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Abstract. In overall car performance and ride stability, external car aerodynamic study is of great importance, making it a key
element in effective automobile design. In this study, the effect of the vehicle's length on the drag coefficient was numerically
investigated. For this purpose, a CFD analysis based on RANS turbulence models was carried out for six configurations for the
Ahmed body model with different length in addition to the baseline model. Tetrahedral cells were adopted throughout air enclosure
except some prism cells around the vehicle's surfaces. Good agreement for the benchmark model was obtained by comparing current
numerical results with experimental related data. The numerical results demonstrate that 1244mm is the optimal length of the Ahmed
body. Increasing the overall length of the Ahmed body by about 19.15% leads to decreasing drag coefficient by 8.95%.
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Introduction

Aerodynamics is simply focusing on the fluid flows over bodies like airfoils, cars, missiles, rocket etc. Numerous researchers studied
this science due to its contribution in industrial applications. The researchers tries to reduce the drag force as it considered as one of
the main barriers to accelerate road vehicles, just to overcome this adverse aerodynamic force, about 50 to 60 percent of total burned
fuel energy get lost [1]. Due to the legislations of the environmental protection agency to minimize the harmful emissions as well
as consumer requirements for fuel economy vehicles, the aerodynamic drag reduction has been a very significant issue for the
automakers over the last two decades [2]. In the automotive industry, the aerodynamic ability as well as the car model’s appearance
are the deciding factors in attracting the interest of customers. The car body design is the most complex and important part in the
field of automotive production, where there are number of constraints make it a challenging one such as space, esthetics, appeal,
style and aerodynamically refined [3, 4]. Therefore, and from the early days, the designers understood the significance of drag
coefficient reduction and a lot of studies were carried out in this field [5-7]. Various researchers used different numerical approaches
using CFD for treating the turbulent flows in aerodynamics problems especially large-eddy simulation [8-10], direct numerical
simulation [11] along with RANS simulation [12]. Song et al. [13] obtained a 5.6% reduction in Cp of the sedan car by modifying
the rear body shapes. Al-Saadi, et al. [14] showed that, via three dimensional CFD simulation, the aerodynamic drag coefficient of
Land Rover Discovery model reduced by 9.53%. Cho et al. [15] found that the sedan-type car with undercover can reduce the
vehicle aerodynamic drag by 8.4 percent. Tian, et al. [16] numerically showed that the edges slant surfaces of a standard Ahmed
model with flap structures reduced the values of drag by about 21.1%, 21.2% and 17.9% for the configuration angles of 80°, 40°
and 20°respectively.

Shankar and Devaradjane [17] observed that the car drag and lift coefficients reduced by 4.53% and 2.55% respectively by vortex
generators with leading edges toward back end and the middle plane of the vehicle. Shadmani, et al. [18] experimentally
demonstrated that drag force of Ahmed body with plasma actuator system situated in the center of the rear slant surface can be
decreased by 3.65% and 2.44% in steady and un steady actuations respectively. Additionally, the impact of ground clearance had
been studied a lot as in [19-26]

The impact of car modification on reducing the drag had been investigated a lot in terms of changing the shape of the geometries
utilizing different turbulence model. The baseline model in this study is Ahmed body, as the most famous geometry in aerodynamic
of road vehicles. For example, a comparison study between different turbulence models in order to investigate the models that
reveals better solution had been examined by [27] that had been applied on Ahmed body model. PIV techniques had been
implemented also by [28] in order to visualize the fluid flow over a bus model. There are studies focusing on the study of the wake
region as it affect the drag. For example, [29] deduced experimentally as well as numerically that vortex generator reduces the wake
region which attains the augmentation of car efficiency. [30] used k-epsilon turbulent model to study the near-wake of Ahmed body
considering RANS equations to examine the influence of slack angle of Ahmed model. [31] LES had been used also to investigate
the slant angle on drag [32] studied the impact of windshield using CFD code on drag reduction and fuel consumption. [33] utilized
CATIA program to design a bus and simulated numerically utilizing ANSYS FLUENT in order to examine the influence of bus
shape under velocities of (80-120) kmph on drag force. [34] investigate the impact of adding devices on the back of the model which
was square model in order to reduce the drag.

Copyrights @Kalahari Journals Vol.7 No.2 (February, 2022)
International Journal of Mechanical Engineering
1087



It can be seen based upon the mentioned comprehensive review on the Ahmed model that the angle of slant had been studied a lot
under different wind velocities and turbulence models but there are serious limitations regarding the influence of length of Ahmed
model on drag coefficient. Thus, in addition to this work is aimed to study the effect of the vehicle's length on the drag coefficient
and to investigate the optimum length of car. Computational approach is applied to identify the optimum length. CFD simulations
were performed with ANSYS Fluent 16.0 software. Six modified length models, in addition to the standard model are investigated
in order to study the effect of overall length of vehicle on the drag coefficient.

Numerical Simulation

All computational models in this study, baseline and modified models, are created by using SolidWorks while the CFD simulations
are accomplished using ANSYS Fluent.

The motion of any fluid flow can be explained via the governing equations. Conservation equations of momentum, mass and energy
represent governing equations in the present study which is known as Navier Stokes equations. Most numerical studies of fluid flow
around the bluff body are based principally on RANS equations [35]. Realizable k-& turbulence model has a wall function technique
to correct the numerical results near the surfaces of the vehicle. Therefore, no need to use high quality mesh near surfaces. On the
other hand, k-¢ is suitable for high Reynolds number. Other turbulence models (SST and LES) are computationally expensive. The
realizable k-¢ model was applied in all simulations.

Transport equations for k and ¢ were as following [36], [37]:

a(pk) ) .
;t + div (pkU) = div [(5—;) grad (k)] + 2uSij. Sij — pe ()]
d(pe) . . 2
;;g + div (peU) = div [(Z—:) grad (e)] + Cie (i) 214¢S;j.Sij — Caep (%) 2
The eddy viscosity is [36]:
kZ
Uy = pC/,L = (3)
The drag coefficient (Cp) is calculated based on the following equation [38]:
_ 2Fp
D™ pvea 4)
While the following equation is used to calculate the lift coefficient (C.) [38]:
_ 2FL
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Ahmed body was used as a simplified car model for aerodynamic analysis in this study. The Ahmed body has a rear slant angle of
25°. It's body length of 1044mm while it's body height of 338mm. in addition to the Ahmed's body width of 389mm. Fig. 1 illustrates
the standard Ahmed body with dimensions. Six modified lengths (844, 944, 1144, 1244, 1344 and 1444mm), in addition to the
standard model were investigated to study the effect of the vehicle's length on the aerodynamic performance. Two different models
have overall less length than baseline model (configurations 1 and 2). While four different modified Ahmed body models have more
length than standard model (configurations 4, 5, 6 and 7). In addition to the baseline model which represented in configuration 3 as
shown in Table 1.

Table 1. Seven different configurations of the Ahmed body.

Configuration H (height) L (length) H/L

1 338 844 0.4

2 338 944 0.358
3 338 1044 0.324
4 338 1144 0.295
5 338 1244 0.272
6 338 1344 0.251
7 338 1444 0.234
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Figure 1. Standard Ahmed body [39].

SolidWorks software was used to create all computational vehicle models in this study. The computational domain was formed
using ANSYS Fluent software. It consists of inlet, outlet, side walls, top wall (roof), bottom wall (road). Fig. 2 represents the
computational domain used in all simulations.

im

Figure 2. Numerical computational domain.

The tetrahedral cells throughout computational domain and prism cells around Ahmed's surfaces were generated using ANSYS
meshing. Five prismatic layers were used around all surfaces of the Ahmed body as well as over the road to increase the accuracy
of results. Mesh refinement with varying levels was adopted to obtain high quality mesh. A range between 250x10% and 15x10° was
used for the total number of cells to achieve the optimal number of cells as mentioned in the next section (computational results).
Three volumetric control boxes around the vehicle model are included within the refinement to control growth ratio which was 1.2.
The mesh inside computational domain for the Ahmed body model is presented in Fig. 3.

Boundary conditions used in all numerical simulations were similar to those adopted in the experimental tests. Uniform initial air
velocity was used between 6.8 m/s and 77 m/s. Stationary surfaces of vehicle with no slip were adopted. All computational domain
walls were stationary with no slip as in the experimental tests.

Figure 3. Mesh of the standard model of the Ahmed body (Side view).
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Computational results

The simulation results of all configurations, standard Ahmed body and all modified models, are described in this section. Grid
independence for the benchmark was investigated for a wide range of mesh density. It is found that 5.8x10° cells for half
computational domain is the optimal number of cells as shown in Fig. 4.

Comparing the simulation results of standard Ahmed body with some experimental data was achieved first in order to validate the
numerical method which was used in this study. The numerical results of the current study have a similar overall behaviour to the
particular studies of Ahmed et al. [39], Meile et al. [40] and Bello-Millan et al. [41] as shown in Fig. 5. The percentage error between
present numerical study and other previous studies were between 2% (Ahmed et al.) and 20% (Thacker et al.). Table 2 illustrates all
percentage error between current study and related studies.
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Figure 4. Lift and drag coefficients as a function to number of cells.

Seven different configurations of the Ahmed body (as described in Table 1) were simulated in order to achieve the optimal length
for this bluff body. Pressure drag and skin friction drag are the two components of the total drag coefficient.

The faster regions of the flow within boundary layer are affected by the slower regions. Therefore, internal shear stresses increase
in boundary layer due to the velocity gradient. This friction is known as skin-friction drag. Flow over curved surfaces lead to increase
the pressure in the flow direction. Resulting in an unstable boundary layer and separating the flow from the car surfaces. This kind
of drag is called pressure drag.

Fig. 6 shows total drag and its components. Skin friction drag depends on the total surfaces of the vehicle. Therefore, long vehicles
have higher drag of skin friction than short vehicles as shown in Fig. 6 (green curve). While the long vehicle has pressure drag less
than short vehicle as shown in Fig. 6 (red curve). The minimum total drag is at 0.27 of H/L. The optimal length of the Ahmed body
is 1244mm.
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Figure 5. Comparative between current study and relative studies for standard Ahmed body.
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Figure 6. Pressure drag, skin friction drag and total drag for all configurations of the Ahmed body model (6 modified models and
standard model).

Table 2. Percentage error between current study and related studies.

Bello-Millanetal.  Meile et al. (2011)  Thacker et al. Ahmed et al.
(2016) (2012) (1984)
Percentage error (%) 14 6 20 2

Conclusions

Mesh density has a great influence on the drag and lift coefficients. Therefore, testing mesh independency is a crucial step in
numerical simulation. All numerical Cp of the Ahmed body are in agreement with previous related experimental data for a wide
range of Re. Standard Ahmed body and six configurations of the Ahmed body model with different length were investigated in order
to achieve minimum drag coefficient. Increasing surface area of vehicle leads to increase in drag of skin friction. Pressure drag
increases with decreasing of vehicle length.

Separation of boundary layer occurs faster in short vehicle than long one. Therefore, pressure drag for the short length vehicle is
higher than long vehicle for the same design. While the skin friction is vies versa.

The optimal length of vehicle is at the intersection drag of skin friction with pressure drag. Increasing the overall length of the
Ahmed body by about 19.15% leads to decreasing drag coefficient by 8.95%. Air resistance forms about 50% of the overall moving
resistance when the vehicle moves at 27.77m/s. Therefore, half engine power of the vehicle is consumed by the aerodynamic drag
while the rest is dissipated by rolling resistance. Reducing drag by 9% in optimal length leads to 4.5% reduction in fuel consumption.
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