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PIV MEASUREMENTS OF EXIT FLOW FIELD OF
CENTRIFUGAL FANS WITH CONDITIONAL
SAMPLING

Shun-Chang Yen* and Jung-Hsuan Liu**
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ABSTRACT

In this research, we have experimented with two centrifugal fans
with the same geometrical configuration. These two fans are designed
to rotate at different speeds driven with the same voltage. The Particle
Image Velocimetry (PIV) method is applied to measure the instanta-
neous flow fields at the near-exit region. The AMCA 210 wind tunnel
is used to find the efficiency and the performance coefficients. The
velocity vectors, streamlines, vorticity contours, velocity distributions,
flow rate, and performances are also presented and discussed. We
find that higher rotation speed yields better efficiency.

INTRODUCTION

Centrifugal fans are used widely in industry, espe-
cially in notebook computer cooling systems. The
rotating impellers of the centrifugal fan inhale the hot
air flow, subsequently removing it radially along the
volute. Researches on centrifugal fans were initiated by
Eck [5]. He defined many geometric parameters and
conducted a series of systematic analyses. These works
have promoted the capability to evaluate fan
performances. The coupled theories of the fan and duct
designs of an air moving system were developed by
Wallis[16]. Later, Bleier [1] explained these concepts
and presented sample calculations to enable engineers
and non-engineers to design fans that can achieve the
desired criteria such as air volume, static pressure,
brake horsepower, and efficiency.

The air flow turns 90 degrees due to the flow
channel design. This causes many complex flow phe-
nomena such as separation, recirculation, and reversed
flow. In 1981, Raj and Swim [12] applied the flow
visualization method to investigate the internal flow of
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the forward-curved centrifugal fan. They found that the
flow separates on the suction surface, while it moves
smoothly on the pressure surface. Furthermore, the
distribution of static pressure is not uniform on the
impellers. Chen et al. [3] used hot wire anemometers
and pressure transducers to measure the rotating stall
and the inlet vortex with the inlet vane control. They
found that the inlet vortex maintains a linear relation-
ship between its frequency and the flow rate at a given
vane angle. Sandra et al. [13] did an experimental
investigation in a forward-curved blade centrifugal fan
and found an unstable performance curve. This study
presented the test performance curves revealing the
unstable characteristics of the fan over awide flow rate
range. Tsurusaki et al. [15] used particle tracking
velocimetry (PTV) to study the internal flow velocity
distributions of a cross-flow fan in a rectangular water
tank. They found that the internal flow of the cross-flow
fan is disturbed strongly by the eccentric vortex gener-
ated in the cross-flow fan.

In addition, many researchers used the AMCA
wind tunnel or numerical methods to analyze the ex-
haust efficiency of the centrifugal fan. The perfor-
mance criteria are the head, flow coefficient, power
coefficient, and fan efficiency. Lin and Huang [9]
investigated the NACA 4412 aerofoil blade with a small
forward-curved centrifugal fan by using the design
concept, experimental verification, and computational
simulation. The experimental results indicated that the
maximum flow rate is about 1.7 cfm for all blade inlet
angles with a rotation speed of 5000 rpm. They also
found that the maximum static pressure is negatively
correlative with the blade inlet angle. Dilin et al. [4]
studied low-pressure rotation fans experimentally and
computationally to provide a satisfactory means to as-
sess the internal flow structure and performance. They
also found that 50% of pressure rise downstream of the
impeller can occur across the collecting volute.
Tsurusaki et al. [14] used the cross-flow fan and found
that the head coefficient in the through-flow region is
larger than that in the recirculating region at a high flow
rate. They also found that the eccentric vortex transfers
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its kinetic energy to the through-flow and that the
transferred energy increases as the flow rate decreases.
Jeon [6] used a numerical method to study the character-
istics of the acoustic pressure in the centrifugal impeller
and wedge system. He summarized three important
factors: (1) As the cut-off distance is varied from
0.0028 to 0.028 m, the theoretical head pressure with no
loss term slowly increases and (2) As the flow rate
coefficient increases from 0.112 to 0.14, the head pres-
sure decreases.

In this paper, we use the PIV method to measure
the complex centrifugal fan flow field on two different
planesin the near-exit region. To design the centrifugal
fans efficiently and optimally, the flow structures, ve-
locity distributions, and flow rates are recorded and
derived. Also, the performance coefficients at different
flow rates are calculated and compared by using the
AMCA wind tunnel test.

EXPERIMENTAL ARRANGEMENTS
1. Experimental setup
Figure 1 shows the experimental setup used in the

present work. The dimensions of the aluminum-alloy
loading platform are 50 x 30 x 2 cm. Four supporting air

-

cushions are used to eliminate vibration when these fans
operate. The four stand aluminum pillars of the particle
supplier are fixed on this platform. To scatter the pulse
laser beam, polyamide (PM) particles are seeded into
the four particle supply tubes and then spread through-
out the chamber by the four cyclone particle generators.
The diameters of these particles range from 35to 70 um,
and the specific weight is 1.03 at 25°C. Ignoring the
effect of turbulent diffusion, the relaxation time con-
stant is estimated to be less than 6.25 x 107> seconds,
and the Stokes number is at the order of 107, Thus, the
slip between the flow and particles can be neglected in
this experiment. According to Mei’s method [10], the
seeded particles are estimated to be capable of fluctuat-
ing up to 3kHz. A piece of balsam wood with areflector
stuck to it is attached to the hub of the fan. A diffusion-
scan type Y amatake-Honeywell photoelectric switch is
used to detect the impeller angle by sensing the re-
flected signal from the reflector. The photoelectric
switch consists of a micro-diameter optical fiber infra-
red light transceiver (model HPF-DO018) and a high gain
electric amplifier (model HPX-F1). The 0.75 mm diam-
eter transceiver produces a beam of modulated infrared
light and receives the target-reflected optical signals.
The maximum sensing distance and minimum target
size are 15 mm and 0.2 mm, respectively. The photo-
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Fig. 1. Experimental setup.
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electric amplifier has a frequency response limit of 20
kHz. By shunting with a 1.2 kQ resistor, the output
currents are converted into almost square-wave voltage
signals. Then the output voltages are fed into a phase-
lock controller in the PIV system.

2. Flow field measur ements

The PIV image acquisition system is composed of
a double-pulse Nd:YAG laser, a CCD camera, and an
electronic synchronizer comprising a phase-lock and
laser double-pulse timing controller. As shown in
Figure 1, two independent controllable pulsing lasers
are packed into one casing to generate the consecutive
double-pulses. The laser employs a flash lamp-pumped
Nd:YAG rod in a thermally compensated resonator to
generate radiation at 1064 nm via an IR head. The
maximum pulsing rate is 30 double-pulses per second.
The maximum pulsing energy is 90 mJ. The pulse width
is between 3-5 ns. Jitteringis+ 0.5 ns. The green light
beams, at 532 nm leaving the laser head, are expanded
into a 20 degree light sheet through a laser-light sheet
generator which isinstalled at the exit of the laser-head.
The thickness of the laser-light sheet is adjusted to
about 0.5 mm. For image grabbing, the particle images
are recorded by a Roper Scientific Megaplus Model ES
1.0 CCD camera with a resolution of 1008 x 1018
pixels. The pixels are 9 microns square and can be
operated continuously or in an external trigger mode.
The pixel array is zoomed and mapped to a physical
region at approximately 90 mm so that the spatial reso-
lution is about 90 um/pixel. The external trigger mode
is applied in this study by using a timing-controlled
trigger signal from the electronic controller. The cam-
era has an output channel data rate of 20 MHz, which
gives a maximum frame rate of 30 frames per second.
Exposure times of 0.125 to 33 milliseconds are possible
with the camera’ s electronic shutter. When operated in
the frame straddling mode, the maximum framing rate
becomes 15 pairs per second. In this study, each image
occupies about 2 MB, and 500 image pairs are taken for
every operation. The electronic synchronizer consists
of a phase-lock signal coordinator and a laser double-
pulse timing controller. The phase-lock signal coordi-
nator receives series of photoelectric switch signals
from an encoder, which is areflective sticker on the hub
of the fan. The encoder has a resolution of 360 pulses/
revolution. The output signals of the phase-lock coor-
dinator are fed to the laser double-pulse timing control-
ler according to the settings. The laser double-pulse
timing controller bears the output signals for control-
ling timings for lamp flashing and Q-switching of the
lasers as well as the shuttering of the camera.

There are two sub-systems used in the PIV post-

processing system: the image interrogation and post
interrogation system. By using the cross-correlation
technique, two consecutive image frames can be ana-
lyzed and developed [8]. Thistechniqueisimbedded in
the software “VidPIV4” developed by Optical Flow
Systems. It calculates the average displacement of local
particle groups in these consecutive images. The inter-
rogation window is set to 32 x 32 pixels. In order to
reduce velocity bias in the regions with large velocity
gradients, the ratio of the displacement of the double-
exposed images to the length of the interrogation areais
held to be lower than 1/4, as suggested by Keane and
Adrian [7]. Filtering and interpolation can identify
outliers and then regenerate the missed values. The
global filter finds all the globally inconsistent values,
while the local filter finds those that may be globally
consistent but are not smoothly consistent with the local
variationsin vector magnitude and direction. The method
of interpolation is based on a weighted mean technique
that can replace the values at filtered sitesin an iterative
manner by replacing those with the most surrounding
valid values first, working toward those that are less
favorably positioned, for accurate and reliable
interpolation. Adaptive cross-correlation employing
smaller interrogation size and smaller grid spacing is
finally applied to the vector field generated from the
regular procedure of cross correlation, filtering (global
and local), and interpolation to provide higher resolu-
tion and accuracy than the first pass. A series of
instantaneous vector fields are required to calculate the
ensemble averages. By combining a sufficient number
of vector fields, the mean velocity field is obtained. In
this study, the mean velocity field of the centrifugal
flow fan is obtained from the ensemble average of 500
instantaneous image pairs.

3. Fan performancetests

The configurations and specifications of the cen-
trifugal flow fans are shown in Figure 2, and the geo-
metric parameters are tabulated in Table 1. The experi-
mental facilities used in this paper are shown schemati-
cally in Figure 3, and they are similar to those used by
Yenand Lin [18]. The centrifugal flow fan is clamped
laterally in the test section of the AMCA 210 flow bench
(ANSI/AMCA Standard 210-85, 1985) for measuring
the flow rates. The fresh air is inhaled into the test
section by asuction fan, which is attached to the AMCA
210 flow bench. Three different sizes of metal mesh are
set at the upstream and downstream of the nozzles to
regulate the flow. By averaging the static pressures
measured from the plenum, the flow rate can be cal cu-
lated by the pressure difference. Theinput power can be
found by recording the input currents and voltages.
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(a) Top view (b) Detailed configuration

Fig. 2. Centrifugal fan (a) top view; (b) detailed configuration.
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pressure-average box

Table 1. Fan geometry parameters

Fan Fan-A Fan-B
DimensionL x Hx W(mm) 60x60x 11 60x 60 x 11
Hub diameter (mm) 24 24
Number of blades 17 17
Rotor speed (rpm) at 5V 3100 4000
Hub-to-tip at rotor inlet (mm) 10 10

Blade thickness (mm)
Tip clearance (mm)
Chord length (mm)

© R PR
© PR

Pressure transducers

B m A
#:1 Fﬁ @H_ [0.25] [20.95 [0.53]
Psychiometer -E'.?;___:_E%_-___j ~EL___ ?: ©00 000

/ i E Plenum #3 Plenum #2 i i Plenum #1
1 I
¥ d ¥
' E i
¥ ; 0 ‘Flow
1 ]
P N Flow
1 ]
1 - S
1 ]
X \ " ( 1FIOW
1 [ .
' Thermometer h 'C:ZIentnffugaI
1l 0l ow Tan
" Nozzl€é "
1 1
L pan
Auxiliar . Pressure tape MES{ES -
— sirocco fgn |nverter v 51;0\u/uuuuﬁ
=
w— e [0.36A]
—! %E uuuuu3!
Power supply
Fig. 3. Schematic of performance experimental facility system setup.
4. Dimensional analysisin fan L Q
Flow coefficient @=K —~ (2)
: . . . ND
Dimensional analysis in the centrifugal flow fan
has been employed by many researchers[1, 11, 17]. The o @
dimensionless parameters such as head coefficient ¥, Power coefficient A = NE 3)
flow coefficient @, power coefficient A, and the fan P
efficiency n can be derived from the IT-products theo- Fan efficiency n = @WIA (4)

rem and defined as:

. AP,
Head coefficient ¥'=———

1
N (1)

where APg is the static pressure rise, p is the density of
the air, N is the rotor speed, D is the fan diameter, Q is
the volume flow rate, K depends on the hub-to-tip ratio
[1], and g isthe fan power.
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RESULTS AND DISCUSSION

To understand the complex flow phenomenain the
centrifugal flow fans, the following procedures are
implemented:

(1) Using a PIV measurements system to measure the
instantaneous and ensembl e average flow field in the
downstream.

(2) Discussing the flow field patterns and mean velocity
distributions on diametral and lateral planes.

(3) Evaluating the performance coefficients with differ-
ent flow parameters regulated in the AMCA 210
wind tunnel.

1. Velocity flow field
(DFlowsin diametral planes

The PIV-measured velocity vector field and vor-
ticity contour fields are shown in Figure 4. The stream-
line patterns are obtained by the shooting method. The
vorticity Q,is calculated from the mean velocity data by
using the central difference scheme, defined as

av, V,
=_y__X

top-view top-view

33.80 19% (2 % -, :
j% HL—\LEI\O IQ:K)\

-2

I

Fig. 4. Flow field pattern (top) and vorticity contour field (bottom) of
Fan-A (a, b) and Fan-B (c, d) on the diametral plane.

where V, and Vy are velocity components in the x and y
directions, respectively. The clockwise-rotating vortex
is defined as positive. By averaging the 100 pairs of
measured instantaneous velocities, Figure 4 shows the
velocity vectors and vorticity contours on the diametral
plane (y = 0) at the near-exit position of Fan-A and Fan-
B, respectively.. Asshown in Figure 4(a) and 4(b), the
velocity vectors and the vorticity contours move from
the left-upper to the right-bottom part of this plot. This
phenomenon satisfies the physical model that the impel-
lers rotate counterclockwise. In the left-bottom region
of Figure 4(a), the flow velocity is lower due to the
lesser infl uence of the impellers. The maximum vortic-
ity of 33.8 s!is observed in Figure 4(b). Figure 4(c)
demonstrates the same flow structure as Figure 4(a)
except for the higher rotation speed in Fan-B. Asthe
result, the maximum vorticity of 46.6 s is observed in
Figure 4(d). Also, the flow direction can be demon-
strated in these two panels.

Figure 5 shows the velocity distributions of V,, V,,
and |V| along z-axis (x = 0; y = 0). In Figure 5(c), the
lowest absolute velocity of 1.8 m/sec appears at the
near-exit position (i.e. z ~ 0). The highest absolute
velocity of 5.6 m/sis observed at z= 3 cm. After this
point, the velocity decreases as the flow travels farther
away. Figure 5(f) shows that the absolute velocity of
7.5 m/s of Fan B islarger than the 5.6 m/sin Fan-A. The
reason is that the induced flow velocity in Fan-B is

Vx (m/s)

Vz (m/s)
OO PN W b~ 010

VI (mVs)

Z (cm)
Fig. 5. Distributions of velocity components (a, b, d, €) and absolute
velocity (c, f) along z-axisasx =0,y = 0.
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larger than that in Fan-A. Figure 6 shows the lateral
velocity distributions (along the x-axis) of V,, V, and |V|
on the lateral plane (y-z plane) at different z positions,
respectively. Asshown in Figure 6(a), (b) and (c), the
maximum exit velocities of Fan-A decrease as z in-
creases for all curves. In Figure 6(d), (e) and (f), the
maximum exit velocities of Fan-B are almost fixed as
0 <z< 4.6 cm. These plots also show that all the
velocity components in Fan-B are larger than in Fan-A
due to the higher rotation speed in Fan-B.
Experimentally, it is difficult to capture the whole view
of the external flow field due to the flow expansion. In
this paper, we defined a new modified flow rate g as

q=%=J'vz(><)-d>< (8)

where Q is the volume flow rate, b is the width of the
capture window, and v, (x) is the velocity profile along
the x-axis. Using Eq. 8, Figure 7 shows the distribution
of the modified flow rate integrated from the data in
Figure 6(c) and (f), respectively. It reveals that the
maximum modified flow rate gmax appears at the near-
exit position. It also shows that as the z position
increases, the modified flow rate decreases. This evi-
dences that the flow rate of Fan-B is larger than that of
Fan-A.

Vx (m/s)

Vz (m/s)

VI (m/s)

O N A O OO N A O WO P N W bH

-20 -10 00 10 20-20-10 00 10 20
X (cm)
Fig. 6. Distributions of velocity components (a, b, d, €) and absolute

velocity (c, f) along thex-direction asy =0, and z= 0.0, 1.0, 2.0,
3.0, 4.0, 4.6 cm, respectively.

(2) Flowsin lateral planes

Figure 8 shows the distributions of velocity and
vorticity on different lateral planes (y-z plane) of Fan-A
(left), and Fan-B (right). Figure 8(a) shows the velocity
distribution at x = 0 on the lateral plane. Resulting from
the geometric symmetry, the flow moves downstream
symmetrically. Figure 8(b) shows the vorticity contour
of Figure 8(a); a 0.2 constant vorticity distributes along
the z-axis. Figure 8(c) and (d) show a similar profile to
Figure 8(a) and (b) except for the 3.5 constant vorticity.

20 T L] T L] T L L) T
——Fan-A
B —&—Fan-B |
16F . A
@
é - —
o
12 - ‘-\L =
8 L L L L ke L L L L
0 1 2 3 4 5
Z (cm)

Fig. 7. Modified flow rate as a function of longitudinal position.

Z (cm)

N
7

%
_(jblz =5 o
DROH )

y (cm)

Fig. 8. Flow field pattern (top) and vorticity contour field (bottom) of
Fan-A (a, b) and Fan-B (c, d) on thelateral plane.
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Shown in Figure 9 are the downstream velocity
distributions of v, along the z-axis on different lateral
planes. Figure 9(a) shows the velocity distribution of
Fan-A. The square notation denotes the velocity distri-
bution at x = -1.2 cm. It shows the maximum velocity v,
of 5.1 m/s appearing at z= 1.15 cm and then decreasing
downstream. The solid-circle notation denotes the ve-
locity distribution at x = 0.0 cm. It shows the maximum
velocity v, = 4.9 m/s appearing at x = 3.0 cm. These
results coincide with the data in Figure 5(b). The
triangular notation denotes the velocity distribution at
x = +1.2 cm, and the maximum velocity v, is 4.1 m/s.
Figure 9(b) shows the velocity distribution of v, on
different lateral planes. It can be observed that all the
maximum velocities are larger than those of Fan-A. The
solid-circle data can also be checked with Figure 5(e).

2. Centrifugal fan performance

The AMCA 210 wind tunnel is used to evaluate the
fan performance. To confirm that the flow field is
steady, the acquisition system does not capture data
until the test system has operated for about 30 seconds.
Figure 10(a) shows the performances of the head coef-
ficient with different volume flow rates. The head
coefficient of the static pressure is negatively correla-

V, (m/s)

Z (cm)
Fig. 9. Velocity component in thez direction at y=0and x =-1.2, 0.0,
1.2 cm, respectively.

tive to the flow coefficient for these two fans. The head
coefficients of Fan-B are larger than those of Fan-A.
Figure 10(b) shows the performance curves of the power
coefficient with different volume flow rates. These two
curves show the positive-linear relationship between
the power coefficient and the flow coefficient. This
phenomenon presents a serious problem in the centrifu-
gal fan because the motor may overload if the operation
point is beyond the designed flow rate. The current
investigation provides a basis for that study. Consider-
ing the energy consumption, Fan-A consumes more
power than Fan-B does. The reason is that Fan-B
introduces a higher Reynolds number by rotating at
higher speed. This higher Reynolds number conducts a
lower drag coefficient, so Fan-B conveys the lower
power consumption [2].

In this paper, we present two different rotation
speeds of centrifugal fans. The different rotation speeds
cause different phenomena in the exit region. These
variations certainly influence the efficiency of the fans.
Eqg. (4) can be use to calculate the fan efficiency, and the
results are shown in Figure 11. The efficiency n of Fan-
A attains its maximum efficiency of 3.95% at ¢ = 0.08.
In Fan-B, the maximum efficiency n is 13.1% at @ =
0.07. The extra9.15% efficient comes from the rotation
speed effect.

0.8
0.6
0.4
0.2

0.0
0.7F

0.6

05 -

04} > |
03} d

0.2 -

0.00 0.04 0.08 o 0.12 0.16 0.20

Fig. 10. Plot of head coefficient ¥ (a) and power coefficient A; (b) asa
function of the flow coefficient @, respectively.
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'l 1 L 1 '} L

004 008 o 012 016 020

Fig. 11. Plot of fan efficiency n asa function of the flow coefficient @.

CONCLUSIONS

In the present work, we experimentally explore
two centrifugal fans with identical geometrical
structures. These two fans perform at different rotation
speeds under the same driving voltage. The PIV method
is applied to measure the instantaneous flow fields at the
near-exit position. Furthermore, an AMCA 210 flow
bench is used to evaluate the performance coefficients.
To the best of our knowledge, thisis the first paper to
discuss the relationship between the near-exit flow pat-
terns and the efficiency parameters. These results can
also be applied to the field of optimal design. The
following are the characteristics we find:

(1) The lowest absolute flow speed appears at the near-
exit position (i.e. z = 0), and the highest absolute
speed appears at the point of z=3 cm. The speed
decreases as the longitudinal position moves farther
away from the exit.

(2) The maximum modified flow rate appears at the
near-exit position. Aslongitudinal position increases,
it decreases.

(3) The efficiency n of Fan-A (3100 rpm) attains its
maximum of 3.95% at @ = 0.08. For Fan-B (4000
rpm), the maximum efficiency n is 13.1% at @ =
0.07. The extra 9.15% efficiency comes from the
rotation speed effect.

(4) The higher the rotation speed, the higher the flow
rate and the better the efficiency under the condi-
tions of identical geometrical structure and the same
driving voltage.
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NOMENCLATURE cm/s
absolute velocity
D fan diameter density of the air
Dhup hub diameter of fans vorticity, 1/s
N  rotor speed head coefficient, (= AP¢/(oN°D?))
Ps

Q volume flow rate flow coefficient (= KQ/ ND%)

q modified flow rate fan efficiency (= W@/A)

t maximum thickness of the blade constant depending on the hub-to-tip

X, Y, zCartesian coordinates with origin at the center of
fans

v
0
Q
'
static pressure A power coefficient (= 2/(oN3D®))
D
n
K
4

fan power
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