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An implicit, time-accurate 3D Reynolds-averaged Navier-Stokes (RANS) solver is used to simulate the rotating stall phenomenon
in a centrifugal fan. The goal of the present work is to shed light on the flow field and particularly the aerodynamic noise at different
stall conditions. Aerodynamic characteristics, frequency domain characteristics, and the contours of sound power level under two
different stall conditions are discussed in this paper. The results show that, with the decrease of valve opening, the amplitude of full
pressure and flow fluctuations tends to be larger and the stall frequency remains the same. The flow field analysis indicates that the
area occupied by stall cells expands with the decrease of flow rate. The noise calculation based on the simulation underlines the
role of vortex noise after the occurrence of rotating stall, showing that the high noise area rotates along with the stall cell in the

circumferential direction.

1. Introduction

As the power source of the air and gas system in the thermal
power plant, the operation status of the centrifugal fan is
directly related to the safe and economic operation of the
power plant. Rotating stall in the centrifugal fan is a local
instabilities phenomenon in which one or more cells prop-
agate along the blade row in the circumferential direction.
The nonuniform flow, the so-called stall cell, rotates as a
fraction of the shaft speed, typically between 20% and 70%.
This running mode is responsible for strong vibrations which
could damage the blades [1]. Meanwhile, it will increase the
aerodynamic noise.

In order to reveal the generation mechanism of rotating
stall, lots of models and theories have been proposed since the
1960s. Especially, experimental methods were widely used to
illustrate the characteristics of internal flow field during stall.
Lennemann and Howard discussed the causes of stall cells
in low flow rate condition through the hydrogen bubble flow
visualization method [2]. Lucius and Brenner experimentally
studied the speed variation of a centrifugal pump in rotating
stall stage [3]. For the centrifugal turbomachine, multiple fac-
tors can affect the characteristics of stall. Vaneless diftuser, for

example, has significant influence on stall. Hasmatuchi et al.
experimentally investigated the effect of blowing technology
on the flow field of a centrifugal pump under rotating stall [4].
Rodgers conducted an experimental research on rotating stall
in a centrifugal compressor with a vaneless diffuser and found
that the stall margin can be improved through adjusting
the expansion pressure factor [5]. Abidogun carried out an
experiment to investigate the influence of vaneless diffuser on
the stall characteristics. The results showed that increasing the
length of diffuser can improve the rotating speed of stall, and
the change of width showed no effect on stall [6].

Further efforts were made to study the stall inception in
order to avoid the occurrence or minimize the effect of stall.
As well accepted, two types of stall inception proposed by
Camp and Day modal wave inception and spike inception
were investigated experimentally [7]. Leinhos et al. studied
development process of stall inception under instantaneous
inflow distortion in an axial compressor [8].

With the rapid development of computer technology,
numerical simulation has become an important method for
flow field research of turbomachine under rotating stall con-
ditions. Gourdain et al. investigated the ability of an unsteady
flow solver to simulate the rotating stall phenomenon in an



axial compressor and found that it was necessary to take the
whole geometry into consideration to correctly predict the
stall frequency [1]. Choi et al. investigated the effects of fan
speed on rotating stall inception; the results showed that,
at 60% speed (subsonic), tip leakage flow spillage occurred
successively in the trailing blades of the mis-staggered blades
[9]. Zhang et al. numerically studied the stall inception in a
centrifugal fan, and the results showed that the stall inception
experienced probably 50 rotor cycles developing into a stall
group. The inception showed significant modal waveform.
The importance of volute for generation of stall inception was
illustrated through flow field analysis [10].

Aerodynamic noise is mainly caused by vortex and
flow separation. So the unsteady behavior of rotating stall
may have an influence on the noise of centrifugal fan. In
capturing the physical mechanism of the fan noise associated
with rotating stall, the primary work is to characterize the
noise. During the 1960s, the interaction between noise and
turbulence was discussed by Powell, and the vortex sound
theory was proposed to explain the generation of acoustic
sound. Then, Lighthill made a breakthrough in aerodynamic
noise theory research by proposing the acoustic analogy [11].
Based on these works, Diaz et al. put forward a prediction of
the tonal noise generation in an axial flow fan, and the noise
level in the blower far-field region was estimated by means of
acoustic analogy [12]. Scheit et al. analyzed the far-field noise
in a centrifugal fan with an acoustic analogy method and
presented design guidelines to optimize the radiated noise
of the impeller [13]. The global control of subsonic axial fan
at the blade passing frequency was also discussed by Gérard
et al. [14]. He aimed at cancelling the tonal noise by using
a single loudspeaker in front of the fan with a single-input-
single-output adaptive feedforward controller. According to
Ouyang et al’s work, the far-field noise generated by cross-
flow fan with different impellers was measured and it showed
the great influence of blade angles on the inflow pattern [15].
Based on the previous research, a new method to predict
the fan noise and performance is developed by Lee et al,
and through an acoustic analogy, the acoustic pressures from
the unsteady force fluctuations of the blades are obtained
[16].

In summary, a wide range of flow characteristics on
rotating stall in compressor have been investigated and
the researches concentrated on stall inception. The present
work focuses on two aspects: simulation of the rotating stall
phenomenon with a 3D flow solver and seeking the deep
physical mechanism of this instability in a centrifugal fan.
The numerical method is presented with the model and
the particular boundary conditions are used. Results from
the whole geometry simulation are then analyzed. In the
first part, aerodynamic characteristics and frequency domain
characteristics of the centrifugal fan under different stall con-
ditions are analyzed. In the second part, the velocity vector
field distributions in the centrifugal fan are discussed. Finally,
noise characteristics of the centrifugal fan under different
stall conditions are studied. And the noise characteristics
during the circumferential propagation of stall cells are also
discussed.
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FIGURE 1: Fan structure diagram.

2. Centrifugal Fan Description

The configuration of centrifugal fan studied in this work
is shown in Figure 1. It is composed of current collector,
impeller with 12 airfoil blades, and the volute. The inlet and
outlet diameter of the impeller are 568 mm and 800 mm,
respectively. The inlet and outlet width of impeller are 271 mm
and 200 mm, respectively. The nominal rotation speed is
1450 rpm. The volute tongue gap is 1% of the impeller outlet
diameter. The width of the rectangular volute is 520 mm, and
a simple antivortex ring is set inside the volute to reduce
the generation of vortex. At the design operating point, the
volume flow is 6.32 m>/s and the full pressure is 1870 Pa.

3. Numerical Simulation

3.1. Flow Solver and Boundary Conditions. Since the simu-
lation of rotating stall requires a time-accurate method, the
flow is simulated by solving the unsteady Reynolds-averaged
Navier-Stokes equations that describe the conservation of
mass and momentum of a viscous fluid. Realizable k-&¢ model
is adopted as the turbulence model, which is suitable for
the problems such as rotating flow, flow separation, and
secondary flow. And the equations are as follows:
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Enhanced wall function method is used near the wall.
The convective terms and diffusion terms are discrete through
second order windward difference format and central dif-
ference format, respectively. Physical time step length of
unsteady calculation is 0.0001725s.

Attheinlet, the boundary condition is a purely axial injec-
tion condition with uniform stagnation pressure. Classical
downstream boundary conditions (such as a uniform static
pressure) are not sufficient to simulate an operating point
near the stall condition. When the slope of the characteristic
becomes null, the calculation cannot perform the fixed
downstream pressure and convergence will become difficult
to achieve. A solution is to use a boundary condition with
a higher number of freedom degrees, such as an idealized
throttle condition that represents better the experimental
facility behavior. Fan and throttle valve are linked directly.
Ignoring air cavity storage effect and the inertial effect of
working medium, the ventilation system operating condition
is determined by the intersection of fan performance curve
and throttle valve throttle line. A quadratic law is thus applied
at the outlet to determine the static pressure Ps,:

) 1k
Psoy (£) = Piy, + Ek_(l)PUz (2)

The valve opening k; of the initial condition is set as 1
through setting the value of k,. With the decrease of the valve
opening, flow falls down and the fan gradually approaches the
occurrence of rotating stall until k; tends to be 0 and the valve
is completely closed.

3.2. Meshing Strategy. For the complex of geometric structure
and flow field of the centrifugal fan, block meshing method
is adopted in this paper. Hexahedral structured grid is used
in inlet pipe, current collector, and outlet pipe, while for
the complex flow field zones, such as impeller and volute,
tetrahedral unstructured grid suits well because of its better
applicability. Because of the high incidence of boundary-
layer separation on blade surfaces and the significance of
volute tongue on the fan performance, the boundary layers
are arranged on the blade and volute surfaces. And the order
of magnitudes of the distance between the wall and the first
layer grid node should be within the range of y+ < 1.In order
to insure the computational accuracy, mesh refinement is
conducted in some critical zones such as impeller and volute
tongue with the use of size function.

After the independence calculation, the grid number
of the calculation model is identified as follows. The grid
number of inlet section is 157000, the grid number of impeller
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FIGURE 2: Flow rate variations with time on two valve openings.

zone is 1647800, and the grid number of volute and outlet
sections is 1204000; the total grid number of the fan is
3008800.

3.3. Sound Field Calculation Model. The broadband noise
sources model is used to conduct numerical simulation of the
internal pneumatic noise source distribution of the fan in this
paper. Because the noise frequency is not a fixed value, the
statistical distribution of turbulence parameters, which can
be obtained by solving Reynolds time-averaged equations,
and acoustic analog can explain the source of broadband
noise. The calculation method of acoustical power (W) and
acoustic power level (L) is as follows:

3 5
W=cpo(”7)“—5 W),
a,
W (3)
Ly = 10lg—  (dB).
w gWO (dB)

4. Results and Discussions

4.1. Aerodynamic Characteristics. The full pressure of cen-
trifugal fan with different valve opening (volume flow)
obtained by numerical calculation is illustrated in Table 1.
When gradually reducing the opening of valve, the stable
convergence of unsteady calculation indicates that the flow
decreases and the pressure increases. When the valve opening
k, is 0.9, the centrifugal fan can approach a stable convergence
along the throttle line without the occurrence of rotating stall.
And when the valve opening k; is 0.89, the full pressure can
reach its maximum. With the decreasing of the valve opening,
the average of full pressure gradually falls down. As can be
seen, cyclical fluctuations of full pressure and flow occur since
the k; = 0.89 operating point. And the fluctuation range
tends to be larger with the decreasing of valve opening.

The fan flow curves when the valve opening k; is 0.89
and 0.7, respectively, are shown in Figure 2. According to
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TABLE 1: Relation of full pressure and flow rate.
Valve Volume Average Full Average full
opening flow (m’/s) flow pressure pressure
(m’/s) (Pa) (Pa)
0.7 3.678-4.079 3.877 1869-2292 2075
0.8 3.925-4.318 4.12 1880-2273 2076.5
0.89 4.142-4.536 4.33 1889-2263 2080.5
0.95 4.41 4.41 2071 2071
1 4.51 4.51 2065 2065

curve A, stall inception occurs in the 150th rotation cycle
and then develops gradually with the increase of the flow
fluctuation range. After 60 rotation cycles, the fan flow
fluctuation amplitude gets stabilized. Then the flow fluctuates
in a stable range with fixed frequency, and the fan comes into
stable rotating stall at the 230th rotation cycle. When the valve
opening is decreased from 0.89 to 0.7, as shown in curve B, the
cycle of flow fluctuation remains the same and the amplitude
slightly increases compared with curve A.

4.2. Frequency Domain Characteristics. Fast Fourier trans-
form and the power spectrum analysis for the velocity data
acquired at the entrance of the impeller are conducted under
the k; = 0.89 and k; = 0.7 conditions. As shown in Figure 3,
in the two valve openings, there are three isolated frequencies
of 14.15 Hz, 28.31 Hz, and 290 Hz, wherein 14.15 Hz is the stall
frequency and 28.31 Hz is the second order frequency of stall
frequency. Since the impeller speed is 1450 rpm and the leaf
number is 12, 290 Hz is the base frequency of blade passing
frequency, which is quite small compared to stall frequency,
indicating the fan enters deep stall.

When the valve opening is 0.7, stall frequency shown in
Figure 3(b) is the same as that when k; = 0.89. Therefore,
the flow variation has no effect on stall frequency and stall
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FIGURE 4: Vectors of relative speed of impeller in design condition.

cell propagation velocity. Once the stall cell is completely
formed, the propagation velocity remains constant when the
flow decreases. It can also be found from the figure that, along
with the decrease of flow rate, the amplitude of the power
spectral density increases; namely, the energy of stall cells is
enhanced as the flow rate decreases.

Under the same operating conditions, the stall frequency
obtained from experiment is 14.4 Hz [10], which is consistent
with the calculation results, verifying the correctness of the
numerical simulation.

4.3. Analysis of Flow Field Characteristics. Three operating
conditions including design condition and k; = 0.89 and
k, = 0.7 conditions are selected to study the flow field
characteristics in centrifugal fan. The relative velocity vector
distributions on Z = 30, Z = 38.5, and Z = 46 axial sections
with each operating condition are analyzed.
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FIGURE 5: Vectors of relative speed of impeller at different axial cross sections when k; = 0.89.

The relative velocity vector of the Z = 38.5 section in the
impeller under design condition is illustrated in Figure 4. It
can be seen that flow in each passage is relatively uniform
in the same direction, and counterclockwise prewhirl exists
from the hub to the impeller inlet. The flow is along the
blade tangential due to the small blade entrance angle.
There is no vortex structure in the impeller, and a typical
jet-wake structure exists in the impeller outlet. Because of
the boundary-layer separation at the trailing edge of blade
suction side, the flow speed is low, and the relative speed
increases from the suction side to the pressure side until the
maximum.

Figure 5 shows the velocity vector distribution of different
axial sections during deep stall when the valve opening k;,
is 0.89. It can be seen from the figures that the velocity
vector distribution in impeller shows severe circumferential
nonuniformity; the vortex shedding near the front disc
leads to flow skewness in multiple channels, resulting in
the improvement in the other passages during stable stall.
The stall cells rotate along the circumference direction, and

the influence region towards the impeller inlet continuously
increases until a steady state. Even radial countercurrent
appears from the blade outlet to the blade inlet in some pas-
sages. The influence area of stall cells in the circumferential
direction is consolidated and it further extends to the inlet
direction according to Figure 5(b). The same position in the
two flow passages is completely blocked in Figure 5(c).

Figure 6 shows the velocity vector distribution of different
axial sections during deep stall when the valve opening k;
is 0.7 Compared to Figure 5, the distribution of stall cell
is similar to that when k; is 0.89, and with the turning
down of valve opening, the influence area of stall cells in
the circumferential direction gets enlarged. The comparison
between Figure 5(c) and Figure 6(c) shows that at Z = 30
section near the front disc and the Z = 38.5 section near
the half blade height when k; is 0.7, the areas occupied by
stall cells both increase. At the Z = 46 section near the
rear disc, the number of passages completely blocked by stall
cells increases to 4 and the blocking region expands signifi-
cantly.
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FIGURE 6: Vectors of relative speed of impeller at different axial cross sections when k; = 0.7.

4.4. Noise Characteristics Analysis. The noise of the centrifu-
gal fan mainly comes from aerodynamic noise, mechanical
noise, and electromagnetic noise, wherein the aerodynamic
noise, including rotation noise and vortex noise, accounts
for the major part of the total noise and is most difficult to
control. In order to study the influence of rotating stall on
the aerodynamic noise, three operating conditions including
design condition and k; = 0.89 and k; = 0.7 conditions
are selected, and contours of sound power level under the
three conditions are shown in Figure 6. It can be seen
from the figure that the maximum of sound power level all
appears in the tongue region under three conditions. This
is because periodic pressure and velocity fluctuations, which
can produce high rotation noise, will occur in the volute
tongue region when blade channels pass volute tongue. In
addition, the noise level distribution in the volute reflects the
broadband noise due to flow separation.

The following discussions mainly focus on the influence
of rotating stall on the sound power level distribution under
the three different conditions. Figure 7(a) shows that, under

design condition, the sound power level at the blade inlet is
larger, and vortex noise is generated due to flow separation
here. There are 12 high noise regions with approximately
72~86 dB noise level uniformly distributed along the circum-
ferential direction at the impeller outlet. This is because there
is a small area of boundary-layer separation at the impeller
outlet and the velocity gradient is relatively large. It can also
be observed that the lowest noise level occurs at the region
near the hub.

Contour of sound power level of the fan under rotating
stall when k; is 0.89 is illustrated in Figure 7(b). The figure
shows that the sound power level distribution of the impeller
region along the circumferential direction is uneven, and
high noise appears in 3 consecutive impeller channels with a
noise reduction in other impeller channel outlets. As shown
in Figure 5(b), since three channels are occupied by the
stall cell, separation vortex and flow blockage occur in the
channels, resulting in high noise, while in other impeller
channels, flow rate increases and incidence angles decrease,
resulting in flow improvement and vortex noise reduction.
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FIGURE 7: Contours of sound power level in different operation conditions.

Besides, high noise areas rotate with the stall cells in the same
speed along the circumferential direction. And the low noise
area near the hub reduces by 1/4 due to the influence of stall
cells.

Contour of sound power level of the fan under rotating
stall when k, is 0.7 is illustrated in Figure 7(c). With the
decrease of valve opening, the affected regions of stall cells
expand circumferentially. Currently, four impeller channels
are occupied by stall cells (Figure 6(c)), and the interaction
of stall and volute tongue leads to belt-shaped high noise
areas near the impeller outlet. Along with the circumferential
propagation of stall cells, the high noise areas also show
circumferential unsteady change, and the low noise areas in
the hub region continue to decrease to approximately 1/3 of
that in design condition.

Based on the analysis above, it indicates that the rotation
noise near the volute tongue accounts for the major part of
fan noise under design condition. Once flow decreases and
fan enters rotating stall, the vortex noise at the impeller outlet
accounts for the major part of fan noise, and the high noise
area rotates circumferentially with the stall cells. Under the
three conditions, with the decrease of flow, the maximum
of the sound power level of the fan gradually increases,

reflecting the great importance of rotating stall on the fan
noise under low flow rate conditions.

4.5. Noise Characteristics during Circumferential Propagation
of Stall Cells. The contours of sound power level at the
Z = 38.5 section of fan are illustrated in Figure 8. At all 4
moments, the fan is in deep stall and the valve opening k,
is 0.89. The time interval of each moment is 1/12 rotation
cycle, and the impeller rotates along the clockwise direction.
It can be seen from Figure 8(a) that the high noise areas
are mainly concentrated in the volute tongue area and three
consecutive impeller passages nearby. This is because the stall
cell occupies the corresponding three impeller passages and,
as a result, high vortex noise is generated, while in the other
impeller passages, due to the improvement of flow, sound
power level is low and evenly distributed. Meanwhile, the
stall cell propagates to the volute tongue, resulting in stronger
velocity and pressure fluctuations. A high volute tongue noise
is also induced. Under the superimposing effect of the volute
tongue noise and the vortex noise caused by stall cell, the
high noise area develops into a noise area with a higher sound
power level.
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FIGURE 8: Contours of sound power level in stall condition.

As shown in Figure 8(b), under the combining influence
of both stall cell and volute tongue, the high noise area is
gradually elongated. Due to the propagation of stall cell, it
gradually gets away from the area of volute tongue, resulting
in weakening the superimposing effect. As time goes by, the
high noise area in Figure 8(c) gets further elongated with
a trend of separation and the sound power level of high
noise areas decreases. In Figure 8(d), the high noise areas
corresponding to the vortex noise and volute tongue noise
basically separate. And the sound power level corresponding
to volute tongue greatly declines.

It can be drawn from Figure 8 that while the impeller
passes three passages along clockwise direction, the high
noise area passes two impeller passages along the clockwise
direction. It indicates that, in the absolute coordinate ref-
erence system, the high noise area occupying about three
impeller passages rotates in the same direction with impeller
under rotating stall. It also has the same speed with stall cells,
while in the relative coordinate reference system, high noise
area spreads in the opposite direction of the rotation of the
impeller.

Through the analysis above, there are two major sources
of noise in a centrifugal fan under rotating stall, namely,
the vortex noise caused by stall and the volute tongue noise

caused by the rotation of impeller. When the stall cell spreads
to the volute tongue, due to the superimposing effect of vortex
noise and volute tongue noise, the sound power level is the
highest and the high noise area is the largest. While the
stall cell is away from the volute tongue, the corresponding
high noise areas separate gradually. Along with that, the
sound power level decreases and the high noise area becomes
smaller. Therefore, the aerodynamic noise of the centrifugal
fan under rotating stall changes periodically over time, and
the fluctuation period is the same with the rotating period of
the stall cell.

5. Conclusions

A 3D unsteady RANS method has been used to compute the
flow in the full annulus of a centrifugal fan with the objective
of investigating the influence of rotating stall on flow field
and aerodynamic noise at different operating points. The
following points summarize this study.

(1) During stall conditions, with the turning down of
valve opening, the flow and full pressures fall down
and the amplitude of fluctuation tends to be larger.
The decrease of flow rate shows no influence on the
stall frequency but makes the corresponding power
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spectral density larger; namely, it enhances the energy
of stall cells.

(2) Under design condition, the flow in each passage is
relatively uniform. During stall condition, the velocity
vector distribution in impeller shows circumferen-
tial nonuniformity. About 2 impeller passages are
completely blocked with the separated vortex in stall
condition. Meanwhile, the flow in other impeller
passages is improved with the increase of flow rate
in these passages. With the decrease of valve opening
from 0.89 to 0.7, the flow field in the impeller tends
to be worse and the number of passages completely
occupied by the stall cells increases from 2 to 4.

(3) Under design condition, the rotation noise near the
volute tongue accounts for the major part of fan
noise. With decrease of flow rate, the fan enters stall
conditions and the vortex noise at the impeller outlet
accounts for the major part of fan noise. The high
noise area rotates circumferentially with the stall cell.
With the decrease of flow rate, the maximum of the
sound power level of the fan gradually increases,
reflecting the great influence of stall cell on the fan
noise under low flow conditions.
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