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ABSTRACT

In order to clarify the relationship between the aerodynamic noise and the flow regime around the rotating blade of a
propeller fan operated at the maximum efficiency point and the off-design point, the characteristics of fans with differ-
ent solidity impellers were analyzed experimentally. At the off-design point, the broadband noise of the high solidity
fan was much larger than that of the low solidity fan because the relative velocity increased according to the solidity
and the noise sources increased because of the number of blades. In the case of the low solidity fan, the broadband noise
due to wake vortex shedding was generated at the off-design point in the low flow rate domain and the maximum effi-
ciency point because the relative flow around the blade separated easily.
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1. Introduction

In the field of construction machinery, it is necessary to
generate a large amount of artificial wind to cool the en-
gine because the wind due to the traveling speed of an
automobile is likely of little benefit to the machine.
However, increasing the needed flow rate of the fan leads
to an increase in the associated noise. Because of the
trade-off between the flow rate and fan noise, clarifying
the relationship between the aerodynamic characteristics
and the fan noise in the design phase is an important
technical issue [1]. For example, in order to balance the
resistance from the radiator and the engine, the operation
point of the cooling fan is shifted to a so-called off-de-
sign point that is lower than the maximum efficiency
point. Therefore, it is necessary to analyze the mecha-
nism of the aerodynamic noise at the realistic operation
point that is generated from not only the maximum effi-
ciency point but also the off-design point in the low flow
rate domain [2]. Kodama et al. indicated that the discrete
frequency noise of a jet fan was generated because of the
interference between the rotating blade and the inclined
flow, which has one lobe number [3]. In a study on the
aerodynamic noise of the propeller fan, the authors veri-
fied experimentally the mechanism of the discrete fre-
quency noise of a propeller fan generated because of the
pseudo rotor-stator interaction [4]. In such previous
studies, there are not a few study cases about the
mechanism of the discrete frequency noise synchronizing
with the blade passing frequency of the high specific
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speed fan [5]. On the other hand, in a study on the
turbulent noise of a low pressure axial fan, Fukano et al.
suggested that the broadband noise was mainly generated
because of the vortex shedding to the wake if the
turbulence of the incoming flow to the fan is weak [6].
Whereas the relationship between the tip vortex and
noise has been discussed in a study of the aerodynamic
noise from the propeller fan [7], there are several reports
stating that the affect of the tip vortex on the fan noise is
small in the vicinity of the design point [8]. Thus, several
factors related to the flow regime affect the fan noise at
the main operation points. Therefore, in order to discuss
the relationship between the flow regime around the ro-
tating blade and fan noise, when the complex aerody-
namic phenomena are exclusively discussed focusing on
a specific noise, an effective result of the specific noise
phenomenon might be obtained.

In this study, we focused on the wake vortex noise of
the propeller fan driven at the maximum efficiency point
and the off-design point, and sought to clarify the rela-
tionship between the flow regime around the rotating
blade and the broadband noise. The characteristics of the
propeller fans having different solidity impellers are es-
timated experimentally. We mainly discuss the influence
of the wake on the broadband noise of the fan.

2. Experimental Procedure
2.1. Experimental Apparatus

Figure 1 shows pictures of the investigated impellers, the
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main dimensions of which are listed in Table 1. The
blade design is the same and only the number of blades,
B, varies. Thus, when the number of blades increases, the
solidity of the impeller also increases. Herein, the impel-
lers with 7, 14, and 21 blades are referred to as P7, P14,
and P21, respectively.

A schematic view of the experimental setup is shown
in Figure 2. The height and width of the duct are 1 m
each, while total length of the duct is approximately 4 m.
The dynamic pressure is measured 600 mm upstream of
the impeller disc using a Pitot tube. The flow rate is de-
duced from the dynamic pressure. It is controlled by an
adjustable throttle at the duct exit. The static pressure of
the fan is measured 400 mm upstream from the exit. The
rotational speed of the driving shaft is 1200 rpm. The
shaft torque of the motor is measured using a torque me-
ter (Ono-Sokki; SS-500); the efficiency of the fan can be
estimated on the basis of the ratio of the shaft power to
the theoretical power. The flow coefficient ¢, the static
pressure coefficient w,, the power coefficient 4, and the
efficiency # are summarized below as
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The flow in the wake is characterized using a hot-wire
anemometer system (KANOMAX JAPAN, Inc.) and a
5-hole Pitot tube. A 1/2-inch microphone (ONO-SOKKI;
LA-4350) is set 1.0 m from the impeller inlet, on the axis.
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The frequency content of the delivered signal is provided
by an FFT analyzer, with a bandwidth of 25 Hz.

Figure 3 shows the overall view of the fan model used
for the numerical simulation. A commercial code (SCRYU/
Tetra, Software Cradle Co., Ltd.) was used for the nu-
merical simulation. The mechanisms downstream of the
fan, such as motors and bearings, are omitted in this
model. The body and entire length of the apparatus were
designed using the same dimensions as the real apparatus.
The minimum grid width on the blade surface was cho-
sen as y' = 50. Approximately four million grid elements

Table 1. Main dimensions of the impeller.

Impeller P7 P14 P21
B 7 14 21
o 0.443 0.887 1.330
C (mm) 122
D (mm) 613
t (mm) 3

(a) (®)
Figurel. Test impellers. (a) P7; (b) P14; (c) P21.
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Figure 2. Experimental apparatus.
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Figure 3. Fan model for the numerical smulation.

were used to solve the whole flow field in the fan. A
constant flow rate was set at the inlet boundary of the
model, whereas a static pressure of 0 Pa was set at the
outlet side.

2.2. Analysis of Wake Vortex Noise

Fukano et al. [2] proposed a prediction equation for the
sound power generated from a fan as
_ mBp
2400q, /SPAN

wedz, )

where B is the number of blades, p is the density of the
air, D is the wake width, W is the relative velocity, z is
the span-wise coordinate, and « is the speed of sound.

The relative velocity was defined by the inlet velocity [2].

The relationship between the sound power and sound
pressure at the measurement point is defined as

E 4nR*  —

=— " _ p?, 3
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where R is the distance between the noise source and the
observation point (R = 1.0 m) and 6 is the angle that ex-
presses the directivity of the sound (8 = 0°). The sound
pressure level is defined by

)
p
Lp =10log £_2J s 4)
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where py is the reference sound pressure (20 pPa).
Typical velocity fluctuations measured by the hot-wire
anemometer in the wake are plotted in Figure 4. The
I-type hot-wire probe (KANOMAX; 0251R-T5), inclined
according to the absolute flow angle measured by the
5-hole Pitot tube, is mounted on the experimental appa-
ratus. Though incomplete, the measurement gives access
to the wake width. The circumferential velocity at the
measurement position can be used to change the time
scale to a length scale in order to evaluate the width of
the wake. The widths of the wake measured in the abso-
lute coordinate system and the relative coordinate system
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are related, as shown in Figure 5. The center line of the
wake is assumed to be parallel to the stream line at the
relative flow angle f, so the width of the wake measured
in the absolute coordinate system becomes D,. The width
in the relative coordinate system is given by the line from
AtoC.

3. Results and Discussion
3.1. Characteristics of the Propeller Fan

The aerodynamic characteristics of the propeller fans are
shown in Figure 6. In the characteristics of the actual fan,
the static pressure coefficient of P21 is the highest over a
wide range of flow rates; however, the maximum effi-
ciency of P21 is the same as that of P14. This is because
the shaft power of P21 must be large because of the
change in the inertia moment from the increase in the
number of blades. The characteristics of the static pres-
sure by the numerical simulation represented the ten-
dency of the measured values. In this study, in order to
take into account the actual driving conditions, the char-
acteristics of the fans at the maximum efficiency point (¢
= 0.30) and at the off-design point in the low flow rate
domain (¢ = 0.20) are analyzed.

The characteristics of the sound pressure level of the
propeller fans are given in Figure 7. Notably, the aero-
dynamic noise of the propeller fans is not proportional to

, :
P21 N = 1200rpm
=030 |
/R =081

V,m/s

N N

""" time mean velocity
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0.04 0.045 0.05
¢, msec.

Figure 4. Velocity fluctuation measured by the hot-wire
anemometer.

Figure 5. Width of the wake in the relative coordinate sys-
tem.
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Figure 6. Aerodynamic characteristics. (a) Experiment; (b)
Numerical simulation.
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Figure 7. Noise characteristics.

the number of blades because the noise level of P21 at
the maximum efficiency point is the lowest. On the other
hand, the noise level of P21 is the highest among these
fans when the operation point changes to the off-design
point. In the next section, we take into account these ba-
sic characteristics and compare the flow regimes of P7
and P21.

3.2. The Fan Noise at the Off-Design Paint

The flow field in the meridian plane is presented in Fig-
ure 8. The operation point is the off-design point (p =

0.20). Figure 8(a) shows P7, and Figure 8(b) shows P21.

The lines indicate the mean velocity iso-contours, and the
amplitude of the velocity fluctuations is superimposed as
a color map. In both figures, the main flow domain of the
fan is formed in the span range: 200 mm < » < 300 mm.
The velocity fluctuations reach their maximum amplitude
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Figure 8. Flow field in the meridional plane at the off-design
point measured by the hot-wire probe. (a) P7 (off-design
point); (b) P21 (off-design point).

in the velocity gradients. Therefore, the noise sources are
likely to be on the blade surface in the upstream con-
tinuation of the location of large fluctuating intensity. At
the off-design point, the velocity fluctuations in the wake
of P21 are much higher than those in the wake of P7. The
intensity of the velocity fluctuation follows the same
trend as the noise characteristics of the fan at the off-
design point (see Figure 7).

The distribution of the acoustic sources around the ro-
tating blade is shown in Figure 9. The location in the
radial direction of the sectional view is in the vicinity of
the main flow domain (/R = 0.75). The source term of
the sound source suggested by Powell and Howe is util-
ized for visualization of the distributed acoustic source
around the rotating blade [9,10]

o’p
o’
where p is the sound pressure, @ is the vorticity vector,
and u is the velocity vector. The spatial distribution of

the acoustic source is visualized with the source term on
the right-hand side. In both fans, the acoustic sources

-c*V?p=pdiv(wxu), %)
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Figure 9. Distribution of the acoustic sources around the
rotating blade. (a) P7; (b) P21.

rotating in the circumferential direction have been
formed in the vicinity of the trailing edge of the blade.
P21 has more acoustic sources around the rotating blades
than P7 because P21 has a larger number of blades than
P7.

The span direction distributions of the wake are given
in Figure 10. Figure 10(a) shows the distribution of the
relative velocity, and Figure 10(b) shows the width of
the wake. The measurement point was chosen 30 mm
downstream from the trailing-edge section of the fan.
The relative velocity of P7 at the blade tip side is the
slowest among the three fans because of low solidity (o;
0.7 < /R < 1.0). Moreover, the distribution of the width
of the wake indicates that the wake of P7 becomes the
most separated flow because the blade pitch is wide.

The predicted noise levels according to Fukano’s
model are superimposed on the measured spectra in Fig-
ure 11. At the off-design point, the broadband noise level
of P21 distributed 200 Hz to 300 Hz exceeds that of P7.

Copyright © 2012 SciRes.
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Figure 10. Comparison of the span direction distribution of
the wake with the impellers having different solidity. (a)
Relative velocity; (b) Width of the wake.
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Figure 11. Comparison of predicted noise levels with meas-
ured noise spectra at the off-design point.

The broadband noise of P21 at the off-design point is one
of the reasons why the fan noise is increased (see Figure
7). The frequency band of the narrowband noise of P21
agrees with the vortex shedding frequency estimated by
the Strouhal number (0.2 = fD/W) in the vicinity of the
main flow domain. The predicted noise levels of P7 and
P21 express the tendency of the measured noise levels.
Thus, the aerodynamic noise spectra at the off-design
point are a result of the wake vortex shedding. The width
of the wake of P7 becomes larger than that of P21 be-
cause of the separated flow; however, the broadband
noise of P7 at approximately 250 Hz is smaller than that
of P21. From these results, we find that because the rela-
tive velocity of P21 at the off-design point becomes
much faster according to the solidity and the number of
noise sources is increased because of the number of
blades, these flow regimes of P21 are responsible for the
higher broadband noise.
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3.3. The Fan Noise at the Maximum Efficiency
Point

The noise spectra at the maximum efficiency point are
shown in Figure 12. The discrete frequency noise syn-
chronized with the blade passing frequency becomes
large at the maximum efficiency point. However, ac-
cording to the noise characteristics shown in Figure 7,
the dominant factor of the noise level is the broadband
noise distributed in the range from 50 Hz to 500 Hz. The
symbols in the figure represent the predicted noise levels.
The broadband noise of P7 is probably caused by the
wake vortices because the predicted noise levels agree
with the measured noise levels (0). On the other, the pre-
dicted noise levels of P21 did not agree with the meas-
ured values (O). Therefore, no vortex is shed in the case
of the maximum efficiency point of P21 because the flow
from P21 attaches to the blade.

The aerodynamic acoustic source is shown in Figure
13. In the wake field of the meridional plane, the acoustic
noise due to the wake vortex shedding is distributed
along the span direction (A in the figure). The distribu-
tion of the acoustic sources along the span direction be-
comes one of the major factors. Pairs of the positive and
negative acoustic sources are formed because of the tip
vortex. In the following discussion, we focus on the
analysis of the wake vortex noise at the maximum effi-
ciency point.

100~

- ! --=-P7(89.8dB)
L ]\;7715%0 pm i ——P21(85.7dB)
0 |
801 = O P7 (prediction)
% 0 P21 (prediction)
3
60

445 10 10 10*
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Figure 12. Comparison of predicted noise levels with meas-
ured noise spectra at the maximum efficiency point.
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Figure 13. Visualization of the aerodynamic noise sour ce by
the sour ce term of Powell and Howe.

Copyright © 2012 SciRes.

The measured wake of the rotating blade is compared
at the two major operation points in Figure 14. In the
relative velocity shown in Figure 14(a), the velocity at
the maximum efficiency point is faster than that at the
off-design point because of the high flow rate. On the
other hand, the width of the wake at the maximum effi-
ciency point becomes narrower than that of the width at
the off-design point in the vicinity of the blade tip side
because the relative flow attaches to the blade (see Fig-
ure 14(b)). The wake vortex noise is generated from P7
at both operation points; however, the development of
the potential of the wake vortex is conserved at each op-
eration point. These results indicate that there was little
difference in the fan noise of P7 at the off-design point
and the maximum efficiency point.

4. Conclusions

1) The aerodynamic noise of the fan with the high-so-
lidity impeller P21 was the lowest among the three fans
at the maximum efficiency point, whereas the fan noise
of P21 was the highest when the operation point changed
to the off-design point;

2) The Karman vortex was shed to the wake at the off-
design point of P21; the vortices were one of the major
factors for the increase of the fan noise. The broadband
noise of P21 was much higher than that of P7 because the
relative velocity increased according to the solidity and
the noise sources increased because of the number of
blades;

50 T T T T
FP7 ;
40%N= 1%00 rpm |
30 .
S
20F | L
L ' hub tip
10 1 / 1 1 \1
0.4 0.6 0.8
r/R
(@)
200

Figure 14. Comparison of the span direction distribution of
the wake at the different operation points. (a) Relative ve-
locity; (b) Width of the wake.
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3) In the case of the fan having the low solidity impel-
ler, P7, the broadband noise due to the wake vortex
shedding was generated at the maximum efficiency point
and the off-design point in the low flow rate domain be-
cause the relative flow around the blade separated easily;

4) The wake vortex noise is generated from P7 at both
operation points; however, the development of the poten-
tial of the wake vortex is conserved at each operation
point. These results indicate that there was little differ-
ence in the fan noise of P7 at the off-design point and the
maximum efficiency point.
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