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Abstract: This study discusses the comparison of numerical simulations of a realistic road vehicle using
the unsteady Reynolds-averaged Navier-Stokes (URANS) with k-ω SST and SSG/LRR-ω as the turbulence
closure. The ISIS-CFD solver was used to perform the simulations. A detailed grid convergence study was
performed and the grid convergence index was calculated to assess the numerical uncertainty. Additionally,
the �ow-�eld of the di�erent turbulence models were compared and reported.
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1 Introduction

The automotive industry contributes signi�cantly to global emissions. According to the Paris agreement, a
reduction of 1.5oC in the global temperature is necessary to avoid the catastrophic e�ects of global warm-
ing [1]. Whereas, domestic transport accounts for about 22% of the total greenhouse gas emission in the
European Union for the year 2018 [2]. The aerodynamic drag reduction of the vehicles aids in minimizing
fuel consumption and it can be achieved by employing active and passive �ow control methods to reduce the
drag [3].

A majority of the above-mentioned studies were performed on a generic model called Ahmed body, as it
consumes less computational power to perform the numerical simulations. However, owing to its simpli�ed
geometry, the obtained �ow �eld di�ers from the actual �ow �eld of the realistic vehicle. Conversely, a more
realistic model such as the DrivAer has been proposed and studied to understand the actual �ow behaviour
of the vehicle [4]. In the present study, a realistic model of the Citroen C4 Coupe is used for the numerical
analysis, and the geometry of the model is provided in Figure 1. The length (L), width (W), and height
(H) of the model are 1074, 437, and 311 mm respectively and the ground clearance (G) between the C4
underbody and the bottom wall is �xed as 47.55 mm.

The computational �ow domain was discretized with unstructured hexahedral elements using the Hex-
press grid generator. Additionally, viscous layers are generated on the C4 surface and the bottom wall to
resolve the near-wall �ow physics. The ISIS-CFD solver is employed to perform the numerical simulations.
It is a �nite volume method based solver, developed by CNRS and Centrale Nantes and integrated with the
Numeca Fine/Marine software suite. It has proved capabilities to simulate a problem using a wide range of
turbulence models such as Spallart-Allmaras, k-ω, k-ω SST, Reynolds stress models (RSM) as SSG/LRR-ω,
and hybrid RANS-LES, etc.

In the present work, a realistic model of the Citroen C4 Coupe is numerically studied using unsteady
Reynolds-Averaged Navier-Stokes (URANS) with k-ω SST and SSG/LRR-ω as turbulence closure models.
The results of the two turbulence models were compared and reported.
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Figure 1: Citroen C4 Coupe model. Figure 2: Computational �ow domain.

2 Grid generation and convergence study

Half geometry of C4 with a symmetry boundary condition is chosen as the computational �ow domain to
reduce the computational cost (Figure 2). The upstream and the downstream length of the computational
�ow domain was kept as 6.0H and 27.6H respectively. The Hexpress grid generator was used to generate
the mesh for the numerical study. The �ow domain was discretized with unstructured hexahedral elements
and the viscous layers were generated on the C4 surface and the bottom wall to resolve the boundary layer.
Additionally, four re�nement regions were added to the �ow domain to facilitate better wake prediction
(Figure 3). Regarding the boundary conditions, a uniform velocity of 40 m/s and zero gauge pressure were
applied at the inlet and outlet, respectively. The side and top walls were kept as slip walls and a no-slip
boundary was imposed on the C4 model and the bottom wall. Lastly, the symmetry plane was provided
with a symmetry boundary condition and a timestep of 2.5E-4s is used for all the grids.

No. of elements in Fine/Medium/Coarse mesh, N (Million cells) N1 /N2 /N3 50.188/ 29.707/ 13.047
Performance parameter, φ (Average Cd) (-) φ1 , φ2 , φ3 0.2960/ 0.2953/ 0.2922
Characteristic length scale of the mesh, h (m) h1 /h2 /h3 0.00271/ 0.00323/ 0.00425
Grid re�nement factor, r (-) r21 , r32 1.191, 1.316
Apparent order of convergence p 5.88
Extrapolated values, Φext Φ21

ext , Φ
32

ext 0.29639, 0.29607
Approximate relative error, ea e21a , e32a 0.00236, 0.01050
Extrapolated relative error, eext e21ext , e

32
ext 0.00132, 0.00261

Grid convergence index, GCI (%) GCI21�ne , GCI32medium 0.165, 0.327

Table 1: Uncertainty assessment (Cd)

Figure 3: Enlarged view of mesh at plane Y=0. Figure 4: Drag coe�cient (Cd) for various grids.

The averaged drag coe�cient (Cd) values obtained from the unsteady simulations with the SSG/LRR-ω
turbulence model were used for the grid convergence index (GCI) calculation. The re�nement of grids was
performed systematically for all grids as recommended by the work of Celik et al. [5]. The uncertainty due to
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the discretization error of the Cd was provided in Table 1. As shown in Table 1, the value of GCI decreases
with the increase in the grid resolution, and the obtained GCI values of the medium and the �ne grids were
0.327% and 0.165% respectively. As the GCI value of the medium grid is less than 1%, it can be assumed
that the spatial convergence has been achieved in the present problem and the results of medium grid were
used for the comparison of the di�erent turbulence models. Additionally, the obtained average y+ value on
the C4 surface for the coarse, medium, and �ne gird was 0.255, 0.196, and 0.158 respectively. The evolution
of Cd with time for di�erent grids is shown in Figure 4.

3 Results and discussion

The comparison of Cd values for the k-ω SST and SSG/LRR-ω turbulence models are shown in Table 2.
It can be observed that the variation of the Cd values between the k-ω SST and SSG/LRR-ω turbulence
models decraeses with an increase in the grid resolution.

k-ω SST SSG/LRR-ω Percent variation (%)

Coarse mesh 0.2974 0.2922 1.7485
Medium mesh 0.2975 0.2953 0.7395
Fine mesh 0.2959 0.2960 -0.0338

Table 2: Cd value for k-ω SST and SSG/LRR-ω turbulence models

The pressure coe�cient (Cp) distribution along the surface of C4 at Y = 0 plane is provided in Figure 5.
It can be seen that the SSG/LRR-ω model predicts a higher minimum suction value compared to the k-ω SST
model. The Figures 6a and 6b show the streamlines of the mean �ow for the di�erent turbulence models. To
compare the two cases, the limit of the recirculation bubble along with the position of recirculation centers is
provided in Figure 6c. The limit of recirculation bubble obtained from the SSG/LRR-ω and k-ω SST models
were almost identical. However, the location of recirculation centers show a signi�cant variation between the
two turbulence models. Moreover, the non-dimensional mean velocity �eld at X/H = 0.032 is provided in
Figure 7. The wake �eld behind the C4 shows signi�cant variation between the SSG/LRR-ω and k-ω SST
models. A more detailed �ow �eld analyses will be reported including the results of detached delayed eddy
simulations will be included in the �nal version of the paper.

Figure 5: Mean Cp distribution on C4 surface at Y=0 plane.
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(a) SSG/LRR-ω (b) k-ω SST

(c) Limit of recirculation bubble with centre

Figure 6: Streamlines of mean �ow behind the C4 at Y = 0 plane

(a) SSG/LRR-ω (b) k-ω SST

Figure 7: Non-dimensional mean velocity �eld at X/H = 0.032.
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