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Assessment of hybrid RANS-LES formulations for flow
simulation around the Ahmed body

E. Guilmineau!, G.B. Deng, A. Leroyer, P. Queutey, M. Visonneau and J.
Wackers

LHEFEA, CNRS UMR 6598, Ecole Centrale de Nantes, 1 rue de la Noé, BP 92101, 44321
Nantes Cedex 3, France

Abstract

This paper presents an investigation of RANS and DES models for the Ahmed
body with 25° and 35° slant angles. The Reynolds number, based on the height
of the model and the upstream velocity, is 7.68x10°. Two RANS ( Reynolds
Averaged Navier-Stokes) models are used: the k — w SST of Menter and the
EARSM (Explicit Algebraic Stress Model), based on the & — w model. Two
hybrid RANS-LES (Large Eddy Simulation) models are used: a DES (Detached
Eddy Simulation) and an IDDES (Improved Delay Detached Eddy Simulation).
These hybrid models are also based on the k —w model. The flow for the slant
angle 35° is well predicted by all turbulence models with a slight advantage
for the IDDES model. For the flow with the slant angle 25°, only the IDDES
hybrid RANS-LES model predicts the recirculation bubble on the slant. It is
concluded that the IDDES model is the only turbulence model that gives good
agreements with the experimental data.

Keywords: Turbulence models, DES models, IDDES, RANS, Ahmed body,
ISIS-CFD

1. Introduction

The numerical simulation of complex external flows is an important compo-

nent of automotive design. For a typical configuration, a separated wake flow
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exists behind the car body, which contributes to the drag and thus influences
the fuel efficiency of the vehicle. Wind tunnel testing is still widely used but
the need for reliable numerical tools is growing due to the relatively low cost
associated with the numerical simulations. One of the major challenges in au-
tomotive industry, and in industrial applications in general, is the need of com-
putational fluid dynamics (CFD) tools that simulate robustly and accurately
the flow physics. External flows for high Reynolds number are characterized by
highly turbulent and three-dimensional separation and reattachment phenom-
ena. The ability of a CFD simulation to capture correctly these flow features is
strongly linked to the quality of the turbulence model.

A direct numerical simulation (DNS) is not possible because, for engineering
applications, the Reynolds number is too high so in order to resolve the Kol-
mogorov scale, the required mesh size is too large. Therefore, this method is
limited to low Reynolds numbers, and either Reynolds Averaged Navier-Sokes
(RANS) or Large Eddy Simulation (LES) solutions are preferred. The choice
between RANS or LES methods is dependent on the available computer re-
sources and the level of physical accuracy required. Computations based on
RANS are commonly used in industry. Although they are very successful in
predicting many parts of the flow around a vehicle, they are unable to predict
the unsteadiness in the wake regions. The resulting failure in predicting the
base pressure is the major reason for the large discrepancy in drag prediction
between the experiments and numerical simulations. In an attempt to improve
the predictive capabilities of turbulence models in highly separated regions,
Spalart et al. [1] proposed a hybrid approach which combines features of clas-
sical RANS formulations with elements of LES method. This concept has been
termed Detached Eddy Simulation (DES) and is based on the idea of covering
the boundary layer by a RANS model and switching the model to a LES mode
in detached regions. Compared with classical LES methods, DES save orders
of magnitude of computing power for high Reynolds number flows due to the
moderate costs of the RANS model in the boundary layer region, but still offers

some of the advantages of a LES method in the separated regions. Another
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approach based on the Lattice Boltzmann method (LBM) can be used which
have been applied successfully to unsteady aerodynamics problem in aerospace
space [2]. For the simulation of the flow around a generic SUV model, the results
obtained with LBM or DES approaches have a high level of similarity [3].

The assessment of hybrid RANS-LES formulations for automotive applica-
tion is discussed in this paper. The car model selected is the Ahmed model [4].
This model has been chosen due to the availability of the experimental results.
While this geometry is a much simpler a realistic car, many of the flow features
can be found such as the large 3D separation region behind the model and the
roll-up of vortices at the rear corners, called C-pillar vortices. The angle of the
rear slanted surface influences the structure of the wake and the reattachment
point. In the literature, two slant angles are mostly investigated, numerically
and experimentally: 25° and 35°.

For the 35° slant angle, the majority of studies [5, 6, 7] use a RANS model.
At this slant angle, a separation occurs over the entire rear slanted surface and
most of RANS simulations capture correctly the flow and give a good agree-
ment with the experimental data. A few numerical simulations with a DES
approach [8, 9, 7] have been published for this slant angle. The 25° slant angle
is the most extensively studied because this slant angle is a challenge for the nu-
merical simulation. Indeed, a partial reattachment occurs on the rear slant. The
majority of RANS models [10, 11, 5, 6, 12, 13] fail to predict the flow correctly.
Generally, they either predict no separation at all, or they are unable to predict
the correct size of the recirculation region. A Lattice-Boltzmann approach [14]
has provided more satisfactory results, but no turbulence profiles have been
presented. A large number of LES studies have been performed for this slant
angle [15, 16, 17, 18]. Some studies are more successful than others. Krajnovi¢
and Davidson [16] predict the correct flow topology but with a lower Reynolds
number because a sufficient spatial resolution in the Y-direction on the top and
the roof, and in the Z-direction on the lateral sides could not be obtained for
the experimental Reynolds number with the computer resources at that time.

Serre et al. [18] indicate that the hybrid RANS-LES methods represent an at-



70

75

80

85

90

tractive alternative with a specific focus on the mesh generation with regards to
the RANS-LES interface. A number of DES studies [19, 8, 18, 13, 7] have been
performed which have been shown that the use of a hybrid RANS-LES model
offers an advantage over RANS models.

A new hybrid model, Improved Delayed Detached-Eddy Simulation (ID-
DES), proposed by Shur et al. [20], combines Delayed Detached-Eddy Simula-
tion (DDES) and wall modelling in LES (WMLES) capabilities. This model
is shown to resolve the issue of mismatch between the modelled log layer and
the resolved log layer, which has been identified as a typical deficiency of DES.
In general, the IDDES tangibly surpasses DES in the mixed flow with both
attached and separated regions.

The objective of this paper is to evaluate the capabilities of the IDDES
model for the simulation of automotive flows, and more particularly for the
Ahmed body. The present paper is organized as follows. The test-case is pre-
sented in Section 2. Section 3 briefly describes the numerics and outlines the
turbulence models used. The numerical set-up is presented in Section 4 includ-
ing information about the computational domain and the meshes. In Section
5 the results for two slant angles are presented, using both RANS and hybrid
RANS-LES methods. Finally, Section 6 provides the main conclusions of this

work.

2. Generic ground vehicle body

The Ahmed model [4] used for the numerical simulations is shown in Fig-
ure 1. It is a generic car geometry comprising a flat front with rounded corners
and a sharp slanted rear upper surface. The slant angle is adjustable and is the
main variable model-parameter in the experimental investigations of Ahmed et
al [4]. Most of drag of the body is due to the pressure drag which is generated at
the rear end. The structure of the wake is very complex with a separation zone
and counter-rotating vortices generated at the slant side edges. The strength of

the separation is determined by the slant angle. The maximum drag is found for
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the critical slant angle of 30°. Above this angle, the adverse pressure gradient
between the slant and the roof is so strong that the flow fully detaches over
the slant. Below this angle, the flow still separates but the pressure difference
between the slant region and the side walls is still strong enough to generate
substantial streamwise vortices at the lateral slant edges. These induce a down-
ward motion over the slant, mainly in the downstream part. As a consequence,
the flow separating in the upstream end of the slant can reattach further down-
stream, which is observed in the experiments for the slant angle of 25°. The
critical change in drag is due to the transition in the wake structure. Kohri
et al. [21] showed that the transitional characteristics of the wake structure is
dominated by the combination of the slant angle and aspect ratio. Lienhart
and Becker [22] performed further experiments with the same body for the two
representative slant angles ¢ = 25° and ¢ = 35°. This study provides some
well-defined LDA measurements of the mean velocity and turbulence statistics.

The length of the model is L = 1044 mm, the width is W = 369 mm, the
height is H = 288 mm. The ground clearance is G = 50 mm, and the diameter
of the four feet, which are used to secure the model to the floor of the wind
tunnel, is ¢ = 30 mm. The reference axis (X,Y,Z) is linked to the model. The
origin of these axis is related to the point O located on the floor of the wind
tunnel at the base of the model and in the symmetry plane of the model, see
Figure 1. The Reynolds number, Rey = 7.68x10%, is based on the height of
the model and the incoming velocity, Uy, = 40 m/s. This Reynolds number is
the same as the one used in the experiments [22] which were conducted in a 3/4
open test section with a blockage ratio of 4%. The averaged turbulent intensity
of the wind tunnel in the experiments of Lienhart and Becker [22] is less than
0.25%.

For the Ahmed body wake, the estimations length scales for the Kolmogorov
scale is n ~ 1.2Re™ %7 and for the Taylor scale , Ay ~ 5.5Re”®. These esti-
mations are proposed by Howard and Pourquie [23]. The length scale Iy of
the largest anisotropic structures containing energy may be estimated by [y ~

nReB/ 4. Then, the inertial range lies from lp; ~ Iy /6, between the anisotropic
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Figure 1: Side, rear and top view of the Ahmed body. Distances are in mm.

large eddies and the anisotropic small eddies, to [p; ~ 607, between the inertial
and dissipative range [17]. The viscous boundary sublayer at the end of the
vehicle is 7, ~ 6.71Re™"?, which equals 1 in wall units. All these lengths are

given in Table 1.

Table 1: Characteristic length scales scales evaluated for the Ahmed body flow at Re = 768
000

lo lEr Ar Ipr n Mnw
Dimensionless 1.2 0.02 0.0063 0.0028 4.63x107° 3.4x107°
In mm 345.6 57.6 1.807  0.799 0.013 0.0098

In this study, the two slant angles investigated are the same as those used
by Lienhart and Becker. [22].
3. Numerical method

3.1. Flow solver

The ISIS-CFD flow solver, developed by the Ecole Centrale de Nantes and

CNRS, uses an incompressible unsteady Reynolds-averaged Navier-Stokes (URANS)
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method. The solver is based on a finite volume method to build the spatial dis-
cretization of the transport equations. The unstructured discretization is face-
based, which means that cells with an arbitrary number of arbitrarily shaped
faces are accepted. A second order backward difference scheme is used to dis-
cretize time. The solver can simulate both steady and unsteady flows. In the
case of turbulent flows, additional transport equations for the variables in the
turbulence model are added.

The solver features sophisticated turbulence models: apart from the classical
two-equation k-¢ and k — w models, the anisotropic two-equation Explicit Al-
gebraic Reynolds Stress Model (EARSM), as well as Reynolds Stress Transport
Models, are available, see Duvigneau et al. [24] and Deng and Visonneau [25].
All these are RANS models. A Detached Eddy Simulation (DES) approach
has been introduced, see Guilmineau et al. [19]. Recently, some modifications
of this formulation proposed by Griskevich et al. [26] include recalibrated em-
pirical constants in the shielding function and a simplification of the original
Spalart-Allmaras-based formulation. This new model is called Improved De-
layed Detached Eddy Simulation (IDDES).

All flow variables are stored at the geometric center of arbitrary shaped
cells. Volume and surface integrals are evaluated with second-order accurate
approximations. The method is face-based, which means that the net fluxes in
the cells are computed face by face. Thus, the cells with an arbitrary number
of arbitrarily shaped faces are accepted. Numerical fluxes are reconstructed on
the mesh faces by linear extrapolation of the integrand from the neighboring
cell centers. A centered scheme is used for the diffusion terms, whereas for the
convective fluxes, a blended scheme with 95% central differences and 5% upwind
differences (for hybrid RANS-LES models), or 80% central and 20% upwind (for
RANS models), is used. A central differencing scheme may become unstable for
high values of the cell Reynolds number, and a upwind differencing scheme
tends to introduce numerical diffusion. This is particularly problematic with
LES. The low value of the upwind scheme is to prevent instabilities. For the

convective flux, a blend of 95% central differences and 5% of upwind differences
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has also been used for LES in automotive flows [27].

The velocity field is obtained from the momentum conservation equations
and the pressure field is extracted from the mass conservation constraint or con-
tinuity equation, transformed into a pressure-equation. The pressure equation
is obtained by the Rhie and Chow interpolation [28]. The momentum and pres-
sure equations are solved in an segregated manner as in the SIMPLE coupling

procedure [29]. A detailed description of the discretization is given by [30].

3.2. Turbulence modelling

RANS results shown in this paper are obtained using two turbulence mod-
els: the classical two-equation SST model of Menter [31] (kK —w SST) and the
anisotropic two-equation Explicit Algebraic Reynolds Stress Model (EARSM) [25].
The k — w SST model is a kK — w based model which has the addional ability
to account for the transport of the principal shear stress in adverse pressure
gradient boundary layers. The EARSM model is the most reliable statistical
turbulence modelling for predicting three-dimensional flows such as ship flows
when intense longitudinal vortices spread out in the aft part of the ship. For
this turbulence model, the turbulent velocity and length scales are determined
by using two transport equations, the k—w BSL model proposed by Menter [31].

The hybrid RANS-LES methods are based on an implicit splitting of the
computational domain into two zones. In the first region near the solid walls,
the conventional RANS equations are solved. In the second region, the governing
equations are the filtered Navier-Stokes equations for the LES approach. One
hybrid RANS-LES method is the Detached Eddy Simulation (DES), originally
based on the Spalart-Allmaras one equation RANS model [1]. However, the
hybrid nature of DES is not linked with any specific turbulence model and
the model employed in the present study is a variant based on the k — w SST
turbulence model proposed by Strelets [32]. The dissipation term in the k
equation, Dy, is modified in order to reduce the eddy-viscosity in LES regions
and is written as:

Dy = B pkwFpEs (1)
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where * is a constant of the SST model, k is the turbulent kinetic energy, w
is the specific dissipation rate of turbulent frequency and Fpgg is a function

defined by

Lrans
F = 1 2
DES = max ( ComsA’ ) (2)

where A is the maximum local grid spacing (A = max(Ax, Ay, Az)), L; is the
turbulent length scale, Lgans = \/E/(ﬁ*w) and Cpgs is a constant.

The second hybrid RANS-LES method used is the Improved Delayed Detached-
Eddy Simulation (IDDES) which combines Delayed Detached-Eddy Simulation
(DDES) and wall-modelled LES length-scale according to Shur et al. [20] in the

following manner:

Dy, = pVk3/Lippes (3)
Lippes = fa(1+ fe)Lrans + (1 — fa)Ligs (4)

where the length scale L pg is defined as CpgsA. The grid scale A is defined as
min [max Cy (Amax; d) ; Amax] with C, being a constant, d the distance to the
nearest wall and A,y is equal to max(Az, Ay, Az). The function fd is defined
as max [l — f — dt, fp] which is determined by both the geometry part fp and
the flow part (1— f4t). The detailed formulations of functions fg, f4, fat, fe can
be found in the paper of Griskevich et al. [26]. The IDDES model provides a
more flexible and convenient scale-resolving simulation model for high Reynolds
number flows. Because IDDES combines DES and wall-modeled LES, this new
model help in solving the grid-induced separation as it increases the modeled

stress contribution across the interface.

4. Numerical simulation set-up

For both slant angles, the computational domain starts 7.250H in front of
the model and extends to 18.125H behind the model. The width of the domain
is 6.493H and its height is 4.861H. These dimensions are recommended for
the ERCOFTAC workshop on Refined Turbulence Modelling [6], and the cross

section of the channel is identical to the open test section of the wind tunnel

10
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used in the experiments [22]. These dimensions of the computational domain
implies a blocking factor equal to 4.28%. Keogh et al. [33] showed that the
blockage ratio plays an important role in the prediction of the drag coefficient.

The mesh is generated using Hexpress™™

, an automatic unstructured mesh
generator. This software generates meshes containing only hexahedrals. For
the car model and the floor, a no-slip boundary condition is used and the wall
normal resolution is set to 0.007 mm which is below the 7,,, length, see Table 1.
A first refinement box is added around the back of the model, in which the
sizes of the cell are Az = Ay = Az = 1.8 mm. A second box including all
the Ahmed body is also added. In this box, the cell sizes are Ax = Ay = Az
= 3.6 mm. From these cell sizes, it can be seen that the grid has its smallest
cells of the same order as the Taylor scale. Thus, according to Howard and
Pourquie [23], the grid is appropriate for the precision required for LES and for
DES simulations. A view of the mesh is given in Figure 2. For the 25° slant
angle, the mesh contains 23.1x10° cells and the model is described by 384,090
faces. For the 35° slant angle, the mesh consists of 22.2x10° cells and the model
is described by 379,358 faces.

The mesh is the fine mesh used by Guilmineau et al. [19] to investigate
the flow around the Ahmed body with a DES approach. In this paper, three
meshes, containing 7.5, 12.3 and 23.6 million nodes, were used to a mesh conver-
gence. Figure 3 presents the time-averaged streamwise velocity component and
the turbulent kinetic energy, obtained with the IDDES model, on the slanted
surface, versus the mesh used for the 25° slant angle. Small discrepancies, and
particularly at the end of the slanted surface, exist but the solution between the
results, obtained with the medium mesh and the fine mesh, are very similar.
Table 2 presents the drag coefficient for the DES model and the IDDES model
for the three meshes for the 25° slant angle. The variation between the results
obtained with the medium and fine meshes is 0.5% for the DES model and 2.6%
for the IDDES model. Then, the fine mesh is used for the simulation with the
other turbulence models.

To capture the possible unsteadiness of the mean flow, unsteady simulation

11
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(a) General view

(b) Zoom at the back of the model

Figure 2: View of the mesh in the symmetry plane for the 25° slant angle.

Table 2: Drag coefficient obtained with the DES and IDDES models versus the mesh for the
25° slant angle.

Coarse mesh  Medium mesh Fine mesh
DES 0.411 0.415 0.417
IDDES 0.344 0.390 0.380

are carried out with the RANS turbulence models. In this case, the time step is
At = 0.001 s. However, it is observed that the numerical simulations converge
0 to a steady flow. With the hybrid RANS-LES models, the flow is by nature un-
steady and the time step is At = 2.5x10™* s. With these models, the averaging

time, tUs /H, in the simulation is approximately 150.

5. Results

In this section, the numerical results obtained with the four turbulence mod-

»5  els for both slant angles are compared with the experimental data obtained by

12
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Figure 3: Time-averaged profiles obtained with the IDDES model in the symmetry plane for
the 25° slant angle.

Lienhart and Becker [22]. The results obtained with the hybrid RANS-LES

models and presented in this section show the mean flow.

13
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5.1. 35° slant angle

Figure 4 shows the vortex structures by means of the dimensionless Ay of

20 the second largest invariant of S? + 92, S and € being the symmetric and
antisymmetric component of Vu, for the Ahmed body with the 35° slant angle.

All turbulence models predict a separation on the rear slant. However, the shape

is not the same according to the turbulence model used. A longitudinal vortex

along the bottom edge of the model is predicted by all simulations.

Heslicity Heslicily
1.0

1.0
G758

.50~

5

(a) k —w SST (b) EARSM

il W3l
1

(c) DES (d) IDDES

Figure 4: 35° slant angle - Vortex structures around the Ahmed body visualized by iso-surface

of non-dimension A2 (A2=0.76).

265 Figure 5 presents the friction lines on the model for all turbulence models
used. At first glance, two categories may be distinguished depending on the
turbulence model type, namely RANS or hybrid RANS-LES. With a RANS
turbulence model, the flow is fully separated on the rear slant. At the base
of the model, the trace of two counter-rotatiing structures is present. With a

a0 hybrid RANS-LES model, the pattern of the rear slant is different. The flow is

separated at the upstream edge of the slant but another separation is predicted

14
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at the end of the body. With the IDDES approach, the flow separates at the
front end of the body as it reaches the roof, the lateral, and the bottom sides

of the body.

(a) k —w SST (b) EARSM

(c) DES (d) IDDES

Figure 5: 35° slant angle - Friction lines on the model.

275 The flow in the symmetry plane obtained with all turbulence models is re-
ported in Figure 6 together with the experimental results. The main charac-
teristic of this flow is a massive separation in the wake of the body. With the
EARSM turbulence model, this separation is largest while with the IDDES, the
recirculation is the smaller which is in much better agreement with the exper-

20 iments. With the hybrid RANS-LES models, a small separation is observed at
the end of the slant. In the experiments, it is difficult to say if this recirculation
is present. With the RANS models, the lowest separation is almost non-existent.
due to the size of the upper separation. With the hybrid RANS-LES models,
the size of the lowest separation varies according to the model used. The shape

25 of the separation obtained with IDDES model is in better agreement with the

15
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Figure 6: 35° slant angle - Streamlines in the symmetry plane Y = 0.

A description of the wake is provided by plotting isocontours of the stream-
wise velocity in successive YZ-planes in the body wake, as reported in Figure 7.
The massive separation is not limited to the symmetry plane. Indeed, at the end
of the slant, the area where the streamwise velocity is negative covers the whole

width of the model. This area extends far in the wake, and more particularly

16
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with the RANS turbulence models. At X = 500 mm, negative streamwise veloc-
ity is still observed with the RANS models, and particularly with the EARSM
turbulence model. With the hybrid RANS-LES models, the recirculation region
extends more than 200 mm but less than 500 mm as in experiments.

The turbulent kinetic energy (TKE) in the symmetry plane is indicated in
Figure 8. The maximum TKE in experiments is located around the lowest
separation in the wake of the model. The hybrid RANS-LES turbulence models
predict similars results but the high values of TKE are more intense with the
IDDES model and are in better agreement with the experiments. With the
RANS turbulence models, the values of TKE are lower than those obtained
with the hybrid RANS-LES models, even in the shear layer at the lowee edge
of the recirculation region.

Figure 9 presents the production of the turbulent kinetic energy in the sym-
metry plane for all turbulence models. For the hybrid RANS-LES models, this
term was reconstructed from the computed mean flow. In the wake of the body,
the production of TKE is very strong for RANS models while with the hybrid
RANS-LES models, the maximum production is located close to the shear layer
of the separation. On the roof of the body, the region of strong TKE production
is larger with a RANS model than with hybrid RANS-LES models. With the
IDDES model, this region is very thin, not only above the roof but also at the
underbody and on the floor. With the £ — w SST and DES models this region
with a high TKE production is located in front of the body at about X = -1000
mm. With the other models, a maximum TKE production is located at the
same position but the level is significantly lower. With the hybrid RANS-LES
models, and more particularly with the IDDES model, a region with a high level
of TKE production is located on the upper rounded part of the front.

Figure 10 provides a more quantitative comparison of the velocity along
vertical lines in the symmetry plane for positions between X = -243 mm and
X = -3 mm, from left to right, where the space difference between two profiles
is Ax = 20 mm. As showed previously, a massive separation is present over

the rear slant and all turbulence models predict the correct flow. This is in

17



"A[oA1300dsor ‘it )¢ = X pPUR WW (Og = X ‘WW O = ¥ ‘WU () = ¥ UOIeI0[ 9y} 0} puodsoriod smol

a1} ‘w0130q 03 doj wol "Apoq pawyy oY) JO ayem oY) Ul seur[d-7 X SAISS90INS Ul AJID0[OA SSIMUIRSI)S S JO SINOJUOI-OS] - 9[3ur JUR[S GE :), 2INSI]

OF G€ 0€ G2 02 G 0L G 0 G- Ol :saln

Tuug g

iz
iz
lwalz

E_...____ A

17 HIE A

iz
iz
lwalz

iz

_E...._: A _E...E A

i

17 HIE AL

iz
] 7
lwalz
iz

_z_....___ A

] z
] z
lwulz
iz

HIE 13
[
g
ey
[

spuowIodxry] SHAdI

LSS @ — 4

18



ACCEPTED MANUSCRIPT

TKE[m%: 0 10 20 30 40 50 &0 70 80 80 100 114 120 130 140 150 160 170 180 180 200

f[mm] f[l'l'll'l'l]

(a) k—w SST (b) EARSM

f[mm]

(c) DES (d) IDDES

= '
f[mm]

(e) Experiments

Figure 8: 35° slant angle - Turbulent kinetic energy in the symmetry plane Y = 0.

agreement with many previous studies [5, 6] for which a variety of different
turbulence models have been used. However, in this paper, the IDDES model

w5 gives a better agreement with the experimental data, particularly at the shear
layer of the massive separation, see Figure 10(a).

A comparison of the velocity profiles in the wake of the model is presented

19
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Figure 9: 35° slant angle - Production of the turbulent kinetic energy in the symmetry plane

Y =0.

in Figure 11. The positions range from X = 38 mm to X = 338 mm, from
left to right, where the space difference between two profiles is Ax = 50 mm
and from X = 338 mm to X = 638 mm with a space Ax = 100 mm. All
numerical simulations give a good agreement with the experimental data with
the least good agreement for the EARSM turbulence model due to the size of the
recirculation zone which is larger than that obtained with the other turbulence
models. A difference between the profiles obtained with the RANS models and
those obtained with the DES, shows the overestimation of the underbody flow
with the RANS models.

Figure 12 presents a comparison of the turbulent kinetic energy (TKE) over
the rear slant and in the wake. The numerical simulations are in agreement
with the experimental data. On the slanted surface, the results obtained with
the £ — w SST model are in good agreement with the experimental data while
the results obtained with the IDDES model overestimated the experiments but
only for the last threefour slices. With the other turbulence models, namely
EARSM and DES, TKE is underestimated. In the wake, after X = 200 mm,
all RANS turbulence models underestimate TKE at the level of the shear layer
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Figure 10: 35° slant angle - Velocity profiles on the slanted surface in the symmetry plane.

s located at the bootom of the model. This is consistent with the overestimation

of the velocity obtained with the RANS models.
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Figure 11: 35° slant angle - Velocity profiles in the wake in the symmetry plane.

A comparison of the streamwise velocity component and the turbulent ki-
netic energy in the plane Y = 180 mm, close to the maximum width of the
model, is given in Figure 13. The profiles are for the same X positions as in the

0 symmetry plane. However, the measurements are not available close to the wall.
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Figure 12: 35° slant angle - Turbulent kinetic energy profiles in the symmetry plane.
All numerical simulations match the experiment data for the velocity profiles.

However, the best agreement with the experimental data is obtained with the

IDDES turbulence model, even for the spanwise and vertical components which
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are presented in this paper. The other turbulence models overestimate the size
of the separation. Again for the turbulent kinetic energy, the results obtained
with the IDDES turbulence model are in good agreement with the experimental
data.

Similar to what Ahmed et al. [4] did, the pressure drag for the front, C, for
the rear slant, C's and for the base of the model, Cp, see Figure 14, are presented
in Table 3. In this table, the experimental pressure values of Ahmed et al. [4] are
also given. The ratio of each part compared to the total pressure drag, Cp p,
is also indicated. For this slant angle, the force on the rear slant surface, Cyg,
is slightly above the force on the base of the model, C'p, in the experiments.
For the numerical simulations, this is true only for the results obtained with the
k —w SST model and the IDDES approach. The contribution of the front drag
coefficient, C'k, to the total pressure drag is smaller in the numerical simulations
than in experiments. For the numerical simulations, this represents about 2% of
the total pressure drag for the numerical simulations with a hybrid RANS-LES
model while with a RANS turbulence model this value is about 4%.

Table 3: 35° slant angle - Pressure drag coefficient breakdown.

Model Cs Cp/Cpp % Cs Cs/Cppl% Ckx Cx/Cpp |%
k—w SST 0.1047 46.26 0.1125 49.92 0.0081 4.57
EARSM 0.0937 50.11 0.0848 45.33 0.0085 3.62
DES 0.1206 50.38 0.1126 47.03 0.0062 2.58
IDDES 0.1391 46.60 0.1531 51.27 0.0063 2.13
Experiments [4] 0.0890 44.28 0.0970 48.46 0.0150 7.46

Table 4 shows the force coefficients for all numerical simulations. The values
measured by Ahmed et al. [4] are also indicated and in this paper the upstream
velocity is 60 m/s, so the Reynolds number, based on the height of the model,
is 1.2 million which is higher than that used in this study. The results obtained
by Meile et al. [34], for the same Reynols number used in this study, are also

presented. In their experiments, their blockage ratio is 3.8%, slightly lower than
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the value in the Ahmed’s experiments. In the numerical simulations, the drag of
feet represents about 10% of the total drag, except for the IDDES approach for
which the drag due to the feet represents 8.5% of the total drag. All numerical
simulations overpredict the drag coefficient compared with mesasurements by
Ahmed et al. [4]. Another experiment [34] give a drag coefficient greater than
that obtained by Ahmed et al. [4] but lower than those obtained by numerical
simulations. All numerical simulations, excepted for the one using k — w SST
model, predict a negative lift coefficient. In the experiments of Meile et al [34],
the lift coefficient is positive and close to the value obtained with the k —w SST

turbulence model.

Table 4: 35° slant angle - Drag and lift coefficients.

k—wSST EARSM DES IDDES Experiments [4] Experiments [34]

Cp 0.2999 0.2603  0.3156  0.3452 0.2580 0.2790
Cr, 0.0052 -0.0388  -0.0145 -0.0145 n.a. 0.0040

5.2. 25° slant angle

Figure 15 shows the vortex structures by using a dimensionless isosurface of
A2. The EARSM turbulence model does not see the modification of this new
slant angle. Indeed, the shape of the separation seems to be very similar to that
obtained with the 35° slant angle, see Figure 4(b), i.e. a massive separation.
With the other turbulence models, the C-pillar vortices are predicted, but they

are more pronounced with the IDDES approach which is the only turbulence
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Figure 15: 25° slant angle - Vortex structures around the Ahmed body visualized by iso-surface

of non-dimension A2 (A2=0.76).

Figure 16 presents the friction lines on the walls of the model. With a RANS

35 turbulence model, the pattern of the flow is different according to the turbulence

model used, contrary to the results obtained for the 35° slant angle. With the

EARSM turbulence model, the flow is fully separated on the slant while with

the k — w SST model, the flow is separated on the slant but a vortex is also

predicted at the level of the lateral edge of the model. With a hybrid RANS-

s LES model, the sketch on the rear slant is approximately the same. The major

difference is the position of the reattachment of the bubble on the slant. As for

the 35° slant angle, the flow predicted with IDDES separates at the front end of

the body. This separation at the beginning of the roof has already been noted
experimentally [35] but also numerically [16, 17].

405 Figure 17 shows the streamlines, in the symmetry plane, obtained for all

turbulence models compared to the experimental data. With RANS turbulence
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Figure 16: 25° slant angle - Friction lines on the model.

models, a massive separation is obtained in the wake of the model. The flow

separates on the rear slant and with the EARSM model, this separation is

approximately the same as the one obtained with the 35° slant angle. For

a0 the hybrid RANS-LES models, the wake is different. The massive separation

does not exist, only small separations are present. On the slant, a recirculation

bubble is predicted with the IDDES model while with the DES approach, this

separation completely covers the slant. In the slant coordinate system, the

reattachment point is located 168 mm from the upper edge of the rear slant

as  surface with the IDDES approach. In the work of Thacker [36] at the same
Reynolds number, this point is located at 160 mm.

A comparison of the upstream velocity before the end of the model, X =

-38 mm, and at the end of model is presented in Figure 18. In this figure, it

is clear that the results obtained with the EARSM turbulence model do not

w20 show the C-pillar vortex, but a large region with a low velocity which indicates
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Figure 17: 25° slant angle - Streamlines in the symmetry plane Y = 0.

a separation. With the £k — w SST turbulence model, the C-pillar vortex is
present but its size is small because the separation on the slant is too large.
With the DES approach, the size of the C-pillar vortex is in good agreement
with the experiments but the velocity is the core of the vortex is too low. With
w5 the IDDES model, the size and the velocity in the core of the C-pillar vortex

are well predicted and in agreement with the experimental data.
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A description of the wake is presented in Figure 19 by plotting the streamwise
velocity in successive YZ-planes in the body wake. With the RANS turbulence
models, a massive separation is predicted, but the size of the separation is larger
with the EARSM model than with the £ — w model. With these turbulence
models, the computed wake is not correct regarding the measurements. With
the k—w model, the print of the cores of the trailing vortices is visible while with
the EARSM turbulence model, due to the size of the speration, these prints are
not visible. With the hybrid RANS-LES turbulence models, the wake prediction
is in better agreement with the experiments. However, the simulation with
the IDDES model gives a better prediction than the simulation with the DES
model. At X = 80 mm, there is a strong region of recirculation back towards
the model as in experiments while, with the DES model, this recirculation zone
is much larger but with a weaker velocity. At X = 200 mm, the recirculation
has been disappeared but there is still a large streamwise velocity deficit. At
X = 500 mm, the C-pillar vortices can still be distinguished by the deficits in
streamwise velocity, and the result obtained with the IDDES model is still in
good agreement with the experimental data.

Figure 20 presents a comparison of the turbulent kinetic energy in the sym-
metry plane. As for the previous slant angle, a maximum of TKE is predicted
in the shear layer of the lowest separation in the wake of the model with only
the hybrid RANS-LES models. This maximum of TKE is in agreement with
the experimental data. Compared to the 35° slant angle, the maximum is lo-
cated closer to the base of the model. With the RANS turbulence models, the
maximum of TKE is also predicted at a similar position but the level is lower,
particularly with the EARSM model. Another maximum of TKE is predicted
by the hybrid RANS-LES models. This area is located over the slanted surface
of the model. In the experiments, it is not clear whether this maximum exists
because of the lack of resolution close to the model.

Figure 21 presents the production of the turbulent kinetic energy in the
symmetry plane for all turbulence models used. As for the previous slant angle,

the results obtained with the RANS models are very similar. In the wake of
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Figure 20: 25° slant angle - Turbulent kinetic energy in the symmetry plane Y = 0.

the model, the production is very large. With a hybrid RANS-LES model,
the maximum is located over the slant and in the shear layer of the lower
wo recirculation in the wake. For the IDDES model, the region with a large value
of TKE production along the roof, the underbody and the floor is finer than

those obtained with the other turbulence models, as for the 35° slant angle. On
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Figure 21: 25° slant angle - Production of the turbulent kinetic energy in the symmetry plane

Y =0.

Comparisons of the velocity profiles on the slanted surface in the symmetry
plane are presented in Figure 22. The profiles are for the same X position as
for the 35° slant angle. As expected, none of the RANS turbulence models
gives a good agreement with the experimental data because of the massive
separation. With the DES approach, the agreement with the experiments is
better but the separation covers the entire slanted surface. The IDDES model
is the only turbulence model to predict a separation bubble with a separation
point close to the upstream edge and a reattachment point in the rear slant.
The bubble separation is thicker in the numerical simulation than that obtained
in the experiments. This is particularly true for the second and third planes in
the slanted surface.

Figure 23 shows a comparison of the velocity profiles in the wake of the model
and in the symmetry plane for the same X positions as for the 35° slant angle. As
the RANS turbulence models predict a massive separation, the agreement with

the experimental data are not good. With the hybrid RANS-LES turbulence
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Figure 22: 25° slant angle - Velocity profiles on the slanted surface in the symmetry plane.

w0 models, as the separation is smaller, the results are in better agreement with

the experiments. The results obtained with the IDDES approach match very

well the experimental data.

Figure 24 presents a comparison between experimental and numerical turbu-
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Figure 23: 25° slant angle - Velocity profiles in the wake in the symmetry plane.
lent kinetic energy in the symmetry plane. With the RANS turbulence models,
w5 the results are underestimated just after the upper edge of the rear slant sur-

face. This means less turbulent mixing and thus a greater recirculation region.

With the hybrid RANS-LES models, the TKE is overestimated and particu-
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larly at the end of the slanted surface. However, for the first X-positions on the
slant, the results obtained with the IDDES model are in good agreement with
the experimental data. In the wake of the model, as the hybrid RANS-LES
approaches give a recirculation in better agreement with the experiments, the
comparison of the TKE profiles matches the experimental data.

As for the 35° slant angle, a comparison of the velocity components and the
turbulent kinetic energy in the plane Y = 180 mm is possible. Once again, the
measurements are not available close to the wall. The X positions of the profiles
are the same as those for the symmetry plane. The results for the velocity
profiles obtained with the IDDES model are in agreement with the experimental
data which indicates that the size of C-pillar vortices is well predicted. This is
in agreement with Figure 18. With the other turbulence models, the agreement
with the experimental data for the velocity components are poor. The turbulent
kinetic energy, unlike the results in the symmetry plane, is not overestimated
with the IDDES approach compared to the experiments.

As for the 35° slant angle, the different parts of the pressure drag are in-
dicated in Table 5. For the previous slant angle, Cs and Cp were about the
same size. For the 25° slant angle, it is not the case. The pressure drag for
the rear slant is the greater part of the pressure drag. In the experiments, this
drag represents 57.55% of the drag. This value is close to the value obtained
with the IDDES model which is 58.25%. Only the hybrid RANS-LES models
predict a drag for the slant higher than the drag for the base. However, the
ratio obtained with the DES approach underestimates the experiment value. As
for the 35° slant angle, the pressure drag for the front is underestimated by all
turbulence models.

The force coefficients, the drag and the lift, are presented in Table 6 for
all turbulence models. As for the 35° slant angle, the experimental data of
Ahmed et al. [4] and Meile et al. [34] are also indicated. The results measured
by Thacker et al [37], at the same Reynolds number used in this paper, are
mentioned in this table. As the previous comparisons have shown that there

are siginficant differences between all numerical simulations, it is not surprinsing
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Figure 24: 25° slant angle - Turbulent kinetic energy profiles in the symmetry plane.
that the drag coefficient varies depending of the turbulence model used. Even in
the experiments, the drag value is not the same. The drag coefficient obtained

with the IDDES model is in good agreement with the drag measured by Thacker
et al. [37]. The lift coefficient has the same order of magnitude with the hybrid
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Figure 25: 25° slant angle - Velocity and turbulent kinetic energy profiles over the slanted

surface in the plane Y = 180 mm.

RANS-LES models while with the RANS models this coefficient is lower, and
particularly with the EARSM model.
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Table 5: 25° slant angle - Pressure drag coefficient breakdown.

Model Cs Cy/Cpp|% Cs Cs/Cppl% Cx Ck/Cpp |%]
k —w SST 0.1201 48.27 0.1195 48.02 0.0092 3.70
EARSM 0.1207 59.05 0.0726 35.49 0.0112 5.46
DES 0.1508 42.56 0.1916 54.08 0.0119 3.36
IDDES 0.1258 38.96 0.1880 58.25 0.0090 2.79
Experiments [4]  0.0860 35.10 0.1410 57.55 0.0180 7.35

Table 6: 25° slant angle - Drag and lift coefficients.

k—wSST EARSM DES IDDES Experiments [4] Experiments [34]

Experiments [37]

Cp 0.3218 0.2804  0.4371  0.3802 0.2850 0.2990
Cr, 0.1724 0.0083  0.3747  0.3306 n.a. 0.3450

0.3840
0.4220

6. Conclusions

An investigation of RANS and hybrid RANS-LES turbulence models for the
Ahmed body at 25° and 35° slant angle cases has been conducted. The RANS
turbulence models used are k —w SST and a EARSM. For the DES and IDDES
hydrid RANS-LES approaches, these models are based on the k& — w model.
This paper shows that the IDDES model offers an advantage over the other
turbulence models used in terms of the force coefficients and general flow field
at the two slant angles considered here.

For the 35° slant angle, all simulations are in agreement with the experimen-
tal data. However, the IDDES model gives a better agreement, in particular at
the shear layer of the separation and also for the ratio between the presure drag
for the rear slant and the pressure drag for the base.

For the 25° sant angle, the numerical results are highly dependent on the
turbulence model used. The RANS approach fails to capture the separation
bubble on the slant. The IDDES approach is the only one that predicts correctly
the bubble on the slant as well as its size. Therefore, the velocity profiles and

the turbulent kinetic energy are in agreement with the experimental data, even
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in the plane close the maximum width of the model.

So, this paper shows that the numerical simulations with IDDES model are

able to reproduce the experiments.

With the aim of reducing vehicles fuel consumption, one way is to reduce

aerodynamic drag using flow control techniques. Hence, the prediction of the

wake is essential in order to compare the effects of the control. The IDDES

approach can therefore used for such investigations.
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