inviscid regions with a fourth-
order non dissipative scheme in regions dominated by turbulent flow structures.

2 Governing equations

We look for the numerical solutions of the compressible Navier-Stokes equations
within Reynolds-Averaged form or in filtered form, and supplemented by a turbu-
lence or subgrid model, respectively. In the following, the Reynolds/subgrid stress
tensor is described by using an eddy viscosity model, and is supposed to be re-
lated to the average/filtered velocity gradient via an eddy viscosity coefficient v;,. To
compute V;, automatics HRL models are consideredjbased on a modification of well
known RANS models. Precisely, in this work we consider the hybrid & — & model
developed by Perot and Gadebusch [1]; Grid sensitization of the underlying RANS
models is achieved by introducing an energy transfer parameter o :

2 2 -1
a=15 1C*< k ) [(Ax" am) +0.11] 1)

k+kr \/]?r 3x,~

where k, is the resolved turbulent kinetic energy, k the modelled kinetic energy and
C* =0.28. The o parameter, beunded between -1 and 1, detects well-resolved flow
regions, jfurns the baseline two equations models into a subgrid model and, keep a
classical k — € model in under-resolved regions. The & parameter acts through two
mechanisms: it pre-multiplies the Reynolds stress tensor, contributing to lower the
modelled Reynolds stresses in well-resolved regions; it pre-multiplies the produc-
tion term in the turbulent kinetic energy equation, contributing to lower the amount
of modelled kinetic energy produced by the model and, indirectly, the eddy vis-
cosity. The eddy viscosity formulation is also modified with respect to the stan-
dard model, by introducing a weighting factor equal to the ratio of the modelled
to the total kinetic energy). Note that @ may become negative in highly resolved
regions characterized by a too large amount of modelled kinetic energy. This am-
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plifies flow instabilities by converting turbulent diffusion in the antidiffusion and
enables effective model transition from RANS to LES mode by enriching the fre-
quency spectrum. The model is implemented along with a shielding function that
enforces a RANS mode in attached boundary layers. Figure 1 shows a snapshot of
eddy viscosity and the time-averaged distribution of modelled to total kinetic energy
ratio for an axisymmetric backward facing step flow discussed in the following. The
eddy viscosity is found to decrease in the shear layers and in the recirculation bubble
which allovthhe resolved kinetic energy to increase. %eaﬂ—se&mef&m—ne—fesel-ved

0 65 131 196 262 327 392 458 523 588

(a) Eddy viscosity ratio v; /v (b) Ayeraged modeled to total kinetic energy
ratio.

Fig. 1 Effecyof the PG turbulence model on packward facing step flow;

3 Numerical method

For the numerical approximation of system—ef-censervationlaws—formed-by the

Navier-Stokes equations, we consider an unstructured finite volume methodology.

Fluxes are integrated en-eaehjinterfaces of control volume athightorderof aceuraey,
a saeeesstvg corrections method [3].

TFherequired-derivatives-are-caleulatedby-asing
This kind of method allows to keep-hight-erderof-aceuraey on general mesh—selves

The truncation error and the spectral properties of the preceding numerical scheme
have been studled studied in details fer—a—hﬂea{—ad*leeﬂeﬂ—pfeblem—lgmﬁe—velrume

[4]. Due to the use of an
upwind numerical flux at cell interfaces, all schemes in the family exhibit relatively

high damping errors, which-may-be-reduced-by increasing the scheme order ef-ae-

e&mey—&t—&he—eest—ef—%signiﬁcant increase in computational complexity, Mereover;

even for schemes of 4" and 5 accuracy, the resolvability properties of the numeri-
cal approximations are such that more than 10 points per wavelength are required to
keep damping errors to within a reasonable limit. This means that, with grid resolu-
tions typically used in industrial applications, the numerical dissipation introduced
by the scheme is not compatible with a HRL simulation. fa-this—werly we restrict
our attention to the third-order scheme, which represents—a—good-compromise-be-
tween-aeceuraeyrand computational complexity, and reduce numerical dissipation in
vortex-dominated regions by local re-centering of the method. Re-centering of the
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numerical fluxes leads to a fourth-order accurate, non dissipative scheme in vortex-
dominated regions, while keeping a 3rd-order upwind scheme in shock-dominated
regions. The proposed yNe schem&is stable if the grid Reynolds numbeiisﬁelow 2.

m—a—eel-l— When thls condltlon is not satisfied, the scheme is only partlally _ﬁentered
which comes to locally lowering the numerical dissipation coefficient. Temporal
integration is carried out by means of a second-order method, namely, the Heun
scheme. Each cell advanced with nearly the its maximum allowable time step ac-
cording to the CFL condition, and time consistency is ensurg by sub-iterating over
the cel) with local time step lower than the maximum value over the domain. This
time integration is well suited for unsteady problems and-whes small physical time
scales-are-needed.

4 Backward facing step flows

Backward facing step flows are a good prototype for after-body aerodynamics, and
exhibit several unsteady phenomena. First, a Kelvin-Helmholtz vortex shedding ap-
pear at the separation point followed by a pairing process highlighted by the hot-wire
techniques experiment of Troutt et al. [S] . Hairpin vortices have been observed in
the recirculation bubble by Kiya and Sisaki [6]. On the other side, several researcher
agree in indicating the presence of another unsteady phenomenon, called flapping
motion, which is a low frequency instability. The backward facing step flow is a very
good testing bench for self-adaptive HRL models because the Kelvin-Helmbholtz in-
stability is difficult to capture without delay due to the convective character of this
instability and ghe turbulent viscosity coming from the boundary layer before the
separatiag point.

4.1 2D backward facing step

The test case is a geometrically 2D backward facing step with an upper wall; ex-
perimentally studied by Moreau et al. [7]. The geometrical features and measures
of the computational domain used in this study are detailed in figure 2. The length
before the step is chosen so as to obtain a boundary layer thickness of 0.37h just
before the separation point. Hereafter, we show results obtained with the PG model.
Numerical simulations using ZDES modelling on a fine mesh of 3.9 million points
were provided by Deck [8], which are also displayed for comparison. Details of the
simulations and references are presented in the tab 1. Grids 1, 2 and 3 differ only
by refinement in the spanwise direction, where the number of grid point is doubled.
The y and x*(at the beglnmng of the step) for grlll 2 and 3 is equal to 15.

A e o e g—the isosurfacg of o
criterig colored by mean Veloc1ty—en—ﬁ«gﬂ«r% Reﬁnement in the spanwise direc-
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—d =0.37h

e 1y

»” 4h 2.86h

NS

37h

Fig. 2 Sketch of the computational domain

Present calculation ZDES ONERA,[8]||[LDV Experiment[7]
Reynolds number 40000 40000 40000
Number grid 1 :7x 10°, 7+ LV_:_) Moreau et al.
of erid 2 : 1.4 x 10°, z+ £ 150 4.1@
elements grid 3:2.8 x 108, 7+ =75
Turbulence Perot & Gadebusch ZDES

Table 1 Details of calculations and experiment

tion leads to grid convergence of the model as precedingly observed by Perot and
Gadebusch for isotropic decaying turbulence [1]. We can also observe the formation
of hairpin vorteces in the recirculation bubble after a vortex pairing mecanism and
longitudinal vortices are generated downstream of the reattachment point.

Figure 4 shows the average streamwise velocity field and streamlines, as well as
velocity profiles taken at different streamwise locations in the recirculation bubble.
Present results are in good agreement with the experiments. The location of the
reattachment point for grid 1 and 2 (X,/H ~ 6.2) is in good agreement witch the
experiment of Hall ef al. [9], of X, /H ~ 6.8, Driver et al. [10], X,/H ~ 6.1 and the
direct simulation of Le et al. [11] with X,/H ~ 6.28. On the other hand, the shape
of the secondary recirculation bubble in the corner is in good agreement with the
PIV streamlines of the experiment of Hall ef al. [9]. ZDES calculations by Deck
[8], obtained on a grid of 4. 100 cells are also reported for reference. Present results
are in excellent agreement with both the reference calculation and the experimental
data, in spite of substantially coarser grids. Of course, simulation result for grid 3
better predict the mean flow in the recirculation bubble, especially for the first three
profiles of figure 4.

RMS of longitudinal velocity fluctuations are shown in figure 5 . They are in
good agreement with the reference ZDES calculation and reasonably close to the
experiments, despite the coarseness of grid 1. Thanks to the non-dissipative numer-
ical scheme, there is no delay in the appearance of Kelvin Helmholtz instabilities in
the shear layer: physical perturbations are not damped, and backscatter of energy is
fostered.
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Fig. 4 Mean longitudinal velocity at different locations in the recirculation bubble
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Fig. 5 Longitudinal velocity fluctuations at different locations in the recirculation bubble

42 Axisymmetric backward facing step

resentative-of-a-space-launcher-vehiclefirst-stage. The fest case is g axisymmetric
backward facing step experimentally studied by Deprés et al. [12] and Meliga et
al. [13]. The geometrical features and measures ig provided on figure 6. The Jength
before the step is chosen so as to obtain a boundary layer thickness of 0.2D just
before the separation point. Present calculation wag carried out by using PG turbu-
lence model coupled with the VC scheme on a grid of 5.7 x 10° cells with average
y* of the first cell close to the wall of about 50. The x™ at the beginning of the step is
equal to 50. This is rather coarse, but allows keeping computational costs to within
an industrially acceptable level. Results are compared to the available experimental
data and to ZDES 2 calculations [14] [15] with differents grids listed in the tab 2.

0.2D 95

D=100mm d=40m

I H=30mm

-~

L=120mm

Fig. 6 Schematic of the axisymmetric backward facing step.

2 7Zonal Detached Eddy Simulation [8]
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ZDES [8] Present calculation ||LDV Experiment[7]
Re 1.2 10° 1.2 10° 1.2 10°
Number grid1:5x 10",NZ =97,[14] 5.7 x 10° Deprés et al. [12]
of grid 2 : 8 x 109, N, = 147, [14] N, =120 Meliga et al. [13]
cells |grid 3 : 12 x 10°, N, = 240, [15], [16]

Table 2 Detail on calculations and experiments. N, is the azimuthal resolution

Figure 7 represents a snapshot of the instantaneous flow field, showing the coher-
ent structures in the recirculation area downstream of the backward facing step. We
can see a three-dimensionalization process very similar pf the 2D backward facing
step flow. Hairpin vortices appear during the pairing mechanism after the separation
point and longitudinal vortices are generated downstream of the reattachment point.

Fig. 7 Coherent structures = isosurface of A;D/u.=10 colored by instantaneous longitudinal ve-
locity

The mean flow is characterized by a recirculation bubble with reattachment point
_ptx/D = 1.15. This value is closed to the reattachment point predicted by the ZDES
calculation (x/D = 1.1) the measurements of Lé [17] (x/D=1.11) and Deprés et al
(x/D = 1.3). Figure 8 shows that the present calculation provides an accurate predic-
tion of pressure coefficient level but the point of minimum Cp is located downstream
of the ZDES calculations. The everpredietion of the reattachment point and of the
minimum of pressure coefficient is due to the fact that there is a little delay in the
triggering of Kelvin Helmholtz instapi#es. This likely to be due to the high value
of y* used in the present calculation-, h does not allow a good resolution of the
shear layer just before the separation point.

Figure 9 shows the spectra of wall pressure fluctuations for several stations along
the model. At the beginning of recirculation area x/D = 0.1 the dominating fre-
quency is Str = 0.08; for x/D = 0.6, the dominating frequency is Str = 0.2 and near
the reataching point, the dominating frequency corresponds to St» = 0.58. Str is the
Strouhal number based on B, The computed dominating frequencies and their loca-
tion are in good agreement with the spatial Fourier analysis of Weiss[16] and with
the study of Deck and Torigny[14]. The frequency Str = 0.2 is observed after the
calculation of loads on the body by integrating the pressure along the small cylinder
since is a shedding like instability.
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Fig. 8 Pressure coefficient on the wall in the recirculation area

0.01

X/D =01

X/D =06

——x/D-12

£.D/U,,

Fig. 9 PSD of pressure on three sensors along the emergency

5 Conclusion

We developed a comprehensive HRL strategy combining a self-adaptive hybrid tur-
bulence model and a hybrid high-order unstructured finite volume scheme. The
last one is obtained by locally re-centering a third-order upwind scheme in vortex-
dominated regions, leading to local fourth-order accuracy and to a substantial re-
duction of the overall numerical dissipation introduced in HRL simulations. This
improves the scheme resolvability while ensuring a very good robustness for com-
pressible flows. The HRL model in use is an extension to wall-bounded flows of the
one proposed by Perot and Gadebush. This model includes automatic mechanisms
for switching from a classical kK — € model in under-resolved regions and attached
boundary layers, to a subgrid model in well-resolved region. It also includes a local
antidiffusion mechanism to foster the development of flow instabilities in transition
regions from RANS to LES. Numerical results shown for both 2D and axisymmetric
flows over backward facing steps are very encouraging and show that the proposed
method provides results of reasonable accuracy on relatively coarse grids, leading
to an industrially acceptable overall computational cost.
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