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Abstract 
 
Flow instability in a centrifugal fan was studied using energy gradient theory. Numerical simulation was performed for the three-

dimensional turbulent flow field in a centrifugal fan. The flow is governed by the three-dimensional incompressible Navier-Stokes equa-
tions coupled with the RNG k-ε turbulent model. The finite volume method was used to discretize the governing equations and the Semi-
implicit method for pressure linked equation (SIMPLE) algorithm is employed to iterate the system of the equations. The interior flow 
field in the centrifugal fan and the distribution of the energy gradient function K are obtained at different flow rates. According to the 
energy gradient method, the area with larger value of K is the place where the flow loses stability easier. The results show that instability 
is easier to generate in the regions of impeller outlet and volute tongue. The air flow near the hub is more stable than that near the shroud. 
That is due to the influences of variations of the velocity and the inlet angle along the axial direction. With the decrease of the flow rate, 
instability zone in a blade channel moves to the impeller inlet from the outlet and the unstable regions in different channels develop in 
opposite direction to the rotation of impeller.  
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1. Introduction 

Centrifugal fans are widely used in many fields, such as 
construction, underground engineering and air conditioning. 
However, the average operating efficiency of the centrifugal 
fan is far below the national requirements. So the energy-
saving potential of the centrifugal fan is very considerable. 
Due to the influence of rotating impeller and flow viscosity, 
flow in a centrifugal fan is very complicated. The unstable 
flow phenomena in the centrifugal fan are the main reason for 
energy loss and noise increases, including separation, vortex 
and secondary flow. Therefore, to improve the performance of 
the centrifugal fan, an in-depth study is needed on the internal 
flow structure and the mechanism of energy loss. 

Much research on the flow field in the centrifugal fan has 
been done in the aspect of theoretical analysis, experiment and 
numerical simulation. Denger and Bride [1] observed the 
strong turbulence near the volute tongue by experiment. San-
dra et al. [2] confirmed that the nonuniformity of velocity in 
the outlet of impeller was determined by flow rate and circum-

ferential position. A simulation in the centrifugal fan was done 
to get the air flow characteristic by Zhu et al. [3]. Wu and 
Huang [4] analyzed the secondary flow and generation of 
vortex in the different circumferential cross-section. Chen et al. 
[5] numerically studied the influence of blade number, blade 
width and inlet angle on the performance of centrifugal fan. 
Tamaki [6] confirmed the lumped parameter model was very 
useful for predicting the influence of piping systems on surge 
characteristics in centrifugal compressors. Kang et al. [7] 
found that the motion of volute tongue stagnation and the 
change of volute tongue throat determined imbalance distribu-
tion of velocity in the exit of impeller and the structure with 
the 62 degree of vortex tongue was the best. On the other hand, 
Morinushi [8] noted the efficiency is highest when the radius 
of volute tongue was 0.08 times than the diameter of cylindri-
cal. Computational fluid dynamics and experiments were ap-
plied to study the effects of bell mouth geometries on the flow 
rate of centrifugal blowers by Son et al. [9]. The results 
showed the bell mouth radius had a greater effect on the flow 
rate than the gap between the bell mouth and the upper fan 
case. Son et al. [10] numerically simulated the effect of inlet 
radius and bell mouth radius on flow rate of centrifugal blower. 
The inlet radius was revealed to have significant impact on 
flow rate, but inlet radius and the bell mouth radius did not 
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have a clear impact on the sound quality of a centrifugal 
blower. Kim et al. [11] found efficiency was highest when the 
number of blades was the same in the upper and lower impel-
lers in a forward-curved blade centrifugal fan. Tamaki [12] 
investigated the prediction accuracy of computational fluid 
dynamics using a centrifugal compressor whose geometry was 
intentionally changed to have a distorted flow field over the 
whole operating range from choke to surge. Ding et al. [13] 
numerically investigated the flow field in the mixing chamber 
of the fan and discussed the effect of length of the mixing 
chamber and the mass flow rate ratio on the fan performance. 
Jaatinen-Värri et al. [14] experimentally studied seven differ-
ent vaneless diffuser models for a centrifugal compressor, 
varying only in diffuser width. The results revealed that the 
pinch improved the compressor stage and impeller perform-
ance but deteriorated the diffuser performance. Kee et al. [15] 
developed a precise analysis model to investigate the dynamic 
characteristics of rotating composite blades. It indicates the 
dynamic characteristics may be significantly influenced by 
blade curvature, pre-twist, and geometric nonlinearity for 
shell-type blades.  

In summary, researchers always focus on the study of pres-
sure distribution, velocity distribution and the development of 
vortex, but the mechanism of the vortex and the relationship 
between the internal flow field and external flow characteris-
tics are not been deeply studied. So the flow structure and the 
mechanism of energy loss should be further analyzed based on 
the research of flow characteristic in the centrifugal fan. 

We use numerical simulation for the three-dimensional tur-
bulent flow field in the centrifugal fan. The simulation results 
are consistent with experimental data. The energy gradient 
theory is applied to analyze the flow stability in the centrifugal 
fan. The interior flow field and the distribution of the energy 
gradient function K are obtained at different flow rates and 
different axial section. According to the contrast of distribu-
tion of unstable region and energy gradient function, it is 
found that the flow in the area with the large value of K loses 
stability more easily.  

 
2. Energy gradient theory revisited  

Dou et al. [16-18] proposed the energy gradient theory to 
analyze flow instability and turbulent transition. In this theory, 
the base flow and disturbance determine the critical condition 
of flow instability, which is agreement with several experi-
mental results. According to the theory, the whole flow field is 
regarded as an energy field. For a given base flow, fluid parti-
cles are periodically perturbed and they gain energy (ΔE) 
through the disturbance development. At the same time, fluid 
particles lose energy (ΔH) along the streamline direction be-
cause of the fluid viscosity. The flow stability depends on the 
ratio of the gained energy to the lost energy for a cycle. The 
larger the cycle number, the higher the ratio. When the ratio 
exceeds the critical value, fluid instability occurs. As a result, 
the flow instability criterion for a given flow can be expressed 

as follows for a half-period, 
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where F is a function expressing the ratio of the gained energy 
and the lost energy by the particle in the half-period. K is a 
dimensionless field function that expresses the ratio of trans-
versal energy gradient, and the rate of the energy loss along 
the streamline. E = P+ρU2/2 is the total mechanical energy per 
unit volumetric fluid, s is along the streamwise direction and n 
is along the transverse direction. H is the energy loss per unit 
volumetric fluid along the streamline for finite length. Further, 
ρ is the fluid density, u is the streamwise velocity of main flow, 
A  and ωd is the amplitude and the frequency of the distur-

bance respectively, and m dAn w¢ =  is the amplitude of the 
disturbance of velocity. 

From Eqs. (1) and (2), the critical condition of flow instabil-
ity and turbulence transition is determined by K value. The 
flow instability first occurs at the region of the maximum of K 
value, and the instability region becomes larger with the in-
crease of Reynolds number. 

The total mechanical energy gradient along the transverse 
direction can be written as, 
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In the shear flow, the total mechanical energy loss along the 

streamline direction can be written as, 
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Here, τ is the shear force and it can be written as,  
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Here, μ is the viscosity. For laminar flow, it is the laminar 

viscosity, and for turbulent flow, it is equal to the sum of lami-
nar viscosity and turbulent viscosity.  

The Eq. (4) derived from Eq. (5) can be written as, 
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Thus, the expression of the energy gradient function K can 

be written as [19], 
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The calculation of the energy gradient function K in the 

flow field is completed by in-house code. 

 
3. Model and grid of centrifugal fan 

The centrifugal fan model studied in this paper is based on 
the backward-curved centrifugal fan belonging to the series of 
SYH560 in the Zhejiang Yilida Ventilator Co. Ltd. As shown 
in Fig. 1, it is mainly composed of inlet, collector, impeller, 
and volute. With respect to the actual model, the inlet and 
outlet section extend appropriately in the computational do-
main. The origin of coordinates is located at the center of the 
hub. In Fig. 1(a), the impeller radial direction along the x di-
rection and the impeller axial direction is along the y direction. 
The main geometric parameters of the centrifugal fan are as 
shown in Table 1. 

GAMBIT software was used to generate the mesh, and the 
mesh of the centrifugal fan is shown in Fig. 2. The unstruc-
tured tetrahedron mesh was applied to divide the impeller and 
volute, and structured hexahedral mesh was used to divide the 
other computational domain. The grid independence was veri-
fied on the condition of Q = 17126.53 m3/h and the impeller 

speed N = 1500 r/min. The mesh numbers are 0.87 million, 
1.48 million and 2.82 million, respectively. It is found that the 
difference of the Total pressure (TP) is less than 2% as shown 
in Table 2. The definition of the Total pressure (TP) here is the 
total pressure difference between the outlet section of the fan 
and the inlet section of the centrifugal fan. So the density of 
the grid has little effect on the accuracy of the calculation re-
sults when the grid number is larger than 0.87 million. There-
fore, the total number of computational domain grid is set to 
1.48 million. The grid number is sufficient for the prediction 
of external characteristics and the internal flow structure in the 
centrifugal fan. Through the grid quality examination, it is 
revealed that the grid equal angle skew and equal size skew 
grid is less than 0.67 and y+ near the wall is about 30. So the 
grid quality is good. 

 
4. Governing equations and numerical method 

The flow is governed by the three-dimensional incom-
pressible Navier–Stokes equations coupled with the RNG k-ε 
turbulent model. The incompressible Navier-Stokes equations 
are written as, 
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where ρ is fluid density, xj are the components in three direc-
tions (x, y, z), ui are the average velocity components in three 
directions (u, v, w), P* is translated pressure including turbu-
lent energy and centrifugal force, fi are the component of vol-
ume force, με is effective viscosity coefficient, and με = μ+μt, μ 

Table 1. Main geometric parameters of centrifugal fan. 
 

Parameter Value 

Designed flow rate Qn / (m3/h) 17126.53 

Designed total pressure TPn / (Pa) 1095 

Designed rotational speed N / (r/min) 1500 

Impeller inlet diameter D1 / (mm) 375 

Impeller outlet diameter D2 / (mm) 573 

Blade angle at the inlet of impeller β1 / (°) 26 

Blade angle at the outlet of impeller β2 / (°) 53 

Number of blade on each side of impeller Z 12 

Blade thickness δ / (mm) 1.2 

Rotational direction (0,1,0) 

 

  
    (a) Three-dimensional model       (b) Impeller structure 
 
Fig. 1. Centrifugal fan. 

 

Table 2. Check of grid independence. 
 

Grid number Total pressure (TP) 

0.87 million 1191.776 Pa 

1.48 million 1195.005 Pa 

2.82 million 1200.138 Pa 

 

  
     (a) Grid in computational domain        (b) Impeller grid 
 
Fig. 2. Grid of centrifugal fan. 
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is molecular viscosity coefficient, μt is turbulent viscosity co-
efficient and is expressed as, 
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The RNG k-ε turbulent model is represented by the follow-

ing two equations: 
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where Gk is the turbulent kinetic energy generated by laminar 
flow velocity gradient, Gb is the turbulent kinetic energy gen-
erated by buoyancy, YM is the fluctuation due to diffusion in 
compressible turbulent flow, C1ε, C2ε and C3ε are constants, αk 

and αε are turbulent Prandtl number in k equation and ε equa-
tion, respectively, Sk and Sε are user-defined. 

The finite volume method was used to discretize the gov-
erning equations and the SIMPLE algorithm was employed to 
iterate the system of the equations. The convergence criterion 

was set that the relative residual was less than 10-6 for each 
variable. The boundary conditions were set as follows. A uni-
form velocity profile was given at the inlet, and the outflow 
condition was set at the outlet. No slip boundary condition 
was applied at the solid wall. The multiple reference frame 
model was used to define the static region and rotating area.  

The flow field was simiulated with commercial software, 
Fluent. The simulation results of the total pressure and effi-
ciency of the fan were compared with the experimental data 
and good agreement was achieved as shown in Fig. 3. In Fig. 
3(a), the ordinate is the total pressure and the abscissa is the 
volumetric flow rate, while Fig. 3(b) shows the efficiency 
versus the volumetric flow rate, In addition to the maximum 
flow rate condition, the maximum error of total pressure be-
tween the experimental data and numerical in other flow con-
ditions is less than 10% and the maximum error of efficiency 
is less than 4%. 

 
5. Results and discussion 

Fig. 4 shows the different blade channels in the axial section 
of centrifugal fan and different axial sections are shown in Fig. 
5. Channel 1 is located at the outlet of the volute and near the 
volute tongue as shown in red number. The labels of the blade 
channel are from 2 to 12 along the counterclockwise direction, 
respectively. The inner circle represents the impeller inlet and 
the outside circle indicates the outlet. The intersections of two 
circles and a line extension along the suction surface of the 
channel 1 are defined as 0° in the circumferential direction. 
The impeller angular position can be recorded by degrees 
from 0° to 360° along the counterclockwise direction. For the 

 
(a) 

 

 
(b) 

 
Fig. 3. Performance curves of centrifugal fan: (a) curve of TP versus
flow rate; (b) curve of efficiency versus flow rate. 

 

 
 
Fig. 4. Flow channels in the centrifugal fan. 

 

 
 
Fig. 5. Axial sections in the centrifugal fan. 
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points on the suction surface and pressure surface in the blade 
channel, the front-end and backend of the blade are recorded 
as a and b. The coordinates of points a and b are set as 0 and 1, 
then each points on the pressure surface and suction surface 
can be represented by the number from 0 to 1. 

In the centrifugal fan, the air flows from the inlets to the 
impeller along the axial direction. Then it becomes to radial 
direction through the impeller. The high-speed air from the 
impeller collides with volute, and then secondary flow occurs 
between the impeller and volute. A small portion of air flows 
back to the impeller through the gap between the shroud and 
collector. The air flow is influenced by the adverse pressure 
gradient between the hub and shroud, and the particles with 
low energy at the hub move to the shroud. So the air speed at 
the hub is higher than that in the shroud. Then many low en-
ergy particles accumulate in the shroud, and the boundary 
layer near the shroud tends to be thin. At the same time, due to 
the effect of positive pressure gradient in the radial direction, 
the fluid is further decelerated and a back flow forms near the 
blade. Finally, boundary layer separation occurs on the blade 
surface. After the boundary layer separation, the back flow 
rises into the mainstream from the blade surface and mixes 
with the mainstream. 

The purpose of this study was to consider the problem of 
flow instability. Flow instability is generally produced at low 
flow rate, and not at high flow rate. From Fig. 10, streamlines 

in the axial section of the fan distribute uniformly and no 
boundary layer separation and flow instability phenomena 
occur for the large flow condition (Q/Qn > 1). Fig. 6 shows the 
streamlines in different axial section for Q/Qn = 0.69. Here, 
the designed flow rate Qn is the flow rate of the fan when the 
efficiency is highest. It can be seen from Fig. 6(a) that the 
boundary layer separation first happens near the backend on 
the suction surface of channels 1 and 2 in the axial section of y 
= 0.03 m. In Fig. 6(b), two vortices appear in channels 1 and 2, 
respectively. One is located in the middle of impeller flow 
channel, and another is located at the outlet of the impeller. In 
the axial section of y = 0.07 m, the size of the separation vor-
tex increases, and it moves to the inlet of impeller. The separa-
tion vortex located at the impeller outlet becomes larger and 
occupies the whole channel gradually. At the same time, an-
other separation vortex is squeezed and becomes smaller. As 
can be seen in Figs. 6(c) and (d), the streamlines in channel 3 
are not smooth, which indicates that the boundary layer sepa-
ration would occur. Continuing close to the shroud, two sepa-
ration vortices in channels 1 and 2 are reduced to one and the 
streamlines are bent in channels 3 and 4 in Figs. 6(e) and (f). 

Through the above analysis, we can see the boundary layer 
separation first occurs at the trailing edge of suction surface 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

 
(e) 

 

 
(f)  

 
Fig. 6. Streamlines in different axial section for Q/Qn = 0.69: (a) y = 
0.03 m; (b) y = 0.05 m; (c) y = 0.07 m; (d) y = 0.09 m; (e) y = 0.11 m; 
(f) y = 0.13 m. 

 
 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

 
(e) 

 

 
(f) 

 

 
 
Fig. 7. Distribution of K in different axial section for Q/Qn = 0.69: (a) y
= 0.03 m; (b) y = 0.05 m; (c) y = 0.07 m; (d) y = 0.09 m; (e) y = 0.11 m; 
(f) y = 0.13 m. 
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near the volute tongue. The air flow near the hub is more sta-
ble. Moving from hub to shroud along the axial direction, flow 
instability gradually intensifies and two vortices in a channel 
reduce to one occupying the whole channel. The vortex near 
the outlet of impeller moves to the middle of channel and an-
other vortex becomes smaller and disappears gradually. This 
is due to the effects of variations of the velocity and the inlet 
angle along the axial direction. In Figs. 6(e) and (f), the air 
flow along the axial direction suddenly turns to the radial di-
rection. It makes the radial velocity and the flow angle near 
the hub decreased. Then the separation vortex forms on the 
suction surface of the blade. Moving from the shroud to hub, 
the flow velocity and inlet angle are increased and the flow 
becomes stable.  

The distribution of the value of K in different axial section 
for the case of Q/Qn = 0.69 is shown in Fig. 7. In Fig. 7(a) 
three regions with the high value of K are located at the inlet 
of unstable channels, the trailing edge of suction plate of un-
stable channels and the volute tongue, respectively. In the 
section of y = 0.05 m in Fig. 7(b), the areas with the high 
value of K at the outlet of impeller spread to surrounding re-
gions and occupy the whole exit. Moving from the hub to the 
shroud, the value of K near the outlet of channel 3 is large, as 
shown in Figs. 7(c)-(e), which is in agreement with the change 
of streamlines in channel 3. The area with the high value of K 
also appears at the outlet of impeller in channel 4 in Fig. 7(f). 
To sum up, the location where K is large is consistent with the 
unstable zone in the flow field.  

Fig. 8 shows the distribution of Relative tangential velocity 
(RTV) on the suction surface and pressure surface in channel 1. 

According to the definition of the relative tangential velocity, 
if the value of relative tangential velocity changes from nega-
tive to positive, the flow direction changes, indicating bound-
ary layer separation occurs. From Fig. 8(a), all the maxima of 
relative tangential velocity in six sections are positive, namely, 
boundary layer separation occurs on the suction surface in six 
sections. The distance between two intersection points of the 
RTV curve and the curve of RTV = 0 is in agreement with the 
length of separation vortex. So it is found from the distance 

 
(a) 

 

 
(b) 

 
Fig. 8. Distribution of relative tangential velocity (RTV) on the suction 
surface and pressure surface in channel 1 for Q/Qn = 0.69: (a) suction 
surface; (b) pressure surface. 

 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 
Fig. 9. Distribution of velocity at the inlet and outlet of impeller in 
different sections for Q/Qn = 0.69: (a) y = 0.03 m; (b) y = 0.07 m; (c) y
= 0.11 m; (d) y = 0.13 m. 
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between two intersection points that the area of backflow re-
gion is small on the suction surface in section y = 0.03 m and 
it is larger in section y = 0.13 m. On the pressure surface, 
boundary layer separation occurs in most sections except y = 
0.03 m. Comparing Figs. 8(a) and (b), the location of the 
boundary layer separation on the suction surface is near the 
outlet of flow channel and it is near the inlet of impeller on the 
pressure surface. 

Fig. 9 is the distribution of velocity magnitude at the inlet 
and outlet of impeller in different sections for Q/Qn = 0.69. 
From the physical meaning of two curves, the area between 
two curves is proportional to the flow rate through the impel-
ler. Moving from hub to shroud, the area between two curves 
becomes small and the flow rate decreases. As shown in Figs. 
9(c) and (d), the velocity at the outlet of impeller is lower than 
that at the inlet of impeller in channel 2 (30°-60°). It means 
the energy of air gained from the rotating impeller is less than 
the energy loss caused by the unstable phenomenon and fluid 
viscosity in channel 2. For the distribution of velocity at the 
impeller inlet, the fluctuation amplitude of velocity is reduced 
from hub to shroud. The velocity magnitude at the inlet of 
impeller in channels 1, 2 and 3 increases obviously, especially 
in channel 2. This is because the vortices in the above chan-
nels occupy the whole channels and the high speed air at the 
outlet of impeller is mixed with the low speed air at the impel-

ler inlet, then the flow at the inlet of impeller accelerates and 
the flow at the outlet of impeller decelerates. The vortex in 
channels 1, 2 and 3 blocks the air flow and the fluid is pushed 
to the nearby channels. So the velocity at the impeller inlet in 
channel 2 increases greatly. 

Fig. 10 shows the streamlines in the axial section of y = 0.13 
m with increasing flow rate. One can see from the above dis-
cussion on the flow behavior of different axial sections that 
the fluid flow near the shroud more easily loses its stability, so 
the axial section of y = 0.13 m is chosen in the following 
analysis. The streamlines in the flow field are smooth and 
there is no instability zone for the case of Q/Qn ≥ 1. In Fig. 
10(f), the streamlines at the outlet of channel 1 first tend to be 
unsmooth. With the decrease of flow rate, a vortex appears in 
channels 1 and 2 and the streamlines in channel 3 become 
bending in Fig. 10(e). As shown in Fig. 10(d), the strength of 
the vortex is weakened and the vortex disappears gradually in 
channel 1. The flow in channels 3 and 4 loses its stability and 
forms an obvious vortex. The streamlines in channels 5 and 6 
begin to bend, which is the same with the flow change of 
channel 3 in Fig. 10(e). With the further reducing of flow rate, 
the strength of the vortex is enhanced and the size becomes 
larger. The flow at the outlet of channel 7 begins to be unsta-

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

 
(e) 

 

 
(f) 

 
Fig. 10. Streamlines in the section of y = 0.13 m with increasing flow
rate: (a) Q/Qn = 0.036; (b) Q/Qn = 0.17; (c) Q/Qn = 0.34; (d) Q/Qn = 
0.51; (e) Q/Qn = 0.69; (f) Q/Qn = 1. 

 
 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

 
(e) 

 

 
(f) 

 

  
 
Fig. 11. K in the section of y = 0.13 m with increasing flow rate: (a) 
Q/Qn = 0.036; (b) Q/Qn = 0.17; (c) Q/Qn = 0.34; (d) Q/Qn = 0.51; (e) 
Q/Qn = 0.69; (f) Q/Qn = 1. 
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ble for Q/Qn = 0.34. As shown in Figs. 10(a) and (b), flow 
instability appears in the majority of channels and the number 
of the unstable channels is still on the rise. 

In summary, flow in the channel near the volute tongue first 
loses its stability for the case of Q/Qn ≤ 1, namely, the vo-
lute tongue has a certain influence on the occurrence of flow 
instability. The separation vortex spreads along the opposite 
direction with rotating impeller. In the same channel, instabil-
ity first occurs at the outlet of impeller and spreads to the inlet 
with the decrease of flow rate. When the flow rate is less than 
design value, the flow angle is not equal to the installation 
angle of blade, which would lead to the boundary layer sepa-
ration on the suction plate of the blade. The formation of a 
vortex would make the flow channel blocked. In this case, the 
flow is forced to spread into the adjacent channels and the 
flow angle of the adjacent channels is changed, which is easy 
to cause boundary layer separation. 

The distribution of the value of K in the section of y = 
0.13 m with increasing flow rate is shown in Fig. 11. From the 
comparison of Figs. 10 and 11, the areas of high K value in 
Fig. 11 correspond to the regions where the separation vortex 
occurs in Fig. 10. The “jet-wake” structure is formed at the 
outlet of impeller due to the secondary flow between the suc-
tion surface and pressure surface. The shear layer between the 
jet flow and wake flow is very unstable. And at the same time, 
the value of K is very large at the outlet of the unstable chan-
nels. 

Fig. 12 shows the distribution of velocity magnitude at the 
inlet and outlet of impeller with increasing flow rate. We can 

see from Fig. 12(d) that the distribution of velocity at the inlet 
and outlet of impeller is relatively smooth and the air flow 
through every channel is almost the same when the flow rate 
is larger than the design value. At the condition of Q/Qn = 0.69, 
the velocity at the outlet of impeller in channels 1, 2 and 3 
becomes very low, while the velocity at the inlet of impeller 
changes little. With the further decrease of flow rate, the inlet 
velocity in the unstable channels accelerates and the outlet 
velocity decelerates, as shown in Figs. 12(a) and (b). In some 
channels, the velocity at the outlet of impeller is even lower 
than that at the inlet of impeller. That is due to the blend of 
different velocity air in the unstable channels. 

Fig. 13 is the distribution of relative tangential velocity in 
the section of y = 0.13 m in channel 1. From Fig. 13(b), the 
maximum of relative tangential velocity on the suction surface 
happens to be zero, which implies the occurrence of boundary 
layer separation. At the same time, the value of relative tan-
gential velocity on the pressure surface is lower than zero, 
which shows no reflow occurs. So the flow on the suction 
surface is easier to be unstable than that on the pressure sur-
face. Similarly, the maxima of relative tangential velocity on 
both suction surface and pressure suction are positive in Fig. 
13(a). So the separation vortex appears in channel 1, which is 
consistent with the flow behavior in Fig. 10(e) and the distri-
bution of the high value of K in Fig. 11(e). Comparing two 
curves in Fig. 13(a), the region of backflow on the pressure 
surface is larger than the suction surface. As shown in Figs. 
13(c) and (d), all the values of the relative tangential velocity 
on both suction surface and pressure suction are negative. This 

      
                                        (a)                                      (b) 
 

      
                                        (c)                                       (d) 
 
Fig. 12. Distribution of velocity at the inlet and outlet of impeller with different flow rate conditions in the section of y = 0.13 m: (a) Q/Qn = 0.17; 
(b) Q/Qn = 0.34; (c) Q/Qn = 0.69; (d) Q/Qn = 1. 
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indicates the flow in channel 1 is stable without boundary 
layer separation.  

With the decrease of flow rate, boundary layer separation 
first occurs near the trailing edge of the suction surface and 
then it occurs at the entrance section of pressure surface. The 
absolute value of the relative tangential velocity both on the 

pressure surface and suction surface first gradually decreases, 
and then increases with the decrease of flow rate. 

Fig. 14 shows the distribution of static pressure in the sec-
tion of y = 0.13 m in channel 1. In Figs. 14(b)-(d), when 
boundary layer separation does not occur, the static pressure 
on the pressure surface is significantly greater than that on the 

      
                                       (a)                                        (b) 
 

      
                                        (c)                                       (d) 
 
Fig. 13. Curves of relative tangential velocity in the section of y = 0.13 m in channel 1: (a) Q/Qn = 0.69; (b) Q/Qn = 0.89; (c) Q/Qn = 1; (d) Q/Qn = 1.15. 

 
 

      
                                      (a)                                          (b) 
 

      
                                      (c)                                          (d) 
 
Fig. 14. Static pressure in the section of y = 0.13 m in channel 1: (a) Q/Qn = 0.69; (b) Q/Qn = 0.89; (c) Q/Qn = 1; (d) Q/Qn = 1.15. 
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suction surface. The minimum of pressure on the suction sur-
face is near the impeller inlet, and the maximum pressure on 
the pressure surface is near the outlet of the impeller. The 
pressure on the suction surface and pressure surface increases 
from the impeller inlet to the outlet. As shown in Fig. 14(a), 
when boundary layer separation occurs, two pressure curves 
cross near the inlet of impeller. From the comparison of four 
charts in Fig. 14, the pressure on the suction surface increases 
greatly and the pressure on the pressure surface near the inlet 
of impeller drops with the decrease of flow rate. 

 
6. Conclusions 

The air flow in the centrifugal fan was simulated in this 
study. The Navier-Stokes equations and RNG k-ε turbulent 
model describe the flow field and flow parameters are calcu-
lated by the finite volume method and SIMPLE algorithm. 
The flow behavior in the centrifugal fan and the distribution of 
the energy gradient function K are obtained at different flow 
rates and different axial sections. The main conclusions are as 
follows. 

(1) The air flow near the hub is more stable than that near 
the shroud, due to the effects of variations of velocity and inlet 
flow angle. 

(2) With the decrease of flow rate, the boundary layer sepa-
ration first occurs near the trailing edge of suction surface and 
then at the entrance section of pressure surface. 

(3) With the decrease of the flow rate, the instability zones 
in the same channel move to the impeller inlet from the outlet, 
and the separation vortex in different channels spreads in op-
posite direction to the rotation of impeller. 

(4) According to the energy gradient method, the area with 
larger value of K is in agreement with unstable zones.  

(5) The instability first occurs on the suction surface of flow 
channel near the volute tongue. 

It is indicated that the energy gradient theory can be applied 
to analyze the flow instability in the centrifugal fan. In addi-
tion, the present result is useful to reveal the mechanism of the 
complex flow phenomena in centrifugal fans. 
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