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Numerical investigation of the flow around a simplified ground vehicles using hybrid RANS/LES method

The aim of this work is to fine-tuned a numerical procedure to predict the external aerodynamics flow around a real car. The hybrid RANS/LES method, called DDES, has been selected based on previous work and comparison between many turbulence approaches. First, the numerical procedure has been developed on the 25 • Ahmed body. Based on this simplified geometry, we were able to define the numerical setup and grid in order to reproduce very accurately the flow around this shape. The second part of the work was to transpose this methodology on a more realistic vehicle, with some geometrical simplifications. At this preliminary stage of the study, the results are encouraging.

Introduction

The automotive industry is facing drastic restrictions regarding greenhouse gas emissions, with the objective of 95 g/km of CO 2 emission from 2020. To reach this goal, reducing fuel consumption from aerodynamics 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 predict the global flow features.

The 25 • Ahmed body [START_REF] Ahmed | Some salient features of the time-averaged ground vehicle wake[END_REF] is commonly used in the automotive industry in order to better understand complex flow mechanisms. The 25 • Ahmed body is a very complex case with strong longitudinal vortices (the so-called C-pillar vortices) which interacts with the recirculation bubble on the rear slant surface and the 3D wake structure.

This simplified shape allows to develop numerical procedure before working on a real car. Many experimental ( [START_REF] Rossitto | Influence of afterbody rounding on the aerodynamics of a fastback vehicle[END_REF], [START_REF] Lienhart | Flow and turbulence structures in the wake of a simplified car model (ahmed modell)[END_REF]) and numerical studies have been carried out on this geometry. Steady state or transient Reynolds Averaged Navier-Stokes (RANS) simulations have shown huge difficulties to predict correctly the flow around the 25 • Ahmed body ( [START_REF] Guilmineau | Computational study of flow around a simplified car body[END_REF], [START_REF]FLOMANIA-a European initiative on flow physics modeling: results of the European-Union funded project[END_REF]), due to the complex flow interaction at the back of the body. Besides, Large Eddy Simulation (LES) model shows interesting results from different studies ( [START_REF] Krajnović | Flow around a simplified car, part 1: large eddy simulation[END_REF], [START_REF] Minguez | High-order large-eddy simulation of flow over the Ahmed body car model[END_REF], [START_REF] Serre | On simulating the turbulent flow around the Ahmed body: a FrenchGerman collaborative evaluation of LES and DES[END_REF]). However, the prohibitive numerical cost of LES is not feasible for industrial flow for the next future. Hence, the research community focused on Hybrid RANS/LES methods, which combine advantages from both RANS and LES techniques. This method allows a quite affordable computational cost in attached boundary layers using RANS modeling, and accurate prediction when flow separation occurs with LES resolution. Very promising results was obtained using Detached Eddy Simulation family techniques (DES/DDES/IDDES) ( [START_REF] Spalart | Comments on the feasibility of LES for wings, and on a hybrid RANS/LES approach[END_REF], [START_REF] Spalart | A new version of detached-eddy simulation, resistant to ambiguous grid densities[END_REF], [START_REF] Shur | A Hybrid RANS-LES Approach with Delayed-DES and Wall-Modelled LES Capabilities[END_REF]).

Menter and Kuntz [START_REF] Menter | Adaptation of eddy-viscosity turbulence models to unsteady separated flow behind vehicles[END_REF] observed a closed recirculation bubble on the rear slant surface using SST DES. Guilmineau et al. [START_REF] Guilmineau | Assessment of hybrid RANS-LES formulations for flow simulation around the Ahmed body[END_REF] showed accurate prediction of the flow features with IDDES. Ashton et al. [START_REF] Ashton | Key factors in the use of DDES for the flow around a simplified car[END_REF] also demonstrated the accuracy of the DDES models using both SST and φf underlying RANS models. The authors reproduced with high fidelity the flow features compared to experiments. More recently, Delassaux et al. [START_REF] Delassaux | Comparison of Three Hybrid Turbulence Models for the Flow Around a 25 • Ahmed Body[END_REF] compared three hybrid turbulence models: Scale Adaptive Simulation [START_REF] Menter | The scale-adaptive simulation method for unsteady turbulent flow predictions. Part 1: theory and model description[END_REF], Delayed Detached Eddy Simulation [START_REF] Spalart | A new version of detached-eddy simulation, resistant to ambiguous grid densities[END_REF] and Stress-Blended Eddy Simulation [START_REF] Menter | A new paradigm in Turbulence Modeling for Aerodynamic Simulations[END_REF]. After a massive comparative study on grids and numerical parameters setup, the authors have reproduced very accurately the flow features, as well as drag and lift coefficients compared to experiments [START_REF] Rossitto | Influence of afterbody rounding on the aerodynamics of a fastback vehicle[END_REF].

All of these results show the maturity of hybrid methods on such a simplified geometry. Hence, studying a simplified but realistic car is a logical process.

The first well documented study was realized on the DrivAer model developed by Heft et al. [8]. This model is based on the mockup of the Audi A4 and the BMW 3 Series, leading to a medium sized car, with three main shapes: fastback, notchback and estate shapes. Many numerical investigations have been done on the three shapes ( [START_REF] Heft | Introduction of a new realistic generic car model for aerodynamic investigations[END_REF], [START_REF] Shinde | Numerical investigations of the drivAer car model using opensource CFD solver OpenFOAM[END_REF], [START_REF] Ashton | Assessment of RANS and DES methods for realistic automotive models[END_REF]). The most problematic shape remains the estate one, due to the massive separation at the back and the interactions with longitudinal vortices generated at the front of the vehicle (A-pillar vortices and mirror screens).

Hence, the purpose of this work is to fine-tune the DDES procedure developed on the 25 • Ahmed body [START_REF] Delassaux | Comparison of Three Hybrid Turbulence Models for the Flow Around a 25 • Ahmed Body[END_REF] and then applied it on a ground vehicle.

The paper is organized as follows: Sect. 2 describes the simplified estate vehicle. Sect. 3 provides some details on the turbulence modeling approaches. Then, Sect. 4 enumerates both the numerical setup and the grid used. Finally, Sect. 5 compares CFD results and home-made experiments on the Ahmed body and the simplified vehicle.

Geometries presentation

The Ahmed body [START_REF] Ahmed | Some salient features of the time-averaged ground vehicle wake[END_REF] 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 length, width, and height of the body are respectively L B = 1044 mm, W B = 380 mm and H B = 288 mm. The angle ϕ between horizontal line and the rear slant surface is equal to 25 • . The body is fixed to the wind tunnel ground with four feet, defined by a diameter of 30 mm and a ground clearance of G = 50 mm. The stilts are used in this study in order to make more complex the underbody flow stream, as can be found on real car. 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 simplified estate shape is based on a real ground vehicle. In order to reduce the complexity from the Ahmed body (reduced scale) to a real car (full scale), several modifications on the vehicle shape has been realized: the front air inlet are closed (no flow in the underhood zone), the underbody is smoothed using additional panels and the wheels have been removed, replaced by some fairings. Moreover, a spoiler was added to control the position of the flow detachment around the fairings.

The 25 • Ahmed body, which is widely used as the generic simplified car geometry, represents some main features of the flow around a real car and is a complex case as we observed a separation/reattachment area on the rear-slanted surface, longitudinal vortices and a 3D wake. However, the majority of new car geometries include some artefacts (spoilers, deflectors etc.) with different rear angles leading to massive separation. Therefore, a coupled study of the flow around this body and car geometries seems helpful to investigate the complementarity of their behavior.

Our numerical results are compared to home-made experiments, carried out in the La Ferté Vidame (France) Groupe PSA's wind tunnel for the Ahmed body [START_REF] Rossitto | Influence of afterbody rounding on the aerodynamics of a fastback vehicle[END_REF] and the GIE S2A (France) wind tunnel [START_REF] Waudby-Smith | The GIE S2A Full-Sclae Aero-acoustic Wind Tunnel[END_REF] for the real vehicle.

Turbulence modeling -DDES

The hybrid RANS-LES formulation, Delayed Detached Eddy Simulation (DDES), is used in this study with ANSYS Fluent R18 software. The SST k-ω developed by Menter [START_REF] Menter | Two-equation eddy-viscosity turbulence models for engineering applications[END_REF] is the RANS underlying model used for the DDES model. This RANS model is known as the more accurate turbulence model for separation prediction compared to kε and kω formulations.

The DDES is an hybrid RANS-LES formulation developed by Spalart et al. [START_REF] Spalart | A new version of detached-eddy simulation, resistant to ambiguous grid densities[END_REF], and is an improvement of the original formulation DES97 [START_REF] Spalart | Comments on the feasibility of LES for wings, and on a hybrid RANS/LES approach[END_REF]. The main feature of 

f d = 1 -tanh (C d1 r d ) C d2 (1) 
The r d parameter represents the ratio of a model length scale to the wall distance. The f d function is designed to be equal to 1 in LES region, where r 1, and 0 elsewhere with r d > 1. The constants C d1 and C d2 are respectively 20 and 3 to ensure a fair protection of boundary layer with SST model. The DDES length scale reads as follows:

l DDES = l RANS -f d max (0, l RANS -l LES ) (2) 
With

l RANS = √ k β * ω , l LES = C DES .∆ max , ∆ max the maximum local grid spacing ∆ max = max (∆ x , ∆ y , ∆ z ) and C DES = C k-ω DES .F 1 + C k-ε DES . (1 -F 1 )
with C k-ω DES = 0.78 and C k-ε DES = 0.61. The F1 function defines the location of the blending between the kω and kε models in the boundary layer [START_REF] Menter | Two-equation eddy-viscosity turbulence models for engineering applications[END_REF].

Numerical setup and grid

The computational domain is respectively 5L long upstream and 10L long downstream of the Ahmed body, with L the length of the Ahmed body equal to 1.044m. The cross section of domain is equal to 4.2L and its height is set to 5L, giving a blockage ratio of 0.5%. The inlet boundary condition is defined as velocity inlet with V ∞ = 33 m/s. A pressure outlet condition is applied to the exit surface, with gauge pressure equal to 0 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 of the computational domain as the blockage ratio is low.

For the boundary layers resolution around the body and the ground domain, two grids were studied with 20 and 30 prism layers, with a first height equal to 0.007 mm and a growth factor respectively equal to 1.41 and 1.23. The whole domain is fitted by tetrahedron cells with box refinement in strategic locations of the flow (forebody, underbody and around the rear window) to capture accurately the wake. The grids are noted 20l and 30l respectively for the 20 and 30 prism layers. The grids contain respectively 15 and 22 million cells with 20 and 30 prism layers. The wall normal resolution is y+ < 0.7. The grid is represented on Fig. 2.

Then, a similar meshing procedure was used on the simplified vehicle, leading to a grid with 115 millions cells, detailed on Fig. 3 in the symmetry plane of the car Y 0. The number of prism layers was reduced from 30 to 20, as there is no significant modification in the flow prediction and it allows to save some precious computational time.

Besides, the time step is fixed as ∆t = 5.10 -5 s, leading to a non-dimensionnal time step ∆t.V ∞ /L B = 0.002. This time step ensures a CFL number around 1 in critical areas of the flow. The computations were run for a total of 115 convective transit times defined as T.V ∞ /L B , with T = 3 seconds of physical time. The timeaveraging process was started after 77 transit times, to be sure of the relevance of the averaged quantities. The comparison of the drag and lift coefficients is presented in the Tab. 1 for the two grids with 20 and 30 prism layers. For both grids, the drag coefficient is very well predicted. The lift coefficient is more sensitive to the grid refinement and is better computed with the finest mesh, the 30l grid. Moreover, the prediction of the length of the recirculation bubble L R , defined as the ratio between the recirculation bubble length over the rear slanted surface length, is also accurately predicted for the finest grid, with 75% compared to 78% in experiments. For the 20l grid, the length L R is slightly overestimated, equal to 96%. Despite this, the global flow topology is also accurately predicted with this grid. The pressure distribution over the rear slanted surface is displayed on the Fig. 4. The different values of L R can be explained from this figure. The onset of separation, at the top of rear window, is characterized by low level of pressure, around -0.8, from experiments. Then, pressure recovery occurs leading to higher Cp at the end of the rear window and a closed recirculation bubble. This feature of the flow is accurately reproduced with the 30l grid, with almost perfect fit compared to experiments. For the 20l grid, the higher level of Cp after separation leads to an overestimation of the More results on this study can be found in [START_REF] Delassaux | Comparison of Three Hybrid Turbulence Models for the Flow Around a 25 • Ahmed Body[END_REF]. The authors have shown that the 30l grid present the best flow prediction compared to experiments, regarding drag and lift coefficients, velocity and turbulent kinetic energy profiles and pressure distribution all over the bake of the body. The main flow features are recovered with this mesh. The results are quiet close for the 20l grid. These results indicate that the grid refinement with the 20l grid is enough to accurately predict the flow around the Ahmed body. This grid is then used on the real vehicle.

Simplified vehicle

Tab. 2 compares the drag coefficient on the simplified car for SST DDES, Realizable K-Epsilon (RKE) RANS computations and experiments. The RKE RANS is the numerical reference in this case, based on our experience. Indeed, RKE model is robust and highly used in the automotive industry. This model is known to well compute the drag coefficient, even if it suffers from RANS modeling, leading to bad flow topology prediction especially in the wake of a vehicle. On this car, RKE prediction is also very accurate with 0.8% of error on the drag coefficient. A higher error is observed in DDES with 8.7%. Fig. 5 shows the mean streamwise velocity profiles in the wake of the vehicle in two Y planes (symmetry plane Y=0 m and offset plane Y=0.25 m). The best flow predictions in both planes is obtained with the DDES method. This result was expected as the LES contribution of the model should lead to an accurate flow pre-diction in separated area. The velocity profiles for the RANS model clearly indicate that the flow topology in the wake is badly predicted. These results must put in perspective the accuracy of the drag coefficient prediction. In fact, the good prediction for the RKE model is mainly due to errors cancellations all over the body, especially in the underbody area and the back of the vehicle.

Cp coefficients are also closer to experiments with DDES (not shown here due to limited space). 

Conclusions

This work is focused on the prediction of external aerodynamics flow in the automotive industry. A numerical procedure using SST DDES model is set up. Concerning the 25 • Ahmed body, the main flow features are very well reproduced with both the 20l and 30l grids. The drag and lift coefficients are also accurately computed.

Based on this work, the numerical procedure has been transposed on a real vehicle with some geometrical simplifications. At this stage, the results are encouraging. The drag prediction is estimated with a maximum of 9% error. The velocity profiles
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 4 Fig. 4 Representation of mean Cp over the back of the body for the 20l and 30l grids -left part of the picture corresponds to the simulation result and the right part to the experimental result
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 5 Fig. 5 Streamwise velocity profiles Vx in the wake of the simplified estate shape, 400 mm behind the body

Table 1

 1 Comparisons of drag and lift coefficients and recirculation bubble length between experiments and DDES for the two grids

	Models	C d	∆C d [%]	C l	∆C l [%]	L R [%]
	Exp.	0.356	±0.5	0.311	±1	78
	20l	0.365	2.5	0.333	7.1	96
	30l	0.354	-0.5	0.323	3	75

Table 2

 2 Comparisons of drag coefficient between experiments, RKE and DDES models Models ∆C d [%]

	Exp.	0.234
	DDES	+8.7
	RKE	-0.8

in the wake of the vehicle clearly highlight the superiority of hybrid RANS/LES method over steady RANS computation, due to the large resolution of the turbulent spectrum in the wake of the car.