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ABSTRACT

Multi-wing centrifugal fans are wildly used in the central air-conditioning. The influence of dimensionless
clearance of the volute-tongue on aerodynamic performance and noise is studied by numerical simulation and
experimental tests in this paper. The complicated internal flow related to unsteady flow in a centrifugal fan with
multiple wings is investigated by numerical simulation. Besides, the influence of circumstance on the noise is
analyzed. It is testified that the internal flow of centrifugal fans is ameliorated using appropriate volute tongue
clearance. Reduced eddy current decreased the local-flow loss near the volute tongue and exit. The experimental
results show that the static pressure of model At/R,=0.12 rose to 7.5 Pa and the aerodynamics noise value
reduced to 4 dB compared with that of a reference model. Meanwhile, an obvious reduction of aerodynamics
noise by 3.74 dB is obtained for model At/R2=0.12 installed in the air conditioning unit. The static pressure of
centrifugal fan is significantly improved for the model with a cochlear tongue clearance ratio of At/R2=0.12. It
is further demonstrated that the proper dimensionless distance effectively suppresses the aerodynamic noise of
forward multi-wing fans.

Keywords: Centrifugal fan with multi-wing; Aerodynamic noise; Interior flow; Local-flow loss; Static pressure.

NOMENCLATURE
C. constant number \Y volum of computational element
Cs Smagor constant Sij tensor spin
D field of flow area T torque
d distance of the wall t time
G filter size Tij tensor of Lighthill
Gob buoyancy kinetic energy Z blade number
Gk turbulent kinetic energy A the filter size
K Karman constant e dissipation rate
Lp sound level P fluid density
N speed of the rotating impeller n efficiency of fan
P pressure Q flow vorticity
P1 input power 17 Prandtl number
P2 output power Tij subgrid tension
Pij stress tensor le viscosity coefficient
Q value of flow I coefficieent of molecular
Ut subgrid of filtration it coefficieent of eddy viscous
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1. INTRODUCTION

The centrifugal fan is extensively applied to various
industrial sectors and even has become an
indispensable role in people’s lives. In the past
decades, many numerical simulations and
experimental tests have been dedicated to the
optimization and prediction of aerodynamic
performance and noise (Conway et al. 2001; Lee et
al. 2004; Younsi et al. 2007; Velarde et al. 2008;
Heo et al. 2011; Hayashi and Kaneko 2014; Li et al.
2011). Heo et al. (2011) modified the trailing edge
line of centrifugal -fan blades to tilt the "S" type and
found that the turbulent kinetic energy of centrifugal
fans decreases by comparing the original centrifugal
fan. By installing the test measurements in the
household refrigerator, the total noise reduction is
about 2.2dB. Younsi et al. (2007) investigated the
effects of the rotating blade, volute interior, and flow
instability on the aero-acoustic characteristics of the
fan using computational fluid dynamics (CFD).
Tajadura et al. (2006) studied the numerical results
with the experimental results of centrifugal fans,
finding that there is a close relationship between the
far-field noise signal and the pulsation of wall
pressure. Liu et al. (2007) studied industrial
centrifugal fans by the numerical method. Unsteady
calculation and noise simulation are carried out for
the whole volute-impeller structure (Younsi et al.
2007; Pavesi et al. 2008). The multi-wing fan,
belonging to centrifugal fans, is widely used in the
central air-conditioning industry (Khelladi et al.
2008). In general, researchers try to control the
unsteady flow (Kolmogorov 1991; Sipp and Jacquin
2008; Lee et al. 2004; Kolai and Sistek 2015; Lun et
al. 2019a) and suppress the aerodynamic noise by
modifying the volute tongue of centrifugal fans
(Bayomia et al. 2006; Darvish et al. 2015; Mao et al.
2018; Kim et al. 2019; Yang et al. 2019).

With the rapid development of the domestic air
conditioning industry and increasing demands for
this product, the miniaturization, low noise and high
efficiency of air conditioning fans have been required,
and the key factor affecting air conditioning noise is
the multi-wing centrifugal fan. Therefore, it is an
urgent problem to enhance the performance and
reduce the aerodynamic noise of multi-wing
centrifugal fans (Lee et al. 2004; Lun et al. 2019b).
However, the problems still need to be solved, e.g.,
the tip-clearance flows induced by the interaction
between impeller and volute -tongue dominates the
performance and noise of centrifugal fans (Lun et al.
2019b; Kolat and Sistek 2015).

Given the above discussions, controlling the
tip-clearance flows induced by the interaction
between the volute tongue and impeller of centrifugal
fans is essential to improve the performance of
centrifugal fans and reduce aerodynamic noise.

The work focused on the effect of clearance on the
internal complex unsteady characteristics, the
static-pressure efficiency, and the aerodynamic noise
of centrifugal fans. The main purpose was to obtain
the optimal dimensionless clearance of the volute

1484

tongue by the numerical simulations of internal flow
and fan performance and the noise tests. The optimal
tip-clearance of volute-tongue is obtained, which can
significantly improve the centrifugal-fan performance
for energy saving and reduce aerodynamic noise for
environmental protection.

The work mainly inquired how the tongue structure
of centrifugal fans affected its performance and
aerodynamic noise based on steady and unsteady
simulations and experimental verification. The
unsteady characteristics and aerodynamics noise are
predicted utilizing CFD, and then the professional
testing equipment is applied to validate the reliability
of numerical results.

2. PARAMETER OF CENTRIFUGAL FANS

This section presents some primarily produced
parameters and structure of the original and modified
centrifugal fan, respectively.

2.1 Original Centrifugal Fans

The unsteady numerical results and experimental
study on aerodynamic performance and noise are
performed on a multi-wing centrifugal fan for air
conditioning with 40 forwarding wing blades. Fig. 1
describes the structure of the model. An impeller, an
exit, a volute, and double entrances form in the
centrifugal fan. The design flow rate condition (Qn) is
321.6mh for the centrifugal fan in the work. The
geometric parameters of the multi-wing centrifugal
fan are shown in Table 1. Some important parameters
of the original model are obtained.

Collector

The inlet of
fan =

The outlet of/

fan

Volute

<~The inlet of
fan

Voluteé tongue

Fig. 1. Centrifugal-fan model.
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Table 1 Parameters of the multi-wing centrifugal

fan

Parameter Value
Inner diameter of the impeller (D1)| 131.6 mm
Outer diameter of the impeller (D2)] 150 mm
Width of the impeller (b) 186 mm
Avrc-radius of the blade (Rx) 8.95 mm
Thickness of the blade () 0.45 mm
The width of the volute (B) 227.5 mm

Clearance ratio of the volute
tongue (At/Rz2, Rz—the outer 11.26 mm
radius of the impeller)

Inlet angle of the blade (B1a) 84.83°

Outlet angle of the blade (B2x) 152.04°
Blade number (2) 40

2.2 Modified Centrifugal Fan

The rotating airflow with uneven velocity and
pressure distribution at outlet of impeller produces
aerodynamic noise when the volute-tongue works.
The clearance between impeller and volute-tongue
plays an important part in improving aerodynamic
performance and suppressing noise of the fan. Thus,
the appropriate volute-tongue clearance of the
centrifugal fun without affecting the aerodynamic
can suppress the rotating noise performance of the
centrifugal fun.

Figure 2 describes the clearance of volute-tongue,
which is used to investigate the effect of clearance on
aerodynamic performance and aerodynamic noise of
the multi-wing centrifugal fan. In the work, the
optimal clearance between volute-tongue and
impeller is presented to enhance the performance of
the multi-blade centrifugal fan and suppress the
noise.

3. NUMERICAL METHODS AND
EXPERIMENTAL PROGRAMME

3.1 Numerical Setup

The internal flow of the fan is studied by numerical
simulations. The impeller of the centrifugal fan is a
rotating region, and the internal turbulence process
is relatively complex. In general, the turbulence
model of Renormalization Group (RNG) k-¢ and the
function of the standard wall are performed for
steady simulation (Darvish et al. 2014). The large
eddy simulation (LES) is implemented for the
unsteady flow of the centrifugal fan based on the
steady flow to capture the internal complex flow of
the centrifugal fan (Lee et al. 2004). Then the
aerodynamic noise is calculated based on Ffowcs
Williams & Hawkings (FW-H).
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Fig. 2. Volute-tongue clearance.

3.2 Fluid-Dynamics Equations

3.2.1 Steady flow

The internal flow of the fan is performed in terms of
RNG k-¢ turbulence, and the governing equations
are Navier-Stokes(N-S) equations (Hayashi and
Kaneko 2014). The fluid-dynamics equations of the
centrifugal fan are defined as

OX; =0 (1)
ol (6% 6UJJ
L) DR S A G )
=f-——+
oX boox oX

in which p denotes the density of air, fi is the
component of volume force, u. is the viscosity
coefficient. u.=u+wu, where u is the coefficient of
molecular and u: the coefficient of eddy viscous.

2

t = pC, k?(C,,:0.0845) ©)

The turbulent energy equation and the diffusion
equation of the RNG k-¢ turbulence model are used
as follows.
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where Gk is the energy of turbulence; Gp is the
energy of turbulence by buoyancy; Cie, Ca¢, and Cs.
are the constant numbers; ok and a. the Prandtl
numbers, respectively; S and Sk are given in
previous work (Sipp and Jacquin 2008).
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3.2.2 Transient Simulation Method

The large-eddy simulation (LES) is implemented to
simulate various eddies. The average flow is greatly
influenced by the large-size vortex, while the
small-size vortex is dissipated in the turbulent flow
(Lee et al. 2010). The large-scale vortex dominates
in the mainstream energy, and the small-scale
vortex is filtered in the LES. The former can be
directly stimulated by the N-S equation, while the
latter is solved to establish the relationship through
the subgrid-scale model. Filtered variable is
expressed as

&(x):j o#(X)G (XX )dX (6)

where D denotes the field of flow area; G determins
the filter size. The function of filtration is

FX)= [ #(X)ox ™

where V is the computational volume. G(X,.X’) is

1.
. —, X
G(xx)={v'" =" .
0, otherwise ®)
The incompressible flow N-S equations are
expressed as

op 0 ( —\_
a o () =0 ©
and
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. (10)
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where jj is the subgrid tension, denoted as
T.. =pUiU. —pu.u. (11)

1) J |

If the tension of the subgrid is obtained by the
filtration, the eddy-viscosity equation is

1 ..
%ij ~3 Tk ij = 724 Sii (12)

where u: denotes the turbulent viscous force of

subgrid, and Sjj the tensor spin

~. 1| ouj ouj
Sjj ==| —+—
D72 ax. " ox. (13)
j i
where 42, CaN be obtained by the Samagorin-Lilly
t

model (Sipp and Jacquin 2008), expression as

He =P Lg 8| (14)

Where

5| =555y (15)

Cs is the samagor constant, and Lsis the length of
grid hybrid, defined as

L :min(zcd,Csvl/Sj (16)

where - denotes the number of von Karman, V
is the computational element volume, d denotes the
distance of the wall, and Cs=0.1 is implemented in
the work.

3.2.3 Acoustic Theory

Based on the FW-H equation, the most commonly
used sound-compared method of Lighthill can be
implemented to solve the noises generated by
different noise sources (monopole, dipole, and
quadrupole), (Darvish et al. 2014; Mao et al. 2018).
By specifying the location of the noise source, the
time-domain integral method is adopted to solve the
noise, i.e., the sound pressure value and the noise
signal change with time. The time-accurate
solutions can be obtained from the unsteady RANS
equations, detached eddy simulation (DES), and
LES equations, and the precise vortex shedding and
other flow phenomena can be derived (Xu et al.
2018).

[C%STZ—%J P (%t) :;{[povn +p(u,—-v,)]5(f )}

_axii{[‘P‘.,-n,+pU.(Un—Vn)]5(f)} an
%][T.,H ()]

where 18 & is the wave factor; p'(xi,t)the
c®ot®>  ox’

sound-pressure intensity at point xi at time t; p, ui,

and P'i,- are the density, velocity, and stress tensor,

respectively. T, :_p'” + puu; _02p'5“_ is a tensor
of Lighthill.

The working conditions of the numerical simulation
are computed based on the experimental data. The
computational boundary conditions define the inlet
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Fig. 3. Grid structure.

MRF, and sliding mesh for setting the rotating

107.6 1 domain. Since the noise of the fluid is closely

] / related to fluid-pressure fluctuation, the numerical
310741 - simulation needs to be steady/ unsteady.

g Preliminary time-invariant simulations can be

27 performed using the mobile reference frame model

5’;— (MRF), which is also known as the frozen rotor.

£ 107.04 That is, the fluid does not rotate, but a rotating

@ 1 coordinate system is introduced to make the

106.8 originally stationary region form relative motion. A

. : sliding grid is set for unsteady calculations. The

4 steady calculation of the flow field is performed,

and then the large eddy simulation is performed
according to the numerical results after the
convergence of the results. Finally, the noise model

. o is turned on to carry out the final noise calculation
boundary of the mass flow inlet is implemented. on the unsteady results.

Meanwhile, the outlet boundary of pressure outlet
boundary is used in all numerical simulations. Since
the computational domain is divided into the
impeller dynamic domain and other static domains,
the integral domain of the impeller is set as the
rotation domain when the numerical calculation is
carried out. The commonly used methods are SRF,

5
Grid number (Million)
Fig. 4. Static pressure at different grid numbers.

3.3 Mesh (Gird)

In the work, the structured grids are implemented to
simulate the centrifugal fan. The increasingly
accurate grids are ideal for the large eddy
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Table 2 Grid number of centrifugal fans in each

fluid region
Region of Grid Quality of the grid
fluid Number (Determinant 2*2*2)
Inlet(left) | 265933 0.735-0.996
Inlet(right) | 293210 0.655-0.997
Impeller | 4168320 0.875-0.997
Volute 417540 0.612-0.999
Outlet 302621 0.95-1
Total 5447624 /

simulation of centrifugal fans (see Figs. 3 (b) and
(c)). Figure 3 displays the structural grids of the
impeller domain. Figure 3 (d) shows the volute and
impeller grid in the Z=0.015m plane. The grid is
refined near the wall, and Fig. 3 (€) shows the mesh
near the volute tongue Four different grid-number
models, grids of 4132564, 4756825, 5447624, and
6258357 are performed to verify the grid
independence, respectively. Figure 4 displays the
static pressure at

four grid numbers. The difference in the rate of
the static pressure is less than 1% at four mesh
numbers. The static-pressure difference can be
ignored, and the numerical results are not
influenced by the grid numbers. Table 2 shows
the gird number of each fluid region and the
total gird number.

3.4 Laboratory of the

Performance and Noise

Aerodynamics

Aerodynamic performance test platform and
aerodynamic noise measurement test platform of all
centrifugal fans are obtained in the Inc. Yilida’s
laboratory. The Inc. Yilida’s laboratory is Certified
by Air Movement and Control Association
International, Inc. (AMCA), which can obtain
reliable and accurate data guarantee. The standard
uncertainty of the input is synthesized into the
uncertainty of the output based on the uncertainty
propagation rate. The inclusion factor is determined
based on the probability distribution, the expanded
uncertainty of the acquisition output is calculated,
and the rating results are obtained according to the
expanded uncertainty of the inclusion factor and
output. The GB/T 2888-2008 "methods for
measuring the noise of phoenix blowers and roots
blowers" is adopted to measure the aerodynamic
noise characteristics of fans. The SPL(SPL) is
measured at each point on the surface of the noise
source in the semi-anechoic chamber, and then the
average SPL is obtained in this paper. Figure 5
describes the test system of the aerodynamics
performance and noise for fans. The semi-muffling
method is implemented in the entire test system and
the transited connection of the circular pipe is
adopted between the semi-muffling chamber and
the joint air chamber. The whole circuit is the
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closed-loop structure. The test system mainly
includes the internal muffler, internal heat
preservation, water chiller, automatic regulating
nozzle, temperature and humidity transmitter,
multiple pressure transmitters, and 20-channel
microphone. The test system can synchronously
measure the aerodynamic performance and noise.

The performance of the fan is evaluated by the total
pressure-flow rate. In general, the total pressure is
the sum of dynamic and static pressures.

The performance of a fan to discharge air is the
output power per unit time:

PQ

2~ 1000*3600 (18)

in which P2denotes the output power. Usual the fan
shaft power is also named input power, expressed as

_7Tn (19)

17 3000

Where P1 denotes the input power, N denotes the
speed of the rotating impeller and T is the torque.

The efficiency of centrifugal fan is

_R_ _PQ (20)
=B T1207Tn
A sound level of the average is
(21)

- 1 S0tk
L, :1OIogm[ﬁ210°l(L" WI-K,—K,

i=1
in which L, denotes the sound level, N is the

number of the monitoring points, Lp1 denotes the
sound level of measuring at point i, K1 is the
correction value of the background noise at point i,
K2 is the correction value of environment, K3 is the
correction value of the ambient pressure and
temperature.

The numerical simulation for the fan is carried out
at seven test conditions to prove the reliability of
the numerical results. The static pressure of the fan
is taken as the standard, with the numerical and
experimental results compared.

Figure 6 displays the static pressure comparison
between numerical and experimental results. The
numerical results in agreement with the trend of
static pressure measured in the test. The maximum
static pressure difference between experimental and
numerical results is less than 10 Pa.  The
maximum error of static pressure is 1%, which
indicates that previous numerical results fully meet
the error requirements. Therefore, the numerical
simulation is reliable and can be implemented to
analyze the flow and aerodynamic noise
characteristics.
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Fig. 5. Test system of the aerodynamics performance and noise for the fan.
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Fig. 7. Different plane positions.

4, NUMERICAL RESULTS

DISCUSSIONS

AND

4.1 Effect of the Clearance Between Volute
and Tongue on the Internal Complex Flow

The static pressure and distribution of Q value are
analyzed in this section to study the effect of
different volute-tongue clearances on the internal
flow of the centrifugal fan.

Figure 7 describes the different plane locations. The
middle disk is plane of Z=0 mm. Three planes, Z=
0.015, 0.030, and 0.045 m, are cut along the Z-axis
positive direction, respectively. The internal flow
state is analyzed on three planes as follows.

In general, the largest flow loss mainly occurs in the
interactive area of the impeller disc between the
rotating impeller of the centrifugal fan and the volute
tongue. Figure 8 illustrates the static-pressure
distribution at different planes of the centrifugal fan
(Z2=0.015, 0.030, and 0.045 m). All the static pressure
of the three models mainly occur at the position of
the volute tongue on three different planes, and the
static pressure value and gradient difference at the
volute tongue of the reference model are greater than
those of models A t/R,=0.12 and A t/R.=0.14.
Interestingly, the gradient of static pressure
distribution for model A t/R,=0.12 is the most
uniform near the volute tongue compared to that of
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other modes, indicating that the lowest flow loss is
obtained for model At/R2=0.12 in the volute tongue.

The Q criterion is regarded as the physical
characteristics of the local flow loss (Lee et al. 2004;
Velarde et al. 2008). As a rule of vortex decision, it is
used to quantitatively analyze the structure of the
internal flow vortex (Lun et al. 2019b), expressed as

_1f oui %uj
ij_Z{axj 6xi] (22)
1| Ouj aUj
=Sl A T A 2
i 2[axj+axi @)
Q = 5 (ol ~Is) (24)
1f(ou? (v (ow)?
=--3|(5)+5) (5
(25)

Ou oV 0Ouow ovow

Oy Ox 0z Ox 0z oy
where Si. is the strain tensor rate, Qjj is the flow

vorticity and Q is the value of Second invariant of
velocity gradient tensor.

Figure 9 interprets the distribution of Q values for the
centrifugal fan at different planes (Z=0.015, 0.030,
and 0.045 m). In Fig. 9 (a), at the plane of Z=0.015m,
a large distribution of the Q value for the reference
model mainly occurs at the bottom of the volute, a
high distribution of Q value for model At/R»=0.12
mainly at the inlet of the impeller and a high
distribution of Q value for model At/R2=0.14 mainly
in the impeller and volute-tongue.

For Fig. 9 (b), on the plane Z=0.030 m, a higher Q
value for model At/R2=0.14 appears near the volute
tongue, while a more uniform distribution of Q value
for the reference model and model At/R2=0.12
appear on the whole plane. However, At the
Z=0.045m plane, a smaller Q value for model
At/R2=0.12 is less than that of the other two models
near volute-tongue and at the top of volute (see Fig. 9
(c)). When the ratio of the volute tongue clearance is
At/R2=0.12, the airflow structure is significantly
improved around volute-tongue, demonstrating that
the flow loss for model At/R2=0.12 is the lowest in
the volute tongue.

4.2 Effect of Volute-Tongue Clearance on
Aerodynamic Noise

The aerodynamic noise of fun is generally
calculated by the FW-H equation (Darvish et al.
2014, Mao et al. 2018), which mainly forecasts the.
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reference model ALR2=0.12 AUR2=0,14

Pressure: =400 =348 =297 .245 -193 -142 90 -38 13 65

(2)Z=0.015m

reference model AURZ=0.12 AVR2=0.14

L

Pressure: =400 <348 <297 -245 <193 <142 90 -38 13 65

(b)2=0.030m

reference model AUR2=(112 AFR2=0.14

Pressure:  -400 348 297 245 193 -142 90 38 I3 65
(c)Z=0.045m
Fig. 8. Static-pressure distribution of different planes.

reference model AR2=0.12 AVR2=014

QCriterion -2000 31667 65333 99000 132667 166333 200000

(a) Z=0.015m

reference model AtR2=0,12 AVR2=0.14

| .

Q Cuteron. 22000 31667 65333 90000 132667 166333 200000

(b) Z=0.030 m

reference model AURZ=L12 AUR2Z=0.14

QCriterion -2000 31667 65333 99000 132667 166333 200000
(c) Z=0.045m
Fig. 9. Q-value distribution at different planes.
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influence of volute -tongue clearance on noise of
centrifugal fan in this work. The noise spectrum and
1/3 octave of the centrifugal fan are used to discuss
the influence of volute-tongue clearance on noise of
the fan in the following subsection

The motor separately works to determine the error
before measuring the centrifugal fan. In general, the
noise of the motor is much lower than that of the
fan. Therefore, it does not affect the experimental
results of noise. For the multi-wing fan of air
conditioning, aerodynamic noise mainly comes
from outlet of the fan. Figure 10 illustrates the
position of the noise receiving the outlet point of
the centrifugal fan. The outlet center of the volute is

inclined 45° downwards, and the length is«/g
meters.

The aerodynamic noise of outlet of fan is an
important  factor to distinguish the noise
characteristics. Figure 11 shows the prediction of the
noise spectrum for the fan outlet with different
clearance ratios of the volute tongue and reference
model at the same flow rate. It is well known that the
rotating aerodynamic noise is mainly caused by the

interaction between rotating blades and volute-tongue.

In the first frequency (800 Hz), the SPL of blade
passing frequency (BPF) for the reference model is
17 dB, 14dB for model At/R»=0.12, and 16 dB for
model At/R2=0.14. Figure 11 shows that the discrete
and broadband noises of three models. The SPL of
the reference model is significantly higher than that
of models A t/R>=0.12 and A t/R»=0.14, and the
amplitude of reference model At/R2=0.14 is slightly
higher than that of model At/R2=0.12. In the first
frequency (800 Hz), the SPL of BPF for the reference
model is 17 dB, 14dB for model At/R2=0.12, and 16
dB for model At/R2=0.14. The SPL increases in the
base frequency with the decrease of discrete noise in
the centrifugal fan.

The 1/3 octave band can distinguish the
aerodynamic noise of fans (Darvish et al. 2014).
Figure 12 illustrates the 1/3  frequency

multiplication of the reference model and models
At/R2=0.12 and At/R,=0.14 at the same speed and
design flow rate. The SPL of centrifugal fan is
mainly concentrated at low-frequency band with
higher level. The reference model is higher than that
of the other two improved models at the
low-frequency band. In the ranges of 20-120 Hz,
200-400 Hz, and 500-800 Hz, the SPL of model A
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t/R2=0.12 is significantly reduced. Interestingly, a
decrease of 3.8 dB for/At/R»=0.12 in the total SPL
is obtained in our noise-predicted process.
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Fig. 13. Performance and noise test of the
centrifugal fan in the laboratory.

5. EXPERIMENTAL STUDY ON
AERODYNAMIC PERFORMANCE AND
AERODYNAMIC NOISE

The parameters of aerodynamic characteristics and
the fan noises of a centrifugal fun with curved
blades for central air conditioning are measured and
collected in this section. The external characteristic
curves and fan’s outlet noise of the models of
different volute-tongue clearance ratios at different
speeds are obtained by tests in the following
section.

5.1 Effect of Volute-Tongue Clearance on
Aerodynamic Performance

The aerodynamic noises and performance of the
reference model and models At/R2=0.12 and A
t/R2=0.14 are measured in the test system of
aerodynamics performance and noise (see Fig. 13).
The speed of all models is 1200 n/min. Figure 5
shows the test scheme and instruments.

Figure 14 (a) describes that static pressure of fan is
gradually decreasing with increasing of flow rate. It
can also obtain that static pressure of model A
t/R2=0.12 is significantly higher than that of the
reference model. The static pressure of mode A
t/R2=0.12 rises to 3.5 Pa at the rated working
condition (Qn), and the maximum improved static
pressure of mode A t/R»=0.12 is 7.5Pa at
Q/Qn=1.16 compared to that of the reference model.
Static pressure of model At/R2=0.14 rises to 4.1 Pa
at a small flow rate. However, static pressure of
model At/R2=0.14 is almost consistent with that of

—s— reference model
—=— At/R2=0.12
—=— At/R2=0.14

100

= =]
=) =]
1 1

Static pressure (pa)
-
=
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(a) Comparison of the static pressures of three
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(b) Comparison of the Static-pressure efficiencies of
three models
Fig. 14. Aerodynamic performance.

the reference model at the rated condition and
higher at the high flow rate. The maximum
improved static pressure of mode At/R2=0.14 is
6.8 Pa compared to that of the reference model.

Figure 14 (b) illustrates the comparison of
static-pressure efficiencies of three models. In Fig.
13 (b), the static pressure efficiency of the
centrifugal fan first increases when the flow rate is
lower than the rated working condition (Qn).
However, static-pressure efficiency decreases with
the increase of flow rate when the flow rate is
higher than Qn. Compared with the three models,
the model At/R2=0.12 is higher than that of the
reference model as a whole, especially in the low
flow and rated conditions, and the difference of the
maximum efficiency is 3.6%. The static-pressure
efficiency of reference model is lower than that of
the two modified models, with a difference of
maximum efficiency (3.7%). In summary, the
performance of model At/R2=0.12 is better than

that of the reference model and model At/R>=0.14.

In general, 80% of Qnis regarded as an efficient
working range. The efficient working range of the
original model is the volume-flow rate from 0.1 to
0.18 (md/s). Figure 14 shows the comparison of the
shaft powers of three models at different flow rates.

In Fig. 15, the shaft powers for mode At/R2=0.12
are lower than that of mode At/R2=0.14 and the
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where n is the rotation speed of impeller, z is the
number of blades and i is the wave number.

The vortex noise known as the turbulent noise is
mainly brought by the boundary layer and separated
vortex when the airflow flows through the blade
interface, which causes pressure fluctuation on the
blade and radiates an unsteady flow noise (Darvish
et al. 2014).

All aerodynamic noises of centrifugal fans are
implemented in the test system of the aerodynamics

Y. Wei et al. / JAFM, Vol. 16, No. 7x, pp. 1483-1498, 2023.
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Fig. 15. Comparison of the shaft powers of three
models at different flow rates.

original model in middle and high flow conditions
(the efficient working range), revealing that model
A t/R;=0.12 of the forwarding multi-wing
centrifugal fan consumes less energy in the same
conditions.

The laws of the fan are expressed as
Po_| N

SOk

where Piand P2 are the static pressures of fan modes
1 and 2 respectively, P1 and P2 the shaft powers;
nland n2 the fan speeds of modes 1 and 2,
respectively. According to Eq. (22), the shaft power
of the centrifugal fan is greatly reduced in middle
and high flow conditions. When the static pressure
of the centrifugal fan of model At/R2=0.12 drops
to the static pressure of the reference model by
reducing the speed, an increasing energy saving is
realized.

N,

n

Li

2

22
P (22)

5.2 Effect of Volute-Tongue Clearance on
Aerodynamic Noise

The aerodynamic noises of fans are divided into the

rotating noise and vortex noise (Darvish et al. 2014).

In general, the rotating noise is formed when the
working wheel rotates. The blades on the wheel hit
the surrounding gas medium, causing the pressure
fluctuation of the surrounding gas. For a given
particle in space, whenever the blade passes, the
pressure of the gas striking the particle rises and
falls rapidly. The rotating blades continuously
sweep one by one, which continuously produces
pressure pulsation and results in great uneven
airflow. Thus, the noise is radiated to the
surrounding area, which is well related to the speed
and number of blades (Kolaf and Sistek 2015).

E,Hz
60

f
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performance and noise for centrifugal fans (see Fig.
5). By receiving the noise signal from all the noise
sources of the centrifugal fun, 1/3 octave plots of
the three models are obtained at three different flow
rates. The t rotational speed of the centrifugal fans
in the test is 1,200 rpm. In general, the aerodynamic
noise in 1,000-2,000 Hz is very sensitive for human
ears (Darvish et al. 2014).

Figure 16 exhibits the comparison of 1/3 octaves of
three models at different flow rates. Several
well-defined peaks of the sound-pressure level are
presented at 800, 1600, and 2,000 Hz and are
extended over wider frequency bands. At different
flow rates, the SPLs of models/At/R2=0.12 andA
t/R2=0.14 in 1/3 octave are lower than that of the
reference model in different multiple frequencies.

Meanwhile, the SPL of model At/R2=0.12 model in
1/3 octave is also lower than that of model A
t/R2=0.14 at different multiple frequencies. Thus,
when the dimensionless volute tongue clearance (A
t/R2) is equal to 0.12 in the present parameters of
the forwarding centrifugal fan, the aerodynamic
noise is reduced at different flow rates. The
increased clearance of the cochlear tongue is one of
the measures to control the noise of the fan. The
improved cochlear tongue needs to ensure that the
aerodynamic performance is not reduced, with the
noise is considered. Therefore, the reasonable
clearance ratio of the cochlear tongue is important
for the aerodynamic performance and noise.

A-weighted sound pressure is studied in a wide
range of flow rates by the experimental
measurement to further reveal the effect of the
dimensionless volute tongue clearance on the
aerodynamic noise. Figure 17 shows the noise
values of the three models at ten flow rates. At
different flow rates, the noise values of models A
t/R2=0.12 and At/R2=0.14 are lower than that of
the original model. Compared to models A
t/R>=0.12 and At/R2=0.14, the noise value of A
t/R2=0.14 is lower than that of At/R2=0.12 at low
flow rates, and the model noise value of A
t/R2=0.12 is lower than that of At/R,=0.14 at the
designed flow rate and large flow rate.

Interestingly, the maximum noise of
modeAt/R2=0.12 decreases by 4 dB at a small flow
rate, which indicates that the mode of the forward
multi-wing fan for the clearance ratio of At/R,=0.12
greatly controls the aerodynamic noise. However,
given the practical application of centrifugal fan, the
general central air conditioning system runs at a



Y. Wei etal. / JAFM, Vol. 16, No. 7x, pp. 1483-1498, 2023.

flow rate of 340 m3h (about 0.11 m%/h) and above,
which is not enough to meet the operation demand
at a small flow rate. The cochlear tongue clearance
ratio of A t/R=0.12 is the most -effective
dimensionless distance to suppress the aerodynamic
noise of the forward multi-wing fan.
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of three models at different flow rates.

5.3 Effect of Volute-Tongue Clearance on
Aerodynamic Noise

The aerodynamic noise of a single fan with different
clearance ratios have been studied in detail.
However, the forward centrifugal fan works in the
actual unit of the wind disc, which brings some
insights to the aerodynamic noise due to the change
of the actual working environment. According to the
actual operation of centrifugal fan, the two models
are tested separately in units to verify the
aerodynamic noise of model At/R2=0.12 and the
reference model in the test system of the
aerodynamics performance and noise (see Fig. 18).
In the actual working environment, the static
pressures of 50, 30, and 12 Pa are generally
implemented, so three different working conditions
are tested to compare the aerodynamic-noise
characteristics between model At/R2=0.12 and the
reference model in the actual unit of the wind disc.
The rated flow rate for model At/R2=0.12 and the
reference model is 340m?3h, and the static pressures
of 50, 30, and 12 Pa of the centrifugal fan are
achieved by adjusting the rotation speed in the test
system. The 1/3 octave is one of the most effective
method to reveal the aerodynamic noise (Kim et al.
2019).

Fig. 18. Units of the centrifugal fan.
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Figure 19 shows the analysis of 1/3 octave of each
unit at the different static pressures of 50, 30, and
12 Pa. The high SPL mainly occurs at 500 to 2,000
Hz. At the static pressure of 12Pa in Fig. 19 (a), the
SPL of 1/3 octave of model At/R»=0.12 in the actual
unit of the wind disc is lower than that of for the
reference model, revealing that the broadband noise
is controlled. Amazingly, the comparison of the
SPLs between the reference model and model A
t/R2=0.12 reveals a sharp descend at 800 Hz,
represented as discrete noise. Besides, the SPL
gradually decreases with the increasing frequency.
That of model At/R2=0.12 is lower than that of the
reference model at different multiple frequencies.
Table 3 shows the value of the SPL.

According to Table 3, comparing to the reference
model at the static pressure of 50 Pa, the
aerodynamic noise of model At/R.=0.12 in the
actual unit of the wind disc is reduced by about 1
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Table 3. Noise values of different units under
different working conditions

Pressure
12Pa

Pressure Pressure
50Pa 30Pa

Reference model
39.81983 36.21795 34.73544
(Total SPL, dB)

At/R2=0.12(Total
38.87528 34.56734 31.02209
SPL, dB)

dB. The noise is reduced by about 1.7dB compared
with that of the reference model at the static
pressure of 30 Pa. Interestingly, at the static
pressure of 12 Pa, the aerodynamic noise is reduced
by about 3.7 dB compared with that of the reference
model. According to the specific total SPL, the
model with the volute-tongue clearance ratio of A
t/R2=0.12 is a better method to control the
aerodynamic noise in the units, which realizes

environmental  protection by reducing the
aerodynamic load of centrifugal fan.

6. CONCLUSIONS
Based on the numerical calculation and
experimental  research, effects of different

volute-tongue clearance ratios on the performance
and noise are studied in this paper. The distribution
of static-pressure and Q-value near volute-tongue
are analyzed. Then, the noise curve and spectrum
are explained.

The local flow loss near volute-tongue and volute
outlet of the centrifugal fan is controlled by the
reasonable clearance ratio of the volute-tongue. The
circulation of some air is prevented and complex
flow structure such as eddy current with backflow
reduced.

The experimental results further demonstrate that an
increase of static pressure by 3.4 Pa for model A
t/R2=0.12 is obtained compared with that of the
reference model at the rated working condition (Qn).
The static pressure of model At/R2=0.12 rose by
7.5 Pa at a flow of Q/Qn=1.16. The maximum static
pressure efficiency rose by 3.6% in the low flow
and rated conditions.

The parameters of the volute tongue are related to
the discrete noise of centrifugal fan. To increase the
volute tongue clearance is beneficial to reduce the
pressure fluctuation of the surrounding gas and
aerodynamic noise. It is displayed that the noise
values of two models (measured by a single
machine) are lower than that of the reference model
at different flow rates by the experimental results.
Compared with models A t/R2=0.12 and A
t/R2=0.14, the noise value of model At/R2=0.14 is
lower than that of model At/R.=0.12 at the low
flow rate. However, the model At/R2=0.12 has a
lower noise value than model At/R2=0.14 at the
designed flow rate and large flow rate.
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The noise measurements are carried out for the
units of model A t/R»=0.12 and the reference
model according to the actual operation of the
centrifugal fan in the central air conditioning
system. It is obtained that that the noise is reduced
by about 1dB at the static pressure of 50Pa, and the
noise is reduced by about 1.7dB at a static pressure
of 30 Pa. Amazingly, the noise is reduced as much
as 3.7dB. Interestingly, it is further found that the
dimensionless  tongue-clearance ratio of A
t/R2=0.12 suppresses the aerodynamic noise of the
forward multi-wing fan realizing environmental
protection and significantly improves the static
pressure of the centrifugal fan that can achieve
energy saving by reducing the speed of the
centrifugal fan.
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