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Abstract
Heavy Duty Buses, Aerodynamics ~ Heavy-duty buses (HDBs) play a vital role in public transportation systems;

Keywords

Performance, Computational however, their blunt body geometry results in significant aerodynamic drag,
Fluid Dynamic leading to high fuel consumption. Traditional experimental methods for
evaluating HDB aerodynamic performance are time-consuming, resource-
intensive, costly, and limit the number of design configurations that can be
studied. Therefore, this study employs computational fluid dynamics (CFD) to
analyse the impact of different slant angles on HDB aerodynamic performance
and assesses the reliability: of \CFD predictions by comparing them with

published experimental data. A three-dimensional bus model was created using
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ANSYS Design Modeller, and numerical simulations were conducted in
ANSYS Fluent under appropriate boundary conditions. The rear tilt angle was
systematically varied to investigate its effect on the drag coefficient. Results

Copyright @Author

Corresponding Author: * indicate that the rear tilt angle significantly influences aerodynamic drag, with

Irfan Ahmed the drag coefficient reaching its minimum at a 12.5° tilt angle. Furthermore,
CFED calculations showed good agreement with experimental results, with
deviations consistently below 6%. These findings validate CFD as a reliable
and cost-effective tool for predicting the aerodynamic performance of heavy-duty
buses.

INTRODUCTION

The heavy-duty buses (HDB) are considered a
major mode of public transportation around
the world [1], [2]. These buses are accessible,
safe, and affordable to the large portion of the
population, which also reduces traffic
congestion [3], [4]. Despite their number of
benefits, HDB consume significant amounts of
fuel due to their bluff body and shape [5], [6].
Their  geometry  generates  considerable
aerodynamic drag, which can contribute to 10
to 20% of the total fuel usage [7]. Reducing this
drag not just lowers operational costs but also
provides environmental benefits [8], [9]. These

benefits includes reduction on CO, emission
during life cycle [10], [11], [12], [13].
Previously, numerous studies have been
conducted on the design of the HDB to reduce
the aerodynamic drag and to enhance the fuel
efficiency of buses. For instance, Gilhaus [14]
conducted the wind tunnel test to study the
effect of cabin edges on the aerodynamic
performance of HDV and found that angular-
shaped cabin buses had lower aerodynamic
drag than rounded cabin buses. In 2016,
Aulakh [15] developed the experimental setup
to investigate the influence of underbody
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diffuser angle on aerodynamic drag of HD-BS.
His findings revealed that the underbody
diffuser angle had a significant effect on the
drag coefficient, and the HDB, which had a 7-
degree underbody angle, had a better drag
coefficient than other HDB. Additionally,
Huminic et al. [16] observed similar findings
while studying the impact of underbody tail
angle on the aerodynamic performance of a
simplified bus model. Whereas in 2016, Harun
et al. [17] studied the impact of various frontal
air deflectors on the aerodynamic drag of
various HDVs and found that the models that
were used in Pakistan had approximately a 56%
higher drag reduction rate than the simplified
model of air deflectors. Moreover, Ahmed et al.
[18] conducted the experimental study of
different HDB with various slant angles from O
degrees to 45 degrees and found that the model
that had a 12.5-degree slant angle had better
aerodynamic performance than the others.

From previous literature it has been observed
that the aerodynamic characteristics of buses
have been assessed through wind-tunnel
experiments or fullscale road tests [19], [20],
(21], [22], [23]. While these experimental
methods deliver accurate results, they are costly,
time-intensive, and limit the number of design
configurations that can be tested in the wind
tunnel [24]. Therefore, in the last few decades,
researchers  have  given  attention to
computational fluid dynamics (CFD) to study
the aerodynamic characteristics of different
systems because CFD offers a rapid, flexible,
and cost-effective approach to evaluate multiple
design  variations  without  experimental
resources [25]. Like in 2017, Mir et al. studied
the impact of convergent angle on the
aerodynamic performance of a nozzle by CFD.
In their study they generated a coarse mesh of

the nozzle model and found an 8% difference
with experimental results. Meanwhile, in 2017,
Moghimi and Rafee [26] conducted the
experimental and computational study of
Ahmed's O-degree model. In their study they
generated coarse mesh for computational work.
Whereas their study showed 8.3% error
between experimental and computational
results.

Since only limited CFD-based research has
been conducted on HDB, the present study
aims to perform detailed CFD simulations
using a refined mesh model to investigate the
influence of various slant angles on
aerodynamic drag. In addition, the study seeks
to validate the numerical results against
previously published experimental data to
assess the consistency and reliability of the CFD
findings.

1. Methodology

1.1. HDB Models, Meshing, and
Boundary Conditions

To investigate the effect of slant angle on
aerodynamic drag of HDB the simplified 0°
Ahmed model have been used as a baseline
model in this study as shown in Figure 1(a)
[18]. The model 3D model was developed on
ANSYS modeller. Additionally, different
models were developed by just changing the
backword slant angle from 0° to 40° (See
Figure 1(b)). The design characteristics of bus
and flow filed boundary conditions are given in
Table 1 and shown in Figure 2. The Reynolds
number were set based on the height of model.
The working medium was air. The model's
ground  clearance  was  0.17H.  The

computational domain cross-sectional
dimensions were set to 11Hx11.7Wx=12.5L.

(a) 0°Ahmed model
Figure 1 Simplified models used in this study

(b) 12.5°Ahmed model
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Table 1 Design characteristics of models and initial boundary conditions
Design Parameter Specification
Bus Length 1044mm
Width 389mm
Height 288mm
Frontal edge radius (r) 100mm
Reynolds number (Re) based on model height 1.18 x 1076
velocity 30 m/s
Outlet Pressure Ambient
Symme
ymmetry Pressure
outlet
11.1H
Velocity

inlet

,'\
-

-

-3

125

Wall

Figure 2. Computational setup of model

Furthermore, the mesh was generated using
ICEM and the mesh was refined near the wall
of the model. The number of meshes per
vehicle was about 89 million. Figure 3 shows
the mesh generation of the Ahmed model with
a slope angle of a=12.5°. The mesh situation of
other working conditions is similar. The

calculation boundary conditions are: velocity
inlet boundary, pressure outlet boundary,
symmetrical boundary conditions on both sides
and top surface, and no-slip wall boundary on
bottom surface and model surface. The
commercial software Fluent was used for

numerical solution.

Figure 3 Mesh model for computational study

2.2. Governing Equations and Solver Settings.
The 3D steady RANS equations were solved
with the two equations SST kw model
(Menter, 1993) for closure [27]. The choice of
the SST k-w model was made based on its good
effect on the simulation of the separation flow
with a large adverse pressure gradient. The SST

k-w> model is a combination of k-w model
appropriate for the wall region and logarithmic
region of the boundary layer and k-& model
applying to the outer region of the boundary
layer [28]. Compared with the standard k-w
model, the SST k-w model weakens the
influence of far-field and inlet. The governing
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equations of SST k-w model are represented

Dk _ ;. 0Ui_ p+ 9 He) Ok
'DDl’ - TU ax]' p'B kw+aX]' [(M+ ) ]

o/ 0xj

below

Equation (1)

Where, k, u, 4, @ and T; are turbulent kinetic energy, molecular viscous force, eddy viscosity
coefficient, dissipation ratio and Reynold stress, respectively.

Furthermore, the aerodynamic drag of a body mainly comes from pressure difference drag and surface
friction drag. The aerodynamic drag calculated in this paper is as follows:

F.=|[ Pda +[[ z.d4,

F

CD=1 Xz
—pU A
20 7

‘CD;FD - CDiEXP

AC, (%) =100

D_EXP

Where, P is the static pressure (relative to
atmospheric pressure) on the model surface, A,
and T, are the windward area and frictional
stress of the model along the x-direction,

respectively. p is the air density * Uy is the
inlet flow velocity, Cp is the drag coefficient,

d CD _EXP

C )
D_CFD are the numerical

an
simulation and experimental values of the drag
coefficient, respectively, and ACp is the
calculation error between experimental and

simulation results.

2. Result and Discussion

2.1. Effects of Slant angle on drag
coefficients

The aerodynamics performance of heavy-duty
bus models with change of slant angles is
investigated by considering the corresponding
drag coefficients with the help of numerically
CFD simulations based on SST k-w model. The

impacts of slant angles on drag coefficients

Equation (2)

Equation (3)

Equation (4)

ranging from 0° to 40° and are discussed in
Figure 4 and Table 2. Simulation results reveal
a non-inear relationship between slant angle
and dragging coefficient. The baseline model
depicts a drag coefficient of approximately
0.258 at the angle of 0°. However, a decrease in
coefficient of drag was detected at the angle of
12.5°, where minimum value of 0.23 was
observed. Although, a steady increment in
dragging coefficient is examined beyond 15°
and notable rise is observed between 20° to 30°.
The findings reveal that 12.5° configuration
yields an optimal aerodynamics performance.
The computational results are validated with
existing available experiments results [18],
finding reveals a good agreement with
minimum deviation below 5% for most of
cases. The largest relative error (5.8%) is
observed at 30° model, while least (0.84%) at
20°. This confirms that SST k-w model and
refined mesh provide reliable numerically
predictions of external flow behaviors around
bus-like boundaries.
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Figure 4 Effect of slant angle on Drag coefficient
Table 2 Simulation and previous experimental results

a(®) 0 5 10 12.5 15 20 25 30 35 40
Cpexp 0250 0.233 0230 0.230 0.235 0.253 0.286 0.262 0.258 0.255
Cpcrp  0.258 0.241 0.240 0.241 0.244 0.255 0279 0.277 0.269 0.266
ACph(%)  3.0% 33% 4.0% 44% 3.7% 0.84% -25% 58% 4.5% 4.1%
Figures 5 demonstrate the velocity and region of wake is notably decreased and
streamline distributions along longitudinal pressure behind the vehicle was significantly

symmetry plane for different slant angles. A
large region is  formed
immediately behind the vertical surface, which
leads to high dragging pressure due to low-
pressure wake at the angle of @ =0° as shown
in Figure 5(a). Flow separation occurs sharply at
roof rear junction and wake region was
dominated by a large vortex structure. Whereas
the slant surface promotes flow reattachment
and smooth velocity transition at the optimal

angle of @ =12.5° as shown in Fig 5(b). The

recirculation

improved. Moreover, Fig 5(c) at angle of
a =25° depicts as the angle rises, the partial
flow detachment occurs along the slant surface.
The wake regions started to increase again, the
velocity shortfall downstream becomes more
pronounced. Additionally, Fig 2(d) at angle of
a =35°, demonstrates flow separation take over
the most of the slanted surface. Two large
counter rotational vortices dominate the field
of flow, which leads to an increase in drag.

o o

oo, I

0.2 0.4 0.6 0.8 1 1.2 1.4 0.2 0.4 0.6 0.8 1 1.2 1.4
(a) @ =0° (b) @ =12.5°
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(¢) a =25°

0.2 0.4 0.6 0.8 1 1.2 1.4

(d) a =35°

Figure 5 Velocity and streamline distribution contours around the span wise symmetry plane

Fig 6 compares the three-dimension streamline
patterns around HD-B models with several rear
slant angles. This highlights the change in
vortex structure, flow attachment and wake
region behavior with alteration of geometry. Fig
6(a) at angle of a =0° illustrates that
streamlines diverge at the rear, which causes
symmetric and broad wake. Therefore,
backflow intensity is high and detached flow
region is wide. However, Fig 6(b) at angle of
a =12.5°depicts that streamlines remain closely
attached to slant surface for a longer distance
before separation. Wake is narrow, with more
stable and ordered vortex shedding. This

optimal  result has shown  improved
aerodynamic stability and reduction in pressure
drag. Whereas Fig 6(c) at angle of a =35°
depicts  streamlines detach  prematurely,
unstable vortex pairs and large scale that
oscillate in the near wake region. Therefore,
enlarged separation bubble and turbulent mix
zone resulted in high total drag and unsteady
aerodynamic behavior. The 12.5° configuration
achieves optimal balance between surface
pressure and wake stability, whereas excessive
inclination (> 35°) results to dominate vortex
formation and significant aerodynamic losses.
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(c) a=35°
Figure 6 Backside streamline distribution of models with different slant angles.

3. Conclusion
In this study the CFD simulation was
conducted to study the aerodynamics

performance of HDB with respect to different
slant angles. From finding of this research
following conclusions are drawn.

° The slant angle had significant effect
on aerodynamics drag of HDB, where the
optimal drag coefficient was around 0.230 with
the model having slant angle 12.5°.

° All  CFD results showed close
alignment with previous experimental results
and the error remained between 0.8% to 5.8%.
° CFD is the efficient method that can
assess the aerodynamic performance of HDB
without experimental resources.

. CFD has capability of in-depth

visualisation of flow behaviour around HDB.
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