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ABSTRACT

Electric city vehicles are vital for reducing pollution in urban areas due to their zero emissions and high energy efficiency,
significantly improving air quality and reducing the carbon footprint. This study investigates the aerodynamic behavior of simplified
city vehicle models using computational fluid dynamics (CFD) simulations based on Reynolds-Averaged Navier-Stokes (RANS) and
Detached Eddy Simulation (DES) turbulence model. The models are tested at speeds of 10 m/s, 15 m/s, and 20 m/s, with a grid
independence study to ensure reliable results. ANSYS Fluent is used for the simulations, comparing the results from RANS and
hybrid RANS/LES or DDES in terms of aerodynamic forces and flow patterns around the vehicle. Results show that the drag
coefficient (Cy4) decreases with increasing speed for both RANS and DDES models. At 10 m/s, the drag coefficients are 0.541 for
RANS and 0.524 for DDES, a 3.14% reduction. At 15 m/s, the drag coefficients are 0.539 for RANS and 0.518 for DDES, a 3.89%
reduction. At 20 m/s, the drag coefficients are 0.538 for RANS and 0.514 for DDES, a 4.46% reduction. Flow visualizations show that
DDES simulations capture more detailed and complex flow structures, particularly in the wake region, compared to the smoother
RANS patterns. These findings are essential guidelines for optimizing vehicle design to enhance aerodynamic performance and
contribute to the development of more efficient, environmentally friendly urban transportation solutions.
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1. Introduction

Low-emission zones are recognized as crucial tools for cities striving to establish sustainable and
environmentally friendly urban spaces by regulating emissions and promoting cleaner transportation
options [1]. The inclusion of sustainable transport modes, such as electric vehicles and
environmentally friendly hybrid vehicles, in public transport systems can help alleviate ecological
environmental pressure, demonstrating the potential advantages of integrating green transportation
options into city infrastructure [2]. Measures promoting environmentally friendly vehicles are shown

* Corresponding author.
E-mail address: izuan@uthm.edu.my

https://doi.org/10.37934/arefmht.17.1.113



Journal of Advanced Research in Experimental Fluid Mechanics and Heat Transfer
Volume 17, Issue 1 (2024) 1-13

to benefit city users and transport operators, underscoring the positive impacts of embracing green
transportation solutions in urban settings [3].

In the design stage of small city vehicles, conducting aerodynamic analysis is crucial for achieving
optimal performance. Aerodynamics plays a significant role in enhancing handling, stability, and fuel
efficiency of vehicles [4]. Utilizing continuous aerodynamic modelling methods can efficiently analyse
aerodynamics at the design stage, enabling exploration of numerous design possibilities [5]. There
are several approaches available for conducting aerodynamic analysis at the early design stage,
including experiments, wind tunnel testing, and computational fluid dynamics (CFD) simulations.
Each of these methods offers unique advantages in optimizing the aerodynamic performance of the
vehicle.

Aerodynamic analysis plays a significant role in the design of vehicles, as it helps in identifying
critical parameters and areas for improvement [6]. Utilizing CFD simulations has become a popular
and effective tool in the automotive industry for aerodynamic design and analysis due to
advancements in computational capabilities [7,8].

To accurately predict aerodynamic performance, the selection of an appropriate turbulence
model is essential as it significantly impacts the results obtained from CFD simulations [9]. The
Reynolds-averaged Navier—Stokes (RANS)-based CFD tools have been shown to provide accurate
aerodynamic data for predicting overall vehicle performance with a high degree of accuracy [10],
[11]. Furthermore, the use of RANS models like k-epsilon (k-g) and k-omega (k-w) has been common
in aerodynamic simulation studies of vehicles using CFD [12]. However, several limitations have been
identified when using RANS for accurately predicting the aerodynamics of vehicles. Studies have
shown that the RANS approach often struggles to predict integral aerodynamic quantities such as lift,
drag, and moment coefficients accurately [13]. Meanwhile, RANS has been found to face challenges
in predicting critical aerodynamic aspects such as lift force accurately [14]. This limitation can be
significant, especially in scenarios where precise lift predictions are essential for vehicle stability and
performance evaluation. While RANS models are commonly used for predicting drag coefficients due
to their influence on fuel consumption and emissions, they may not be as effective in capturing the
full aerodynamic behavior of vehicles [15].

Detached Eddy Simulation (DES) is a computational fluid dynamics approach that combines the
benefits of Reynolds-Averaged Navier-Stokes (RANS) and Large Eddy Simulation (LES) methods.
Studies have shown that DES is particularly useful for predicting aerodynamic forces and flow
structures in various applications, such as automotive aerodynamics [16], train aerodynamics [17-
19], and high-speed train aerodynamics [20]. it has been noted that other models like the Detached-
Eddy Simulation (DES) can offer better predictions in terms of aerodynamic forces and surface
pressure compared to RANS [21]. DES has been recognized for its ability to predict aerodynamic
characteristics and wake flows in scenarios involving high Reynolds numbers and massively separated
flows [22]. The Delayed Detached-Eddy Simulation (DDES) approach, a variant of DES, has been
employed to address the limitations of RANS models in simulating wake flows while avoiding the
computational cost associated with full LES simulations [23].

It is noted that, in comparison to LES, DES offers significant computational savings for high
Reynolds number flows by utilizing the moderate costs of RANS models in the boundary layer while
still retaining some benefits of LES in separated regions [24]. Hybrid RANS-LES formulations, like DES,
facilitate a transition from RANS to LES, providing enhanced accuracy over RANS models for
automotive flows but at a higher computational cost [25]. DES has been observed to better replicate
wind tunnel results within the margin of uncertainty compared to RANS in specific applications [26].
Knowing the capabilities of Detached-Eddy Simulation model, current study aims to investigate the
effects of hybrid RANS/LES model for predicting the aerodynamics of small city vehicles. In addition,
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a RANS simulation was carried out to compare the results with DDES. Current study focuses on
aerodynamic load such drag and lift coefficient with flow around a simplified small city vehicle model.

The paper begins with a brief background, providing essential context and relevance of the study.
It then details the methodology, outlining the vehicle model, computational domain and boundary
conditions, and numerical techniques. This is followed by a mesh independence study, assessing how
different mesh sizes impact the results and ensuring the accuracy of computational simulations.
Finally, the paper presents the results and conclusions, summarizing key findings, interpreting their
significance, and suggesting potential opportunities for future research.

2. Methodology
2.1 Geometry Modelling

In this study, a full-scale model of a simplified urban electric vehicle concept, inspired by the
Podbike e-bike car model designed by Per Hassel Sgrensen, was utilized. The Podbike is known for its
compact and efficient design, blending the features of a bicycle and a car to create an innovative
urban transport solution. Using Solidworks 3D modeling software, the model was designed, capturing
the essential characteristics of the reference vehicle model. The model's dimensions are 2.3 m in
length, 0.8 m in width, and 1.5 m in height shown in Figure 1, reflecting its compact nature and
suitability for urban environments. Simplifying the model helps in focusing on the most critical
aspects of the vehicle's performance while maintaining essential geometric and aerodynamic
characteristics. This reduction in complexity ensures that the simulations can be performed more
efficiently, saving both time and computational resources [27].
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Fig. 1. Overall dimensions of the simplified city vehicle model designed in Solidworks
software

2.2 Boundary Conditions and Simulation Setup

The computational domain was defined to encompass the full-scale vehicle model and extend
sufficiently far in all directions to minimize the influence of boundary effects on the results [28].
Figure 2 depicts the computational domain used in current study.

The boundary conditions for the simulation were set up to ensure accurate and relevant results
for urban driving scenarios. A uniform velocity inlet condition was applied at the upstream boundary
with inlet velocities of 10 m/s, 15 m/s, and 20 m/s. At the downstream boundary, a pressure outlet
condition allowed the flow to exit freely, set to atmospheric pressure to simulate an open
environment [29]. The vehicle's surface was modelled as a no-slip wall, ensuring zero relative fluid
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velocity to capture boundary layer development and drag forces accurately. The ground plane was
also treated as a no-slip wall, with a steady ground condition as the interaction between the vehicle
and the road surface are insignificant [30]. Additionally, the side and roof walls of the domain were
treated as symmetry boundary conditions [31].
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Fig. 2. Computation domain including the dimensions

To accurately capture the effects of turbulence in the flow around the simplified urban electric
vehicle model, both Reynolds-Averaged Navier-Stokes (RANS) and Delayed Detached-Eddy
Simulation (DDES) approaches were employed. Each method was chosen for its strengths in different
aspects of the simulation. The details of the solver settings can be found in Table 1. For the steady-
state simulations, the standard k-epsilon model was used with standard wall functions to treat the
near-wall regions [32]. The SIMPLE algorithm was employed for pressure-velocity coupling, ensuring
stable and convergent solutions [33]. Spatial discretization for gradients was performed using the
Green-Gauss cell-based method. On the other hand, for the transient simulations, the Delayed
Detached-Eddy Simulation (DDES) method was utilized, employing the k-omega SST model for better
accuracy near the wall regions without any specific wall treatment. The transient simulations with a
time steps size of 0.01 seconds. The SIMPLE algorithm was also used for pressure-velocity coupling.
Steady RANS and transient DDES both simulations were conducted at the same inlet velocities of 10
m/s, 15 m/s, and 20 m/s.

Table 1
The turbulence modeling parameters for both Reynolds-Averaged Navier-Stokes (RANS)
and Delayed Detached-Eddy Simulation (DDES) approaches used in the simulations

Parameter RANS Hybrid RANS/LES
Model k-epsilon DDES

Type Standard K-omega SST
Wall treatment Standard wall functions  None

Solver type Steady Transient
Number of Iterations / Time Steps 1000 20 (100)
Timestep size N/A 0.01s

Pressure velocity coupling SIMPLE SIMPLE

Spatial discretization (Gradient)
Pressure

Momentum

Turbulent kinetic energy
Turbulent dissipation rate
Transient formulation

Green-Gauss cell based
Second order

Second order upwind
First order upwind
First order upwind

N/A

Green-Gauss cell based
Second order

Bounded central differencing
Second order upwind

Second order upwind
Bounded second order implicit




Journal of Advanced Research in Experimental Fluid Mechanics and Heat Transfer
Volume 17, Issue 1 (2024) 1-13

2.3 Mesh Independence Study

The computational domain surrounding the vehicle was meshed using a Cartesian grid to
discretize the geometry into smaller elements in Ansys Advanced meshing module. The meshing
strategy aimed to balance resolution and computational efficiency. A mesh independence study was
conducted to assess the sensitivity of simulation results to changes in mesh resolution. This study
involved systematically refining the mesh and analyzing how drag coefficient converge with
increasing mesh refinement. The details meshing strategy with the associate meshing parameters
can be found in Table 2.

Table 2

Meshing parameter descriptions

Parameters Mesh1l Mesh2 Mesh3
Number of elements 313794 675082 2811807
Total nodes 368874 763202 2946133
Element size (mm) 128 64 32

Face size (mm) 4 2 1

Drag Coefficient, Ca 0.568 0.546 0.541

Starting with a coarse mesh with an element size of 128 mm, simulations were performed, and
results analyzed. The mesh was refined progressively, reducing the element size consistently across
three different resolutions as shown in Figure 3. Surface mesh sizes were 4 mm for the coarsest mesh
(Mesh 1) and 1 mm for the finest mesh (Mesh 3), with the total number of elements reaching 2.8
million for Mesh 3. Meanwhile, for all the cases, orthogonal mesh quality was more 0.75. The drag
coefficient values exhibited consistent changes as the mesh was refined. The percentage error
between Mesh 1 and Mesh 2 was approximately 4%, indicating significant improvement with finer
resolution. Further refinement between Mesh 2 and Mesh 3 showed less than 1% error, suggesting
minimal impact on results with additional mesh refinement.

Fig. 3. Three different mesh resolutions; mesh 1, mesh 2 and mesh 3 (from left)

Based on these findings, Mesh 2 was identified as sufficient for predicting aerodynamic loads, as
it provided accurate results with minimal computational expense compared to Mesh 3. This approach
ensures that the simulation setup is optimized for efficiency while maintaining reliability in predicting
the small city vehicle model's aerodynamic performance.
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3. Results
3.1 Aerodynamic Forces

In this section, we present a detailed comparison of the aerodynamic force coefficients,
specifically drag and lift values calculated at three different velocities: 10 m/s, 15 m/s, and 20 m/s.
We evaluate these coefficients using two different turbulence modelling approaches: the traditional
RANS (Reynolds-Averaged Navier-Stokes) model and the advanced hybrid RANS/LES (Large Eddy
Simulation) or DDES (Delayed Detached Eddy Simulation) turbulence model shown in Figure 4. The
RANS model used in this study is the k-g, which relies on time-averaged Navier-Stokes equations and
turbulence closure relationships to predict aerodynamic forces.

The left figure shows the drag coefficients, where RANS results exhibit values of 0.541, 0.539, and
0.538 for speeds of 10, 15, and 20 m/s, respectively. In contrast, the DDES results present slightly
lower values of 0.524, 0.518, and 0.514 for the corresponding speeds. This consistent reduction in
drag coefficient values from RANS to DDES across all speeds indicates a small difference in turbulence
modelling, with DDES showing a reduction of around 3-5% compared to RANS. On the other hand,
the right figure displays the lift coefficients, with RANS results remaining relatively stable at 0.129,
0.127, and 0.125 for speeds of 10, 15, and 20 m/s, respectively. However, the DDES results exhibit
significantly higher lift coefficients of 0.259, 0.318, and 0.325 for the same speeds, with an increase
of up to 150% at the higher speeds compared to RANS. This substantial difference underlines DDES's

ability to capture more detailed unsteady flow structures around the vehicle, which significantly
impact lift.
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Fig. 4. Drag and lift coefficient at different inlet velocity for RANS and DDES

Studies comparing DDES with RANS and Unsteady RANS have indicated that DDES can predict
drag coefficients more accurately, with DDES models showing lower drag coefficients compared to
URANS [34,35]. This suggests that DDES is capable of capturing transient vortices and finer turbulence
scales that are not adequately resolved by RANS methods, which supports the results from the
current study. On the other hand, the higher lift coefficient observed in DDES compared to RANS
models can be attributed to the improved accuracy of DES in capturing the flow physics [13].
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3.2 Three-Dimensional Vortex Core

Figure 5 shows a series of flow visualizations around a vehicle model for different velocity and
turbulence models. The colors represent different velocity magnitudes, with blue indicating lower
velocities and red indicating higher velocities. The wake length (L) is indicated, representing the
distance behind the vehicle where the flow separates and forms a wake. For the RANS model, the Ly
is increasing as the inlet velocity increase from 10 m/s to 20 m/s. This provides an initial overview of
how the airflow behaves as it passes over and behind the vehicle. Moreover, for all the cases of RANS
two pairs of vortices (Vz and V>) can be seen around the vehicle. Meanwhile, the frontal edge area of
the vehicle with highest velocity are shown.

The RANS simulations display smoother flow fields with fewer small-scale vortices. The
turbulence is more uniformly distributed, and the flow appears more attached to the vehicle's
surface. Additionally, the RANS method shows less detailed vortex shedding in the wake of the
vehicle, resulting in a relatively smooth wake region with less pronounced turbulent structures. The
boundary layer appears stable and attached to the surface, particularly around the vehicle's rear.
This can contribute to a more predictable aerodynamic force distribution but might underrepresent
the actual flow separation and reattachment dynamics.

In contrast, the DDES simulations exhibit a more complex and detailed flow field, with many
small-scale vortices and turbulent structures, especially in the wake region. The wake is filled with
turbulent eddies and vortices, providing a high level of detail in the flow separation and reattachment
zones.

Velocity [m s*-1]
o ? RS P -

Isometric view from the front ; Isometric view from the rear

10 m/s

15 m/s

20 m/s

RANS DDES RANS DDES

Fig. 5. Iso surface of the Q-criterion, colored with velocity for RANS and DDES

Smoother and more attached flow in RANS results in higher drag coefficients can be seen in Figure
4. Meanwhile, the reduced vortex shedding, and wake turbulence mean that the aerodynamic
resistance is higher due to a less efficient pressure recovery in the wake region [36]. On the other
hand, detailed vortex shedding, and turbulent wake captured by DDES contribute to lower drag
coefficients. The enhanced mixing and turbulence in the wake region facilitate better pressure
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recovery, reducing the overall drag on the vehicle. The relatively stable and smooth flow around the
vehicle in RANS leads to a more consistent but lower lift coefficient.

3.3 Velocity Characteristics Around the Vehicle

Figure 6 presents a detailed comparison between the RANS and DDES models for flow around a
simplified vehicle geometry at plane x = 0. It highlights the velocity field in the flow plane and the
pressure distribution on the vehicle surface at three different speeds: 10 m/s, 15 m/s, and 20 m/s.
Both RANS and DDES simulations illustrate the flow acceleration over the vehicle and deceleration in
the wake region. The streamlines in the figure indicate the flow direction and behavior, providing a
clear visualization of the aerodynamic performance under different conditions.

Velocity (On plane) [m s™1] Pressure (car surface) [Pa]
N ) O RS N S oS

O O O A O P OO PN
S A A R

Fig. 6. Comparison of the velocity field in the flow plane, streamlines, and pressure
distribution on the vehicle surface for RANS and DDES methods at three different speeds
atx=0

At 10 m/s, the RANS flow remains relatively attached to the vehicle's surface, with minimal
separation and wake formation. The streamlines show smooth transitions over the vehicle, and the
pressure distribution is relatively uniform, featuring higher pressure at the front and lower pressure
at the rear, indicating minimal lift and moderate drag. In contrast, the DDES captures more detailed
vortices and fluctuations in the wake, indicating a more accurate representation of turbulence.
Although the pressure distribution is similar to RANS, there are more localized variations due to
better turbulence capture. On the other hand, at 15 m/s, the RANS flow begins to show slight
separation near the vehicle's rear, with streamlines indicating a small wake region. There are
increased pressure differences, with lower pressure on the roof and higher pressure on the front and
rear, suggesting slightly increased drag and lift. The DDES shows detailed separation and vortex
formation near the vehicle's rear, with a more complex wake compared to RANS.

At 20 m/s, the RANS flow exhibits more obvious separation and a larger wake region. The
streamlines show significant recirculation in the wake, and significant pressure differences are
observed, with very low pressure on the roof and high pressure at the rear, contributing to higher
drag and reduced lift [37]. The DDES flow shows significant separation with a large, turbulent wake
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region. The streamlines depict complex vortex structures and recirculation zones, and the pressure
distribution shows significant differences, with very low pressure on the roof and detailed high-
pressure regions on the rear and sides, indicating higher lift and lower drag compared to RANS.

To visualize more details flow from the top around the vehicle, two planes are drawn at y = -0.2
and y = 0.2 in Figure 7 and 8. At y = 0.2, both RANS and DDES show similar patterns with slight
differences in the wake region behind the vehicle. DDES may show more detailed structures in the
wake. The RANS flow field shows a smooth and relatively uniform velocity distribution. Low-velocity
regions (blue) are seen directly behind the vehicle, indicating a stable wake and high-velocity regions
(green to yellow) are well-developed along the sides of the vehicle. While DDES captures a more
detailed and turbulent flow structure. The wake region displays significant velocity fluctuations and
eddies, indicating more realistic vortex shedding. Velocity variations are more pronounced compared
to RANS, particularly in the wake.

In the analysis of flow configurations at different speeds (10m/s, 15m/s, and 20m/s) using RANS
and DDES models, distinct trends emerge. At lower speeds (10m/s), both RANS and DDES show
attached flow with minor differences in the wake region, where DDES captures more detailed
turbulence. As speed increases to 15m/s, flow separation becomes evident, more pronounced in
DDES which depicts complex vortex shedding and turbulent structures compared to RANS, which
shows a broader wake with less detail. At higher speeds like 20m/s, RANS struggles to capture
complex vortices and turbulent wakes, while DDES excels in representing detailed, fluctuating flow
patterns with significant turbulence. Overall, DDES consistently shows superior capability in capturing
unsteady flow phenomena and complex turbulent structures compared to the more smoothed-out
representations of RANS, particularly evident in higher speed regimes.
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Fig. 7. Comparison of the velocity field on a plane at y = 0.2
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Additionally, flow structure at lower area of the vehicle presented in Figure 8. In flow condition
at 10m/s, both RANS and DDES models show mostly attached flow with a smoother velocity gradient,
a stable and smooth flow with limited separation, and a small wake region with low velocity
recirculation behind the vehicle. DDES captures minor turbulent structures in the wake, providing
more detail than RANS. On the other hand, in velocity speed of 15m/s, flow separation becomes
more noticeable. RANS shows a broad but less detailed wake, whereas DDES captures more
turbulence and finer structures, with steeper velocity gradients and detailed flow separations and
vortices. Furthermore, in flow condition of 20m/s, the wake region and flow separation are more
pronounced. RANS struggles to capture detailed vortical structures, while DDES provides a more
accurate and detailed representation of the turbulent flow, showing complex eddy formations and
increased turbulence in the wake.

Velocity [m s™-1]
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N o K K2 o

15 m/s 10 m/s

20 m/s

Fig. 8. Comparison of the velocity field on a plane at y =-0.2
4. Conclusions

In this study, the aerodynamic performance of a simplified small city vehicle was evaluated under
different flow conditions using Reynolds-Averaged Navier-Stokes (RANS) and Delayed Detached Eddy
Simulation (DDES) models. The analysis was conducted at three inlet velocities: 10 m/s, 15 m/s, and
20 m/s, focusing on drag and lift coefficients, velocity characteristics, and vortex structures.

At lower speeds (10 m/s), both RANS and DDES show mostly attached flow with smooth velocity
gradients and limited wake regions, though DDES captures more detailed turbulent structures. At 15
m/s, flow separation becomes noticeable; RANS shows a broad, less detailed wake, while DDES
captures more turbulence and finer structures. At the highest speed (20 m/s), RANS struggles with
complex vortical structures and shows smoother flow patterns, whereas DDES accurately represents
turbulent flow, revealing complex eddy formations and significant wake turbulence. DDES
consistently outperforms RANS in capturing unsteady flow phenomena and complex turbulent
structures, especially at higher speeds.

10



Journal of Advanced Research in Experimental Fluid Mechanics and Heat Transfer
Volume 17, Issue 1 (2024) 1-13

The study underlines the importance of using advanced hybrid models like DDES for accurate
aerodynamic predictions, particularly in scenarios involving high Reynolds numbers and significant
flow separations. While RANS is effective for general aerodynamic performance predictions, it falls
short in capturing detailed unsteady flow structures, which are crucial for precise lift and drag
predictions. Therefore, integrating DDES in the design and analysis of small city vehicles can
significantly enhance the accuracy of aerodynamic simulations, contributing to the development of
more efficient and environmentally friendly urban transport solutions.
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