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Abstract: The air filters applied in utility terrain vehicles (UTVs), which are usually driven on dust-
prone unpaved roads, employ a two-stage air cleaner that increases the lifespan of the filter element
by using a pre-cleaner stage in the air filter intake housing to centrifugally separate any dust particles
contained in the intake air before sending the cleaned air to the primary filter. Thus, maximizing
the centrifugation capacity by properly modifying the geometry of the intake air passage in the
filter housing is important to ensure engine performance and filter lifespan. The geometry of the
pre-cleaner air passage was therefore optimized in this study in terms of the inclination angle and
air passage location angle using a computational flow analysis to maximize the centrifugal removal
of dust particles. The resulting overall pre-cleaner efficiency and overall pre-cleaner efficiency per
pressure drop were then used as the objective functions to maximize the dust particle removal
capacity according to centrifugation speed. The method demonstrated in this study for optimizing
air filter intake geometry can be used to improve and prolong the performance of UTV engines.

Keywords: utility terrain vehicle; off-road; two-stage air filter; computational fluid dynamics analysis;
optimal shape design; overall pre-cleaner efficiency

1. Introduction

Because they are usually used for agricultural purposes or mountain activities on
unpaved roads, utility terrain vehicles (UTVs) are operated in environments with a large
amount of soil dust compared to vehicles traveling on paved roads. This results in relatively
more soil dust being sucked into the intake system, thereby sharply reducing the air filter
lifespan. Thus, instead of the one-stage air cleaner used in general passenger vehicles,
which consists of a single filter as shown in Figure 1, a two-stage air cleaner is employed in
UTVs that first applies a pre-cleaner stage to separate dust particles from the intake air and
into an evacuator through centrifugal force, then sends the cleaned air to the primary filter,
as shown in Figure 2 [1–7]. Thus, only a minimum amount of dust is removed in the second-
stage primary filter element. The effective removal of dust is therefore critically important
in realizing the desired engine performance and acceptable primary filter lifespan.

However, until now, most of the research on air filters has been focused on one-stage
air cleaners. In addition, studies related to the shape and material of the filter elements
have become mainstream. Looking at some of the representative studies, Maddineni, A.K.
et al. researched a numerical methodology for the estimation of flow field and pressure
drop within a pleated air filter system that is typically used for automotive engine intake
application. They determined an optimal pleat pitch to obtain minimum pressure drop,
and this was found to be dependent on pleat height significantly [1]. Mahesh Jagadale
carried out a systematic theoretical investigation of the effects of filter element geometric
parameters. He found that pressure drop varied non-linearly with filter width and filter
thickness [2]. In a study similar to the previous one, Allam, S. et al. conducted a study on
the pleated air filter optimization to improve diesel engine performance. They found that
in an optimization study considering several variables such as pleat height, pleat spacing,
pleat shape and filter medium thickness, the sine wave-shaped pleated air filter minimized
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pressure dropped [3]. Dziubak, T. et al. introduced a dust absorption coefficient km of
a filtering medium. Furthermore, methods of testing filter elements made of nonwoven
filter fabrics and working in conditions corresponding to the primary and secondary air
filtration stage have been discussed [4]. Song, H.S. et al. studied the new shape of the
air cleaner diffuser in the automotive intake system in order to reduce the pressure drop
and flow noise. As a result, they purposed the new shape of the air cleaner diffuser [5].
Ramasamy, D. et al. performed optimal design of the intake system for an automobile
engine, changing guide vanes placement in the inlet plenum of the filter. The results
showed good improvement in flow behavior [6].

Figure 1. Air purification mechanism of one-stage air cleaner [7].

Figure 2. Air purification mechanism of a two-stage air cleaner [7].

To efficiently remove dust particles in the first stage, it is important that the pre-cleaner
have a geometric design that effectively induces the dust particles in the intake air into
the evacuator by applying the appropriate centrifugal force. As discussed in the previous
review, it is difficult to find the study on filter shape optimization to efficiently remove
dust in a two-stage air cleaner. This study therefore employed a series of computational
flow analyses to optimize the geometric design of the air filter intake pre-cleaner in the
two-stage air cleaner of a 0.8 L-class 2-cylinder natural aspiration gasoline engine, which is
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typically mounted on UTVs. The optimization criteria were established to maximize the
centrifugation capacity of the air filter intake pre-cleaner so that the most dust possible
was removed.

2. Materials and Methods
2.1. Intake System and Dust Parameters

Although the purpose of this study is to optimize the shape of a two-stage air cleaner,
it is very important to consider the entire intake system in the filter shape optimization
process because the air cleaner is affected by the intake pipe as a part of the engine intake
system [8–10]. For this reason, in this study, filter optimization analysis was performed
by including the entire intake system as an object of flow analysis. Figure 3 shows the
geometry of the engine and intake system considered in this study and the trajectories of
the coarse dust particles that can be introduced through the intake system during UTV
engine operation. As shown in the figure, when the first stage pre-cleaner of the air filter is
effectively designed, most of the coarse dust particles will be collected in the evacuator for
discharge, and only clean air is sent to the primary filter.

Figure 3. Air intake system configuration and traces of dust particles during operation.

Figure 4 shows the definitions of the design variables α and β used to control the
passage of air through the pre-cleaner and into the primary filter. As shown in the figure,
the air containing dust particles is introduced into the air filter through the snorkel of the
intake system and moves toward the end where the evacuator is located while rotating
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along the outer surface of the air filter at the pre-cleaner inlet. The inclination angle α

shown in the figure controls the direction of the dust particles as they move forward under
rotation. As can be seen from Figures 2 and 4, the dust particles that are forced out of the
end of the pre-cleaner drop into the evacuator, which is located below the filter, under the
influence of both centrifugal force and gravity, realizing separation. Then, only the cleaned
air moves from the pre-cleaner into the primary filter through the air passage connecting
the two spaces. The angle β determines the location of this air passage, and is thus an
important variable dictating the efficacy of dust particle separation according to the filter
operating conditions (e.g., the intake air volume, which determines the flow velocity) and
the properties of the dust particles (e.g., their size and weight, which are related to the
applied centrifugal force).

Figure 4. Definition of design variables α and β.

An analysis was accordingly conducted in this study by setting the actual position
of the intake system inside the engine as the basic coordinates because the location of the
intake system may also influence the effects of gravity on the dust particles. The analysis
was then performed using SiO2 (density: 2648 kg/m3, molecular weight: 60 g/mol) dust
particles with reference to the standard dust particle composition provided by International
Standards Organization (ISO) 12103-1, as shown in Table 1, and the particle size distribution
for the off-road case, shown in Table 2 [11].

Table 1. Chemical composition of dust particles from International Standards Organization (ISO)
12103-1 [11].

Chemical Mass Fraction (%)

SiO2 68 to 76
Al2O3 10 to 15
Fe2O3 2 to 5
Na2O 2 to 4
CaO 2 to 5
MaO 1 to 2
TiO2 0.5 to 1
K2O 2 to 5

2.2. Numerical Analysis

Figure 5 shows the geometric configuration and model mesh employed in the com-
putational fluid dynamics (CFD) analysis of the air intake system conducted in this study
using ANSYS CFX. Since the resolution of the mesh defining the computational domain
directly affects the quality and cost of the analysis, the geometry and size of the computa-
tional mesh were determined using a mesh-independence test [12]. As a result of this test,
approximately 4,100,000 meshes were used to construct the model in this study. Consider-
ing the complexity of the geometry, the inside of the air intake system was constructed with
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tetrahedral meshes. For the walls, four-layer inflation was inserted using prism meshes so
that the y+ value could be 100 or less in order to properly consider the effect of turbulence
on the calculation results [13]. Table 3 shows the boundary conditions used for the analysis.
As shown in the table, an air temperature of 25 °C and an air pressure of 1 bar were set as
inlet boundary conditions. For the outlet boundary conditions, an air mass flow of 0.0255
kg/s was applied at 4500 rpm full load condition and 0.0340 kg/s was applied at 6000 rpm
full load condition. These values were provided by the engine manufacturer that produces
the 0.8 L-class 2-cylinder natural aspiration gasoline engine mounted on off-road UTVs.
Note that 4500 rpm is the most frequently used full load operating condition for UTVs,
while operating at 6000 rpm can produce the maximum output from UTVs. The shear
stress transport (SST) model recommended by CFX as being suitable for rotating flow was
employed as the turbulence model in this analysis [13].

Table 2. Dust particle size distribution according to driving environment from ISO 12103-1 [11].

Particle Size Range
(µm)

Weight (%) 1

Fine
(On-Road)

Course
(Off-Road)

0–5 39 12
5–10 18 12
10–20 16 14
20–40 18 23
40–80 9 30

80–200 0 9
1 Percentage of weight can vary by ±2~3% in each particle range.

Figure 5. Computational mesh of the intake system with four-layer inflation.
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Table 3. Computational fluid dynamics (CFD) model and boundary conditions.

Item Condition

Fluid and particles Air (continuous fluid) and SiO2 (particle transport solid)

No. of meshes 4,125,298

Turbulence model Shear Stress Transport (SST)

Inlet boundary conditions Air temperature = 25 ◦C
Air pressure = 1 bar

Outlet boundary conditions Air mass flow = 0.0255 kg/s @ 4500 rpm
0.0340 kg/s @ 6000 rpm

Particle tracking One-way coupled

Particle size distribution

SiO2 @ 10 µm = 24%
SiO2 @ 50 µm = 37%
SiO2 @ 100 µm = 30%
SiO2 @ 150 µm = 8%
SiO2 @ 200 µm = 1%

2.3. Rig Test to Determine Flow Characteristics of Primary Filter

Figure 6 shows the exterior of the pre-cleaner and the primary filter element inside the
two-stage air cleaner, as well as the test rig used to measure the flow resistance according
to the air flow. The primary filter element, which filters the particulate matter, is generally
modelled as a porous material in computational flow analyses [2–5,13]. As a result, the
most important flow characteristic value in the model is the pressure drop across the
primary filter element according to the air flow rate. When using ANSYS CFX, the flow
resistance of the porous filter material is taken as the momentum source term (Sm,i) as
follows [13]:

Sm,i = − µ

Kperm
Ui − Kloss

ρ

2

∣∣∣∣⇀U∣∣∣∣Ui (1)

where µ and ρ are the viscosity and density of the working fluid, respectively; the linear

term of the velocity (
⇀
U = Ur êr + Uθ êθ + Uz êz) is modified by Kperm, which represents the

magnitude of viscous loss; and the quadratic term of the velocity Ui is modified by Kloss,
which represents the inertial loss.

To obtain the coefficients Kperm and Kloss in Equation (1) using the experimentally
obtained values, Sm,i can be defined as the pressure drop (∆p) that occurs when the working
fluid passes through the thickness (L) of the primary filter element, and the values of C1 (the
linear resistance coefficient) and C2 (the quadratic resistance coefficient) are determined by
transforming Equation (1) into [13]

∆p
L

= −C1U − C2U2 (2)

Figure 7 shows the experimentally measured flow resistance of the air cleaner accord-
ing to the air flow rate, which was controlled by the flow control valve and measured by the
Flowmeter, when the primary filter element was and was not installed in the test rig shown
in Figure 6. Based on these results, the flow resistance of the primary filter element alone
(∆p) was defined as the difference between the pressure drop measured when the primary
filter element was installed inside the air cleaner and that measured when it was not. Then,
the values of C1 = 66 kg/m3·s C2 = 6820 kg/m4 were obtained through regression analysis
using Equation (2). Finally, the primary filter element was modelled as a porous material by
reflecting these experimentally obtained flow resistance properties and the computational
flow analysis was conducted.
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Figure 6. Test rig with air cleaner used to determine the flow characteristics of primary filter.

Figure 7. Flow resistance characteristics of primary filter element in air cleaner.

2.4. Objective Function for Design Optimization

To determine the optimal values of the design variables α and β for the pre-cleaner
used to filter coarse dust particles from the intake air into the evacuator, the filtering
efficiency of the pre-cleaner must first be obtained. To this end, it is necessary to analyze the
behaviour of the dust particles inside the pre-cleaner according to the operating conditions.
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In this study, the movements of dust particles inside the intake system were calculated
according to the air flow using the one-way coupling method. In this method, the air flow
field inside the intake system is analyzed first, and the particle path in the flow field is then
predicted by injecting dust particles into the calculated air flow field. Considering CPU
usage, two-way coupling uses around 200 particles, but one-way coupling uses a value of
more than 5000 for accuracy of interpretation [14–17]. In this study, the behaviours of dust
particles were analyzed by introducing total 10,000 SiO2 particles each of sized 10, 50, 100,
150 and 200 µm into the air flow based on the off-road condition particle size distribution
shown in Table 2 and applied as shown in Table 3.

The efficiency of the pre-cleaner in filtering dust particles of size i, ηi, was deter-
mined by

ηi =
mi evacuator

mi inlet
(3)

where mi inlet is the total mass of the i-th size dust particles added at the inlet of the
intake system and mi evacuator is the total mass of the i-th size dust particles collected in the
evacuator. Using ηi, the overall pre-cleaner efficiency η can be calculated by

η = ∑
i

ηi Mi = η(α, β) (4)

where Mi is the ratio of the mass of the i-th size particles to the total mass of the dust
particles added at the inlet of the intake system.

The objective function used to maximize the overall pre-cleaner efficiency η is domi-
nated by the two design optimization variables α and β, which largely determine the flow
of dust particles inside the pre-cleaner. The optimization analysis range of each design
variable was therefore set considering the physical limitations of the air intake system
considered in this study, with 30◦ ≤ α ≤ 50◦ and 0◦ ≤ β ≤ 360◦.

When optimizing α and β to realize the maximum pre-cleaner performance, the
pressure drop problem must also be considered. When the geometry of the pre-cleaner,
which is a part of the flow path of the intake system, is changed according to α and β, the
pressure drop (∆p) also changes, affecting the overall resistance of the filter. Therefore,
when considering the change in ∆p, the objective function must be newly defined. In this
study, the optimization process was thus performed by additionally defining an overall
pre-cleaner efficiency per pressure drop, ηp, using a new objective function

ηp = ∑
i

ηi Mi
∆p

= ηp(α, β) (5)

3. Results and Discussion

Figure 8 shows the simulated movement behaviour of dust particles sized 10, 50, 100,
150 and 200 µm in the intake system at a centrifugation speed of 4500 rpm, which is the
most frequently used operating condition. To calculate the overall pre-cleaner efficiency η
using Equations (3) and (4), the primary filter element was modelled as a porous material,
and the analysis was conducted under the condition that only flow resistance applies
and the unseparated dust particles pass through the porous material. This allowed the
efficiency to be easily calculated by distinguishing the dust particles caught in the evacuator
located in the pre-cleaner during operation from those that exited toward the primary filter
element through the air passage. As can be seen from the figure, some of the 10 µm dust
particles, which are the lightest under the given operating and design conditions, were
caught in the evacuator but others exited toward the primary filter element through the air
passage, whereas all of the relatively heavy 50, 100 and 150 µm particles were filtered by
the evacuator due to the sufficient centrifugal force. However, some of the heaviest 200 µm
particles escaped through the air passage, indicating that complex correlations may occur
between the operating conditions and design variables.
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Figure 8. Dust traces in intake system at 4500 rpm condition, where α = 30◦ and β = 60◦.

An optimization analysis was then conducted based on the simulation results using
Design Exploration, an optimization software program provided by ANSYS [18]. Design
Exploration was used to obtain the maximum value of the objective function by creating
response surface functions representing the overall pre-cleaner efficiency η and the overall
pre-cleaner efficiency per pressure drop ηp based on the analysis points extracted from the
numerical analyses.

Figure 9 shows the response surfaces obtained from the results of the computational
flow analysis of pre-cleaner efficiency for each dust particle size according to the values of
α and β. The efficiency of 10 µm particle removal was notably lower than that of the other
particles. This appears to be because these particles could not be sufficiently separated
from air as they were relatively light and thus did not receive sufficient centrifugal force
from the rotation of the air along the flow path inside the pre-cleaner. The case of the
10 µm particles demonstrates that the angle β exhibits a maximum efficiency at a specific
value. This tendency to exhibit a discrete maximum gradually decreased as the particle size
increased, and particles sized of 150 µm or larger were not affected by the β value at all. In
terms of the angle α, which affects the rotational direction of the intake air, the pre-cleaner
efficiency also reacted very sensitively to particle size. Overall, as the particle size increased,
the α value that maximized the pre-cleaner efficiency also showed a tendency to increase.

Figure 10 shows the response surfaces for the overall pre-cleaner efficiency η calculated
using Equation (4). When the optimal values for design variables α and β were calculated
using the ANSYS Design Exploration optimization software, it was found that the pre-
cleaner efficiency was maximized at α = 30◦ and β = 156◦ for 4500 rpm and at α = 37◦ and
β = 233◦ for 6000 rpm.
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Figure 9. Cont.
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Figure 9. Cont.
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Figure 9. Response surface of pre-cleaner efficiency ηi for dust particle of each size according to change of design variables
α and β: (a) 4500 rpm, dust size = 10 µm; (b) 6000 rpm, dust size = 10 µm; (c) 4500 rpm, dust size = 50 µm; (d) 6000 rpm,
dust size = 50 µm; (e) 4500 rpm, dust size = 100 µm; (f) 6000 rpm, dust size = 100 µm; (g) 4500 rpm, dust size = 150 µm; (h)
6000 rpm, dust size = 150 µm; (i) 4500 rpm, dust size = 200 µm; and (j) 6000 rpm, dust size = 200 µm.

Figure 10. Cont.
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Figure 10. Overall pre-cleaner efficiency η according to change in design variables α and β: response surfaces at (a) 4500 rpm
and (b) 6000 rpm and response planes at (c) 4500 rpm and (d) 6000 rpm.

Figure 11 shows the calculated pressure drop in the intake system according to the
design variables α and β, in which it can be observed that the pressure drop was not
sensitive to β but was very sensitive to α. This is because the frictional resistance decreased
with increasing α, as the air introduced into the pre-cleaner was bent and rotated at a
larger angle, thereby decreasing the number of air rotations during its movement through
the pre-cleaner and thus the total travel distance of the air before escaping through the
air passage.

Figure 11. Response surfaces of pressure drop ∆p in intake system according to change in design variables α and β:
(a) 4500 rpm and (b) 6000 rpm.
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Figure 12 is a picture drawn from the pressure distribution and velocity vector in
a specific section of the air cleaner calculated at 4500 rpm condition. Looking closely at
the picture, it can be seen that the suction air passing through a pre-cleaner stage rotates
very quickly and moves toward the evacuator. On the contrary, it can be seen that the
speed of air passing through the primary filter rapidly drops due to the resistance of the
filter element.

Figure 12. Velocity vectors and pressure contour on specific plan of air cleaner box at 4500 rpm condition.

Figures 13 and 14 are the results showing how the pressure drop of the air passing
through the air cleaner changes as the optimization design variable α and engine speed
change. Comparing the pressure contour results at the pre-cleaner stage of the air cleaner
in the figure, it can be confirmed once again that the pressure drop rapidly decreases
as the variable α increases. As shown by Equation (2), it can be seen by comparing the
results of Figures 13 and 14 that the pressure drop phenomenon in the filter becomes more
severe because the flow velocity through the filter increases as the engine speed increases
to 6000 rpm.

Figure 13. Cont.
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Figure 13. Pressure and velocity contour on plan specified Figure 12 according to change in design variable α at 4500 rpm
condition: pressure contours at (a) α = 30◦, (b) α = 40◦ and (c) α = 50◦, and velocity contours at (d) α = 30◦, (e) α = 40◦ and
(f) α = 50◦.

Figure 14. Pressure and velocity contour on plan specified Figure 12 according to change in design variable α at 6000 rpm
condition: pressure contours at (a) α = 30◦, (b) α = 40◦ and (c) α = 50◦, and velocity contours at (d) α = 30◦, (e) α = 40◦ and
(f) α = 50◦.



Energies 2021, 14, 2269 16 of 18

Figure 15 shows the response surfaces for the overall pre-cleaner efficiency per pres-
sure drop ηp according to the design variables α and β, in which a higher ηp value indicates
that a higher pre-cleaner dust particle collection efficiency was achieved with a lower
pressure drop. When ηp was calculated according to the design variables α and β using
the ANSYS Design Exploration optimization software, ηp exhibited its highest value at
α = 50◦ and β = 163◦ for 4500 rpm and at α = 44◦ and β = 164◦ for 6000 rpm. Finally, it was
necessary to compromise between these two values to maximize the dust particle filtering
efficiency of the pre-cleaner while minimizing the pressure drop at both 4500 rpm, which
is the centrifugation speed typically used by UTVs, and 6000 rpm, which can produce the
maximum UTV engine output. Since the difference between these two values was not
large, the best results can be obtained using α = 50◦ and β = 163◦, as 4500 rpm is the most
common operating condition.

Figure 15. Overall pre-cleaner efficiency per pressure drop ηp according to change in design variables α and β: response
surfaces at (a) 4500 rpm and (b) 6000 rpm and response planes at (c) 4500 rpm and (d) 6000 rpm.
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4. Conclusions

This study optimized the pre-cleaner in the intake air filter housing of a two-stage
UTV air filter, which is designed to remove dust by converting the linear kinetic energy of
the intake air including soil dust into rotational kinetic energy by applying centrifugal force
to the dust particles. The geometry of this pre-cleaner was optimized to maximize its dust
particle removal capacity using a series of computational flow analyses. The inclination
angle α and air passage location angle β, which control the flow of air through the pre-
cleaner, were selected as the design variables, and a geometric optimization was performed
using the overall pre-cleaner efficiency per pressure drop ηp, which is determined from
these variables as the objective function. The conclusions drawn from the results of this
study are summarised as follows.

1. The overall pre-cleaner efficiency η, which represents the dust particle filtering capac-
ity of the pre-cleaner, was defined for optimization. The analysis results showed that
η was maximized for the target filter at α = 30◦ and β = 156◦ for 4500 rpm, which is
the operating condition commonly used by UTVs, and at α = 37◦ and β = 233◦ for
6000 rpm, which can produce the maximum UTV engine output.

2. The overall pre-cleaner efficiency per pressure drop ηp was defined considering
both the dust particle filtering capacity of the filter and the degradation of filter
functionality due to the increase in flow resistance. The results indicated that the
target filter has the largest ηp at α = 50◦ and β = 163◦ for 4500 rpm and at α = 44◦ and
β = 164◦ for 6000 rpm.

The optimization method demonstrated in this study is expected to be useful for
realizing the improved design of two-stage UTV air filters to ensure longer life of the
primary filter and more reliable engine performance in dusty off-road environments.
However, the optimization design study was performed with two design variables such
as the inclination angle α and the air passage location angle β. In addition to these two
variables, several variables are directly or indirectly involved in the filter performance. In
the future, optimization studies considering even the characteristics of primary filters are
expected to be carried out.
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