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Computational fluid dynamics calculations using high-performance parallel com-
puting were conducted to simulate the prestall flow of a two-stage axial fan. The 
simulations were run with a full-annulus grid that models the 3-D, viscous, un-
steady blade row interaction without the need for an artificial inlet distortion to 
induce stall. The simulation shows the initiation and development of the stall in-
ception in two rotors of the axial fan. The results show that the stall inception first 
occurs in the second stage. The spike-type stall inception occurred in the second 
stage, which is different from the common views. The starting positions of stall 
inception in both rotors are in the same circumferential direction, and the stall 
inceptions in both rotors turn into mature stall cells at the same time. Also, the ro-
tation speed of the stall inception and rotating stall in the two rotors are the same. 
The rotating stall in the first and second stage rotor impellers are both directly in-
duced by the blade tip leakage flow. However, the blocked flow in the second stage 
rotor strengthens the leakage flow in the blade tip of the first stage rotor indirectly, 
resulting in the formation of stall inception. 
Key words: axial fan, rotating stall, stall inception, numerical simulation

Introduction 

Axial fan is one of the important accessory equipment in biomass power plant. It com-
monly displays two kinds of unsteady flow phenomena such as surge and rotating stall when 
they operate at flow rates substantially below the design point. These instabilities can cause 
noise and strong dynamical loading on the blades. Therefore, they can not be tolerated during 
fan operation and result in a narrower operation range. Many efforts have been concentrated on 
the mechanism of stall inception and the controlling methods to avoid or delay the occurrence 
of rotating stall in turbo machinery [1]. 

The study of stall inception is not only an important part of rotating stall research, but 
the basis of stall control. There are two kinds of widely accepted inception, namely the modal 
wave type inception and spike type inception proposed by Camp and Day [2]. According to 
their research, the modal wave type inception rotates at less than 50% rotor speed. It represents 
a large scale wave with small amplitude. On the contrary, the spike type inception mostly oc-
curs in the tip region of blades with a rotating speed of 60-80% rotor speed, and it represents 
a small scale wave with large amplitude. The modal wave type inception was first captured in 
a single-stage, axial compressor with high pressure ratio by Mcdougall [3]. Then the modal 
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wave type inception was found by Garnier [4], which verified the previous theories [2]. The 
spike type inception was first found and researched by Day [5]. Afterwards, the structure, char-
acteristics and development law were investigated by many researchers with experiments and 
numerical simulations [6, 7].

The impact factors on the type of stall inception have always been a controversial 
area. In recent years, it is certain that the generation mechanism and form of the stall inception 
are influenced by the design parameters and operation parameters of the machine. Lots of stud-
ies on the influence of design parameters such as hub ratio, tip clearance and blade row spacing 
have been undertaken [8, 9]. Based on a new kind of detection technology, Cameron et al.  [10] 
studied the relationship between stall inception and tip clearance in a high speed axial compres-
sor. The influence of blade row spacing on the starting position of stall is verified by Zhu et al. 
[11] through experiments. It was found that this is vital to the number of stall cells that form. On 
the other hand, rotating speed and the marching of rotor and stator are important to stall incep-
tion as well. Through, studying the stall inception under different rotating speeds on the same 
fan, Choi and Vahdati [12] found the stall inception to be quite sensitive to the rotating speed. 

During the past 20 years, studies on stall through unsteady simulations in turboma-
chinery have achieved valuable findings of the flow structure leading to stall [13, 14]. However, 
they were focused on the single stage turbomachinery. In fact, many multi-stage turbomachinery 
are used in industry, and the instability process in multi-stage machines is more complex. Knap-
ke et al. [15] conducted a numerical investigation on rotating stall in a two-stage counter-rotat-
ing compressor. Peng [16] investigated the effects of variable stator vanes on the occurrence of 
rotating stall in an axial multi-stage-compressor using an in house CFD based aero elastic code.

The intent of this work is to use the numerical method to capture the inherent behavior 
of a two-stage axial fan as it is throttled into stall. 

Numerical simulation

Geometric model and meshing

The geometric model of the axial fan is established as shown in fig. 1. There are six 
main parts of the fan, namely the inlet collector, the first rotor, the first stator, the second rotor, 
the second stator and the outlet diffuser. The structure parameters are listed in tab. 1.The first 
and second rotors are marked as rotor 1 and rotor 2, and the stators are marked as stator 1 and 
stator 2, respectively. The ICEM CFD software is used to generate the multi-block structures 
grids of the whole axial fan. Near the leading-edge and trailing-edge of each blade, the separa-
tion of the boundary-layer will form separation vortexes, the grids of those parts are refined, as 
well as the tip clearance grids, to improve the calculation accuracy. Figure 2(a) shows the grids 
around the leading-edge and trailing-edge. Furthermore, the sliding grid model is adopted at the 
interface between the rotor and the stator. In addition, the boundary-layer grids are used on the 
surfaces of blades to ensure that the mean normalized wall distance, y+, is smaller than five. 
Figure 2(b) shows the local grid of the rotor blade and the enlarged view around the impeller.

Figure 1. Geometric model of axial fan

Table 1. Structure parameters of axial fan
Structure parameters Values

Number of rotor blade 24
Number of stator blade 23
Hub ratio 0.668
Blade height, [m] 0.29
Rotating speed, [r min–1] 1490

Rotor 1 Stator 1

Rotor 2 Stator 2
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(a) (b)

Figure 2. (a) computational grid around main blade edge, (b) local grid of the rotor  
blade and enlarged view around the impeller

Distribution of numerical probes

In order to monitor the relative velocity 
and pressure transients in the corresponding 
positions before and after the occurrence of 
rotating stall, twelve and six numerical probes 
are set circumferentially in the first and second 
rotors, respectively. As shown in fig. 3, the six 
numerical probes in the first rotor labeled as l1, 
l2, l3, m1, m2, and m3, are set inside three pas-
sages of which the interval is 30°, and the other 
six probes are set at the inlet of three passages. 
The probes in each passage are at 50% and 90% blade height. The six numerical probes in the 
second rotors, labeled as l7, l8, l9, m7, m8, and m9, are distributed in the corresponding pas-
sages according to placement in the first rotor.

Methods of numerical calculation

As for the numerical simulation, the collector inlet and diffuser outlet are selected as 
the inlet and outlet of the calculation regions. The pressure inlet and pressure outlet boundary 
condition are adopted, respectively. Moving reference frame is selected for the rotating region 
of the two rotors with a rotating speed of 1490 r/min. The domains of the fan are connected to 
each other with the interface boundary condition, and the wall boundary condition is applied to 
all the other parts of the fan. A 3-D unsteady Reynolds time-averaged Navier-Stokes equation is 
selected as the control equation for the simulation, and SST model, which is more suitable for 
rotating flow and flow separation, is adopted as the turbulence model. Discrete control equations 
of the finite volume method are used, wherein a second-order upwind difference scheme and a 
central difference scheme are adopted to discretize convection and diffusion terms, respectively.

To realize numerical stall, the throttle valve model is used in this paper. The operating 
condition of the ventilation system is determined by the intersection of the fan performance 
curve and valve throttling line, which is directly connected in structure. The operating point 
changes with the throttle opening and the slope of performance curve and throttle line differs at 
the same operating point, thus the stability analysis can be conducted. The throttle function can 
be expressed as follows [17]:
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in two rotors
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where Psout and Piin represent the outlet back pressure and environmental pressure, k0 and k1 are 
constant and valve opening, respectively, ρ represents the air density, and U is the axial velocity 
at the outlet.

Results and discussions

Grid independence verification and steady simulation

The grid independence verification is conducted in this paper in order to minimize the 
influence of grid number on the simulation results. Geometric models with grid numbers of 
2250000, 4170000, 5300000, and 6420000 were selected, and the steady simulation results 
under different grid number are compared with the experimental results as shown in fig. 4. It can 
be seen that the impact of gird number on the simulation results can be neglected when it comes 

to 5300000. Also, the trend of the total pressure 
performance curve obtained through steady 
simulation is consistent with that of the sample 
curve, and the relative error of total pressure is 
within the range of 1.523% to 5.245%, which 
indicates that the fan model established can be 
used for simulation. To better compare the nu-
merical and experimental results, the boundary 
conditions in the grid independence calcula-
tions are velocity at the inlet and outflow at the 
outlet. The inlet velocities are obtained from 
experimental results.

Unsteady simulation of rotating stall

The relationship between total pressure and flow rate obtained from steady and unsteady 
simulations is illustrated in fig. 5. The curve shows the total pressure fluctuation under steady 
simulation when the flow rate is below 73 m3/ s. The convergence with the flow of 73 m3 / s is 
taken as the initial condition for unsteady simulation, and the convergent results can be ob-
tained under certain outlet back pressure. Then the valve opening k1 is set to 1, and the outlet 

pressure can be indirectly improved by contin-
uously decreasing throttle valve opening until 
the occurrence of rotating stall in the fan. Three 
operating conditions of k1 = 0.7, k1 = 0.66, and  
k1 = 0.658 are listed on the left of the flow rate 
of 73 m3 / s. It can be seen that the total pressure 
of the fan decreases gradually along with the 
decrease of the throttle valve, and it reaches its 
minimum when k1 = 0.658. Afterwards, the to-
tal pressure does not remain stable and fluctua-
tions become larger with the decrease of throttle 
valve. When it comes to k1 = 0.657, a steep drop 
of both the total pressure and flow occurs, which 
indicates that the fan experiences rotating stall.

Figure 6 illustrates the occurrence of rotating stall with the comparison of fan outlet pres-
sure when the throttle valve is 0.658 and 0.657. While k1 = 0.658, the outlet pressure maintains 
stability and the fan is still in the state of stable operation. However, the outlet pressure experi-

Figure 4. Relation between total pressure and 
volume flow rate
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ences a steep drop after several rotor cycles and 
fluctuations show a sine wave trend with a large 
magnitude when k1 = 0.657. The whole process 
of the outlet pressure changes indicates the oc-
currence and development of rotating stall.

Confirmation of the occurrence position of 
stall inception

In two-stage axial fan, the confirmation of 
the stage where stall inception occurs is import-
ant, and the research of the development process 
of stall inception helps to shed light on the mech-
anism of rotating stall. It can be determined by 
monitoring the relative velocity of the flow in 
the rotor passages to confirm the occurrence of 
the stall inception in rotors. The relative veloc-
ity from the m4 and m7 numerical probes for  
k1 = 0.657 is shown in fig. 7. The relative ve-
locity value of monitoring point m7 is moved 
up 40 units for comparison. As shown in fig. 7, 
both rotors experience the phenomenon of stall 
inception to stall cell formation. However, the 
relative velocity of m7 experiences large fluctu-
ations in amplitude at the 13th rotor cycle while 
that of m4 remains stable. It can be concluded 
that the unsteady fluctuations with large ampli-
tudes first occur in the second rotor. 

The relative velocities of the two rotors in the corresponding passages when  
k1 = 0.657 are shown in fig. 8. The relative velocity value of monitoring point m5, and m8 are 
moved up 30 units and the relative velocity value of monitoring point m6, and m9 are moved 
up 60 units, for comparison. In figure 8(a), it can be seen that the slopes of the two lines are dif-
ferent. The rotating speeds at the two different moments are 0.67 and 0.5, where represents the 

Figure 6. Curves of the outlet pressure  
with time

Figure 7. Curves of relative velocity with time 
at m4 and m7 for k1 = 0.657
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Figure 8. Evolution of relative velocity with different probes for k1  = 0.657; (a) evolution of relative 
velocity at points of m4, m5, and m6 in rotor 1, (b) evolution of relative velocity at points of m7, m8, 
and m9 in rotor 2
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rotating speed of the stall inception and stall cell. Similarly, the rotating speed corresponding 
lines 3 and 4 in fig. 8(b) are 0.67 and 0.5. According to the basic characteristics of modal type 
and spike type stall inception, it can be shown that the unsteady fluctuations occurring in the 
two rotors are both spike type stall inception. The slope of line1 and line 3 are consistent with 
the occurrence of stall inception in both rotors. It can be seen that spike type stall inception first 
occurs in the second rotor, and the rotating speed of stall inception in both rotors is the same. 
After the formation of a stall cell, the stall cells in both rotor impellers share the same rotating 
speed. Usually in low and intermediate pressure compressors, spike stall inception is seen in 
the first rotor. However, the spike in downstream blade row occurs in the two-stage axial fan, 
which agrees with Camp [18].

In order to identify the precise starting point of stall inception in both rotors, the rela-
tive velocity in the passages of the two rotors obtained by numerical probes undergoes differen-
tial analysis. Figure 9(a) illustrates the difference between the relative velocity of m4 and m6. 
It can be seen that stall inception occurs at point A (12.95 T) in the first rotor. After about two 
rotor cycles, the stall inception develops into a stall cell at point B (14.5 T). While in the second 
rotor, as shown in fig. 9(b), stall inception occurs at point C (11.75 T), and after approximately 
2.5 rotor cycles, a stall cell comes into being at point E (14.5 T). However, it can not be ignored 
that the fluctuations become enhanced from point D (12.95 T). Hence, spike type stall inception 
first occurs at 11.75 T in the second rotor while the first rotor remains stable which is consistent 
with the conclusion above. After 1.2 T, the same phenomenon occurs in the first rotor. Finally 
the two rotors enter rotating stall at 14.5 T, synchronously. Comparing fig. 9 with fig. 8, it can 
be further concluded that rotating stall derives from the unsteady fluctuation in the second ro-
tor. Through a short period of development, the occurrence of stall inception in the first rotor 
influences that of the second rotor impeller. This accelerates the process of stall inception in 
the second impeller. Due to the interaction between the two rotors, the disturbance in both rotor 
turns into a mature stall cell at the same time. To show this requires flow field analysis during 
the occurrence and development of stall in both rotors.

Flow field analysis during the occurrence and  
development of stall inception

Three typical times, 12 T, 13 T, and 14 T, are selected for k1 = 0.657 to give a thor-
ough analysis of stall development in the view of the flow field. As shown in fig. 10, the stream 
line distribution of the passages in both rotors at the 95% blade height is investigated. It can be 

Figure 9. Difference curves of relative velocity in the passages of the first and second rotors;  
(a) differences of relative velocity at points of m4 and m6, (b) differences of relative velocity  
at points of m7 and m9
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clearly seen in fig. 10(a) that a 
separation vortex occurs in four 
continuous passages of the sec-
ond rotor while the flow field in 
the first rotor remains uniformly 
distributed. In fig. 10(b), drastic 
flow separation occurs in the 
blade tip area of multiple con-
vective passages in both rotors, 
which indicates the beginning of 
stall inception in both impellers. 
By comparing the flow field in 
both rotors, it is obvious that the 
passages in the first and second 
rotors correspond to each other, 
and the starting position of stall 
in both rotors is the same in the 
circumferential directions of the fan. According to this 
observation the stall inception is likely influenced and in-
duced by flow separation in the corresponding passages 
of the second rotor.

On the other hand, before the occurrence of stall 
inception in the first rotor, the development of stall in-
ception in the second rotor seems to be quite slow, and 
the number of passages influenced by the separation 
vortex and back flow does not increase greatly. When it 
comes to the 14 T, as shown in fig. 10(c), not only does 
the number of passages occupied by the separation vor-
tex in the second rotor greatly increase, but the intensity 
of the separation vortex and back flow is enhanced in 
each passage compare to that in the 13 T. Therefore, it 
can be concluded that once stall inception occurs in the 
first rotor, stall inception in the second rotor is influenced 
as well. The interaction between the two rotors results in 
the rapid aggravation of stall inception in both rotors, 
and stall cells are generated soon after. This provides 
solid evidence for the deduction above and describes the 
development process of stall inception in both rotors.

The mechanism of stall inception  
in the second rotor

The contours of the static pressure on the blade 
pressure side and suction side in the second rotor near 
stall are shown in fig. 11. It can be seen that the static 
pressure of the pressure side is much higher than that 
of the suction side, which is the essential condition for 
the occurrence of the tip clearance flow. At the leading 
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Figure 10. Stream line distribution of the passages in both 
rotors: at the 95% blade height, the 12th rotor period, the 13th 
rotor period, and the 14th rotor period
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edge of the blade tip area, a low pressure region exists on the suction side of blade. The large 
pressure difference makes it likely that the tip clearance flow will occur at the leading edge of 
the blade. Combining this result with the separation vortex in fig. 10, it can be shown that the 
tip clearance flow mainly occurs at the leading edge of the suction side of blades before stall. 
With the development of the tip clearance flow along the axial direction, the separation vortex, 
which is mixed with the mainstream, moves away from the suction side of the blades gradually. 
Therefore the low pressure area also disappears at the trailing edge of blades.

As shown in fig. 12, the distributions of static pressure and stream lines at 95% blade 
height in four convective passages of the second rotor are illustrated. It can be concluded that 
the flow field is highly impacted by the tip clearance flow. Due to the different directions of the 
tip clearance and mainstream flows, interaction and mixing of both flows leads to the low speed 
flow occupying a large number of the passages. 

Based on the previous analysis, the influence of 
the blade tip clearance flow mainly comes from the 
mixing and interaction between the tip clearance and 
mainstream. The tip clearance flo, Wjet, comes from 
the pressure side of the blades and the mainstream 
flow, Wp, comes from the passage inlet form into inde-
pendent vortex eventually. The stream line twined 
around the vortex forms a spatial structure, leading to 
the low speed area. Due to the curling effect of tip 
clearance, the axial backflow phenomenon may occur 
near the blade tip. The development schematic dia-
gram of the tip clearance flow is shown in fig. 13.

Conclusions

In this paper, rotating stall in a two-stage variable pitch axial fan is numerically stud-
ied, and the association analysis on the generation of stall inception in different stages was 
conducted. Also, the induced mechanism of stall inception is discussed. The conclusions can 
be drawn as follows.

 y Stall inception begins in the second rotor with spike type inception, and the overall char-
acteristics have a positive gradient at stall, which is different from Day [2] and the same as 
Camp [18]. The rotating speed of stall inception in both rotors and the inception type are 
the same. After the formation of the stall cell, both stall cells share the same rotating speed.

 y Stall inception in the first rotor is induced by that of the second rotor since they share the 
same position in the circumferential direction. The occurrence of stall inception in the first 
rotor accelerates the development of stall inception in the second rotor. Due to the inter-
action between the two rotors, a mature stall cell develops at the same time in both rotors. 

Figure 13. Schematic dia-
gram of the tip clearance flow

(a) (b)

Rotation direction
W

p

W
jet

Figure 12. Contours of the static pressure and distribution of stream line near stall condition at the 
95% blade height in the second rotor; (a) contours of static pressure, (b) distributions of stream lines

Figure 13. Schematic diagram of the tip 
clearance flow
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 y The development of the stall inception in the second rotor is induced by the tip clearance 
flow near the leading edge of blades. The mixing and interaction between the tip clearance 
flow and mainstream flow lead to a separation vortex and backflow.
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Nomenclature
T –  rotor period, the time required for  

one revolution of the impeller
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