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In recent years, there has been an increasing interest bluff body vehicle aerodynamic.
Bluff body vehicle is the vehicle segment category comprising buses, van, multi-
purpose vehicle (MPV), small utility vehicle (SUV), truck and lorry. The bulky size of
these bluff body experienced a large aerodynamics drag when travelling at high speed.
These aerodynamic drags are contributed by large pressure drag at front and boundary
layer separation on vehicle wall and wake region at the back of the vehicle. It is
becoming increasingly difficult to ignore the effect of boundary layer separation on top
of the bluff body towards the aerodynamic drag. Recent developments in the field of
vehicle aerodynamic have led to a renewed interest in boundary layer separation
phenomena on bluff body. Most studies in boundary layer separation have only been
carried out on the wake region at the rear of the bluff body due to shape limitation of
the bluff body itself. This research will focus on examine the boundary layer separation
on top of bluff body by the adaptation of golf ball dimple grid which will be introduced
on top of a generic bluff body in various location. The dimple grid will be further
optimize using design of experiment (DOE) approaches. The computational fluid
dynamic (CFD) simulation method is one of the more practical ways of validating the
bluff body model and this will be further validate using physical wind tunnel
experimental. It is possible to hypothesize that the dimple depth, size, grid pattern and
location most likely have influential effect to the boundary layer separation. In general,
therefore, it seems that drag reduction was possible by the alteration of flow on top of
the bluff body. The optimized design shows prominent result as it contributes around
36.5% of drag reduction.
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1. Introduction

The large size of the bus experienced a large aerodynamics drag when travelling in long distance
at high speed. Normally, drag force can be divided into 2 types which are pressure drag and friction
drag. Fiction drag is related to the boundary layer is induced which the front and rear parts has a
huge pressure difference and this will affect the fuel consumption [1-2]. According to research
obtained, when a vehicle is travelling in 100 km/h, the aerodynamics drag caused the heavy vehicle
consume about 65% of the total energy consumption and for medium-size sedan it caused it to
consumes around 20% of the fuel consumption [3-4].

There are two main factors that affect drag coefficient of bluff body which are the roundness of
its front corner and the flow separation at its rear end. Hence, in this research we just focus on the
flow separation which are reducing the boundary layer or the wake. Based on the stimulation results
showed that by adding a designed dimple on vehicle roof and engine cover able to reduce the drag
coefficient up to 10.31% when the vehicle is travelling in the speed of 30 m/s [5]. This is due to the
dimples able to create an early transition to turbulent boundary layer and this helps the flow attached
to the surface and reducing the boundary [6]

The increasing of fuel cost and environment burden on fossil fuel should widely concerned in
automotive field. Based on this research, reducing the drag coefficient able to help the automotive
manufacture company to design a vehicle with least fuel consumption by adding a passive drag device
without changing the exterior design which are complicated and costly. The vision of this research is
to help local bus company to reduce the fuel consumption of each buses by adding the drag reduction
devices.

2. Methodology
2.1 Benchmark Ahmed Body Model Development

A basic vehicle model called Ahmed Body is developed as shown as Figure 1 as a benchmark
model in this project. Ahmed Body is the simplest car model created by Ahmed et al., [7] in 1980’s to
investigate the behaviour of newly developed turbulence models for the complex geometry cases.
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Fig. 1. The standard geometry of Ahmed Body
However, in this research some changes have been done to parameter of the Ahmed Body. The

Ahmed Body model with no back slant angle was created using CATIA V5R21 software as shown as
Figure 2.
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Fig. 2. The geometry development of
benchmark model of Ahmed Body

2.2 Wind Tunnel Geometry Design

The wind tunnel wind tunnel geometry design should be at least two to three vehicle lengths of
space in front of the car and at least five vehicle lengths behind the vehicle [8]. Based on Wang et al.,
[4], the wind tunnel has the gap between the wind tunnel and the model at least two to three times
the dimension of the model in that respective dimension. In this research, a half body simulation is
planned to carry out in this research. Thus, the wind tunnel dimension will be cut half with the
dimension of length L = 8.352 m, Width W = 0.935 m, and the height H = 1.400 m. The wind tunnel
geometry is shown as Figure 3.

Fig. 3. The dimensions of the wind tunnel

Since half body simulation is planned to carry out in this research. Therefore, Boolean’s operation
is carried out to combine and removed half of the Ahmed Body part from the wind tunnel part as
shown as Figure 4.

R

Fig. 4. Boolean operation effect between the wind tunnel
and Ahmed Body part
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2.3 AcuSolve Virtual Wind Tunnel Setup

Before carry out the wind tunnel test, each surface of the wind tunnel model and Ahmed Body
were indicated as inflow surface, outflow surface, slip, ground, body, and symmetry. The Spalart
Allmaras’s turbulence equation was applied to indicate the turbulence flow. The, the inflow free
stream velocity of 30.56 m/s with the eddy viscosity of 1e-5 was defined as the inlet-velocity which
is same as 110 km/h speed allowed in Malaysia [9]. Surface meshing of Ahmed body are generated
with 5 mm of triangular elements (1 mm absolute size elements is mesh in dimple surface geometry
when the modified model is generated).

2.4 Design of Experiment (DoE)

DoE able to identify important interaction between the input factors and its effect at the same
time and all possible combination can be investigated. A two-level factorial of experiment and four
type of factors are developed in this experiment. Each factor has 2 types of parameters and in this
research just focus on the dimension of the dimples position shifting. Other of the factors and its
parameter will just have obtained from the journals related. The factor variables are tabulated in
Table 1. Since 4 variables of 2 level factorial design was used. Therefore, there are total 16 different
type of combination of factor is generated as shown as Table 2 and as illustrated in Figure 5.

Table 1

The input level of each variables

Factors / Variables Low Level (-) High Level (+)
A 104.4 mm 313.2 mm

B 29.7 mm 39.7 mm

C 4.06 m? 12.18 m?

D 2mm 4 mm

*Note: A = Dimension of Dimple Shifted, B = Diameter of Dimple, C = Dimple Coverage
Area, D = Depth of Dimple

Dimple cross section I
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DOCo0 Rear

[elelslele]

Model Top View
Fig. 5. Dimple diagram
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Table 2

Matrix design of experiment

No A B C D
1 - - - -
2 + - - -
3 - + - -
4 + + - -
5 - - + -
6 + - + -
7 - + + -
8 + + + -
9 - - - +
10 + - - +
11 - + - +
12 + + - +
13 - - + +
14 + - + +
15 - + + +
16 + + + +

3. Results
3.1 Design of Experiment (DoE)

Based on the Figure 6 and Figure 7, it showed that all the points lie around the normal line and
according to the Pareto chart which show in Figure 8; it can clearly see that the factor of dimension
of dimple shifted, dimple coverage area and depth of dimple is over the t-Value limit which means
those factors are significant to the response of drag coefficient.
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Fig. 6. The half-normal plot
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3.2 Optimization Results
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Fig. 7. The normal plot
Pareto Chart
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Fig. 8. The Pareto chart

The numerical optimization is carried out to get the best model and there are some optimization
criteria can be set as shown as Table 3. The top 5 value of desirability will be chosen and from that
top 5 solution; the one solution which has the desirability value that closest to 1 will be the
optimization result as shown as the colour region in Table 4.
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Table 3
Optimization Criteria Setting
Factor Goal Lower Limit Upper Limit Importance
A isin range 104.4 313.2 3
B isinrange  29.7 39.7 3
C isinrange  4.06 12.18 3
D isinrange 2 4 3
Cd minimize 0.205 0.262 4
Table 4
The input level of each variables
No. A B C D Cdq Desirability
1 104.400 39.700 4.06 2.000 0.211 0.894
2 105.102 39.659 4.06 2.000 0.211 0.892
3 104.405 39.591 4.06 2.001 0.211 0.891
4 105.829 39.700 4.06 2.005 0.211 0.890
5 104.400  39.476 4.06 2.000 0.211 0.889

3.3 Optimized Model of Ahmed Body

The Ahmed Body has the high pressure acting on it and the air become stagnant when it collides
on the frontal area of the model which caused the high pressure acting on it. The higher-pressure air
then gets separated and flow to upper and lower surface of Ahmed Body. The air after flow through
the frontal area then are accelerated and this caused the pressure to drop as shown in Figure 9.

pressure

858.402
779.506
700.609
621.713
542.817

M 463.920
385.024
306.128

|227.231
148335

Fig. 9. The pressure contour of optimized model for Ahmed Body

Based on the Figure 10, the lower velocity on the top surface of the Ahmed Body due to the
boundary layer separation at the edge of the nose of the frontal surface of the Ahmed body created
a small wake region and then the air flow detach back to the Ahmed Body’s top surface. When the
air continue flow to the rear part of the model, the notch caused the vacuum space to occur and it
creates a large wake region behind the Ahmed Body’s rear part.

By comparing to the benchmark model show in Figure 10 and Figure 11, the wake region formed
at front top surface is reduced when the dimple is added. This is due to the tinny pocket turbulence
is induced. The airflow pressure inside the dimple area increase and when then airflow continue flow
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out from the dimple, the pressure slightly decreases and this caused the airflow always attach to the
surface of the dimple [10].

Fig. 10. The velocity magnitude contour of benchmark and optimized model Ahmed Body

. Optimized Model

Fig. 11. The velocity magnitude contour of benchmark and optimized model Ahmed Body

Figure 12 showed the comparison between the pressure coefficients along the surface of the
Ahmed Body without adding any dimples and with dimples. At the top surface of the upper body,
lower in pressure gradient value resulting to the reduction of boundary layer separation. Hence, drag

coefficient value will be lower. The greater the pressure gradient, the greater the boundary layer
separation.
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Modified —— Benchmark

Pressure Coefficient, Cp

Distance

Fig. 12. The graph of the comparison of pressure coefficient
3.4 Fuel Consumption

Assuming that the velocity of the coach bus travelled, v: 30.56 m/s (110 km/h), The frontal area
of the coach bus, A: 9.69 m?. Mass of the real coach bus, m: 16000 kg. Percentage of Fuel Reduction
due to reduction of drag coefficient is 18.58%.

Since the drag reduction is about 36.5%, if the optimized model’s design is applied to the real buff
body vehicle such as coach bus; the fuel reduction for the coach bus will be increase up to 18.54%
(Table 5).

Table 5
Comparison of Fuel Consumption based on Optimized Drag Coefficient
Model Benchmark Optimized
Drag Coefficient, Cp 0.52 0.33
Drag Force, D 2.88 kN 1.83 kN
D = 0.5 pv2AC,
Power Required to overcome the drag force, Pp 88.08 kW 55.90 kW
Pp = 0.5 pv3AC,
Rolling Resistance, Fr 1.57 kN 1.57 kN
Fr=mxgxC(C,
Power Required to overcome the rolling resistance, P 48 kW 48 kW
Pr=mXgxC.Xv
Transmission Power losses, Pr 9.6 kW 9.6 kW
Pr=0.2 X Py
Fuel used to overcome aerodynamic drag, G 0.302 0.246
Pp
G=0> (PD + Py + PT)

4. Conclusions

As a conclusion, the implementation of dimple on top surface of Ahmed body has reduce 36.5%
drag coefficient value at position 104.4 mm from front top surface of Ahmed Body. When the dimple
is at corresponding position on top surface of upper body. This gives an outcome fuel savings at
around 18.54%.
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5. Recommendation for Future Work

Since Ahmed body is the simplest wind tunnel model used to represent the ground vehicles, in
order to improve the quality of the simulation result; a real model of vehicle design is recommended
to use in virtual wind tunnel test in future work. Since the real vehicle model geometry has the similar
geometry and layout design to the real vehicle, hence it able to track and investigate the airflow along
the vehicle more reality and its results are more accurate. Besides that, underbody flow is one of the
factor that effect the aerodynamics drag. There is about 30% of the total drag which is origin from
the underbody flow [11]. A little modification can be carried out to control the underbody flow such
as undercarriage straight skirt, it able to block the lateral flow from the side wind through the gap
between ground and the vehicle body [1].
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