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Abstract - The contra-rotating fan produces noise that can
affect human health. Therefore, it is important to reduce the
noise that is generated by the contra-rotating fan. In this
research, the airflow performance and acoustic behaviour of
the contra-rotating fan will be studied. The objectives of this
study are to perform the simulations for the flow generation
by the contra-rotating fans, furthermore, investigate the
effect of the different spacing between the two propellers on
the noise generation. The ANSYS Fluent with the RNG #4-¢
model was used to simulate the steady flow field of the fan,
while Ffowcs Williams and Hawkings (FW-H) model was
used to simulate the acoustic of the fan set. The simulation
results show that the main source of the noise was from the
fan propellers. The performance of the contra-rotating fan
increases when the rotating speed of the propellers
increases. However, it will also increase the noise. For the
effect of distance between the two propellers, the noise
generated by the contra-rotating fan decreases with the
increase of the distance between the propellers. It can be
concluded that with the suitable distance between the two
propellers and rotating speed, the fan could function more
efficiently while producing less noise.

Keywords: Aeroacoustic, Airflow, Contra-rotating fan,
Noise, Sound pressure

I. INTRODUCTION

Contra-rotating fans referred to the fan that contains
two rotors rotating in opposite directions. This type of fan
was widely used as a ventilation system of mine and other
sites [1,2]. Currently, it is also mostly used use as a computer
ventilation system due to the good performance to reduce the
heat from the computer processor [3,4]. The contra-rotating
fans have an advantage compare to the normal axial fan due
to their capability to generate a straight and focused airflow.
In some electronic devices, the requirements for small-sized
fans with high rotational speed are very important for the
efficiency of the device in heat release [5]. For that purpose,
a contra-rotating fan is one of the choices that can overcome
the problem of releasing big quantities of heat. Even though
this type of fan has advantages compared to the normal axial

HSE)

fans, it creates trailing edge noise due to the airfoil surface
and the unsteady flow it interacts with [6,7]. The continuous
noise that is generated by the fan can affect human health
and make them feel uncomfortable [8]. Hence, it is important
to understand the source of noise and aeroacoustics behavior
to reduce the noise generated by the fan.

The noise generated by the fan is classified as
aeroacoustics, which is a combination of noise from
aerodynamic and mechanical vibration. The noise creates
from the mechanical vibration mostly had been solving by
active control noise. However, the contra-rotating fan which
produces aerodynamic noise is more complicated where the
noises are relatively high [9]. Currently, the difficulty was
resolve by using the Computational Aeroacoustics (CAA)
method that has obtained continuous improvements as well
[10,11]. One of the interesting findings regarding the noise
from the fan blade is it is mainly an aerodynamic noise,
where the vibration noise can be negligible [9]. Simulation
by using the CFD model and Ffowcs-Williams and
Hawkings (FW-H) equation shows that the combination of
CFD and CAA can be used to obtain the sound pressure due
to the aerodynamics noise and at the same time prove that the
vibration noise or structural noise can be negligible for
aeroacoustics analysis. By using the method, Li et al. [12]
used the Large Eddy Simulation (LES) with FW-H noise
model to determine the effect of the various angles of an
uncommon blade for axial fan performance. They found that
the main noise sources are concentrated on the leading edge
of the suction surface, and aerodynamic noise is generated by
low-frequency sound.

According to the current study, the researchers found
out the main source of the noise for contra-rotating fans is
produced by the two propellers in the fan system [13,14].
Research by Wang etc. [15] found that the noise will be
affected by the flow rate and distance between two
propellers. Besides, another research claimed that the
distance between two propellers would affect the efficiency
of the fan [16]. As the distance between the propellers was
increased, the efficiency of the fan will increase, then
decrease after reaching a maximum. However, the previous
work never discusses the effect of axial spacing on contra-
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rotating fans on aeroacoustics yet. Hence, it is really
necessary to determine the effect of axial spacing on contra-
rotating fan on aeroacoustics performance.

This paper studied the performance and acoustic
behavior using the CFD and FH-W equation to determine the
effect of axial spacing of the contra-rotating fan. Based on
the methods, the main purpose of this study is to perform the
simulations for the flow generation by the contra-rotating
fans, hence investigating the effect of the different spacing
between the two propellers on the noise generation. The San
Ace 172 model was taken as a reference in the model
drawing. The numerical study was performed by using
ANSYS Fluent software. The RNG k- & model was used to
simulate the steady flow field, and the FW-H model was
used to simulate the acoustic of the fan. Then, the impact of
axial spacing on the aerodynamic noises is analyzed.

1l. MODEL AND NUMERICAL SETUP

In this research, ANSYS Fluent software was used to
perform the numerical simulation. The performance and
acoustic behaviour of the contra-rotating fan were observed.

A. Model Setup and Meshing

The contra-rotating fan model used in this study is
shown in Fig. 1. Basically, the model was referred to as the
model of the SanAce 172 series contra-rotating fan model.
The contra-rotating fan consists of 2 propellers, with the first
propeller has 8 blades while the second propeller consists of
7 blades. The diameter for both propellers was 142 mm with
78 mm hub size in diameter and 28.5 mm width. The
distance between the rotor and casing was 2 mm. The figure
also illustrates the front and side view of both propellers.

The model for simulation is shown in Fig. 2. It consists
of a cylindrical tube which is the domain of simulation and
had been divided into five parts: inlet, rotor 1, the area
between rotor 1 and rotor 2, rotor 2, and the outlet. The
length of the cylindrical tube is 1000 mm with a 75.5 mm
radius. The two rotors are placed in the center of the
cylindrical tube.

Set of contra-rotating fan
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Fig. 1 Contra-rotating fan model
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Fig. 2 Geometry domain and boundary condition

Meshing is a simulation process that discrete the
complex geometry of the object into a simple element. It will
affect the accuracy of the result by changing the element
size. The smaller the value of the element size, the more
accurate the value of the result. However, a finer element
size needs more time to simulate the problem. In this study,
the element size for the domain is 80 mm, while the element
size for rotors is 0.9 mm. The purpose of this study is to
observe the airflow performance of the contra-rotating fan,
and hence, in order to get a more accurate result, a fine mesh
element was used for the part of the rotors. The result of the
meshing was shown in Fig. 3. The highest mesh skewness
was lower than 0.89, as shown in Fig. 4.
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Fig. 4 Mesh skewness analysis

B. Numerical Setup

The RNG k-& model was used in the simulation, and the
wall boundary condition was set as a standard wall function.
The RNG k-¢ model was used to simulate the steady flow
field of the fan system, and the results were taken as the
initial field for unsteady flow. The model was set in
converged, and all the parameters of residual were set at 10°°.
Table 1 shows the summarized parameters for the numerical
setup.

Table 1 Model setup parameters for contra-rotating fan

Solver time Transient Transient
Viscous model RNG k-epsilon
Ffowcs-Williams and

Acoustic model Hawkings (FW-H)

Material Air
Cell zone condition Mesh motion
Rotation-axis direction y
Rotational velocity 2000 rpm
Velocity-inlet 15 m/s
Propeller wall motion Moving wall

The RNG k- model used a rigorous statistical
technique to derive. There is an additional term in the RNG
model’s & equation, which is able to improve the accuracy
for rapid flow. Besides, it is able to analyze the low and
Reynold number effects, unlike the standard model can only
analyze for high Reynold number effects. Its features are
more accurate and reliable compare to the standard k-e
model. The equation for RNG k- model show in the
following equation 1.
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where,

Gp Turbulence kinetic energy due to buoyancy

Gy Turbulence kinetic energy due to the mean
velocity gradients

Y Fluctuating dilatation incompressible turbulence
to overall dissipation rate

a,,a Inverse effective Prandtl number for k and &

S.,Sk  User-defined source terms

For the acoustic model, Ffowcs-Williams and Hawkings
(FW-H) equation, or known as Lighthill acoustic analogy, is
the most general equation to compute the acoustic field
generated by the time-accurate flow computation [17]. The
differential form of the FW-H equation is written as the
following equation.
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Fluid velocity component in the x; direction

up Fluid velocity component normal to the surface f=0
Vi Surface velocity components in the x; direction
vy Surface velocity component normal to the surface
5(f) Dirac delta function
H(f) Heaviside function
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Equation (3) at the right-hand side needs to integrate
over volume outside the data surface f=0, where the Lighthill
stress tensor, Ty is nonzero. The quadrupole term is
neglected. With f=0, all the important noise sources on the
surface will be located. Other than that, the integral form of
the FW-H equation is written in acoustic pressure term with
the contribution from monopoles (thickness noise), dipoles
(loading noise), and quadrupole (flow fluctuation).

C. Setup Case
Two types of case studies were carried out in the
research. The first case study is to observe the performance
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and acoustic behavior of the flow and noise propagation by
changing the distance between two rotors. The second case
study was carried out by changing the turning speed of the
rotors and the distance between the two propellers.

For the first case study, the axial spacing between two
fan sets was changed, and it was running with the rotation
speed at 2000 rpm for both propellers. The axial spacing
between the two fan sets was 15 mm, 17.5 mm, 20 mm, 22.5
mm, and 25 mm, respectively. Next, for the second case
study, the speed for both fans was changed; however, the
distance between the two propellers remained constant,
setting at 20 mm. The setting rotation for the propellers was
1300 rpm, 1650 rpm, 2000 rpm, 2350 rpm, and 2700 rpm.
Meanwhile, the first propeller was rotated in a clockwise
direction, and the second propeller was rotated in a contra-
rotating direction so that it became a counter-rotating fan.

The following assumptions were made for the simulation
work.

o The ambient background was in standard atmospheric
pressure conditions.

» The gravity of gas and buoyancy were neglected.

o The airflow in the fan was turbulent.

« The airflow streamline was continuous.

« The inlet flow speed was set as 15 m/s.

« The moving reference frame will apply to the rotating
rotors and stationary casing.

I1l. RESULT AND DISCUSSION

Several results will discuss in this section. The first
result is the streamline for the flow across the counter-
rotating fan. The next results that will be discussed are the
velocity contour captured for the flow, and the last result for
the flow behavior is the centerline velocity. For the
aeroacoustic behavior, the results will discuss the sound
pressure level obtained and also the broadband noise in terms
of contour. The detailed discussion is in the next sections.

A. Streamline

Fig. 5 shows the streamline flow for different speeds of
contra-rotating fans. As mentioned, the speed for the contra-
rotating fan was set from 1300 to 2700 rpm for this study.
The results for the streamlines were straight and narrow from
the inlet until it almost reached the first propeller. It then
followed the shape of the propellers and created a curve line
until it reached the outlet. These results are as expected, and
it shows that the simulation was converged very well. The
results for the different distances between the rotor 1 and 2
were also analyzed from the simulation. The results show
that the different distances did not give a significant effect on
the streamlines. Therefore, the streamlined figures do not
include in this paper for the simulation results.
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Fig. 5 Streamlines for different speeds of the fan
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B. Velocity Contour

For the velocity contour results with different distance
between two propellers, 5 different distance was setup
starting from 15 mm to 25 mm. Fig. 5 showed the results for
the different setting. Discussion on the effect of distance
between the two rotors, contra-rotating fan with 17.5mm
distance between two propellers had the highest maximum
velocity, which was 120.8 m/s, the second highest was 119.3
m/s with 15mm distance between two propellers, while 22.5
mm distance between 2 propellers had the lowest maximum
velocity, which was 115.1 m/s. Besides, the maximum
velocity for 20 mm and 25 mm were 117.4 m/s and 118.3
m/s. This showed that the distance between two propellers
would affect the maximum velocity value.

The simulation also runs for different speeds of rotors,
similar to mentioned before. The results show that the fan
with the rotating speed of 1300 rpm had the highest
maximum velocity, which was 165.4 m/s, the second highest
was 134m/s with the rotating speed of 2700 rpm, while the
rotating speed of 2350 rpm had the lowest maximum
velocity, 115m/s. Besides, the maximum velocity for 1650
rpm and 2000 rpm were 126.1 m/s and 117.4 m/s. The results
showed that the value of maximum velocity was not
dependent on the rotating speed of the propeller. Although
the fan set with 1300 rpm had the highest maximum velocity
compare to other results, however, its overall velocity in the
fan system was low.
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Fig. 6 Velocity contour for a different set of the distance
between two propellers

C. Centerline Velocity

The centerline was measure from the inlet to the outlet
of the domain along the y-axis. With the 15m/s inlet speed,
all the results from different settings produce the same
pattern of the graph from the inlet to the first rotor. The
centerline velocity started decreasing, approaching zero
when the air flows across the first rotor. At the area between
two rotors, the velocity increased and decreased when it
reached a peak point. The highest peak point of the velocity
between both rotors among those 5 results is 5.56 m/s, where
its rotating speed is 1650 rpm. However, the highest peak
point of the velocity after the second rotor among those 5
results is 25.8m/s, where its rotating speed is 2350 rpm. The
centreline velocity downstream of the second rotor
increasing as the distance is increased, and it is then
decreased when it reached a peak point. The range of the
peak points was located between 0.1 m and 0.3 m which is
downstream of the second rotor. For the different speeds of
rotors, the peak point for 1300 rpm, 1650 rpm, 2000 rpm,
and 2700 rpm were 14 m/s, 14.5 m/s, 17.5 m/s, and 18 m/s,
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respectively.

Fig. 7 shows the result of velocity magnitude at
centerline for 5 the different setting speeds. From the figure,
it shows that the fan set with 2700 rpm has the most constant
velocity and has a higher velocity at the outlet. So, it has the
best performance in this section.
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Fig. 7 Centerline velocity for a different set of speed

The results for the different distances between two
rotors showed in Fig. 8. The results gave the same pattern of
velocity from the inlet to the first rotor, which has 15 m/s
constant velocities. The wvelocity starts to decrease and
approaching zero when the air flows across the first rotor. At
the area between two fan sets, the velocity increased and
decreased when it reached a peak point. The highest peak
point of the velocity between both rotors among those 5
results is 3.1m/s, where it has a 20 mm distance between two
propellers. However, the highest peak point of the velocity
after the second rotor among those 5 results is 23.75m/s,
where the distance between two propellers is 25 mm. The
graph for velocity downstream the second rotor increased as
the distance increased, and it then decreased when it reached
a peak point. The range of the peak points was located
between 0.2 and 0.25m which is the area after the second fan
set. The peak point for the distance between two propellers
after the second fan set for 15 mm and 17.5 mm were 18m/s,
while 20 mm and 22.5 mm were 17.8 m/s and 21 m/s,
respectively. From the figure, it shows that the fan set with
22.5 mm axial distance between two propellers has the most
constant velocity and has a higher velocity at the outlet.
Hence, it is selected as the best performance in this section.
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Fig. 8 Centerline velocity for a different set of the
distance between two propellers
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D. Sound Pressure Level (dB)

The sound pressure level was observed at 3 locations,
which were at 50 mm upstream of the first rotor, at the center
of the domain, and 0.5 mm downstream from the second
rotor. Fig. 9 to 11 shows the sound pressure level for a
different distance between two propellers. The highest sound
pressure for the point before entering the first propeller
appeared at 0.025 Hz, while for between two propellers and
after the second propeller appeared at 0.055 Hz. The sound
pressure decreases when the frequency increases; it then
increases when the frequency reached 0.21 Hz. Next, the 15
mm axial distance between two propellers has the highest
sound pressure for the point before entering the first
propeller and after the second propeller, which is 57 dB and
53 dB, while the 17.5 mm axial distance between two
propellers has the highest sound pressure at the point
between two propellers, which is 51 dB.

For the axial distance between two propellers with
overall lowest sound pressure, the result showed the 25mm
distance between two propellers had the lowest sound
pressure at the point before entering the first propeller, which
was 55dB, at the point between two propellers which was
46dB and the point after the second propeller which was
52dB. This shows the increase of the distance between two
propellers will decrease the value of sound pressure.
However, as mention in the previous sub-chapter, due to the
limited datasheet, the results are not fully accurate. In this
study, the aim is to minimize the noise produce by the fan.
Hence, from the figure, it can show that the fan set with 25
mm axial distance between two propellers has produced the
least noise in the overall location.
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Fig. 9 Sound pressure level at 50 mm upstream of the
first rotor
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E. Broadband Noise Contour

Broadband noise is a noise where its sound energy is
distributed over a wide range of frequencies. It is also known
as wideband noise, which is opposed to narrowband noise. In
this case study, a plane was created at the middle of the
domain, as shown in Fig. 12. The reference acoustic power
was set to 4e-10 w due to the flow material in the domain is
air. The number of realizations was set to 50. Based on the
results shown in Fig. 12, the sources of noise produced by
the rotors. The second rotor produced higher noise compared
to the first rotor. The noise starts to produce when the air
flows into the first rotor, which is no noise produced at the
area from the inlet to the first rotor. Besides, the rotor hub
area also did not produce any noise. The area near to
propeller hub produces lower noise than other areas. The
highest sound pressure produced among the 5 results is 11
dB, where its axial distance between two rotors was 22.5 mm
and 25 mm.
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For the axial distance between two propellers 15 mm
and 17.5 mm, the highest sound pressure produced in the
counter-rotating fan system is 8 dB, while the highest sound
pressure for 20 mm axial distance between two propellers is
7 dB. However, this study aims to minimize the noise
produce by the fan. Hence, the fan set with a 20 mm axial
distance between two propellers, which produce the least
noise in overall location, has the best performance in this
section.
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Fig. 12 Broadband noise contour for the different
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IV. CONCLUSION

This research is aimed to study the performance of
airflow and acoustic behaviour of the contra-rotating fan.
The design of the contra-rotating fan was referred to San Ace
172 series counter-rotating fan. The RNG k-& model was
used to contribute to the significate airflow performance of
the fan, while the Ffows Williams and Hawkings (FW-H)
model was used to contribute to the significate sound
pressure level of the fan. Based on the results obtained, the
result showed that the increase of the rotating speed would
also increase the efficiency of the fan, and the increase of the
distance between two rotors also will increase the efficiency
of the fan. However, it will be decreased after reaching a
maximum distance. Another result obtained from the
simulation work is regarding the main noise source of the
contra-rotating fan. Based on the results, the noise was
increased when the rotating speed of the rotors was
increased. However, the noise can be decreased by increasing
the distance between two fan sets were increased. In
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