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influence of the cylinder on the truck's drag force. The study was conducted by comparing
truck without additional cylinder above the truck’s head, truck with windshield, and truck
with cylinder variations, which round, type-I, and type-D cylinders. In the simulation, the
analysis was carried out at a velocity of 30 m/s using the k-epsilon turbulence model. A
grid independence test was conducted to minimize errors and optimize iteration time. The
simulation results showed that using round, I-type, and D-type cylinders as an alternative
to the windshield reduced the truck's drag coefficient, with the D-type cylinder achieving

Keywords: the highest reduction in drag coefficient, which is 0.72. Modifications in the design of the
Truck; drag reduction; cylinder; CFD drag reduction cylinder can lower fuel consumption indirectly by 6.95 % using a D-type
simulation cylinder.

1. Introduction

Aerodynamics is the study of how moving objects interact with the air [1]. The result of the
interaction between a moving vehicle and the air is in the form of downforce, lift force, and
aerodynamic drag force. Aerodynamic drag consists of two components: pressure drag and friction
drag. Due to the influence of the boundary layer separation and wake region on the rear of the object,
pressure drag is closely related to object geometry and provides for more than 80 % of the total drag
on the vehicle [2,3]. The location of the boundary layer separation and wake directly becomes an
essential factor in determining the value of aerodynamic drag, currently known as the drag
coefficient (Cp) [4].

The shape of the vehicle body and the airflow velocity will significantly impact the drag
coefficient, especially the vehicle body, like a truck with a large cross-sectional area. According to the
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aerodynamic drag formula, the cross-sectional area was the one that affected the results of the drag
force. A larger cross-sectional area means the more the drag force received by the truck when given
the fluid's velocity, thus reducing the engine's and fuel's efficiency. A design vehicle such as a truck
can be accepted if there is a decrease in the drag coefficient and an increase in stability to increase
the efficiency; thereby, researchers often conduct a preliminary analysis using CFD software to assess
the aerodynamic [3]. The drag value is heavily influenced by the aerodynamic design of the truck
body. Components such as skirts on the sides and boat tails on the back of the truck can be added to
reduce drag. By adding this component, research by Praveen et al., [5] and Landman et al., [6] was
able to reduce the drag on trucks by 30 %. A windshield can also be added to the top of the truck to
reduce drag. According to research conducted by Firman et al., [7] using CFD simulation on the design
of trucks with a windshield, adding a windshield can lower the amount of drag on the vehicle. A
similar result was found by Charles et al., [8] on trucks that had a windshield deflector added. This
component can potentially reduce the truck's drag by 34 %.

The existence of these components is thought to demand high installation costs. One alternative
that can be used to replace the windshield to reduce drag is the addition of a cylinder at the front of
the truck. According to research by Tsutsui et al., [9], putting a tiny cylinder in front of the main
cylinder can reduce drag by up to 63 %. This research also is supported by Gunawan et al., [10], which
reveal that the presence of a barrier in the form of a small cylinder can reduce drag on the main
cylinder by 64.5 %. The drag will increase as the distance between the small and main cylinders
increases due to the location of the flow separation point. The same thing was also conducted by
Widodo et al., [11] by adding two circular disturbance bodies at the front of the main cylinder to
create a turbulent flow pattern, which delays the flow separation point and reduces drag.

Based on previous research by Gunawan et al.,, [10] and Yuwono et al., [12], adding a small
cylinder in the front of the main cylinder will reduce drag on the main cylinder. Therefore, since no
research scrutinized the utilization of the cylinder on the truck, which is potentially used as the drag
reduction device. Thus, it is necessary to conduct further preliminary analysis using Ansys Fluent CFD
simulation software regarding the application of various type cylinders in aerodynamics to reduce
drag on the trucks by mounting the cylinder on the truck head. The purpose of adding this cylinder is
to break up the airflow and create a turbulent flow pattern, which delays the separation point in the
aerodynamics region.

2. Methodology
2.1 Design and Computational Method

In this study, the 3D truck model was designed using Autodesk Inventor Student Version 2020. To
investigate the truck's aerodynamics, ANSYS 20.2 was used as computational fluid dynamic software
by importing the 3D geometry to ANSYS Fluent. ANSYS Fluent was chosen since it uses the cell-
centred method as its finite volume method, which has larger degrees of freedom that allows the
simulation to run appropriately [12]. ANSYS is used extensively in the simulation of various topics of
internal flow such as infusion pump [13], heat transfer of flow in pipes [14,15]; and many topics in
external flow of aerodynamic object such as airfoil [16], irregular shape object [17] and wind turbine
rotor [18]. ANSYS Fluent is the most common simulation software used in car aerodynamic simulation
[19-23]. In general, simulation processes can be classified into three steps: pre-processing, solver,
and post-processing. First, pre-processing was a process in which the 3D geometry was designed and
imported; subsequently, the meshing process was conducted to the geometry; the mesh quality in
this process would also determine the accuracy of the simulation. Secondly, before running the
simulation, the boundary condition was adjusted to define the initial condition of the simulation, and
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the solution method was selected to assist in the convergence of the simulation. Subsequently, after
running the simulation, the solution process should be convergence before evaluating the simulation
results. If convergence cannot be obtained, then configurations in the solver stage should be revised.
Finally, the post-processing stage can be assessed after the convergence of the solution process.
Furthermore, the simulation result was investigated, especially coefficient drag, drag force, velocity
contour, and velocity streamline.

2.2 Truck Model Geometry

The truck geometry is simplified by the model throughout the simulation process using Ansys
Fluent, and the truck dimensions may be shown in Figure 1.
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Fig. 1. Truck models without drag reduction in the simulation

In this study, variations in drag reduction were simulated to investigate the effect of adding drag
reduction to the value of the drag coefficient and the flow pattern around the truck. Table 1 exhibits
the truck's geometry by adding the windshield, the drag reduction cylinder, the D-type drag reduction
cylinder, and the I-type drag reduction cylinder. According to Igarashi et al., [16], the ideal cut angle
(6f) for the D-type cylinder is 53°, and the optimal cut angle (6;) for the I-type cylinder is 127° (Figure
2). Since these two types of cylinders have not been utilized to observe the performance of
aerodynamics in the truck, this study would harness two types of cylinders as the reference
construction to the drag reduction device based on the cylinder.
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Fig. 2. Type-D and type-I cylinders on research by Igarashi et al., [16]
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Table 1
The variation of the drag reduction devices on the truck
Description Geometry

»

Windshield Drag Reduction

1228

B56

Cylinder Drag Reduction

Type-D Cylinder Drag Reduction

m— '
260 I
—
Computational Fluid Dynamics (CFD) is a fluid flow analysis method that uses numerical analysis
to solve the Navier-Stokes equation for the movement of each fluid particle [17]. Fluid flow analysis

in @ model is carried out to analyze fluid particles' movement and behavior in detail, also the fluid's
pressure and velocity contours around the model. The basic theory behind the implementation of

Type-l Cylinder Drag Reduction

a
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2.3 Numerical Method
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CFD analysis is to divide the fluid flow into small cells, and each mesh will be solved using the three-
dimensional Navier-Stokes equation as follows [24-26]

Continuity
oz o
Momentum
xp( +u%+v3—z+w%)=v(%+%+%)—z—z+fx (2)
yip(Z+u+v —+w‘;Z)— (Z—;+—+—)——+fy (3)
z:p(%—":+u2—:+v2—v;+wz—j)=U(Zj€f+gz}f+%)—g—z+ﬁ (4)

The computation's findings will eventually be used to calculate numerous parameters, including
the Reynolds number. The Reynolds number is a numerical value that can determine whether a fluid
flow is the laminar, transition, or turbulent. The Reynolds equation produces a dimensionless number
representing the ratio of inertial to viscous forces [7]. The Reynolds number can be expressed using
the Eq. (5)

pvD
u

Re = (5)

where Re is the Reynolds number, p is the fluid density (kg/m3), D is the diameter of the object (m),
vis the fluid velocity (m/s), and W is the dynamic viscosity of the fluid (kg/ms). Increasing the Reynolds
number will cause a fluid flow to become turbulent. One way to increase the Reynolds number is to
accelerate the fluid flow [27]. The faster the fluid flows around the object, the greater the drag force
[28]. Drag is the force that occurs on the object horizontally or in the direction of flowing fluid due to
the distribution of pressure and friction around the object [2, 3]. This force is strongly influenced by
the object's shape and the airflow's velocity. The existence of these forces produces a value known
today as the drag coefficient (Cp). The drag coefficient results will be displayed in the simulation in
the form of a dimensionless graph that represents the truck's aerodynamic characteristics using the
Eq. (6) [29]

Fp
0.5 p Ag V2

(6)

CD=

where Cp is the coefficient drag, Fp is the drag force (N), p is the fluid density (kg/m3), As is the frontal
area of the object (m?), and v is the fluid velocity (m/s).

2.4 Domain and Boundary Conditions
Figure 3 shows the enclosure as the mesh domain in this simulation. In order to establish a control

volume throughout the truck, the domain was made large than the model’s; the objective of this size
was to avoid the effect of the boundary layer on the domain wall [30]. According to Abdellah et al,,
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[31], the domain dimensions could be created as follows: 3L for the front length, 5L for the back
domain length, and 3L for the top domain length, whereby L is the length of the truck. The inner box
was created in the area surrounding the truck to control the mesh in the area side of the truck and
observed the wake area behind truck [32].
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Fig. 3. Mesh domain in Ansys Fluent simulation

Table 2 depicts boundary conditions. The k-epsilon was used as the turbulence model, and the
vehicle was considered moving at 30 m/s. This model was chosen because it is the most widely used
turbulence model in solving hydrodynamic problems [33]. Moreover, the k-epsilon model is suitable
for the application with a high Reynold number; in this case, the Reynolds number was 6.8 x 10°.
Subsequently, k-epsilon is more accurate in modelling the complex flow detachment; thereby, this
model would provide precise results to predict the drag coefficient on the car’s body [34]. In the
simulation, the truck geometry was symmetrical, assuming that both sides had the same flow
pattern. This step aimed to reduce iteration time and simplify the mesh volume control.

Table 2

Boundary conditions and input value in Ansys
Fluent

Boundary Conditions Input Value

Inlet Velocity inlet (30 m/s)
Outlet Pressure outlet (0 Pa)

Symmetry side Symmetry

The surface of the truck Wall no slip

Outside and top side Wall no slip

2.5 Grid Independence Test

One of the strategies used in CFD simulations to minimize numerical errors and remove
unnecessary computational results is the grid independence test [35]. In incremental iterations, grid
independence is achieved by increasing the number of meshes. The simulation results are presented
as a graph that compares the simulation results to the number of grids or elements. The results of
this simulation are used to choose the optimal refinement grid with a low error but a minimal number
of meshes. In the CFD simulation, as much as possible, the simulation error is close to zero. This error
reduction can be obtained by increasing the number of meshes. The simulation results will have a
significant error when a large mesh size is used; however, a small mesh size will have a high level of
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accuracy and make iterations run longer during the simulation process [36]. Table 3 shows the
number of meshing elements utilized in the analysis to determine the error in simulation.

Table 3

Number of elements (grid)
No Number of Elements

54,522

62,309

94,926

115,691

146,621

195,959

285,534

336,385

cONO UL B WN B

2.6 Fuel Consumption Analysis

A numerical study was conducted to compare fuel usage with the drag force created by the Ansys
Fluent simulation. This comparison examines the fuel required to overcome the vehicle's drag.
According to Praveen et al., [5], the following equations can be used to express the relations between
drag force and fuel consumption numerically

Fp ==(p Av? Cp) (7)
P=Fyv (8)
E= vt:wk (9)
Fo=on (10)

where Fp is the drag force (N), P is the power required to overcome drag (W), E is the energy
consumption per kilometer-hour (Wh/km), Vi is the truck speed (km/hour), Fc is the fuel
consumption (L/km), v is the fluid velocity (m/s), p is the fluid density (1.225 kg/m?3), A is the frontal
area of the vehicle (m?), Cp is the drag coefficient, and ¢d is the specific energy of the fuel (Wh/L).
Truck fuel, specifically diesel with a specific energy of 10.6 x 103 Wh/L, was used in this study [37].

3. Result and Discussions
3.1 Grid Independence Test

The grid independence test begins by converting a coarse mesh to a fine mesh. The mesh's results
will be observed until the drag coefficient value does not change significantly. Figure 4 shows the
relationship between the drag coefficient value and the number of elements at an airflow velocity of
30 m/s. The number of mesh elements 195,959, 285,534, and 336,385 has an insignificant change in
the coefficient of drag with each drag coefficient value of 0.7701, 0.7729, and 0.7730. Considering
the accuracy and time required for computation, a mesh with 195,959 elements was chosen for this
simulation. Figure 5. depicts the meshed used in the simulation after selecting the proper mesh with
the grid independence test.
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Fig. 5. The mesh used in the simulation

3.2 Drag Coefficient and Drag Force

Figure 6 depicts the result of the drag coefficient in the simulation. The results showed that the
truck without adding a drag reduction device had the highest drag coefficient by 0.78. In contrast,
the addition of a windshield as the drag reduction device tended to decrease the coefficient of drag
to 0.67. Subsequently, the application of the cylinder as the drag reduction device also succeeded in
reducing the truck coefficient drag. Compared with the truck without incorporating the drag
reduction device, drag reduction type-cylinder, cylinder type-l, and cylinder type-D obtained lower
drag coefficients by 0.76, 0.74, and 0.72, respectively. Among the cylinder drag reduction devices,
cylinder type-D obtained the lowest drag coefficient by 7.69 %. According to Eqg. (6), the drag
coefficient would affect the truck's drag force. Figure 7 shows the drag force corresponding with the
drag coefficient. The results showed that the highest drag force was 1511 N which occurred when
the truck did not attach any drag reduction devices. To reduce the drag force, the addition of
windshield, cylinder, cylinder type-l, and cylinder type-D decreased the drag force by 1309 N, 1475
N, 1442 N, and 1406 N, respectively. Therefore, these results validate the theory that the drag force
decreases exponentially by reducing the drag coefficient.
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Fig. 6. Results of the drag coefficient in simulation
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3.3 Velocity Contour

To understand the underlying causes of the reduction of the drag force, the velocity contour on
the truck was investigated. Figure 8 exhibits the visualization of velocity contour above the truck
surface before the addition of a drag reduction device and after the addition of a drag reduction
device. Figure 8(a) exhibits that the truck without the addition of the drag reduction device showed
there was flow distribution above the truck; the visualization can be seen by the dominance of the
light blue contour above the truck; thus, it was considered as the main cause of the increase in the
drag force. Research by Hosravi et al., [38] confirmed that when the truck did not use the drag
reduction device, it contributed to the drag force increase because there would be high pressure on
the truck surface. Figure 8(b) shows that adding the windshield drag reduction device could have
decreased the drag coefficient at the truck because of the ability of the windshield to direct the air
to flow above the truck surface. In the case of the cylinder drag reduction, Figure 8(c)-(e) show the
difference between the velocity contour above the truck. It can be concluded that the application of
cylinder type-D could have delayed the flow separation better than other cylinder devices. Figure
8(e) depicts the flow separation seen by the smaller wake region in the blue contour above the truck.
The decrease of the coefficient of drag after adding a cylinder is caused by the increase of fluid flow
velocity after the collision with cylinder devices; this phenomenon will increase the fluid momentum,
leading to delayed flow separation because of the ability of the fluid to overcome the shear stress
[10].
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Fig. 8. Visualization of velocity contours on a truck, (a) Without drag reduction, (b)
Windshield drag reduction, (c) Cylinder drag reduction, (d) Type-I drag reduction
cylinder, (e) Type-D drag reduction cylinder

3.4 Velocity Streamline

The investigation of the velocity streamlines inside a gap between the truck and the container
was conducted. Figure 9(a) shows that streamline without the drag reduction device after fluid
crossed the truck front surface, there was streamline in the gap between truck and the container;
the existence of the streamline could have affected the aerodynamic of the truck, caused an increase
the truck drag coefficient [39]. Figure 9(b) depicts the truck streamline with the addition of the
windshield, and the result showed that the streamline in the gap of the truck was reduced, which can
be seen by the decrease of the velocity contour that had light blue color in the gap. Subsequently,
the addition of the drag reduction cylinder type also made the variation streamline contour in the
gap. Figure 9(c)-(e) shows that there was a reduction of streamline in the gap between truck and
container; this phenomenon was assessed as one factor that contributed to the decrease of the
coefficient of drag at the truck.

The velocity streamlines above the truck after the fluid crossed the drag reduction also had been
studied. Figure 9(b) shows that the windshield's application could deprive the airflow circulation
above the truck, and the windshield can direct the air to flow above the truck surface without any
obstruction. This condition was assessed in the research conducted by Firman, et al., [7], who
reported that this flow condition would have affected the coefficient of drag of the truck. In addition,
the streamlines change occurred when the truck was attached with cylinder-type drag reduction.
Figures 9(c)-(e) show there was turbulent flow and vortex, which were formed behind the cylinder.
The vortex formed after colliding with the cylinder can decrease the shear stress between the air and
the truck surface.

Furthermore, this condition would have increased the fluid velocity afterward [40]. The difference
in the vortex in the circulation zone behind the cylinder, cylinder type-I, and cylinder type-D was
caused by the change of pressure distribution on the front surface of the truck. Therefore, it would
have caused a delay in flow separation on the truck. This condition was confirmed by Yoon et al.,
[41], who reported that the change of geometry angle would have delayed the flow separation and
changed the vortex formation behind the geometry. In the case of the drag reduction cylinder type-
D, the change of turbulence and vortex were contributed to direct the air to flow straight above the
container truck. Figure 9(d) shows the flow with the light blue contour, which flows straight on the
container surface after the vortex has been formed.
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Fig. 9. Streamline visualization on a truck, (a) Without drag reduction, (b) Windshield
drag reduction, (c) Cylinder drag reduction, (d) Type-I drag reduction cylinder, and (e)
Type-D drag reduction cylinder

3.5 The Reduction of Truck’s Fuel Consumption

The truck's aerodynamics will affect the truck's fuel consumption, and the bigger the drag yielded
by the truck will increase the fuel needed to drive the truck. Moreover, a study by Mokhtar et al.,
[42] stated that every 2 % reduction in the drag force would have reduced 1 % fuel consumption.
Thus, it is necessary to evaluate the influence of the drag reduction device on fuel consumption. From
Eqg. (10), the fuel consumption of trucks with various drag reduction devices can be investigated.
Figure 10 shows the comparison of fuel consumption. According to the analysis, it can be stated that
the use of the windshield can decrease fuel consumption by 13.37 % when compared with the truck
without the drag reduction device. Adding a cylinder for drag reduction could also reduce the truck's
fuel consumption by 2.38 %, 4.57 %, and 6.95 % for the drag reduction cylinder, cylinder type-l, and
cylinder type-D, respectively. When the truck was attached with the cylinder type-D, the truck
obtained the highest reduction in fuel consumption. These results also indicated that adding the drag
reduction device to the truck would considerably increase fuel efficiency [43]. Therefore, it is
essential to conduct further analysis in the addition of the drag reduction experimentally; thus, the
proposed design can be applied in the future.
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4. Conclusions

According to the simulation results, it can be concluded that the reduction of the coefficient drag
and the drag force can be predicted using computational methods. Therefore, using cylinder, cylinder
type-l, and cylinder type-D as drag reduction devices could reduce the coefficient drag of the truck.
The addition of round, type-l, and type-D cylinders formed turbulence and vortex, leading to the
change of pressure distribution in the truck front surface. This condition could have delayed the flow
separation point and caused the reduction of the drag force on the truck, with the highest reduction
by using cylinder type-D. Although the computational methods state that there is a reduction in the
coefficient drag, it is essential to conduct further analysis regarding the addition of the cylinder as
the drag reduction device through experimental and theoretical methods, which further justified the
results of this research. In addition, the reduction of the drag force and coefficient drag also
contributed to the reduction in fuel consumption, with the highest fuel consumption reduction by
using cylinder type-D.
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