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Sensitivity analysis of hybrid methods for the flow around the Ahmed

body with application to passive control with rounded edges

Francois Delassaux, Iraj Mortazavi, Emmanuelle Itam, Vincent Herbert & Charles Ribes

Abstract A comparative study of SST RANS and three hybrid approaches (SAS, DDES and SBES methods) is per-
formed to analyse the flow around the 25° Ahmed body. The DDES approach is then selected as the reference model,
based on comparison of numerical results. The main study is based on grid and time step influence over the simulation
results. All results are compared to in-house experiments. The three grids 157, 20/ and 30! (related to the number of
prism layers in the boundary layer) show a fair prediction for both drag C; and lift C; coefficients. The best prediction
is obtained with the 30/ grid with an accurate prediction of C; and C; values as well as the main flow characteristics,
compared to experiments. Another part of this paper focuses on the time step effect on the computational accuracy.
Then, the flow around various rounded edge Ahmed body configurations is compared to experiments in order to vali-
date the robustness of the numerical methodology. The rounded edge flow topologies are therefore deeply investigated.
It is shown that they act as passive flow control and significantly influence the flow topology and aerodynamical coef-
ficients. In fact, the rounded strategy modifies the flow detachment and weakens the onset of C-pillar vortices, which

directly reduce drag and lift coefficients.
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Nomenclature

Amax

Vi

vi/v

BCD
Cy
C

CpEs

CAFE
CD
Cd,
CFD
CFL
DDES
DNS
Ja

fsBES

Radii of rounded edge over the backlight of the Ahmed body
Radii of rounded edge over the side of the Ahmed body
Dimensionless cell distance in streamwise direction
Dimensionless cell distance in spanwise direction
Dimensionless wall distance in vertical direction
Boundary layer thickness

Maximum local grid spacing in the 3 directions
Kinematic viscosity

Turbulent viscosity

Turbulent viscosity ratio

Specific turbulence dissipation rate

angle between horizontal line and the rear slanted surface
Bounded Central Differencing scheme

Drag coefficient

Lift coefficient

Pressure coefficient

Constant of DDES model

Corporate Average Fuel Economy

Central Differencing scheme

Coefficient of DDES model

Computational Fluid Dynamics

Courant Friedrichs Levy number

Delayed Detached Eddy Simulation

Direct Numerical Simulation

Shielding function of DDES model

Shielding function of SBES model

Ahmed body ground clearance
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GIS

Hp

Lp
Lg

L
Lyey
Lyg
Ly
LES
MSD

Osas

Ry So
RoS10
R10S0
R10S10
RANS
Rey
Rer
Res

S
SAS
SBES

Grid Induced Separation

Ahmed body height

Turbulent intensity

Modeled turbulent kinetic energy

Resolved turbulent kinetic energy

Total turbulent kinetic energy

Length of the horizontal projection of the rear slanted surface
Ahmed body length

Length of the recirculation bubble over the rear slanted surface
Length scale of the modeled turbulence in SAS model
Edge length of a regular tetrahedron

Length of the recirculation bubble behind the vertical base
Von Karman length scale in SAS model

Large Eddy Simulation

Modeled Stress Depletion

Q criterion - second invariant of the velocity gradient
Additional source term in the w equation for SAS model
Ratio between A,,,, over 8 for DDES model

Ahmed body with sharp edges

Ahmed body with rounded edges on the sides

Ahmed body with rounded edges on the roof

Ahmed body with double rounded edges on the roof and sides
Reynolds-Averaged Navier-Stokes

Reynolds number based on the height of the body
Rounded edge over the backlight of the Ahmed body
Rounded edge over the side of the Ahmed body

Strain rate magnitude

Strouhal number

Scale-Adaptive Simulation

Stress-Blended Eddy Simulation

Stretch Factor

Scale Resolving Simulation

Shear Stress Transport

First derivative of velocity

Second derivative of velocity
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Voo Freestream velocity
Wa Ahmed body width
X* Dimensionless X length by L
Y* Dimensionless Y length by L

A Dimensionless Z length by L

1 Introduction

The automotive industry is facing drastic restrictions regarding greenhouse gas emissions, with the European “CAFE
2020” objective of mean global CO, emission of 95 g/km for every car manufacturer. To achieve this goal, several
components of vehicle must be improved: engine must be greener (now considering electric engines), global mass
reduced and aerodynamic performances improved. Reducing greenhouse gas emissions and fuel consumption from
aerodynamic drag is one of the main issues for engineers. Bluff body flows are characterized by regions of separated
flows containing wide spectra of turbulent scales. These regions are mainly responsible for drag and lift forces applied
on the body. Turbulence modeling must be capable of giving a fair prediction of separation to accurately capture the
global flow features as well as drag and lift coefficients, crucial for automotive industry engineers. Hence, the purpose
of this work is to fine-tune a robust Scale Resolving Simulations (SRS) procedure on 25° Ahmed bodies flow before

moving on to real vehicles.

The Ahmed body [1] is a generic simplified car which reproduces many of flow features visible on a real vehicle,
such as the 3D recirculation in the wake of the body and the longitudinal vortices. The longitudinal vortices are found
around the front window edges (A-pillar vortices) and at the back of notchback shape vehicle (C-pillar vortices) for
instance. The most challenging case for computational simulation around Ahmed body is the one with a rear slant
angle of 25°. The 25° Ahmed body is a very complex case with strong longitudinal vortices, a closed recirculation
bubble on the rear slanted surface and 3D wake structure. In fact, as Ahmed et al. [1] showed, the longitudinal vor-
tices are generated for slant angles between 12.5° and 30°. For higher angles, the flow becomes massively separated,
reaching a quasi two-dimensional behavior for the square back geometry [7]. For these reasons, the 25° Ahmed body is

a very interesting benchmark to validate different simulations approaches, that will be used later on real car geometries.

Steady state or transient Reynolds Averaged Navier-Stokes (RANS) simulations, commonly used in the car industry,
fail to correctly predict the flow around 25° Ahmed body ([14], [18]). Direct Numerical Simulations (DNS) are very
accurate but drastically expensive ([8], [9]) even for lower Reynolds number flow.

On the other hand, Large Eddy Simulation (LES) has shown interesting numerical achievements ([26], [35] and
[36]). Krajnovi¢ and Davidson [26] reduced the freestream velocity from 40 m/s, corresponding to a Reynolds number

based on the height of the body of Rey = 7.68 X 105, in classical studies to 10.4 m/s with Reyy = 2 X 10%, in order to
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decrease the high numerical cost of LES simulations. The authors argued that the reduced velocity has no influence
over the flow topology which is lead by the geometric separation at the back of the body. Consequently, the finer grid
selected was made of 16 million cells, making LES resolution affordable. This study meticulously detailed the flow
topology, especially the onset of the longitudinal vortices. The low influence over the flow topology of the Reynolds
number decrease is confirmed in the work of Minguez et al. [36] where the authors studied the same flow with a very low
Reynolds number, Rey; = 8322 and the classical one Rey; = 7.68 x 10°. They showed that the flow topology is almost
similar between the two Reynolds numbers. The only change is the longer recirculation areas (at the forehand and the
rear slanted surfaces) for the lower Reynolds number due to lower velocity around the body. Moreover, Minguez et al.
[35] and [36] used a Spectral Vanishing Viscosity (SVV) LES technique with volume penalization method to study this
flow. The authors showed that the separation at the front of the body directly influences the separation at the back. The
separation is delayed compared to experiments, leading to poor prediction of turbulent kinetic energy profiles in the
separation area. On the second half of the rear slanted surface, SVV-LES model correctly predicts the turbulent kinetic
energy level. However, the prohibitive numerical cost of LES for industrial flows under high Reynolds numbers makes
it impossible to use for a real car geometry in a close future.

Hence, an SRS approach is needed to represent the wide scales and spectra of turbulence for such case. A few studies
showed Detached Eddy Simulations (DES) and Delayed Detached Eddy Simulation (DDES) capabilities for the flow
prediction around Ahmed body. The DES97 approach [47] was used by Kapadia et al. [25] using Spalart-Allmaras (SA)
underlying RANS model. The authors faced Modeled-Stress Depletion (MSD) because of LES intrusion in the bound-
ary layer, as the mesh is not fine enough to handle LES resolution in the boundary layer. As a consequence, the flow
separates massively on the rear slant surface. Menter and Kuntz [33] observed a fully stalled flow on the rear window
with Shear Stress Transport (SST) RANS model. Using SST DES, a closed recirculation bubble was observed, even
though the time-averaged solution did not closely match with experiments. The coarse grid used in this study could
explain the results discrepancy from experiments. Guilmineau et al. [15] used SST DES with different shielding func-
tions, defined as Fpgs = 0, F} and F, in order to switch from RANS to LES resolutions, with F; and F; the functions of
SST RANS model. Both the shielding functions Fpgs = 0 and F; captures the separation/attachment phenomenon on
the rear slant surface, even though the recirculation bubble length was overestimated. Because of the construction of
the F, function, which over-protects the boundary layer, the SST-F, DES predicted a massive separation flow, similar to
a classical SST RANS model. Guilmineau et al. [17] showed some improvements in flow prediction around the Ahmed
body using Improved Delayed DES model (IDDES) [46]. However, as the IDDES model is very sensitive to empirical
tuning in the wall region, its superiority over DDES model depends on studied case [43]. Consequently, its robustness
can be questionable for its use on real vehicle shapes. Finally, Ashton and Revell [3] demonstrated the accuracy of the
DDES model using both SST and ¢ — f underlying RANS models. An Embedded DDES (E-DDES) approach was
also developed. Globally, the E-DDES approach is superior to the DDES, based on flow topology observations in the

symmetry plane. However, the model adaptation to a more complex geometry seems more difficult.
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Most of the literature is focused on numerical and experimental studies of the sharp edges Ahmed body. At this
stage, passive flow control study is rather limited on this case and mostly from experiments point of view. As the rear
slant surface and the vertical base represent around 70% of the total drag of the Ahmed body, an investigation must be
carried out on this part in order to reduce the drag force, with the final aim to replicate this on a real vehicle. Thacker
et al. [50] developed a rounded edge at the transition between the roof and the rear slant surface with a 40% radius of
curvature of the projected length of the rear window (201mm). The authors showed that the recirculation bubble on the
rear window vanishes and leads to a drag reduction of 10% and lift decrease around 1.5%. Moreover, the suppression
of the separation directly influences the shape of the 3D wake behind the vertical base of the body, leading to a longer
3D recirculation which tends also to locally reduce drag. More recently, Rossitto et al. [41] extends the rounded edges
concepts with three new Ahmed bodies: a roof rounded case, a side rounded case and a double rounded case combining
both roof and side rounded edges. First, the author showed that a radius of curvature of 10% is enough to suppress the
separation on the rear slant surface with the roof rounded case, leading to a drag decrease of 16% and lift increase of
7%. In this configuration, the C-pillar vortices are quite identical in strength compared to the sharp case. As a conse-
quence, the evolution of aerodynamic coefficients is mainly due to the lack of separation on the rear slant surface and
the longer 3D wake behind the body. For the second case with rounded edges on the side of the body, the author found
a drag increase of 3% and lift decrease of 22%. In this case, the recirculation length is increased from 78% for the sharp

case to 85% for the side rounded edges case, leading to quite constant drag on the rear window from the recirculation.

However, to our knowledge, there is no computational study on the rounded edge configurations. The above men-
tioned experimental observations need to be enriched by numerical simulations. The physical behavior is tremendously
different from sharp to rounded. A comprehensive analysis of the flow dynamics is necessary to achieve a better un-
derstanding of drag and lift forces evolution. In this work, numerical simulations are performed to investigate the flow
behaviors for all rounded edge geometries. Here, the sides of the body are rounded and the onset of the longitudinal
vortices is delayed and intensity inside the core of the vortices highly reduced, leading to huge lift reduction. The flow
topology on this case highlights two key points: the strength of the C-pillar vortices influences the recirculation length
(lower intensity leads to longer recirculation) and the shape of the wake behind the vertical base. Indeed, the core of
the two counter-rotating recirculation zones is closer to the vertical surface, leading to a local drag increase, which
compensates the drag reduction of the C-pillar over the rear window. By combining both roof and side rounded edges,
the double rounded case shows a drag and lift reduction of respectively 16% and 18% linked to the flow topology

features described above.

In the first part of this paper, a comparative study is performed on SST RANS, SAS, DDES and SBES turbulence
models for the flow around the 25° Ahmed body with the target of fine-tuned a robust and accurate computational
methodology. Then, the DDES approach is chosen as the reference method. After an exhaustive numerical grid con-

vergence study, this technique is used to study and analyze in details the flow around the 25° Ahmed bodies with sharp
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and rounded edges. As described above, the main purpose of this work is to study the effects of various rounded edges
features on the flow topology and aerodynamic performances. Because the major role on the drag force of the rear win-
dow recirculation bubble, the rounded edges are concentrated around this part of the geometry. Three cases are studied:
the roof rounded edges, the side rounded edges and the double rounded edges. Based on the numerical methodology
developed on the sharp edges case, the authors will investigate passive flow control on rounded Ahmed bodies using

CFD methods and define the best location for rounded edges on the back of the body.

All numerical results are compared to in-house experiments (pressure coefficients C,, velocity and turbulent kinetic
energy profiles, longitudinal vortices etc.) ([23] and [40]) in order to verify the accuracy and robustness of the numeri-

cal method. The main characteristics of these complex flows are then studied.

The paper is organized as follows: Sect. 2 describes the sharp and rounded edges Ahmed body geometries used in
the numerical study and the global flow topologies. Sect. 3 details the turbulence modeling approaches. Then, Sect. 4
gives details on the three grids considered and the numerical setup used. Sect. 5 is dedicated to the sharp edges Ahmed
body and highlights the performances of RANS, SAS, DDES and SBES turbulence modeling techniques focusing
on the numerical convergence of the selected method and compares results between CFD and experiments. Sect. 6
deals with passive flow control with rounded edges around the back of the Ahmed body. For each of rounded edges
configurations, the accuracy is validated compared to experiments and then the flow behavior is studied and compared

between sharp and rounded edges geometries in order to characterize the best passive control strategy.

2 Sharp and rounded edges Ahmed bodies

In this part, the classical 25° Ahmed body with sharp edges and Ahmed bodies with rounded edges are presented
regarding geometries and flow behavior. The aim of this part is to set the context of the following study. The numerical
procedure is developed on the sharp case as it is the most famous benchmark for automotive industry. Many turbulent
and numerical parameters have been carefully studied: the turbulence method, grid refinement, numerical schemes and
time step influence. Moreover, the main study is based on averaged flow field compared to in-house experiments carried
out by Rossitto [40]. In addition, we have studied unsteady flow behavior. This global study around the sharp edges

case ensure the robustness of our numerical methodology, before moving on the rounded edges cases.

2.1 Ahmed body with sharp edges

The Ahmed body [1] is a simplified real car, made of a forebody, a long mid-section assumed to suppress interactions
between the front and the back of the body and a variable rear slant angle. The rear slant surface and the vertical base

are called afterbody. The surface under the body is called underbody. The length, width, and height of the body are
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respectively Lp = 1044 mm, Wp = 380 mm and Hp = 288 mm. The angle ¢ between horizontal line and the rear slant
surface is equal to 25°. The body is fixed to the wind tunnel ground with four feet of 30 mm diameter and a ground
clearance of G = 50 mm. The origin of the (X,y,z) axis is located at the vertical base of the body, on the ground, see
Fig. 1. Besides, the length of the horizontal projection of the rear slant surface is defined as L =201 mm and used for
normalize X, Y and Z locations denoted with starred values as X*, Y* and Z*. The transition roof/rear slanted surface
and the end of the rear window respectively corresponds to X* = —1 and X* = 0. The symmetry plane is denoted
Y* = 0 and two offset planes are defined as Y* = 0.5 and Y* = 0.9. The maximum of Y* is equal to 0.97. Velocity,
vorticity and turbulent kinetic energy are respectively made dimensionless using Vi., L/V., and V.2, with V.. defined as

the freestream velocity.

1044 mm 389

999

288

202 | 470 | T Y ,m.!

Fig. 1 25°Ahmed body geometry

The mean flow topology around the Ahmed body is shown in Fig. 2. This flow representation is provided by Ahmed
et al. experimental work [1]. For the reader transparency, the flow around the Ahmed body is decomposed in two parts:
the one around the rear slant surface and the one around the vertical base called *wake’ in this study. The sharp tran-
sition between the roof and the rear slanted surface lead to a closed separation bubble. The sharp edges on the sides
of the Ahmed body’s back is responsible for the onset of a pair of counter-rotating longitudinal vortices, the so-called
C-pillar vortex. The wake is characterized by two recirculation areas behind the vertical base: one coming from the
slanted surface and the other from the underbody. Though the flow topology is well know by the scientific community,
there is no consensus over the length of the recirculation bubble over the slanted surface. Many lengths are reported
in the literature from 50% to almost 100% for similar Reynolds number. The length of the closed separation bubble
is strongly influenced by the experimental geometry (sharpness of the transition roof/slanted surface) setup, as well as

the wind tunnel used.

Our numerical results are compared to Rossitto’s experiments [40], carried out in La Ferté Vidame (France) Groupe
PSA’s wind tunnel. This Eiffel wind tunnel has a blockage ratio of 1.4 %. The Ahmed body was placed on an elevated
surface. A 6 component balance was used to measure the aerodynamic forces. The errors of the measurements precision
for drag and lift coefficients are respectively £0.5% and +1.0% of the measured quantities. The body was equipped

by 115 probes over the rear to evaluate the static pressure coefficient C,,. 2D and 3D Particle Image Velocimetry (PIV)
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measurements were used to visualize the flow in iso Y planes: the symmetry plane and an offset plane, respectively
called Y* = 0 and Y* = 0.5. Moreover, the evolution of the longitudinal vortices was studied by Jermann [23] on the
same body in the same wind tunnel. More details is given in [40]. In this paper, drag and lift coefficients (respectively
denoted C; and Cj) as well as velocity and turbulent kinetic energy profiles and C, are validated with the above
mentioned experiments.

In this work, we will mainly focus on the prediction of drag and lift coefficients which are crucial for fuel con-
sumption and vehicle stability in automotive industry and the flow topology around the back of the body (the closed

recirculation bubble and the C-pillar vortices).

Separation bubble
on slanted surface

Recirculation
bubbles behind

Longitudinal .
9 vertical base

vortex

Fig. 2 Global flow topology around 25° Ahmed body - from Choi [11]

2.2 Ahmed body with rounded edges

The flow separation on the back (rear window and sides) of the sharp edges Ahmed body generates a closed recircula-
tion bubble and high energetic C-pillar vortices with a high drag contribution. Some simple geometrical modifications
can improve the flow behavior and alter the recirculation bubble and the C-pillar vortices. Rounded edges can introduce
a passive control strategy with beneficial effect on the drag and lift forces.

Based on the work detailed previously, the numerical procedure has been validated on new Ahmed bodies with
rounded edges. These bodies were studied experimentally by Rossitto et al. [41] and described hereafter. In this section,
the modifications in the flow topology due to the influence of the rounded edges is investigated compared to the
reference case with sharp edges. Drag and lift coefficients and flow evolutions are compared on the 20/ and 30! grids,
for a CFL number around 3.

The shape and the locations of the rounded edges are reported in Fig. 3 in blue color. Rer stands for the upper edge
of the backlight, at the roof junction and Res for the sides edges. The geometries are then noted R Sg, where R stands

for Roof and S for Side. o and 3 represent the values of the radii. The radius of curvature of rounded edges is equal to
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10% of the reference length L =201 mm, i.e 20.1 mm. The reference Ahmed body with sharp edges is referred as R(Sy.

Based on these two locations of rounded edges, we can generate three different Ahmed bodies, respectively called:

e side rounded, RS}, reducing the C-pillar vortices intensity
e roof rounded, R10So, suppressing the bubble separation

e double rounded, RS9, combining both side and roof rounded effects

RO Sl() RIOSIO

Fig. 3 Schematic representation of the Ahmed body with rounded edges at the back from [41], RyS10, R10S0 and Ri0S10

3 Turbulence modeling approaches

3.1 Numerical methods discussion

The choice of the numerical method is crucial in order to obtain the best accuracy possible from computations. Three
main categories of numerical approaches are traditionally considered: Direct Numerical Simulations (DNS), Large
Eddy Simulations (LES) and Reynolds-Averaged Navier-Stokes (RANS). Due to the direct representation and com-
putation of the Navier-Stokes equations, i.e resolving the entire spectrum of the energy, DNS approach requires huge
grid refinement and very small time step for flows with high Reynolds number, as considered around a real car and an
airfoil for instance. Consequently, this approach is not practicable for now. The RANS approach, based on the averaged
of the Navier-Stokes equations, relies on a full modeling of the flow, i.e modeling the entire spectrum of the energy.
This approach is widely used in the engineering community, due to the numerical robustness and the very low compu-
tational time required with such model. For example, the flow around a full scale vehicle can be studied in four hours
on 120 cores using RANS model. However, due to the modeling aspect of this model, mean flows can be rather wrong
compared to experiments. The third approach, the LES one, is situated between RANS and DNS resolution, regarding
flow resolution and consequently numerical cost. A large part of the energy spectrum is resolved, while the scales
smaller compared to the grid size (generally identified as the dissipation range in the turbulent spectrum) are modeled
using Sub-grid scale models. However, the LES approach requires a very fine grid in the boundary layer, which is
currently not achievable for a turbulent flow around a full scale car. More recently, hybrid RANS/LES approaches were

developed to take advantages from both RANS and LES formulations. RANS is then used in the boundary layer where
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LES requires non affordable grid. When separation is detected, the model switches to LES mode in order to resolve
as much scales as possible, based on grid refinement. To confirm these statements, different numerical approaches are
used in this work. The first one is the Shear Stress Transport RANS model [31] for fast computations. Then, the Scale
Adaptive Simulation (SAS) is used. This model is an improved URANS formulation developed by Menter and Egorov
[34] where resolution switch from RANS to LES due to the activation of a source term in the transport equation for the
specific turbulence dissipation rate . Finally, two hybrid RANS/LES approaches are considered: Delayed Detached
Eddy Simulation (DDES) [48] and Stress-Blended Eddy Simulation (SBES) [2]. The main purpose of this work is to
determine the best numerical model to analyze and predict the flow around the 25° Ahmed body. The four models

studied are then briefly explained in the next sections.

3.2 Turbulence models

3.2.1 SST RANS model

SST RANS model is known as one of the more accurate turbulence model for separation prediction compared to k — €
and k — @ formulations. SST model combines the strengths of k — @ in the boundary layer and gradually switches to
a k — € formulation in the outer part of the boundary layer to liberate from freestream dependency of the kK — @ model
[30]. The blending between k — € and k — @ formulations is ensured with the F1 blending function. This model is
sensitized to adverse pressure gradient by taking into account the shear stress transport, modifying the eddy viscosity
formulation in the boundary layer of the model, with the blending function F2 (more details on the construction of the
model can be found in [31]).

Moreover, this model requires a resolution down to the wall, so that the first node of the mesh must be put in the

viscous-sub layer as y© ~ 1. This feature of the model is respected in the build process of the grids detailed in Sect. 4.

3.2.2 Scale-Adaptive Simulation - SAS

SAS is an improved URANS formulation developed by Menter and Egorov [34] based on Rotta’s work [42]. This
approach allows the representation of the large scales of turbulence, which is not the case with traditional £ — & and
k — @ RANS models. The authors modify and adapt the Rotta’s model to the k — @ SST approach, defining the SST
SAS model. The only difference between RANS and SAS formulations is the additional source term denoted Qgag in

the transport equation for the specific turbulence dissipation rate ®:
2
L 2pk 1 dwdw 1 Jk Jk
= k2=~ ) —Cc.-—=— —=—=—,>5=-—=),0 1
Osas = max |f”12 <ka> Oy max ? 8xj 8xj k2 8xj 8xj M

Where p, x, S2 L, Ly, k and @ are respectively the density, the von Karman constant, the strain rate magnitude,

the length scale of the modeled turbulence, the von Karman length scale, the turbulent kinetic energy and the specific
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turbulence dissipation rate. 1), C and oy are constant parameters. The von Kdrmdn length scale is defined as follows:

!
L= x| @
. ’ " 02U; 92U; 1 (oU; , 9U; .. " . gy
With U = /28;;S;;, U = 2 a2 and S;; = 5 o, + o ) The second derivative U term detects instabilities
J

in the flow, and then allows the break-up of large unsteady structure into a turbulent spectrum. This is possible by the
reduction of the eddy viscosity, allowing flow fluctuations. The source term Qg45 dominates the other terms of the @
equation under unsteady conditions, then activates the full SAS functionality, acting as LES subgrid model. All of the
quantities are phase-averaged based on URANS mode construction, as SAS model is a URANS formulation with a

source term.

3.2.3 Delayed/Detached Eddy Simulation models - DES/DDES

Spalart et al. [47] proposed a hybrid RANS/LES formulation, the so-called Detached Eddy Simulation or DES97. The
main purpose of this model is to use the strong points of both RANS and LES computation in different parts of the
flow in order to reduce the computational cost with a little loss of accuracy. The grid refinement is prohibitive in the
near wall region (attached boundary layer) for LES computation, so that, in this flow area, DES97 model will act as
RANS model. In massively separated regions, RANS models are known to suffer from inaccurate prediction of flow
recirculation and recirculation length. As a consequence, in order to resolve as much as possible scales, LES is activated
in this flow area. To achieve this blending between RANS and LES formulations, the dissipative term in the k equation
of the SST RANS model is modified as follows [51]:
13/2

Yo =pBrko=> Yk=pﬁ*@ 3)

with B* a constant of the SST RANS model and /pgs the modified length scale of the DES model defined as

Ipes = min(lgans, lLES) @
vk
l = — 5
RANS = B %)
lies = Cpes Amax (6)

With A4, the maximum local grid spacing defined as Ao = max (Ay, Ay, A;) and Cpgs = Cpesi .Fi +Cpesa. (1 — Fi)
with Cpgs1 = 0.78 and Cpggy = 0.61.

The switch between RANS and LES occurs when Ay, < 8 with 8 the boundary layer thickness. In a boundary
layer, Ay is lead by the streamwise (x) and spanwise (y) resolution of the wall, as the vertical direction (z) is refined a
lot compared to the two others directions, s0 A = max(Ay, Ay). Violating this criterion can lead to destruction of the

numerical simulation. Menter and Kuntz [33] faced Grid-Induced Separation (GIS) due to high grid refinement in the
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boundary layer. This phenomenon has been renamed by Spalart et al. [48] as Modeled-Stress Depletion (MSD). MSD
happens when LES penetrates the upper part of the boundary layer where the grid is not fine enough to resolve the
velocity fluctuations. Then, the model reduced the eddy viscosity, leading to transfer from modeled stress to resolved
stress while the grid cannot sustain LES resolution. In this context, GIS happens. In reality, GIS is a consequence
of MSD. Moreover, a classical problem appears for all hybrid RANS-LES methods and was identified in the DES97
publication [47]: the grey area. It corresponds to flow area where the transition between RANS and LES is occurring.
In this area, the initial lack of resolved turbulence results in neither RANS nor LES resolution.

The reader is referred to Mockett PhD work [37] for more details on DES.

Spalart et al. [48] improved the protection of the boundary layer, yielding to the Delayed DES model (DDES). For
DDES model, the shielding function takes into account both the distance to the wall and eddy-viscosity field, which is

time-dependent. The delay function f; is defined as follows by Spalart et al. [48]:

f1=1—tanh [(Cdl rd)cﬂ %

The r,; parameter represents the ratio of a model length scale to the wall distance. The f; function is designed to be
equal to 1 in LES region, where r; < 1, and 0 elsewhere when r; > 1. The constants Cd; and Cd, are respectively 20

and 3 to ensure a fair protection of boundary layer with SST model [13]. The DDES length scale reads as follows:

IppEs = lrans — fa max (0,lrans — ILES) (8)

This new formulation of the shielding function ensures a stronger protection of the boundary layer from LES in-
trusion. Menter [32] defines the ratio r = A”T"” and shows that the impact of grid refinement is delayed to r < 0.2 in
DDES, compared to r < 1 in DES. It shows the GIS phenomenon is strongly reduced with this new formulation of the
model. Moreover, the grey area is reduced due to faster transition from RANS to LES [48].

It can be shown under the assumption of local equilibrium (i.e. equality of the generation and dissipation terms of

the transport equations) that DDES sub-grid scale model reduces to Smagorinsky-Lilly model [45].

3.2.4 Stress-Blended Eddy Simulation - SBES

SBES is a new hybrid RANS-LES turbulence model with a modified formulation, compared to DDES, giving the
ability to switch from underlying RANS model directly to any existing algebraic LES model [2]. In this study, the LES
resolution is made by the Wall-Adapting Local Eddy-viscosity (WALE) model [38]. A new shielding function has been
built for the SBES model, called fsprs. This function theoretically enhances the shielding function compared to DDES
by a better protection of the RANS wall boundary layer region against influences from the LES mode. This function
has not been published yet. The shielding function fspgs achieves the blending on the stress level between RANS and

LES formulations as follows:
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SBES RANS LES
T = fspesT; - + (1= fopes) T )

The same formulation is done for the blending of eddy viscosity. Moreover, the transition from RANS to LES is
faster compared to DDES in separation area, due to the low stress levels enforced by the LES model. It also reduces
significantly the eddy viscosity levels. This new formulation represents a new type of hybrid RANS-LES approach

with the ability to choose both RANS and LES models.

4 Computational setup

4.1 Computational domain setup

The computational domain, schematized in Fig. 4, is respectively 5Lp long upstream with Lp the length of the Ahmed
body, equal to Lg = 1.044m and 10Lp long downstream of the Ahmed body. The cross section of domain is equal to
4.2Lp and its height is set to SLg. The blockage ratio is computed as the ratio between the frontal area of the body
over the inlet section of the numerical wind tunnel. It gives a blockage ratio of 0,5%. The inlet boundary condition is
defined as velocity inlet with V.. = 40 m/s, leading to a Reynolds number based on the height of the body Rey equal to
7.68 x 10°. Turbulent quantities at the inlet are set as: the viscosity ratio v, /v, defined as the ratio of turbulent viscosity
ratio vy over the kinematic viscosity V, is equal to 10 and the turbulent intensity / is set to 1.6% as in experiments.
A pressure outlet condition is applied to the exit surface, with gauge pressure equal to O Pa. No-slip wall boundary
conditions have been applied on the body based on the integration of the governing equations down to the wall itself.
The same boundary conditions are used on the sides and the roof of the computational domain. The use of no-slip wall
condition is possible as the blockage ratio is very low and it has no influence on the global flow. From experiments
[40], the boundary layer thickness is equal to 25 mm in the center of the wind tunnel without any body. To reproduce
the experimental boundary layer thickness, the ground of the computational domain is divided into two parts: from the
inlet to X /Lg = —3, a slip wall condition is applied and the remainder part of the ground is defined as a no-slip wall
condition to allow the build up of the boundary layer. This is the simplest way to reproduce experimental boundary
layer thickness. It is also possible to use Blasius profile for this problem as the flow past a stationary object near a
stationary wall. For starting the computation, the whole numerical domain is initialized with zero velocity. Then, the

flow enters the domain by the inlet with a constant entrance velocity and turbulent conditions defined above.

4.2 Computational grids

The surface mesh is generated with unstructured triangle faces. The front of the body is meshed with element of

3.5 mm. The roof and the sides are meshed in 4 mm. The rear slanted surface and the vertical base are refined with



Sensitivity analysis of hybrid methods for the flow around the Ahmed bodies 15

_ 5LB R ‘LB = 1044771‘ _ 10LB =
A
5Lp
L
. 4.2Lp
,, a—
slip wall BC | no slip wall BC

Fig. 4 Schematic representation of the computational domain

respectively 2 mm and 3 mm meshes. The total number of elements on the Ahmed body surface is equal to 315 000.
Then, prism layers are extruded from the triangle surface mesh and used for the boundary layer resolution. Then, the
whole domain is filled by tetrahedron cells with box refinement in strategic locations of the flow (forebody, underbody
and rear slant surface) to capture the separation/attachment phenomenon, as shown with the red line in Fig. 5. Three
different grids have been realized. These grids are respectively made of 15, 20 and 30 prism layers, and are called
151, 20! and 30!/ thereafter with “I” meaning layers. The name of the grids depends on the prismatic growth as it is
one of the most important parameter to accurately predict the flow around the body. Indeed, we will see after that
the mesh control in the separation area is essential for the flow prediction while the grid refinement around the body
(tetrahedron cells) is less critical. In order to ensure a transition as smooth as possible between prism and tetrahedron
cells, the tetrahedron boxes over the slanted surface have been refined carefully such as L,y = 6 mm, L,y = 5 mm and
L.y = 3 mm, respectively for 15/, 20/ and 30/ grids, where L,.r represents the edge length of a regular tetrahedron.

Tab. 1 gathers all the information concerning the prism layers extrusion: the first layer height i1, the Az corresponding

Ur XAz

value defined as Azt = “=

with u; and Az are respectively the friction velocity and the grid spacing in the vertical
direction, the number of prism layers, the Stretch Factor (SF) of prism cells and the total cell number. For the three
grids, the total height of prism inflation is kept constant, to ensure that the whole boundary layer is captured by the
prism cells. Indeed, the use of tetrahedron cells in the boundary layer would result in numerical diffusion and the
deterioration of the solution. The mesh in the rest of the domain is the same, as no major influence over the solution
has been observed with grid refinement. In the wake of the vertical base and in the underbody, the L, values are
respectively 10 and 5 mm. The surface mesh is identical between the three grids. A surface grid study, not discussed
here, have shown the best results using this surface grid refinement. The surface mesh is built complying with Menter’s
criterion (r = % > 0.2), detailed in Sect. 3.2.3. The roof of the body is refined with 4mm edge triangle, and 2 mm
at the very end of the roof, just before the transition to the rear slant surface in order to resolve small scales in the
separation region. Considering that the boundary layer thickness is equal to 12 and 16 mm respectively at the middle
and the end of the roof, the r ratio is equal to 0.29 and 0.11. The criterion is met over a large part of the roof. The

violation of the criterion on a small part of the roof, at the very end, is not troublesome. However, surface grid more

refined over all the roof induces flow topology modification, with shorter recirculation bubble over the slanted surface.
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Table 1 Comparisons of various parameters for the three different grids

Grids hi [mm] Az"  Number of layers SF Total cells number [Mil-
lion]

151 0.025 2 15 1.461 12

201 0.007 0.7 20 1.406 15

301 0.007 0.7 30 1.232 22

Fig. 5 Mesh in symmetry plane YO - the red curve shows the position of the box refinement around the rear surface

In the streamwise and spanwise directions, the mesh is refined as 30 < Axt = A yT < 250 for the rear slant, defined
as Axt = %‘ and Ayt = %Ay respectively for streamwise and spanwise directions, with a mean value of Ax™ =
Ay™ = 120. These values are quite close to similar studies from Ashton and Revell [3] and Guilmineau et al. [15].

It should be outlined that the comparative study of turbulence models is performed on the finest grid, the 30/ one.
Moreover, the use of structured grid with hexcore cells has been carried out during this work. The authors found glob-
ally equivalent results between tetrahedron and hexcore grids. Consequently, this study is carried out using tetrahedron

unstructured grids.

4.3 Solver configuration

The results of the simulation presented in this study have been carried out with ANSYS Fluent 16 CFD code [2]. This
software uses a 3D finite volume method to solve the incompressible Navier-Stokes equations using a cell-centered
data arrangement. A control-volume-based technique is used here. It consists of the division of the domain into discrete
control volumes (grid), the integration of the governing equations on the control volume to construct algebraic equations
for the discrete equations and the linearization of the discretized equations and solution of the resultant linear equation

system. Let us consider the steady-state continuity (10) and momentum (11) equations in integral form:

fpvhdﬁ:o (10)

%p??.dﬁ:—'%.pl.dﬁ—i—'?{.‘:t.dﬁ—k'/‘;?dv (a1

where [ is the identity matrix, 7T is the viscous stress tensor and ? is the force vector.

Equation (10) can be integrated over the control volume and be defined in discrete way as detailed below:
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N, faces

Y JAr=0 (12)
7

where J; is the mass flux through face f. In the same way, equation (11) can be written in discrete form if we only
consider the x-momentum equation:

apu =Y aupltyy+ Y prAi+S (13)
nb

where the subscript p and nb refers to the considered cell and the neighbor cells, a,, and a,b are the linearized coeffi-
cients of u and u,;, py is the pressure at the face along direction A. and S is a source term. Using this methodology
permits to solve the linear equation system created to compute the values of pressure, velocity and turbulence fields.

Convective fluxes are approximated with the use of the second order Bounded Central Differencing (BCD) scheme
[21], which consists of a blend between pure central difference scheme, second-order upwind scheme and first-order
upwind scheme. Diffusive terms are discretized with second order central difference scheme. The pressure values at
the faces are discretized using second order central differencing scheme. Gradients are computed using the average of
the nodal values on the considered face. The SIMPLEC algorithm is used for pressure/velocity coupling. The temporal
resolution is achieved with second order implicit scheme, ensuring the numerical scheme to be unconditionally stable.
For hybrid RANS/LES methods, as in LES computations, low dissipation schemes are required to allow the resolution
of the resolved 3D scales. Classical second order upwind scheme would annihilate the turbulent structures in the flow.
On the contrary, pure Central Differecing (CD) scheme can be unstable or produce unphysical wiggles in the solution.
Even if BCD scheme is slightly more dissipative than CD scheme, it is the optimal choice.

In computational simulations, the time step can be related to a non dimensional number, the Courant-Friedrichs-
Lewy (CFL) number. This number is defined as CFL = % with V.. the free stream velocity, At the time step and
Ax the grid spacing. Beyond, flow information can be canceled. Generally, especially for explicit time integration, a
CFL lower than one is required for scheme stability. In practice, even with the use of implicit time integration, which
is unconditionally stable, a CFL close to one is also advised. In this work, two different CFL are studied: one around
1 and one around 3 to reduce computational time and with the perspective to apply the SRS method on a real car
with bigger mesh and consequently more costly numerical resources. The CFL = 1 is associated to At = 1.5 x 107>
s and the CFL = 3 to At = 5 x 107> s, leading to respectively non-dimensional time step Az.V../Lz = 0.0005 and
At.Voo/Lg = 0.002. The computations were run for a total of 77 convective transit times defined as 7.V../Lg, with
T = 2 seconds of physical time. The time-averaging process was started after 38 transit times (1 second of physical
time), ensuring the relevance of the averaged quantities. In addition, all of the post-processed variables in the below

sections (Cy, G, Cp, Uy, k, V;/V, fq and Q) are time-averaged.
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5 Numerical study around the sharp edges Ahmed body

5.1 Comparisons of turbulence models - RANS, SAS, DDES and SBES models

Hereafter, the numerical performances of SST RANS (steady computation), SAS, DDES and SBES turbulence models
are discussed. The comparisons are realized on the finest grid (307), with a standard CFL = 1. This grid was chosen
after a grid independence verification for all turbulence models.

The comparisons of drag (C,) and lift (C;) coefficients and the recirculation bubble length Lg, between experiments
and numerical simulations are summarized in Tab. 2. The recirculation bubble length Lg, defined as the ratio between
the recirculation bubble length over the rear slanted surface length, is equal to 78% in experiments. The length Lg
is computed based on the visualization of wall shear stress over the rear slanted surface. The positive bifurcation
lines indicates the closure of the recirculation bubble. The length Ly is computed in the symmetry plane Y* = 0.
This result is cross-checked using the streamlines in the symmetry plane, to detect the reattachment position of the
flow. Fig. 7 displays the mean wall shear stress over the back of the body for the four turbulence models considered.
The demarcation of the closed recirculation bubble is observed with the red curve from computational results. The
black dashed line represented the length of the recirculation bubble from experiments. The yellow curve represents the
position of the longitudinal vortices over the slanted surface, very close for the three hybrid turbulence models.

First of all, the prediction of both C; and C; coefficients for SST RANS model is highly underestimated. This
clearly indicates a massive flow separation on the rear slanted surface, as observed in Fig. 7 (a), similar to the flow
topology of the 35° Ahmed body. This flow behavior confirms the inability of RANS models to accurately predict the
closed recirculation bubble on the rear window, as explained in the introduction. For such a flow, more sophisticated
turbulence models are required with more flow structures resolution to accurately predict the separation/reattachment
position over the body.

Even if the SAS shows an accurate prediction regarding drag and lift coefficients, this result must be put in perspec-
tive as the SAS flow topology is less representative compared to the experimental flow. The length of the recirculation
bubble is highly overestimated (see Fig. 7 (b)), equal to 99% of the rear window length. In fact, a focus on different
parts of the body (mainly the rear slanted and the vertical base surfaces) show that SAS coefficients accuracy are due
to errors compensation. DDES model gives very good prediction for drag coefficient,with an error equal to —0.5%.
The length of the recirculation bubble is accurately predicted, with 85% compared to 78% in experiments (see Fig. 7
(c)). The time histories of drag and lift coefficients are shown in Fig. 6 for DDES model. The drag evolution is stable
during the computation from 0.6 s and comprise between 0.34 and 0.36 with a mean value of 0.354. The lift evolution
is more fluctuating, comprise between 0.3 and 0.4 with a mean value of 0.334. This plot shows that averaging variables
between 1 to 2 seconds is reliable. SBES model predicts both drag and lift coefficient with respectively —4.2% and
5.4% errors. Moreover, the flow separation is highly under-estimated with this model, leading to Lg = 53% (see Fig. 7

(d)). Based on this analysis, DDES model prediction is superior to the others turbulence models.
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Table 2 Comparisons of drag and lift coefficients and recirculation bubble length between experiments and SST RANS, SAS, DDES and
SBES models for the grids 30/ and CFL =1

Models Cd ACd [%] Cl AC] [%] LR [%]
Exp. [41] 0.356 £0.5 0.311 +1 78
SST 0.292 -17.9 0.103 -66.9 -
SAS 0.355 -03 0.298 -4.0 99
DDES 0.354 -05 0.334 7.4 85
SBES 0.341 -42 0.328 54 53
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Fig. 6 Drag and lift coefficient evolution over 2 seconds of physical time for DDES computation

Fig. 8 displays mean streamwise velocity U} profiles along the rear slanted surface for planes (a) Y* = 0 and (b)
Y* = 0.5. In the symmetry plane, the best prediction of the flow with DDES is clearly observable on the velocity pro-
files. Due to the close reattachment zone between experiments and DDES, a good agreement is obtained on the rear
slant surface and in the wake of the body (not shown here) in the symmetry plane. The quick reattachment of the SBES
model is clear, as the formation of a boundary layer is observable at the location X* = —0.5. On the contrary, the SAS
reattachment zone is only situated at the end of the rear slant surface, so low velocity is notable at all locations of
velocity measurement (in the recirculation region). The same trend is observable in the plane Y* = 0.5. Globally, these

results indicate again that the DDES model accurately predicts the shape of the closed recirculation bubble.

The evolution of mean modeled &, and total turbulent kinetic energy k; are displayed in Fig. 9 for planes Y* =0
and Y* = 0.5. The same scale is used for the plots, for greater clarity and direct comparison between the different
turbulent kinetic energy contributions. The mean modeled k,, values for SAS model is highly larger compared to
DDES and SBES for both planes (figures (a) and (b)). It clearly shows that the switch to resolved contents is delayed
with SAS, especially on the first half of the rear slanted surface. This RANS behavior leads to an over prediction of the
recirculation bubble length. Very low level of modeling is observed with both DDES and SBES models. The switch
from RANS to LES resolution, just after separation, is very fast. The contributions of the mean resolved &, is then
added to the modeled one to display the mean total k; on figures (c) and (d).

In the symmetry plane (c), the peak of k; emanating from the shear layer separation on the top of the rear slanted
angle is respectively under-estimated (indicating low level of k,) and over-estimated in the first three measurement
locations (from X* = —0.9 to X* = —0.7) for SAS and SBES models. This energy behavior leads to longer and

shorter recirculation length respectively for SAS and SBES models. As already shown in previous studies [3] and
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EXP . EXP.

(c) DDES (d) SBES

Fig. 7 Representation of mean wall shear stress over the back of the body for SST RANS, SAS, DDES and SBES turbulence models for
the 30/ grid - red line indicates the shape of the closed recirculation bubble and yellow line the position of longitudinal vortices over the
rear slant surface from computations - the dashed black line shows the position of the reattachment area from experiments

@U;-Y*=0 (b)Ur -Y*=0.5

Fig. 8 Evolution of mean streamwise velocity U (a) in the symmetry plane Y* = 0 and (b) plane Y* = 0.5 over the slanted surface for the
307 grid

[37], the higher the turbulent kinetic energy and as a consequence the higher the turbulent mixing are, the shorter the
recirculation bubble length and vice versa. The peak of k; is very well predicted for X* = —0.9 to X* = —0.8 with
DDES model. The intensity of energy is globally well predicted all over the rear slant surface, even though the Z*
location is slightly under-estimated. In the eccentric plane Y* = 0.5 (d), the same conclusions can be drawn for the
SAS model. The thickness of the recirculation bubble is highly overestimated compared to experiments on the whole

rear surface.
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Fig. 9 Evolution of mean modeled turbulent kinetic energy (a) in the symmetry plane Y* = 0 and (b) plane Y* = 0.5 and mean total turbulent
kinetic energy (c) in the symmetry plane Y* = 0 and (d) plane Y* = 0.5 over the slanted surface for the 30/ grid

To confirm previous analyze of k quantities, the mean ratio of the turbulent viscosity to the molecular viscosity
V;/Vv is shown in Fig. 10 at three locations: (a) X* = —0.91, (b) X* = —0.51 and (¢) X* = —0.11 where X* = —1
corresponds to the transition roof/rear surfaces and X* = 0 the end of the rear surface. The quantity v;/v reflects the
quality resolution of turbulence modeling based on the mesh. Lower values mean more resolution of the flow scales as
high value damps out the turbulence. For the three plots, the same interfiling is observable. SAS levels of viscosity ratio
are higher than DDES, respectively higher than SBES. The high SAS values confirm the high level of k,, leading to the
overestimation of the separation on the rear slant surface. DDES values are low, meaning that the model is resolving
LES contents of the flow. By construction, the eddy viscosity level is very low for the SBES model, which is confirmed
here [2].

From these results, the recirculation bubble length can be directly linked to turbulent kinetic energy level. The longer
recirculation from SAS computation compared to experiments is explained by under-estimated total turbulent kinetic
energy level combined with high modeled energy compared to DDES and SBES models in the separation area. This is
one of the shortcomings of SAS model: the transition from RANS to the resolution of LES contents is slow. In such
a case, where there is no massive flow separation, DDES model is advised over SAS. Very low level of modeling is
observed for SBES with higher level of k; compared to experiments. This leads to a dramatically shorter recirculation

length compared to experiments. This situation can be explained by the inherent formulation of SBES model with very
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Fig. 10 Evolution of mean viscosity ratio v, /v for (a) X* = —0.91 (just after separation, at the beginning of the rear slant surface), (b)
X* = —0.51 ( in the middle of rear slant surafce) and (¢) X* = —0.11 (at the end of rear slant surface) over the slanted surface for the 30/

grid in the symmetry plane Y* =0

low eddy viscosity, which reduces the damping of turbulent structures and also speed up the transition from RANS to
LES contents. Finally, the k; is well predicted by DDES leading to almost perfect prediction on the recirculation bubble
length.

This study clearly indicates the superiority of the DDES model over SAS and SBES formulations on the global flow
prediction (aerodynamic coefficients and recirculation bubble length). As a consequence, SST DDES is the reference

model for more detailed studies in the following section.

5.2 Computational results with SST DDES

This section is devoted to a detailed study of numerical space and time parameters and their effects on the DDES
approach simulations. First, the grids detailed in Sect. 4 are reviewed. Then, the time step is modified to study the grid
sensitivity and reduce as much as possible the computational time without deteriorating computational results. The box
refinement over the slanted surface is examined in order to find the best grid size to characterize flow separation area.

Finally, the physics of the flow is studied with the best setup, based on previous results.

5.2.1 Grid refinement in the boundary layer

The DDES model is studied on the three grids described in Sect. 4, with a CFL = 1. The comparisons of drag C,

and lift C; coefficients and the recirculation bubble length Lg, between experiments and numerical simulations are

Table 3 Comparisons of drag and lift coefficients and recirculation bubble length between experiments and DDES for the three different
grids with CFL =1

Models Cd ACd [%] C[ AC] [%] LR [%]
Exp. [41] 0.356 +0.5 0.311 +1 78
15/-CFL=1 0.367 31 0.333 7.1 95
20l -CFL=1 0.365 2.5 0.333 7.1 96

30l -CFL=1 0.354 -05 0.334 7.4 85

.
250
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(a) 15/ grid (b) 207 grid (c) 30/ grid

Fig. 11 Representation of mean C, over the back of the body for the 15/, 20/ and 30!/ grids - left part of the picture corresponds to the
simulation result and the right part to the experimental result

summarized in Tab. 3. As mentioned previously, the recirculation bubble length Ly is equal to 78% in experiments.
The three grids show a satisfactory prediction for the drag coefficient, with prediction error between —0.5% and 3.1%.
More discrepancy is observed concerning lift coefficient, around 7%. Both 15/ and 20/ grids lead to an overestimation
of the length of the recirculation bubble (around 95%), and the best bubble length prediction is obtained for the 30/
grid with Lg = 85%. It should be outlined again that a precise prediction of the bubble length recirculation as well as
the drag coefficient are the main criteria for this convergence study because they are two essential features of this flow
behavior.

Fig. 11 displays the C, coefficients on the back of the body for the three grids. The left part of the picture corresponds
to the simulation results and the right part to the experimental measurements. The 15/ and 20/ grids show the same
behavior with higher C, values in the upper part of the rear slanted surface. This lower depression is caused by the
longer recirculation bubble length. Very good agreement is obtained with the 30/ grid. The footprint of the longitudinal
vortices is observable along the edges of the rear window with very low C}, values. From experimental and numerical
results, a pressure recovery is clearly observable along the rear slant surface: at the onset of the separation, C), values
are low, around -0.8; moving downward the rear slant surface, the pressure increases as the bubble recirculation is
thinner and the flow is about to reattach on the surface.

Fig. 12 gives a closer look in the evolution of C,, along the symmetry plane ¥* = 0 and the offset plane Y* = 0.9. For
the two locations, the C,, evolution is very well predicted for both computations along the vertical base, from §* = 0 to
§* = 0.5. The C,, evolution along the rear slanted is observable for §* = 0.5 to §* = 1. In the plane Y* = 0, around the
separation area due to sharp edges at the end of the roof, for 0.8 < §* < 1, the C,, values are very low. The 30/ shows
the best prediction compared to experiments. For 0.5 < §* < 0.8, a pressure recovery is observable in all cases, with
perfect match for the 30/ grid. In the Y* = 0.9 plane, both case show good agreement compared to experiments.

Mean streamwise velocity U} profiles, directly link to the shape of the recirculation area and C, coefficients, are
plotted in Fig. 13 in the centerline and at locations (a) X* = —1.2 on the roof, (b) X* = —0.6 and (c) X* = —0.3 over the
slanted surface and (d) X* = 0.2 in the wake of the body. At the very end of the roof, on plot (a), the velocity profiles

in the boundary layer for 15/ and 20! grids are similar. For the 30/ grid, the velocity is moderately overestimated and a
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Fig. 12 Evolution of C,, along the rear slanted surface and the vertical base in the planes (a) Y* = 0 and (b) Y* = 0.9, for the 15/, 20/ and
30/ grids with CFL =1

modification in the profile is depicted, mainly due to the f; function values as will be explained later. The velocity in
the outer part of the boundary layer is slightly over-estimated from computations compared to experiments. Over the
backlight, plots (b) and (c), the mean streamwise velocity is under predicted for both 15/ and 20/ grids, while slightly
overestimated for 30/ grid, even though a fair prediction of the flow velocity over the rear slanted surface. In the wake,
on plot (d), the finest grid shows the best prediction of the flow in the wake of the body.

A good indication of the grid resolution is the ratio of the turbulent viscosity to the molecular viscosity v;/v.
Frohlich et al. [12] showed that this ratio should be close to 1 as much as possible. However, this will require a huge
grid refinement. Fig. 14 displays the mean viscosity ratio for the three grids. The viscosity is reduced from 15/ to
30! grid, especially over the rear slant surface. This result confirms that more small structures are resolved with grid
refinement. The ratio reaches values around 30 over the slanted surface and 50/60 in the wake for the 30/ grid. This
result is similar to Ashton and Revell work [3] where the authors reported values close to 50 in the initial separation
region and 40 further downstream the body. The results from the 30/ grid are totally satisfactory meaning that the grid

refinement is fine enough for this mesh.

The behavior of the DDES model is now studied. The switch between RANS and LES modes of the DDES model
can be examined through the evolution of the shielding function f; (Eq. (7)). This function is built to protect the
boundary layer against LES intrusion and shown in Fig. 15 in the plane Y* = 0. The function has globally the same
values in the plane Y* = 0.5, not shown here. When f,; = 0 (blue color), the models acts in RANS mode. When f; = 1
(red color), the model switches to LES resolution. The whole boundary layer is protected for the 15/ and 20! grids. For
the 30/ mesh, the LES penetrates the boundary layer into two prism cells as observed in Fig. 16, where a closer look
is done at the location X* = —1.2 and Y* = 0, at the end of the body roof. As mentioned previously by Menter and
Kuntz [33], the flow separation is governed by the sharp edges of the body and not by adverse pressure gradient. For
this reason, it is not problematic if the DDES limiter (i.e the function f;) allows LES resolution in the upper part of the
boundary layer. Grid-induced separation is not expected in this particular case. Moreover, these observations clearly

indicate that LES intrusion in the boundary layer increases while refining the grid in the boundary layer. For a case with
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Fig. 13 Profiles of mean streamwise velocity U} for 15/, 20/ and 30/ grids at the locations X* = —1.2, X* = —0.6, X* = —0.3 and X* = 0.2
in the symmetry plane of the body Y* = 0

rounded edges where the separation is driven by the adverse pressure gradient, special care will be necessary to control
the protection of the boundary layer. Besides, grid refinement over the slanted surface reduce the grey-area of the model
(area in green color reduced). The transition from RANS to LES resolution is faster, allowing better resolution of small
scales. Moreover, the shape of the velocity profile in the boundary layer for the 30/ grid, observed before in Fig. 13, is
correlated to the f; function, as observed in Fig. 16. Without LES intrusion in the boundary layer, this phenomenon is
not observed for both 15/ and 20/ grids. Despite this discrepancy due to the LES intrusion in the boundary layer, from
the overall point of view, the 30/ case behaves more accurately (regarding drag and lift coefficients and the size of the
closed recirculation bubble) than the 15/ and 20/ cases and clearly indicate the superiority of the 30/ grid over the two
others meshes. In order to precisely capture the flow structure with LES resolution, a mesh refined as the 30/ one is

required. The 30/ grid is referred as the referenced mesh in the next study.

-
| ——= . | —— N P I e —
(a) 151 grid (b) 201 grid (c) 301 grid

Fig. 14 Evolution of mean v; /v for 15/, 20/ and 30! grids in the symmetry plane Y* =0
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(a) 151 grid (b) 20! grid (c) 30! grid

Fig. 15 Representation of the shielding function f; for the 15/, 20/ and 30/ grids in the symmetry plane Y* =0
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Fig. 16 Representation of the shielding function f; (color blue) and mean streamwise velocity U} (color cyan) with the prism layers
extrusion (color black) for 15/, 20/ and 30! grids at the location X* = —1.2and Y* =0

5.2.2 Time step influence

In this section, the CFL number is increased from 1 to 3 near the separation of the shear layer. The main target is to study
the influence of the time step on the flow separation and resolution. Moreover, the computational cost is reduced by
three for a CFL = 3, which is very interesting in the perspective of the DDES model use on a real car. The comparisons
of drag and lift coefficients and the recirculation bubble length Lg, between experiments and numerical simulations are
summarized in Tab. 4. It is noticed that by increasing the CFL number, the length of the recirculation is shorter, from
85% to 75%, very close to the 78% in experiments. The same observation is done on drag and lift coefficients with
a better prediction on the lift with higher CFL. This result confirms that the closed recirculation bubble over the rear
slanted surface is mainly responsible for both drag and lift. The reason for that is twofold. First, a shorter recirculation
leads to higher C,, absolute values over the rear slanted surface (in both x and z directions, then directly reducing drag
and lift contributions). Second, the rear slant closed bubble directly influences the upper recirculation along the vertical
base. Indeed, a shorter recirculation bubble will lead to a longer 3D recirculation in the wake, and vice versa. This
physical behavior of the flow is clearly explained in Sect. 6.1.2 in Fig. 28, where the streamlines between two Ahmed
body configurations are depicted and illustrate this phenomenon. If the structure is pushed downwards, C,, absolute
value is higher on the vertical base. Consequently, the drag is lower. As a consequence, a shorter recirculation leads to

a reduction of drag and lift.
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Table 4 Comparisons of drag and lift coefficients and recirculation bubble length between experiments and DDES for the 30/ grid

Models Cd ACd [%] Cl AC[ [%] LR [%]
Exp. [41] 0.356 £0.5 0.311 +1 78
30l -CFL=1 0.354 -05 0.334 7.4 85
30l -CFL=3 0.347 -25 0.323 3.9 75

Fig. 17 displays mean streamwise velocity U} profiles along (a) the rear slanted surface and (b) in the wake of the
body in the symmetry plane Y'* = 0. Globally, the velocity plots are similar. Due to shorter recirculation for the CFL =3
case, higher velocities are noticeable on the rear slant surface compared to CFL = 1. In the wake of the Ahmed body,
both cases show very good agreement with experiments. Even though the recirculation length is slightly modified, the
flow topology remains identical between the two cases which outlines the low influence of the CFL number on this
case as the solver is implicit.

The modification of the recirculation length can be explained by giving a closer look on the longitudinal vortices.
It is well known that an interaction occurs between the longitudinal vortices and the closed recirculation bubble over
the rear slanted surface. The maximum of Q criterion and minimum of C, are detected in cross flow planes every
X* = 0.1 along the rear window, in order to detect the center core of the vortices and the evolution of these quan-
tities at these locations. Fig. 18 details the evolution of (a) Q criterion and (b) C), coefficients in the center core of
the longitudinal vortices. X* € [—1,0] represents the evolution of the vortices over the slanted surface. Based on Q
criterion evolution, it is clearly noticeable that the vortices are more energetic for the larger CFL = 3 case compared
to the smaller CFL = 1 case. The same observation is done with the C,, with lower C,, values in the center core of

the vortices for CF L = 3. The more energetic the longitudinal vortices are, the shorter the recirculation bubble length is.

Fig. 19 shows the evolution of C, along the rear slanted surface in the planes (a) Z* = 1.64, (b) Z* = 1.49 and
(c) Z* = 1.34, for Y* € [0;0.97] (right part of the rear windows when looking from behind). In the upper part of the
rear window (plot (a)), the footprint of the longitudinal vortices is clearly seen for Y* € [0.9;0.97], and give very
low C,, for CFL =3 (Cjy"" = —1.36) compared to CFL = 1 (Cj" = —1.06), which confirms the previous analysis
based in Fig. 18 (a). Due to the vortices influence, for Y* € [0.5;0.97], the CFL = 3 case shows a slightly better
agreement with experiments. The same argument is valid for the Z* = 1.49 on plot (b). A good pressure recovery is
observed, very close to experiments, as the length of the bubble recirculation is closer from experiments (Lg = 78%)
with CFL = 3 (Lg = 75%). In the lower plane (plot (c)), the C,, values are closer to experiments with CFL = 1. It can
be highlighted that C,, values are slightly better with CFL=1 around the symmetry plane. However, the recirculation
length is overestimated (85% against 78% in experiments). With CFL = 3, Cp are slightly less predictive around the
symmetry plane but the recirculation length is better predicted (75% against 78% in experiments). A small difference
in the experimental Cp probe positions may explain either the better C,, prediction or the longer recirculation length

for the CFL =1 case.
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Fig. 17 Evolution of mean streamwise velocity U (a) in the symmetry plane Y* = 0 and (b) plane Y* = 0.5 over the slanted surface for the
307 grid
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Fig. 18 Representation of (a) maximum of Q criterion and (b) minimum of C,, coefficients in the center core of the longitudinal vortices for
the 30/ grid with CFL =1 and CFL =3

The evolution of the longitudinal vortices is now studied in order to understand their influence on the closed recir-
culation bubble. Krajnovic and Davidson [27] were the first to meticulously detail the onset mechanism of the vortices.
The authors showed that the vortices are in reality composed of three swirling structures, comparable to a gearwheel
mechanism. Then, Jermann [22] confirmed the previous authors observations based on a Stereo PIV analysis.

As shown by Jermann [23], the vortices can be described using a set of different angles, depicted in Fig. 20. The
o and f angles represent the evolution of the vortices in the (x,z) plane (a), while 8 angle is for plane (y,z) (b).
Tab. 5 compares the computed angles from computations to experiments. A very good accuracy is obtained regarding
experiments results for o and 3 angles. The angle 0 is 2 degrees larger compared to Jermann’s experiments. However,
it is more coherent with Lehugeur et al. [29] and Thacker [49] experimental results, respectively equal to 7° and 6.2°.
The 6 angle directly influences the shape of the recirculation area. As observed, the angle is higher for CFL = 3 case
compared to CFL = 1 case, meaning that the longitudinal vortices roll up nearer to the center of the body, bordering
the closed recirculation. It may explain the shorter recirculation area over the rear slanted surface for the CFL = 3 case.
However, it is not easily understandable why the longitudinal vortices are stronger for the higher CFL case.

Globally, velocity profiles are in better agreement with experiments for the CFL = 1 case. However, C), coefficients

are slightly closer to the CFL = 3. These small discrepancies could come from experiments or numerical results. The
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Fig. 20 Representation of the characteristic angles ¢, § and 6 of the longitudinal vortices around the back of the body

results highlight that despite the difficulties to perfectly catch this complex flow on the rear slanted surface, the hybrid
methods offers an accurate numerical simulation and for both CFL cases, a very good agreement is obtained compared
to experiments (Cy and C; coefficients, velocity, Cp, longitudinal vortices evolution). This study shows that using an

implicit solver, a CFL = 3 is enough to provide very good results and save precious computational time and cost.
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Table 5 Evolutions of the characteristic angles o,  and 6 of the longitudinal vortices around the back of the body for the 30/ grid -
experiments from Jermann [23]

Configurations o] B[°] 0[°]
DDES —30l—CFL=1 19.1 13.0 7.1
DDES—30l—-CFL=3 18.9 11.9 7.5
Jermann [23] 19 12 5.5
Lehugeur et al. [29] 18 - 7

Thacker [49] 18.8 14.7 6.2

5.2.3 Grid refinement over the slanted surface

Here, the influence of the refinement of the grid over the slanted surface is studied on the 30/ grid with CFL = 3. Drag
and lift coefficients, and the recirculation bubble length are compared to experiments for different L,,; values and are
detailed in Tab. 6. The Ref annotation in tables for 30/ — L.y = 3mm corresponds to the reference grid detailed in
Sect. 4. The flow is massively separated for L,y = 10mm. The massive separation is linked to the prism/tetrahedron
cells transitions over the slanted surface. Indeed, high value of L,.; leads to a strong transition in the different cells
size, which may locally increase the numerical dissipation, then compromising the good resolution of the flow. Below
this limit, there is no improvement of the flow.

This comparison on the grid refinement over the slant surface shows that, even though LES grid cell size is rec-
ommended for the LES part of the DDES model [47], there is no need to refine the mesh too much in the separation
area. In reality, the good representation of the boundary layer through the prism layers is more important, as all scales
onset in the near wall area. Moreover, for mesh with tetrahedron cells, the authors recommend the use of L,, r=5mm
in recirculation area. It allows a fair reproduction of the real flow and saves some computational time compared to
L,y = 3mm (around 2 million cells for the Ahmed body, which can lead to a significant reduction for a real car, which
is in average four or five time bigger than the Ahmed body).

Table 6 Comparisons of drag and lift coefficients and recirculation bubble length between experiments and DDES for different L, values
for the 30/ grid

Configurations Total cells number Cy AC (%]  C AC; [%] Lg [%]
[Million]

Exp. [41] - 0.356 +0.5 0.311 +1 78

30l =Ly =3mm=REF 22 0.347 -25 0.323 39 75

30[ — Ly, = Smm 20 0.346 -29 0.325 4.3 77

30{ — Ly, = 10mm 18.3 0.268 -24.5 0.042 -86.5 -

The unsteady behavior of the flow is now studied based on the previous results, using SST DDES model, 30 prism

layers near the wall, a Courant number equal to 3 and L.y = Smm over the slanted surface.

5.2.4 Unsteady flow behavior

This part focuses on the unsteadiness behavior of the flow around a 25° Ahmed body.
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® Unsteady flow snapshot

Fig. 21 displays the unsteady flow behavior from physical time ¢ to  +0.05s (during averaging process). Streamlines
in the symmetry plane, iso surfaces of U} = 0 and w; = £15 are plotted. The streamlines and the iso surface of the
velocity indicate the high unsteadiness of the flow on the rear slant surface. Many structures such as hairpin vortices
are depicted at this location corresponding to a vortex shedding. Moreover, when a movie is realized from all the
gathered snapshots, we can clearly show that the recirculation on the backlight is oscillating in the streamwise direction,
describing a flapping motion as detailed in [24]. In fact, the length of the recirculation bubble is alternatively shorter
and longer compared to the average length. The same unsteadiness is observed behind the vertical base. The upper
and lower recirculation areas are still recognizable, even if the structure look very deformed compared to average plot.
The flapping motion is also present in the wake of the body. These motions are studied in the spectral analysis below.
Besides, the vorticity plot clearly demonstrates the high stability and strength of the C-pillar vortices over time. The
streamwise velocity on the iso surfaces show that the C-pillar vortices are a jet type with freestream velocity in the
core [29]. It explains why these vortices are so stable in space and time. These results are in agreement with Krajnovic¢
and Davidson work [27]. All of the averaged flow features highlighted in Sect. 2.1 are clearly observable in unsteady

snapshots of the flow presented in this section.
® Spectral analysis

As summarized in the introduction, many works have been published on the Ahmed body case but fewer works
were conducted on the spectral analysis of the flow around this body, see for example [44, 52, 26, 35] and [10, 49, 24],
and rare spectral results were obtained from numerical simulations [10, 26, 35]. Therefore, it is important to keep on
simulating this flow with advanced turbulence models in order to give a better understanding of its complex unsteady

structures. The numerical and experimental work cited above have shown a series of dominant spectral fluctuations,
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each characterized by a Strouhal number (St) which is a dimensionless frequency (based on the height model and the
freestream velocity) used to identify unsteady flow dynamics.

Indeed, in [44], the unsteady wake of the Ahmed body with a backlight angle of 25° has been investigated experi-
mentally by Sims-Williams. This study has revealed the presence of a large separation bubble over the entire centerline
that corresponds to the von Karman-like vortex shedding observed at a frequency St = 0.5.

A similar value (St = 0.53) was found experimentally by Thacker [49], behind the slant, along the back of the 25°
Ahmed body. Thacker have also performed spectral analysis of different output signals above the rear slanted surface of
the bluff body by using hot wire anemometry, PIV and pressure transducers. Their work has shown both the presence
of a high frequency unsteadiness (St = 0.63) and low frequencies activity (St = 0.11) above the rear slanted surface.
The existence of low frequencies seems to be related to a flapping motion. The authors have also detected that the
characteristic frequencies depend very little on the Reynolds number.

These observations have been extended by some numerical studies. Krajnovic et al. [26] have suggested the presence
of two dominating frequencies that correspond to Strouhal numbers St = 0.15 and St = 0.26. The analysis was based on
the Fourier transform of the drag coefficient signal and the pressure coefficient integrated over the rear slanted surface.

In [35], SVV-LES simulations of the flow over the 25° Ahmed body have been performed at Rey; = 7.6 x 10°. A
particular attention has been given to the Fourier analysis of the time variations of the streamwise velocity at different
points. Near the separation zone, in the middle of the slant, Minguez et al. have found a multifrequency regime with
a dominant Strouhal number of St = 0.27 which is due to the development of horseshoe vortices. Behind the slant, a

higher frequency activity appeared at St = 0.42 along the back of the body.

Fig. 22 2D streamlines computed from the mean velocity field of the flow in the plane z = 0 and measurement points (from point 1 to point
8) selected for the spectral analysis.

In this work, the unsteady effects developed in the flow along the rear slanted surface and in the near wake of the
body are characterized with spectral analysis of velocity and pressure fluctuations. Two techniques are employed : a
in-house program which computes the frequency spectrum of a signal by decomposing it in harmonics and the second
method is based on the available "pwelch’ function on MATLAB which estimates the power spectral density (PSD) of
an input signal with Welch’s overlapped segment averaging estimator. These methods are applied with different signals

(streamwise velocity component U, and pressure coefficient C,) that result from the SST DDES simulation.
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In this spectral analysis, different locations of the flow are considered. They are situated along the slanted surface
of the Ahmed body and in the back of the body. Fig. 22 represents the 2D streamlines computed from the mean
velocity field in the plane Y* = 0 and shows the location of the measurement points whose coordinates are detailed
in the first column of Tab. 7. Moreover, Fig. 23 shows, in function of the Strouhal number, the frequency spectrum
of the streamwise velocity fluctuations (a) and the Welch PSD estimation of the streamwise velocity fluctuations (b)
corresponding to measurement point 1. In Fig. 23 (a), harmonics of the spectrum are of many amplitudes that usually
become smaller as they increase in frequency. A dominant Strouhal number represented by ’a peak’ appears in the two

figures. It equals to 0.48 in the first graph and approximately 0.45 in the second one.
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Fig. 23 Measurement point 1 : (a) Frequency spectrum of the streamwise velocity fluctuations and (b) PSD adimensionned by the frequency
resolution and velocity variance of fluctuations.

To be concise, the dominant Strouhal numbers corresponding to the higher values of this factor are summarized in
Tab. 7. They are computed from both frequency spectrum and PSD of the U, and C,, signals and they are respectively
called Sty and St,. The dominant frequencies of the vertical velocity component U, have also been computed for each
measurement point and they are of similar magnitude as those calculated with the streamwise velocity component Us.
In the table, the nomination "MF’ means that multiple frequencies appear in the spectrum and the values in parentheses
refer to the higher peaks of similar magnitude that still appear. The frequency spectra of the pressure coefficients shows

multifrequency regimes for several measurement points.

The dominant Strouhal numbers are in quite good agreement with the frequencies found by Thacker [49] and
Minguez et al. [35] by considering the measurement points 1,2,3,4,5,6 whose coordinates are the nearest of those of
the points they have selected in their studies. Although the frequencies computed in the recirculation zone along the
rear slant (St = 0.12 — 0.25) are overestimated comparing with the value St = 0.11 found in [49], the fluctuations also
belong to the range of low frequencies. Indeed, it results from this study a series of high and low frequency ranges. In

the back of the Ahmed body around the recirculation zone, at measurement points 1 and 2, there exist high fluctuations
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of order St = 0.45 — 0.48 which are closed to the values found by [49] and [35]. This high frequency unsteadiness
confirms the presence of the von Karman-like vortex shedding. In the rear slant, the low frequency flapping of the
separated bubble identified at measurement points 3,4,5, 6 is found in a range of frequencies equal to St =0.12 —0.25
that is slightly lower than the dominant Strouhal number (St = 0.27) obtained in [35]. The Strouhal number of the
measurement point 3 is a little higher than those of points 4,5, 6 since it is located at the beginning of the recirculation
zone where the flow becomes detached from the rear slant surface. In the lateral surfaces (measurement points 7, 8),
the longitudinal structures behave like two large counter-rotating conelike trailing vortices (the C-Pillar Vortex) that
decelerate the flow. These longitudinal vortices are illustrated in Fig. 2. In this low pressure zone, the flow circulates at
multifrequency regime, that may come from the influence of the flow recirculation along the back of the body, however

dominant weak peaks emerge around St = 0.15 —0.25.

Points Coordinates Flow region Frequency spectrum PSD St St
X y z Sty St Sty St,, |of Thacker|of Minguez et al.
1 [0.129| 0 |0.052 Wake 0.48 0.48 0.45 047 0.53 /
2 10.179| 0 |0.080 Wake M (0.23,0.48) 0.48 0.45 0.47 / 0.42
3 [-0.196] 0 ]0.335 Rear slant 0.25 0.21 0.25 0.21| 0.11 /
4 1-0.163] 0 ]0.326 Rear slant 0.21 MF (0.14) 0.21 0.15| 0.11 /
5 |-0.102) 0 ]0.307 Rear slant 0.20 MF (0.12,0.25) 0.21 0.12| 0.11 /
6 |-0.070) 0 ]0.286 Rear slant 0.14 MF (0.23,1.6) 0.15 0.14 / 0.27
7 10.040]-0.163|0.263|Longitudinal structures 0.24 MF (0.12,0.23)|MF (0.20,0.45)(0.21 / /
8 10.120|-0.147|0.244|Longitudinal structures 0.25 0.16 0.12 0.12 / /

Table 7 Coordinates of measurement points with their flow region and dominant Strouhal numbers computed from the frequency spectra
and from the PSD of the streamwise velocity component and the pressure coefficient of the flow respectively called Sty and St,,.

6 Effects of rounded edges on the flow topology of the Ahmed body

The flow separation on the back (rear window and sides) of the sharp edge Ahmed body generates a closed recirculation
bubble and high energetic C-pillar vortices with a high drag contribution. Some simple geometrical modifications as
shown experimentally by Rossitto et al. [41] can improve the flow behavior and alter the recirculation bubble and the
C-pillar vortices. Rounded edges introduce a passive control strategy with beneficial effects on the drag and lift forces.
Three different cases are studied hereafter: the side rounded case R(S;g, the roof rounded case RSy and the double
rounded case RjoS10. The three geometries are presented in Fig. 3. The aim of this part is to deepen the study of passive
flow control on the Ahmed body using validated hybrid RANS/LES CFD methods and define which rounded location
is the best to reduce both drag and lift coefficients.

Based on the work detailed previously, the numerical procedure has been validated on new Ahmed bodies with
rounded edges. In this section, the modifications in the flow topology due to the influence of the rounded edges is in-
vestigated compared to the reference case with sharp edges. Drag and lift coefficients and flow evolutions are compared

on the 20/ and 30/ grids, for a CFL number around 3.




Sensitivity analysis of hybrid methods for the flow around the Ahmed bodies 35

Table 8 Comparisons of drag and lift coefficients and recirculation bubble length between experiments and DDES computation on the
RS0 rounded case

Grids Cy ACy [%] G AC; [%] Lg [%] RoSo — RoS10 Lyp [%]
Exp. [41] 0.359 +0.5 0.241 *1 78 — 85 48
20! 0.347 -33 0.257 6.6 96 — 92 46
30/ 0.350 -25 0.243 0.8 75 — 91 45
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Fig. 24 Comparisons of the C,, field on the back of the body with (a) 20/ grid and (b) 30/ grid, the left part of the picture corresponds to the
CFD result and the right part to experiments - RyS;o rounded case

6.1 CFD results on side rounded case - RyS19

The main flow modification with the side rounded edges concerns the longitudinal vortices. From experiments [41], the
onset of the C-pillar vortices is delayed and their intensity reduced. Based on this flow modification, the recirculation
bubble over the rear slant surface is longer, from 78% for the reference case to 85%. This results in an increase of 3%
for C; and a decrease of 22% for C;. Here, we focus on a detailed numerical study of the flow topology analyzing a

wide range of results.

6.1.1 Aerodynamic coefficients, recirculation lengths, velocity profiles and C,

Tab. 8 compares the drag and lift coefficients, the recirculation bubble length Lr over the rear slant surface and Lyp
behind the vertical base for two different grid levels with 20 and 30 prism layers. Globally, all of these quantities are
slightly better computed for the 30/ grid over the 20! grid. Moreover, the evolution of Lg is in the right direction for
the 30/ grid, even if an increase of 16% is obtained compared to 8% in experiments between the reference case and
the side rounded case. For the 20/ grid, a 4% reduction is observed. This small decrease is opposite to experiments. It
confirms the high sensitivity of the flow topology around the Ahmed body.

Fig. 24 represents the C, evolution along the back of the body. A very accurate prediction is obtained with both
grids, confirming the close prediction on drag and lift coefficients, as well as length recirculation over the rear slant
surface and behind the vertical base.

Fig. 25 represents the evolution of the mean streamwise velocity in the symmetry planes at four locations: (a) at

the end of the roof, (b) and (c) on the rear slant surface and (d) in the wake of the body. At the end of the roof, a
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Fig. 25 Profiles of mean streamwise velocity U for 20/ and 30/ grids at the locations X* = —1, X* = —0.6, X* = —0.3 and X* = 0.43 in
the symmetry plane of the body Y* = 0 - RyS}o rounded case

slight overestimation for the velocity is observed in computations compared to experiments. It is the same result for
the sharp edges case. Moreover, a discontinuity in the profile for the 30/ grid is coherent with a log layer mismatch
([39], [48]). Indeed, as depicted on the Fig. 26, there is some LES intrusion inside the boundary layer delimited by the
transition between the prisms and the tetrahedrons. This intrusion is responsible of the shape of the velocity profile. In
the locations on the backlight and the wake, computations profiles are in almost perfect agreement with experiments.

These results show the robustness of the numerical procedure for the side rounded edges case.

018 201
016 |——30I
014 |-~ -prisms/tet

fy

Fig. 26 Evolution of the f; function for the 20/ and 30! grid at the end of the roof X* = —1.1 - RyS}( rounded case
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6.1.2 Physical behavior of the flow

The physical behavior of the flow is studied in Fig. 27 between the RySo and Ry S| cases using iso surfaces of Q criterion
colored by C,, coefficient. The 30/ grid is used to set the comparison as we do not have any flow visualization of the
C-pillar vortices evolution between the two cases from experiments. This figure clearly illustrates the modification of
the shape of the C-pillar vortices. The vortices are thinner with the rounded edges and their intensity highly decrease.
The level of C, is increased from -0.8 with the sharp edges to -0.4 with the rounded edges. Moreover, higher C,, value
are observed at the onset of the separation at the transition between the roof and the rear slant.

Moreover, the flow topology modification with the side rounded edges is confirmed by the streamlines in the symme-
try plane, depicted in Fig. 28. The lower intensity of the C-pillar vortices leads to an increase of the bubble recirculation
length over the rear slant surface. As a consequence, due to a larger curvature effects compared to sharp case and the
global flow modifications, the recirculations behind the vertical base are shorter. To clarify the figures with streamlines,
it may appear that recirculations are not closed, especially behind the vertical base in the saddle point area. It is just
a post-processing issue and all of the recirculations on the rear slant surface or in the wake are three-dimensional and
closed.

This flow evolution highly influences the drag and lift repartition over the rear part of the body compared to the
sharp case, as shown in Tab. 9. C,, values are integrated on the rear slant surface and the vertical base and projected in
(%) and (7') directions to represent respectively drag and lift forces. On the rear slant surface, based on the previous
remarks on the flow modification, C}, values are 19.5% higher with the rounded edges, meaning a decrease of 19.5%
of drag coefficient (without taking into account the skin friction evolution which is marginal). On the vertical base,
due to the shorter recirculation bubble, the C,, values are lower. This results in a 28.3% increase of the drag force. By
adding these two contributions, the drag is reduced by around 2% in this part of the flow. Concerning the CI coefficient
evolution, a decrease of 18% is observed. If we can now consider to total drag and lift coefficients around the body, a
1% increase is found on the drag coefficient, very close to the 3% from experiments. The total lift is reduced by 25%
compared to the 22% decrease obtained from experiments. Globally, including numerical errors, our results show very
good agreement with experiments for both coefficients.

These analysis clearly indicate the flow modifications due to the side rounded edges, leading to a new balancing of
the aerodynamic forces around the back of the body. Our numerical results with the SST DDES model are consistent
with those of Rossitto et al. [41] from experiments. Despite a sensible change of the flow topology on the rear window
(especially regarding the C-pillar vortices strength), the global force balance does not change compared to the sharp
case. In fact, as Tab. 9 shows, the C, contribution from the rear slant surface decrease is canceled by the C, vertical

base increase.
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Fig. 27 Comparisons of C-pillar vortices evolution between the reference case RySy (left) and the side rounded case RySj¢ (right) on the
301 grid - iso surfaces of 0 = 1.10°s~!

Table 9 Comparisons of C, integral values on the Rear Slant surface (RS) and on the Vertical Base (VB) along (7) and (?) axis for the
RySo and RyS;( cases

Cp RSy RoSi0 A [%]

-0.230 -0.185 -19.5
Gt 0.130 0.167 28.3
e 0.360 0.352 22
(RS + VB) 3, e e -

-0.31 -0.254 -18.
RS 0.310 0.25 8.0

()

RoSo RoS1o A %]
Cy 0.347 0.350 +1
G 0.323 0.243 25

6.2 CFD results on roof rounded case - RS

The roof rounded edge increases the velocity of the flow around the rounded corner at the transition roof/backlight.
The boundary layer is then more energetic compared to the sharp case and the separation is removed. The original
experiments carried out by Rossitto et al. [41] showed that the drag is reduced by 16% and the lift increased by 7%.

compared to the sharp case flow. Here again, a detailed numerical study is performed to analyze this flow.

6.2.1 Aerodynamic coefficients, recirculation lengths and C,

Tab. 10 compares numerical results concerning the drag and lift coefficients, the recirculation bubble length Lg over the
rear slant surface and Ly p behind the vertical base. A perfect prediction on drag and lift coefficients is obtained for both
meshes, with a maximal error of 1.2%. Due to the roof rounded edges, there is no separation on the rear slant surface,
as observed in experiments. The recirculation length behind the vertical base is also well predicted with a value of 72%

for the two grids compared to 68% in experiments. Fig. 29 represents the C,, evolution along the back of the body. For
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Fig. 28 Comparisons of streamlines colored by the mean streamwise velocity U, in the symmetry plane Y* = 0 between the reference case
RoSo and the side rounded case RyS;o on the 30/ grid

both grids, the prediction is very accurate compared to experiments, with the correct pressure recovery distribution over
the backlight. The C), level is nearly constant on the vertical base and also well reproduced from computations. The
footprint of the longitudinal vortices is obvious on the left part of the picture. However, it is not possible to compare
precisely the C-pillar vortices to experiments as not enough probes was used during measurements. Finally, the above
C,, field and aerodynamic forces show that the numerical procedure for both grids reproduce accurately the flow around

the geometry.

Table 10 Comparisons of drag and lift coefficients and recirculation bubble length between experiments and DDES computation on the
R10Sp case

Grids Cd ACd [%] Cl AC[ [%] LR [%] LVB [%]
Exp. [41] 0.297 +0.5 0.333 +1 0 68
20! 0.299 0.7 0.337 1.2 0 72
30! 0.297 0.0 0.332 -0.3 0 72

6.2.2 Physical behavior of the flow

To better understand the flow modifications with the roof rounded edge, Fig. 30 plots the mean streamwise velocity

profiles at the end of the roof in the symmetry plane Y* = 0 with the 30/ grid. It is quite obvious that by getting close to
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Fig. 29 Comparisons of the C,, field on the back of the body with (a) 20/ grid and (b) 30/ grid, the left part of the picture corresponds to the
CFD result and the right part to experiments - RjoSo rounded case

the rounded edge, the velocity increases to reach 1.35 compared to 1.2 for the sharp edges case. Moreover, the velocity
growth takes place in the inner part of the boundary layer, enforcing its capability to resist to separation. Then, as
there is no separation on the rear slant surface, the flow topology in the wake of the body is influenced. Fig. 31 depicts
the streamlines colored by the mean streamwise velocity in the symmetry plane of the body. The recirculation length
behind the vertical base is increased from 45% to 72%, which is consistent with experiments (from 48% to 68%). The
lack of separation leads to a longer recirculation in the wake. Indeed, the separation induces curvature in the flow over
the backlight and tend to roll up the wake behind the vertical base. Without separation, the flow separates massively at
the transition backlight/vertical base. Moreover, the size of the two 3D recirculation areas are different, again for the
same reasons. With the rounded edge, the upper recirculation is longer and it length now equal to the lower one. This
result shows that the lower recirculation is highly dependent of the upper one, as there is no geometry modification at
the bottom of the Ahmed body. This new equilibrium of the flow around the back of the body directly leads to a 16%
decrease of C; and 7% increase of C;. Therefore, we can conclude that the upper rounded edge is an efficient drag

reduction tool for a 25° simplified vehicle.
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(a) X*=-1.2 (b) X*=-1
Fig. 30 Comparisons of velocity profiles at the end of the roof at the locations (a) X* = —1.2 and (b) X* = —1 between the reference case

RoSop and the roof rounded case R;¢So on the 30/ grid
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Fig. 31 Comparisons of streamlines colored by the mean streamwise velocity U, in the symmetry plane Y* = 0 between the reference case
RoSo and the roof rounded case R;¢So on the 30/ grid

6.3 CFD results on double rounded case - R|S1¢

The double rounded case combined the effects of the side and the roof rounded sides. The separation is removed on
the rear slant surface and the C-pillar vortices are less energetic. The experiments by Rossitto et al. [41] show a drag
decrease of 16% and a lift reduction of 18% compared to the sharp edge body. The main target here is to verify how

efficient is such a coupled control compared to simple roof or side rounded edges.

6.3.1 Aerodynamic coefficients, C,, and recirculation lengths

Tab. 11 compares the drag and lift coefficients, the recirculation bubble length Lz over the rear slant surface and Lyp
behind the vertical base. The 20/ grid shows very accurate prediction on both C,; and C; coefficients with an error below

1%. In contrast, the 30/ grid leads to an overestimation of 7% of C,. The C; coefficient is well predicted.

Table 11 Comparisons of drag and lift coefficients and recirculation bubble length between experiments and DDES computation on the
R 10S 10 case

Grids Cd ACd [%] Cl AC] [%] LR [%] LVB [%]
Exp. [41] 0.298 +0.5 0.254 == 0 64
20! 0.296 -0.7 0.255 0.4 0 62

301 0.320 7.4 0.253 -0.4 66 55
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Fig. 32 Comparisons of the C,, field on the back of the body with (a) 20/ grid and (b) 30/ grid, the left part of the picture corresponds to the
CFD result and the right part to experiments - RS5S¢ rounded case

The drag overestimation with the 30/ grid can be explained when looking at the C,, field on the back of the body in
Fig. 32. The left part of the figure corresponds to CFD results and the right part to experiments. It is clear that a sepa-
ration occurs on the backlight with the 30/ grid, with lower C,, at the top compared to experiments. The recirculation
length is equal to 66%. For the 20/ grid, no separation is observed and the C,, prediction is very close to experiments. It
is interesting to notify that for the side rounded and roof rounded cases, the 30/ grid presents very accurate prediction
on drag and lift coefficients and flow topology. However, with the combination of the rounded areas on the body, a non

physical separation appears with this grid and is analyzed in the next section.

6.3.2 Increasing the shielding of the DDES model

These results show all of the complexity of the use of the DDES model. Instinctively, users want to refine the grid,
especially in area such the rounded edges of the geometry, in order to discrete as much as possible the real shape of
rounded edges and resolve more flow detail. However, for such case, when the grid is too fine near the wall, it leads
to MSD (Modeled Stress Depletion) and GIS (Grid Induced Separation) and the solution is altered (separation non
expected in our case). There is two ways to correct such issue: the first one is to coarsen the grid near the wall by
taking the risk of loosing crucial information for the flow resolution ; the second one is to increase the shielding of the
DDES model. Ashton et al. [5] have shown that in some case the shielding of the DDES model is not strong enough,
leading to GIS. To remedy this situation, Ashton [6] has studied the influence of the Cd; parameter in the f; function
of the DDES model (Eq.7), with the objective of increasing the shielding of the model. This work was realized on
three distinct cases: a flat plate, the 25° Ahmed body and a high-lift three-element airfoil. The default value of the Cd,
parameter is 20 in the SST DDES model. The author advices a value around 25 to increase the shielding while avoiding

to delay too far the transition RANS/LES and the onset of resolved turbulent structures in the flow.

In our case, we have compared the Cd; values from 20 (reference value), to 25 and 30. Tab. 12 compares the drag

and lift coefficients, the recirculation bubble length Lg and Ly p for the 30/ grid. There is no significant changes between
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Table 12 Comparisons of drag and lift coefficients and recirculation bubble length between experiments and DDES computation on the
RS0 case

Grids Cy ACy [%] G AC; [%] Lg [%] Lyp [%]
Exp. [41] 0.298 +0.5 0.254 +1 0 64
30l —Cdy =20—REF 0.320 7.4 0.253 -0.4 66 55
30l —Cdy =25 0.317 6.5 0.253 -0.4 70 53
30l —Cdy =30 0.298 -0.1 0.249 -1.8 0 64
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Fig. 33 Comparisons of the shielding function f; at the back of the body on the 30/ grid with (a) Cd; = 20 and (b) Cd; = 30 - RS0
rounded case

the computations with Cd; equal to 20 and 25. However, for a value of 30, the separation is removed on the backlight. It
leads to a very accurate prediction on both drag and lift coefficients, with a maximum error of 1.8%. The recirculation
length behind the vertical base is perfectly predicted compared to experiments. The evolution of the f; function for
Cd; =20 and Cd; = 30 is depicted in Fig. 33. When f; is equal to 0, the model is in RANS mode. When f; is equal
to 1, the model acts in LES mode. As observed on the figures, the shielding of the boundary layer is enforced at the
end of the roof for a value of 30. It means that there is no more LES intrusion inside the boundary layer and the MSD

phenomenon is removed. As a consequence, the flow stays attached on the rear slant surface as expected.

The same work has been done for the cases RySp, RoS10 and R;¢Sp. Globally, the boundary layer on the roof is
better protected from LES intrusion and the results are still very consistent with experiments. As a consequence, a
value of 30 is advised for the Cd; constant. The operation of DDES model is strengthened and the shielding increased.
It allows the user to generate refine grid near the wall without risking to deteriorate the solution of the computation. It

is recommended especially to improve the flow separation behavior.

6.3.3 Physical behavior of the flow

The flow evolution between the reference case with sharp edges RSp and the double rounded case RS is illustrated
in Fig. 34. The 30/ grid with Cd; = 30 is used to perform the comparison. The left figure plots the evolution of the

Cp (a) and the right one the C-pillar (b) evolution using iso surfaces of Q criterion. The left part of the figures corre-
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Fig. 34 Comparisons of C, field (left) and C-pillar vortices (right) evolution between the reference case RoSo and the side rounded case
R10S10 on the 30! grid - iso surfaces of Q = 1.105571

-0.25 0 0.25 0.5 0.75 1

-0.125 0.125 0.375 0625 0.875

Fig. 35 Comparisons of streamlines colored by the mean streamwise velocity U in the symmetry plane Y'* = 0 between the reference case
RoSo and the side rounded case R10S;o on the 30/ grid

sponds to the computation of the RoSp case and the right part to the computation of the RS0 case. Fig. 35 depicts the
streamlines colored by the mean streamwise velocity in the symmetry of the body. As early mentioned, the rounded
edge at the end of the roof induces a flow acceleration. It leads to very low C,, at the very end of the roof compared to
the reference case. Then, as the separation is removed, a pressure recovery is obtained all along the rear slant surface

compared to the sharp case which exhibits lower negative C,, values. The vanished recirculation is clearly seen with
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the streamlines and also with the iso surfaces of Q criterion, where no turbulent structures are visible on the rear slant
surfaces compared to the reference case. On the sides, C,, values are higher as the intensity of the C-pillar is reduced

with the rounded edges. In the symmetry plane, the 3D wake with double rounded edges is similar to the sharp case.

All of these flow modifications are responsible for the significant drag and lift reduction accurately reproduced with
our computations. These results demonstrate the efficiency of the double rounded edge geometry to design a passive
flow control.

The side rounded edge case is designed to improve the drivability skills of the body with a lift reduction. With the roof
rounded edge, drag is highly reduced leading to a better efficiency of the model. With both rounded location, drag and

lift are reduced in the same way to mix positive effects on the geometry.

7 Discussions on the flow topology around the four Ahmed bodies

To describe the flow topology, the kinematical evolution of the flow can be studied as described in Hunt et al. [20]
and applied by Kumar et al. [28]. This method counts the number of separation and attachment points. N and S define
respectively node and saddle points and N’ and S’ respectively half-node and half-saddle points. A well-managed

stability study has to respect this formula:

(c) R10S0 (d) R10S10

Fig. 36 Flow topology around the four Ahmed bodies studied
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1 / 1 /
(ZN+§ZN)—(ZS+§ZS):1—n (14)

with n representing the connectivity of the flow section studied. However, using this method is not easy to implement
on a turbulent 3D case with high interactions between flow features around the body. For these reasons, Fig. 36 sketches
a schematic representation of the flow topology for the four Ahmed studied, with sharp and rounded edges, based on
the averaged flow around the bodies. Here, critical points representing separation and reattachment spots as well as
recirculation centers are represented for all cases. Separation and reattachment points are shown by red circles around
the symmetry plane and denoted by the letters S and R. Recirculation centers are sketched as black crosses and denoted
by the letter F giving a better understanding of the critical topological cornerstones. As shown the side rounded edges
RS0 give weaker recirculation spots and the roof rounded edges as well as coupled edge cases RjoSo and R10S1¢
generate fewer and lower central critical points.

From structural point of view, as Fig. 36 (a) shows, the flow pattern depicted for the RSy case is similar to Jermann
[23] and quite different from Ahmed et al. [1] in Fig. 2. The common feature is the closed recirculation bubble on the
rear slanted surface generated by the sharp corner at the transition between the roof and the rear slant. The unsteadiness
of the recirculation is highlighted in Sect. 5.2.4. Concerning the C-pillar vortices, there are different point of view as
we better understand the flow evolution with recent works. Ahmed et al. [1] explained that the C-pillar vortices behave
as conic extension vortices all along the wake. Jermann [23] showed that in fact a vortex breakdown of the C-pillar
vortices appear around X* = 0.89 as a sudden decrease in vorticity and streamwise velocity is observed.

For the RS case, the onset of the longitudinal vortices are delayed and their intensity highly reduced compared to
sharp case. This leads to higher length recirculation over the rear slant surface compared to RySy case. The separation
induces curvature in the flow over the backlight and tends to increase the roll up of the wake, leading to a shorter wake
compared to sharp case. Concerning the R;¢Sy case, the separation bubble over the rear slant surface vanishes due to
the rounded edges on the roof. Due to the flow attachment on the backlight, the wake behind the vertical base is longer
compared to RpSp and RyS|¢ cases. Finally, the double rounded edges R¢So case combines the effects of the rounded
edges on the roof and on the sides of the Ahmed body.

The rounded edges highly influence the flow topology on the rear slanted surface: suppression of the separation
bubble and/or reduction of the C-pillar vortices strength. The wake keeps the same shape even if the recirculation length
differs depending on the case. These modifications on the flow structures have a direct influence on local pressure and

velocity fields and consequently on drag and lift coefficients as numerically explained through this work.

8 Conclusions

The aim of this work was to use the best SRS procedure to compute the flow around the 25° Ahmed bodies with sharp
edge and study a passive control case with rounded edges. First, SST RANS and three hybrid turbulence approaches

was studied and compared to in house experiments on this case. The overall best flow prediction is obtained with the



Sensitivity analysis of hybrid methods for the flow around the Ahmed bodies 47
SST DDES model, as SAS suffers from predicting the shape and length of the recirculation bubble and SBES leads
to shorter recirculation area on the rear slanted surface. The worse results are obtained with SST RANS model, with
a massive separation observed on the back window. Hence, SST DDES model was chosen for the prediction of the
flow around the Ahmed bodies. A grid refinement was then performed to establish the numerical convergence. Hybrid
meshes were used with prism cells for the resolution of the boundary layer and tetrahedron cells elsewhere in the com-
putational domain. In fact, the use of the SST RANS model in the near wall area restricts the user to set the first node of
the grid into the sub-viscous layer of the boundary layer, as y* < 1 and below 1 if possible. The three grids generated
with respectively 15, 20 and 30 prism layers respect this constraint. The most important need is to generate a grid with
at least 15/20 nodes in the boundary layer, even though more layers are advised. The best prediction of the flow is
obtained with the more refined 30/ grid. Increasing the CFL number from values around 1 to 3 (time step three times
larger in order to save computational resources) in the separation area also showed that the 30/ grid is slightly sensitive
to CFL evolution. Drag and lift coefficients presented very good agreement with experiments. The bubble recirculation
length is lightly reduced with higher CFL number, from Lg = 85% to Lg = 75%. In fact, the longitudinal vortices are
stronger in intensity leading to a shorter recirculation area over the backlight. The authors advised a more refined mesh
(20 or 30 layers grids) with slightly higher CFL values (around 3) with implicit temporal integration scheme. The grid
refinement influence over the rear slanted surface for the 30 layers grids has shown that a grid refinement L,.; equal
to 5 or 7 mm is necessary to achieve an accurate computation. Moreover, a spectral analysis was proposed in order to
extract the unsteady structures of the flow in the wake of the body. Thanks to the dominant Strouhal numbers (velocity
and pressure signals), the existence of both high and low frequency activities was verified. The highest frequency was
found in the back of the body around the recirculation zone and corresponds to the presence of von Karman-like vortex
shedding. In the middle of the rear slanted surface, the frequencies are lower and seem to be related to a flapping motion

of the separated bubble.

Based on these results, the Ahmed body configurations with rounded edges were numerically studied and compared
again to in house experiments. The first passive flow control device studied was the side rounded case. In this con-
figuration, the onset of the longitudinal vortices are delayed, leading to a longer recirculation bubble on the rear slant
surface. Drag is increased by 3% and lift decreased by 22%. DDES results reproduce this flow modification and well
predict the drag and lift coefficients evolution. At this location on the Ahmed body, the rounded edges act as a lift
reduction tool. The second passive flow control device was the roof rounded case. In this case, the separation on the
rear window is suppressed and the wake behind the vertical base is longer. This tow topology change leads to a drag
reduction of 16% very well estimated with DDES. The roof rounded edge is an efficient drag reduction tool for this
case. The third flow control device use both side and roof rounded edges. Once again, drag and lift coefficients, C,, or
velocity fields are accurately predicted using SST DDES for both grids. This setup leads to a decrease of both drag
and lift coefficients of 16% and 18%. This work demonstrated the capabilities of the numerical procedure using SST

DDES to precisely predict the flow around the 25° Ahmed body with sharp edges. Moreover, the method was able
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to accurately take into account the passive control device used on the body with rounded edges at strategic locations
of the flow and reproduce significant flow modification. The double rounded configuration shows the best reduction
regarding drag and lift forces. This leads to a higher fuel efficiency of the simplified geometry and an improved stability

compared to the reference case.

Hybrid RANS/LES model have shown superiority over RANS turbulence model for predicting the flow over the
25° Ahmed body with sharp and rounded edges. The rounded edge shape modification appears as an efficient passive
flow control for this geometry.

Nevertheless, a significant effort need to be done to study the flow around real vehicles. A first attempt was done by
Heft et al. [19] on the DrivAer model that can be modulated as fastback, notchback and estate shape. The first results
in the literature ([4], [16]) shows once more superiority of hybrid methods over RANS models. These studies clearly
indicate that no model can well predict the flow topology and aerodynamic coefficients for all geometries. A common
strategy should be employed for both notchback and fastback vehicles. Due to massive separation, another approach is

needed for the estate shape.
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