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ABSTRACT: This study explores the influence of rotor blade angle on stall inception in an axial fan by means
of numerical simulations grounded in the Reynolds-Averaged Navier-Stokes (RANS) equations and the Realizable
k-¢ turbulence model. By analyzing the temporal behavior of the outlet static pressure, along with the propagation
velocity of stall inception, the research identifies distinct patterns in the development of stall. The results reveal that
stall inception originates in the second rotor impeller. At a blade angle of 27°, the stall inception follows a modal
wave pattern, while in all other cases, it assumes the form of spike-type stall. The flow field associated with spike stall
inception demonstrates a relatively uniform gradient in the radial direction, whereas the modal wave stall case displays
a distinctive “I’-shaped propagation feature. At blade angles of —9° and —18°, multiple stall inceptions are observed.
These phenomena initiate at the blade’s leading edge, propagate along both axial and radial directions, and transition
dynamically between single and multiple inception states.
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1 Introduction

In the realm of turbomachinery turbocharging, adjustable-blade axial fans have gained widespread
application in power plants, attributed to their exceptional efficiency, operational stability, and substantial
capacity. The internal flow dynamics within these axial fans exhibit complex three-dimensional, viscous, and
unsteady characteristics. Under conditions of reduced flow, the potential for instabilities, such as rotating
stalls or even surges, may arise, resulting in flow degradation, heightened noise levels, and the peril of blade
fractures. Consequently, during the design phase of axial fans, engineers are often compelled to strike a
balance, sacrificing to some extent the pressure ratio and efficiency in favor of maintaining a robust margin
between the fan’s design parameters and surge thresholds [1]. This strategic compromise ensures the safe
and reliable operation of the machinery. Understanding the mechanisms that precipitate stall inception
across varying rotor blade angles is of paramount importance for the proactive management of rotating stall
phenomena and the refinement of axial fan design optimization strategies [2].

In 1955, Emmons et al. [3] pioneeringly introduced the concept of rotating stall, which arises when one
or more blades encounter air separation or blockage, forming a distinct group. Following this foundational
idea, Greitzer [4] leveraged approximation theory to develop a set of nonlinear third-order partial differential
equation models, known as the M-G model, that capture the characteristic variations associated with rotating
stall and surge-like motions in axial fans during transient stall events. Subsequently, numerous scholars,
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including Dazin et al. [5-7], embarked on diverse research trajectories to explore rotating stalls from
various perspectives. Ohta et al. [8] experimentally highlighted the crucial role of cascade flow choking
in determining surge behaviors. Sakata et al. [9] further conducted experimental research on the interplay
between stall cells and surge behavior, revealing that the key factors influencing surge behavior are the
“sudden alterations in the flow field near the peak point of unsteady characteristics and the rapid proliferation
of stall cells during the stalling process”. The angle of blade installation in axial flow fan rotors exerts a
significant influence on their performance and operational efficiency. In exploring the impact of blade
installation angle on the performance of axial fans, numerous scholarly studies have indicated that the
aerodynamic noise generated by the impeller is predominantly characterized by low-frequency noise, with
the primary noise sources located at the leading edge and tip regions on the suction side of the blades [10].
Furthermore, numerical simulation methods were employed to investigate the unsteady flow characteristics
of adjustable stator axial fans under stall conditions. The research findings reveal that aberrant blade
installation angles lead to an initial increase in flow rate during the onset of stall, thereby precipitating the
fan into an unstable state prematurely. Additionally, this study elucidates the trends in how the overall sound
pressure level of aerodynamic noise within the fan varies with changes in the blade installation angle [11,12].

Numerous contemporary studies have focused on elucidating the characteristics of peak phenomena
and the underlying fluid dynamic mechanisms responsible for their formation within core compressors
[13-15] and fan blades [16,17]. Research indicates that the genesis of such disturbances is primarily attributed
to aerodynamic effects at the blade tip, where airflow separation initiates from the leading edge (LE) due
to high incidence angles. This phenomenon, even when observed on a single blade, is sufficient to initiate
an unstable progression towards rotational stall. The vortices released from the separated flow are entrained
into a vortex tube, which is bounded on one end by the suction surface of the blade and on the other by
the casing, propagating circumferentially. The obstruction caused by the vortex flow within the passage
further augments the incidence angles of adjacent blades, thereby establishing a positive feedback loop that
fosters the propagation and amplification of instability. Kim et al. [18] conducted an investigation into the
varied mechanisms that induce spikes on fan blades and discovered that the radial distribution of loading
influences the ultimate dimensions of the stall cell. However, this distribution does not necessarily determine
the sequence or pathway leading to the formation of spikes.

Furthermore, numerous scholars, including McDougall [19], Day [20,21], Khaleghi [22], among others,
have conducted extensive research on stall inception, proposing various types such as Modal Wave, Spike,
High-frequency stall, and Positioning stall [23,24]. Table 1 presents the characteristics of Modal Wave and
Spike stall inception. Several studies have demonstrated that Modal Wave stall inception is characterized
by large-scale, small-amplitude sine waves that evolve into stall cells after approximately 10 to 40 rotor
revolutions (T). Notably, the rotational speed of Modal Wave stall inception is close to that of the stall cells.
Conversely, Spike stall inception exhibits small-scale characteristics and evolves into complete stall cells
within about 2 to 3 rotor revolutions. The rotational speed of Spike stall inception is higher than that of
Modal Wave, accounting for approximately 70% of the rotor speed. During propagation, the scale and scope
of Spike stall inception rapidly increase, and the rotational speed decreases following the development of
stall cells [21-24].
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Table 1: Characteristics of stall inception of mode wave and spike types [22-24]

Type Characteristics

Mode wave Propagation circumferentially, 2D, linearitylow frequency, small amplitude
Spike Short-time characteristic, three-dimensional last scale in space

Within the theoretical framework, meticulous observation of the characteristics of the incipient wave
(i.e., the initial fluctuation triggering stall phenomena) offers a potential means to differentiate various stall
inception modes [25-28]. However, in practical applications, the complexity of this process is considerably
heightened due to the intertwined effects of multiple stall inception factors [29,30]. These factors are
not only numerous but also exhibit extremely intricate individual mechanisms and coupled interactions,
encompassing, among others, the range of tip clearance sizes, the onset and progression of endwall blockage,
the degree of inlet flow field distortion, and variations in the rotational speed of components [31]. Minor
alterations in these parameters can exert profound influences on both the initiation of stall and its subsequent
evolution pathways [32]. Deviations that lead to increased pressure and efficiency losses are crucial, as they
significantly narrow the stable operating range of the fan [33,34]. In response to this phenomenon, most
scholars have proposed methods to suppress the amplification of stall precursors, thereby delaying the onset
of rotating stall [35-38].

To deeply dissect and elucidate the intricate relationship between stall inception modes and the design
principles and operational parameters of rotating machinery [39-41], this paper undertakes an in-depth
investigation of these mechanisms using an axial fan with adjustable blades as a case study.

2 Axial Fan Description

In this paper, a two-stage variable-pitch axial fan, which is prevalent in power plant applications, is
selected as the subject of investigation. The fan comprises six primary components: the inlet collector, the
first rotor (designated as Rotor 1), the second rotor (designated as Rotor 2), two stators (similarly labeled),
and the outlet diffuser. A detailed three-dimensional geometric model of the axial fan, depicted in Fig. 1,
is constructed using GAMBIT software. The specifications and parameters of the axial fan are thoroughly
outlined in Table 2.

Statorl Stator2

Figure 1: Geometric model of axial fan

Table 2: Structure parameters of axial fan

Parameter Value
Rated speed # (r/min) 1490
Number of moving blade N, 24

(Continued)
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Table 2 (continued)

Parameter Value
Number of stationary blade N 23
Inlet diameter D; (m) 2.312
Outlet diameter D, (m) 2.305
Rotor diameter D (m) 1.778
Hub ratio 0.668
Design flow rate g, (m®/s) 81.4
Electric motor type STMKKS500-4

Motor rated power P (kW) 2050

The adjustable range of blade angles for the two-stage axial fan with movable blades spans from —18
degrees to 27 degrees. With the exception of the design rotor blade angle of 3°, intervals of nine degrees are
employed across this range, resulting in six specific angles labeled 27°,18°,9°,3°, —9°, —18°. The arrangement
and relationships among these rotor blade angles within the axial fan are visually presented in Fig. 2, which
depicts an example scenario featuring rotor blade angle —2°.

Figure 2: Diagram of geometric position of rotor blade angle

The present research focuses on elucidating the mechanism by which variations in rotor blade angle
affect the inception of stall. It emphasizes a comparative analysis of the temporal characteristics of outlet static
pressure, as well as the initiation and propagation velocities of stall cells. Furthermore, the study proposes
distinct modes of stall inception. These specific processes are illustrated in Fig. 3.
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Figure 3: Flow chart of rotor blade angle influence mechanism

3 Numerical Simulation
3.1 Governing Equations and Turbulence Equation

To ensure the precision of numerical simulation resources for axial fans, it is essential to simplify
the computational conditions to a manageable level. The flow field within axial fans is modeled as three-
dimensional, incompressible, and unsteady. As stated in the literature, variations in gas density, viscosity,
and temperature can be disregarded. Consequently, the energy equation is omitted from consideration [42].
In this study, the numerical simulations employ the Reynolds-Averaged Navier-Stokes (RANS) equations,
detailed as follows:

Continuity equation:
ou;
ox i

Motion equation (Reynolds equation):

. o(uu; — 2 ol\uiu!
%_{_M:_la_lj_‘_v aul _ ( ]) (2)
ot ox; pox;  0xjox; ox;
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where u; is the Reynolds average velocity of i, u; is the Reynolds average velocity of j, p is the density, ¢ is the
time, P is the pressure, 1} is the pulsating speed in the direction of i, u; is the pulsating speed in the direction
of j, v is the coeflicient of kinematic viscosity.

The flow dynamics are analyzed using the Unsteady Reynolds Averaged Navier-Stokes (URANS)
equations, which are coupled with the Realizable k-¢ turbulent model. This model is particularly well-suited
for tackling complex flow phenomena, including rotational flows, secondary flows, and flow separation. The
numerical simulation framework employs a pressure-velocity coupling algorithm alongside a second-order
upwind discretization scheme to enhance the accuracy and reliability of the results.

3.2 Meshing Strategy

Each rotor impeller of the axial fan comprises 24 twisted blades, featuring a blade thickness that
progressively increases from the tip towards the hub. The intricate geometry of the fan poses challenges, such
as generating a large number of cells with acceptable skewness. Furthermore, the equations governing the
moving zone exhibit difficulties, where unstructured grids demonstrate superior convergence and skewness
properties compared to structured grids. Consequently, the meshing strategy adopted leverages multi-block
grid technology. Unstructured grids are found to be more suitable for both the rotor and stator, while
hexahedral unstructured grids are established for other components. To ensure precision, boundary layer
grids are employed on the blade surface, maintaining a wall-to-first-layer grid node distance within the range
of y+ < 5. To enhance calculation accuracy, a size function is utilized to refine the grid in critical areas like
the blade edge and tip clearance. Partial grid configurations of the axial fan are depicted in Fig. 4.

Figure 4: The partial view of the mesh for the axial fan

In this study, grid independence verification is conducted to minimize the influence of grid count on
simulation outcomes. The selected mesh sizes for the geometric model are 3.75 x 10°, 5.87 x 10°, 6.94 x 10°,
and 7.85 x 10°. A comparison of steady-state simulation results across these grid sizes with experimental data
is presented in Fig. 5. It is observed that the impact on simulation results becomes negligible when the grid
count reaches 5.87 x 10°. Furthermore, the relative errors in total pressure, ranging from 1.523% to 5.245%
in different steady-state simulation cases, align with experimental findings, confirming the suitability of the
established model for simulation purposes.

To ensure the independence of the number of grids, the consistency of grids of each part of the fan is
used in different angles. The specific data are shown in Table 3.
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Table 3: The grid number of each part of the fan at different rotor blade angles (unit: 10*)

Angle Inlet Rotorl Statorl Rotor2 Stator2 Outlet Total

27° 51.46 248.98 41.31 24756 26.91 83.57  699.81
18° 5146 248.63 41.31 249.43 26.91 83.57 70133
9° 5146 24847 4131 248.16 26.91 83.57  699.89
3° 5146 249.45 41.31 248.88 26.91 83.57  70L59
-9° 5146 249.63 41.31 249.33 26.91 83.57  702.21
-18° 5146 248.41 41.31 248.36 26.91 83.57  700.03

3.3 Boundary Conditions

Computational Fluid Dynamics (CFD) software Fluent is employed to perform three-dimensional
numerical simulations of fan systems, yielding valuable insights into the internal flow characteristics within
the fan. Within the realm of CFD research and applications, Fluent occupies a pivotal position as a
comprehensive and highly integrated software tool. Its powerful solver forms the core of Fluent, which,
when combined with its flexible pre- and post-processing capabilities, offers researchers a holistic solution
encompassing geometric modeling, mesh generation, boundary condition specification, physical model
selection, and result visualization [43,44]. For the purpose of numerical simulation, the collector inlet and
outlet diffuser are designated as the inlet and outlet of the computational domain, respectively. A pressure
inlet boundary condition is selected, with the total pressure set at 1 atmosphere. Conversely, a pressure outlet
boundary condition is adopted for the outlet. During steady-state calculations, the rotating regions of the
two rotors are modeled using a Multiple Reference Frame (MRF) approach, rotating at a speed of 1490
revolutions per minute. The fan domains are interconnected via interface boundary conditions, while no-
slip wall boundary conditions are imposed on all remaining parts of the fan. In the context of unsteady-state
calculations, the research utilizes a moving mesh technique to capture the transient flow behavior [45-47].



1512 Fluid Dyn Mater Process. 2025;21(6)

In order to simulate the complete stall process, the throttle condition is applied at the exit to determine
the static pressure Ps,,;.
. 1 ko
Psoy; (t) = Pijy + ——pU? (3)
2k
where Pi;, is the environment atmospheric pressure, ky is a constant, k; is the valve opening, p is the
air density and U is the outlet axial flow velocity. The operating condition of the ventilation system is
determined by the intersection of the fan performance curve and valve throttling line. The throttle condition
can automatically simulate a rotating stall without any intervention to change the back pressure.

4 Results and Discussion

4.1 Time-Domain Characteristics of Outlet Static Pressure of Axial Fan

The inception of stall within the fan and the subsequent pressure variations throughout the stall process
can be precisely determined by monitoring the static pressure at the axial fan outlet. Fig. 6 presents the
temporal variation curves of the outlet static pressure for six distinct rotor angles. The specific valve opening
denoted as k; signifies the point at which stall inception occurs. Inspection of the figure reveals that, at a valve
opening of k;+0.001, the static pressure at the outlet of the axial fan for all six rotor angles stabilizes promptly
and remains constant at 1.3196 x 10* Pa, 1.327 x 10* Pa, 0.8681 x 10* Pa, respectively. As the valve opening
decreases further, a notable reduction in axial fan flow is observed across all rotor angles. Under these
conditions, the outlet static pressure stabilizes at 1.2515 x 10* Pa, 1.085 x 10* Pa, 0.7750 x 10* Pa, respectively.
These observations indicate that, as the rotor blade angle varies between 27° and —18°, the static pressure
in each state decreases sequentially. This finding aligns with the pressure variation patterns observed in the
surge curve of the fan’s original sample.

At the valve opening corresponding to k;, the axial fan transitions from a stable operational state to the
onset of stall, ultimately progressing into a rotating stall. Consequently, the outlet static pressure exhibits
periodic fluctuations, which are in accordance with the pressure variations observed at the axial fan outlet
during the occurrence of rotating stall. A comparison of the static pressure variation curves depicted in Fig. 6
for six different rotor blade angles at k; reveals that, at a rotor blade angle of 27°, the fan’s static pressure
evolves from one stable state to another through approximately 28 cycles. This duration is notably longer
than the 13 cycles required at the other rotor blade angles. Based on these observations, it is inferred that
the stall mechanism within the axial fan at a rotor blade angle of 27° may deviate from those prevalent at
the other rotor angles. To validate this hypothesis, numerical probes were incorporated into the numerical
calculation process.

4.2 The Law of Relative Velocity Variation at Numerical Probe

To analyze variations in relative velocity within the rotating impellers before and after the onset of
rotating stall, and to subsequently compute pertinent characteristics of stall inception and stall cells, a total
of 12 numerical probes were positioned in both the first and second rotating impellers of the fan. Specifically,
three numerical probes were placed at 50% and 90% of the radial blade heights within the internal flow
channel of Rotor 1, spaced at intervals along the circumference of three channels, and labeled as m1-1, m1-2,
ml-3, hl-1, hl-2, and hl-3, respectively. A similar naming convention was adopted for Rotor 2, with probes
designated as m2-1, m2-2, m2-3, h2-1, h2-2, and h2-3. The exact location of each numerical probe in the first
stage is illustrated in Fig. 7.
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Figure 6: The variation curve of axial fan outlet static pressure with time under different rotor blade angles
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Figure 7: Numerical probe arrangement scheme

Fig. 8 depicts the curves of relative velocity variations observed at monitoring points in Rotor 1 and
Rotor 2, across rotor blade angles of 27°, 9°, 3°, and —9°. Analysis of the time-domain characteristics
presented in Fig. 8 reveals notable differences in amplitude and frequency at the rotor blade angle of
27°, compared to the other conditions. Specifically, as illustrated in Fig. 8-I(a), stall inception initially
manifests at 22.6T in Rotor 2, subsequently leading to an unstable flow in Rotor 1. Approximately 17 rotor
periods later, both Rotor 1 and Rotor 2 transition from stall inception to a fully developed stall state
nearly simultaneously, with the variation in relative velocity exhibiting a characteristic modal wave pattern.
In Fig. 8-1(b) through 8-1(d), the progression from stall inception to a complete stall state is similarly
observed in both Rotor 1 and Rotor 2. However, it becomes evident that the stall characteristics differ from
a modal wave, instead presenting as spikes.

To gain further insight into the characteristics of stall inception in an axial fan at various rotor blade
angles, the rotational speeds associated with stall inception and stall cells, as well as the number of stall cells at
different rotor blade angles, are computed. Using the design rotor blade angle of 3° as an illustrative example,
the specific methodologies employed for these calculations are outlined as follows:

As shown in Fig. 8-11, L1 is located in the range between 12 to 14 T and the distance of the monitoring
point ml-1 and m1-3 is 0.333 T, thus the stall inception revolution speed is calculated from:

2x45

= w.=0.75w 4
0.333x360 ’ “@

Ws

In the range of 15 to 17 T, the distance between the monitoring point mI-1 and ml-3 is 0.458 T, thus the
revolution speed of the stall cell can be calculated as:

2x45

= ————w, = 0.55w, )
0.458 x 360

Ws

The period of the stall group shown in Fig. 8-11 is about 1.833 T, thus the number of the stall cell is:

0.458
Ne = 45
1.833 x (2 X —)
360

where w; represents the rotational speed of the stall inception, w, represents the revolution speed of the stall
cells, and N, represents the number of the stall cells.

~ 1 (6)
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Figure 8: Variation curves of relative velocity at different monitoring points for Rotor 1 and Rotor 2

The aforementioned method can be applied to determine w;, w;, N5, and N, for the remaining five rotor
angles, with the specific findings summarized in Table 4. A comparative analysis of the modal wave and spike
stall inception characteristics across different rotor blade angles reveals that the stall inception pattern at 27°
exhibits modal wave behavior, whereas the other angles demonstrate spike behavior. Notably, the values of
the five characteristic parameters at 18°, 9°, and 3° are comparable. Conversely, at rotor angles of —9° and
—18°, a single stall cell is observed, with stall inception varying throughout the evolution process. To elucidate
the impact of the differing stall inception types and the variation in the number of inceptions during rotating
stall, the flow fields during the stall evolution at rotor blade angles of 3°, 27°, and —9° are selected for further

investigation below.

Table 4: Variation of specific parameters at different rotor blade angles

Rotor blade angle 27° 18° 9° 3° -9° -18°
W, 0.316w, 0.742w, 0.685w, 0.75w, 0.735w, 0.716w,
Wy 0.337w, 0.493w, 0.513w, 0.55w, 0.556w, 0.549w,
N; 1 1 1 1 Multiple Multiple

(Continued)
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Table 4 (continued)

Rotor blade angle 27° 18° 9° 3° -9° -18°
N, 1 1 1 1 1 1
Stall inception Modal Spike Spike Spike Spike Spike
type wave

4.3 The Flow Field Variation Law under the Design Rotor Blade Angle

Fig. 9 showcases the streamline patterns and turbulent kinetic energy distributions for Rotor 2 at five
representative time points, both preceding and subsequent to the onset of stall, featuring a rotor blade angle
of 3° as per its design specifications. The precise operational parameters under consideration are outlined
in Table 5 and correspond to scenarios designated as (a) within the broader context outlined by (e) in Fig. 9.

Velocity
180,00

I 163.6
1473

109

143

(a) ki=2

Velocity

180.0
I 163.6
147.3

1309

(b) ki=k, T=10

Figure 9: (Continued)
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Figure 9: Distribution of streamlines and turbulent kinetic energy at various typical moments before and after stall in
the mid-section of an impeller with a rotor blade angle of 3°
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Table 5: Specific description of four typical operating conditions

Serial Operating condition Statement
1 k =2 Near design condition and away from rotating stall
2 k; =0.992, T=10 Near-stall state before stall occurs
3 k; =0.992, T=13.5  Stall inception occurred but not developed into a stall cell
4 k; =0.992, T =25 Stall inception has developed into a stall cell
5 k =0.8 Deep rotating stall state

In Condition 1, under conditions nearing the design specification, the flow within the impeller exhibits
a relatively homogeneous characteristic. The streamline distribution indicates an insignificant presence of
relative velocity components along the blade’s radial height. However, analysis of the turbulence kinetic
energy distribution reveals a slight disturbance at the blade suction side, particularly near the blade tip,
attributed to the presence of an axial vortex. Transitioning to Condition 2, although the velocity at the
pressure surface remains relatively low, the influence of tip clearance becomes prominent, resulting in more
evident disturbances at the blade tip. The distribution pattern of turbulence kinetic energy highlights a
region of elevated turbulence kinetic energy spanning from 90% of the blade height to the tip, with a more
pronounced manifestation adjacent to the suction side. This observation is attributed to the augmentation
of turbulence pulsations stemming from the expansion of the tip separation vortex region.

Condition 3 exhibits a streamline distribution characterized by distinct flow separation and the
emergence of recirculation zones in proximity to the blade tip, spanning approximately eight flow channels.
Notably, a fully developed recirculation vortex is observed in the mid-section of the flow passage, encom-
passing 80% of the blade’s height up to its tip. Within this region, the fluid’s relative velocity is minimal,
approaching stagnation conditions. The backflow pattern is directed from the blade’s suction surface towards
the pressure surface, subsequently returning to the suction surface. The flow separation phenomena induce
a high turbulence kinetic energy zone, which expands considerably, occupying 70% of the blade height up
to the tip. This zone experiences a substantial increase in turbulence kinetic energy values, influenced by
the onset of stall. In comparison to the impeller’s rotational direction, the stall inception rotates clockwise
in the circumferential plane, leading to a progressive deterioration of the co-directional flow channels in its
vicinity. Conversely, adjacent reverse flow channels, influenced by an increase in flow rate and a decrease in
the angle of attack, exhibit improvements relative to Condition 1. These modifications are attributed to the
altered flow dynamics. Meanwhile, the flow characteristics within the remaining channels remain uniform
and unaffected by the aforementioned phenomena.

After approximately 25 cycles, Condition 4 exhibits the evolution of stall inception into a fully developed
stall cell, rotating at a stable speed in a clockwise direction relative to the impeller. This development further
exacerbates the flow field within the impeller, resulting in a more uneven circumferential distribution.
Notably, approximately 11 consecutive flow channels experience significant disturbance, with eight of these
channels forming a prominent recirculation region that spans 50% of the blade height up to its tip. The high
turbulence kinetic energy within the core of the stall cell expands almost entirely across the flow channel,
significantly enhancing the disturbance levels in other regions within the stall cell. In contrast, the flow
field in the adjacent channel located in the counterclockwise direction relative to the stall cell undergoes
improvement, gradually diverging from stall conditions.

In Condition 5, a reduction in flow rate leads to the axial fan entering a profound rotating stall state. The
streamline and turbulence kinetic energy distributions mirror those observed in Condition 4; however, the
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affected region exhibits a broader scope. Consequently, the number of flow channels impacted by the stall
cell increases to 13, indicating a more extensive disturbance across the fan’s flow field.

4.4 Comparation between Spike and Modal Wave Stall Inception Pattern

The preceding analysis reveals that modal wave stall initiates at a rotor blade angle of 27°. To investigate
the implications of modal wave stall inception on the internal flow dynamics of the axial fan, four
representative conditions during the stall progression are selected for examination of transient streamline
patterns and turbulence kinetic energy distributions. These specific conditions are detailed in Table 6 and
correspond respectively to panels (a), (b), (¢c), and (d) of Fig. 10.

Table 6: Specific description of four typical operating conditions

Serial Operating condition Statement
1 k; =0.992, T =20 Near-stall state before stall occurs
2 k; =0.992, T =25 Stall inception occurred but not developed into a stall cell
3 k; =0.992, T =32 Stall inception has developed into a stall cell
4 k; =0.992, T =50 Deep rotating stall state

(a) ki=ks, T=20

Turbulence Kinetic Enengy

A

(b) ki=ks, T=25

Figure 10: (Continued)
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(d) ki=ks, T=50

Figure 10: Flow lines and turbulence kinetic energy distribution in the middle section of the impeller at four typical
moments before and after stall

In Condition 1, the streamline distribution within the impeller exhibits circumferential uniformity.
Additionally, an “L’-shaped backflow and flow separation phenomenon is observed in the suction surface
area adjacent to the blade tip of each flow channel. The distribution of turbulence kinetic energy displays a
comparable range, with high energy levels predominantly concentrated between 70% and 90% of the blade
height, proximate to the suction surface.

In Condition 2, the advanced development of the flow field results in notable flow separation and
backflow phenomena in proximity to the suction surfaces of seven channels. The flow within these backflow
regions becomes nearly stagnant, suggesting the onset of stall inception. A comparison with Fig. 10a reveals
that, aside from the channels affected by stall inception, the flow field near the blade tips of the remaining
channels experiences some degree of improvement. The distribution of high turbulence kinetic energy aligns
with the location of the recirculation zones, indicating a substantial increase in turbulent fluctuation intensity
within the corresponding blade tip regions of the flow channels. The disturbed flow field evolves in two
directions: one extending from the suction to the pressure side along the flow channel near the blade tip, and
the other progressing along the suction surface from the blade tip towards the root.

In Condition 3, the recirculation region influenced by stall inception expands in a clockwise direction
compared to Condition 2. The recirculation vortex is most pronounced in the initial few channels, encom-
passing the entire area from the blade tip down to 80% of the blade height. The region of high turbulence
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kinetic energy experiences further development, extending both radially and circumferentially from the
suction surface near the blade tip, with a notable increase in its magnitude. Analogous to Condition 2, the
disturbed flow field tends to intensify in several channels positioned clockwise and away from the inception
region, while it diminishes in those closer to it.

After 50 cycles of evolution, the flow field state is depicted in Fig. 10d. The stall inception has matured
into a full stall cell, leading to a more pronounced circumferential non-uniformity within the impeller
flow field. This stall cell encompasses approximately 10 impeller flow passages, with significant recirculation
occurring in six consecutive channels. The flow separation vortex spans roughly 50% of the blade height. The
distribution of turbulence kinetic energy mirrors that of the recirculation region, with a notable enhancement
in turbulent fluctuation intensity within the affected channels. Consequently, the flow field experiences severe
disturbance, with the high turbulence kinetic energy region nearly encompassing the entire channel. The
presence of the stall cell significantly degrades the flow field, while the performance of the other channels
improves correspondingly.

In summary;, stall inception in the axial fan with a 27° rotor blade angle initiates proximity to the suction
surface of the blade. As the flow field evolves, the stall inception progressively develops in two directions:
circumferentially from the suction surface towards the pressure surface, and radially from the blade tip
towards the root. Following approximately 18 revolutions (T) of evolution, a mature stall cell encompassing
10 channels emerges and rotates stably with the impeller. Subsequent to the stall inception, the flow field
undergoes an evolution spanning approximately 18 cycles, culminating in the formation of a stable stall cell
occupying 10 channels that rotates in unison with the impeller.

A comparison between the spike stall and modal wave stall inception patterns reveals notable differences
in the initial disturbance positions within Condition 1. Specifically, the recirculation zones and regions of
high turbulence kinetic energy associated with the spike stall are distributed in an “L’-shaped configuration
along the suction surface proximal to the blade tip. Conversely, the flow field in the case of the modal wave
stall maintains a more homogeneous gradient distribution in the radial direction. Furthermore, upon the
onset of stall inception, the flow field disturbance in the spike stall exhibits a broader range and a higher
degree of perturbation. This characteristic is a hallmark of the spike stall, wherein as the stall inception
evolves into a stall cell, the scale gradually expands over a relatively brief period.

4.5 The Flow Field Variation Law of Multiple Stall Inceptions

Fig. 11 illustrates the distribution of turbulence kinetic energy at 90% of the radial blade height for four
representative conditions, both prior to and subsequent to the onset of rotating stall in Rotor 2. The eight
distinct time points depicted in the figures comprehensively demonstrate the evolution of the number and
location of stall inception events throughout the process.

Fig. 11a depicts a near-stall condition, wherein the turbulence intensity across each flow channel of the
impeller is minimal, resulting in a circumferentially uniform flow field distribution. After 4.2 revolutions,
corresponding to Fig. 11b, a prominent region of high turbulence kinetic energy becomes evident at the inlet
of a channel near the leading edge of the pressure surface. Additionally, this disturbance extends to the outlet
of the adjacent channel, spanning approximately half of the chord length. Based on these observations, the
onset of stall inception is inferred.
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Figure 11: The turbulence kinetic energy distribution at 90% cross section of impeller at 9 different time during
inceptions evolution to a stall cell

Observing Fig. 11c, it is evident that the region of high turbulence kinetic energy continues to propagate
towards the inlet and adjacent channels, resulting in the emergence of two stall inceptions within the flow
field, each encompassing two channels. Notably, the turbulence kinetic energy in channels distant from
these stall inceptions decreases, suggesting an improvement in the flow field. As the flow field further
evolves, Fig. 11d reveals an increase in the number of stall inceptions to three. These inception regions,
exhibiting similar disturbance intensities, expand axially on both sides, with a small region of high turbulence
kinetic energy located between them. Under these conditions, the flow field’s unevenness becomes more
pronounced. At 6.5 T, as depicted in Fig. 11e, the number of stall inceptions in the impeller increases to four.
Among them, three stall inceptions each span two channels with a one-channel interval, while the remaining,
larger stall inception occupies approximately three flow channels and exhibits a relatively high turbulence
kinetic energy value.

As illustrated in Fig. 11f, the degradation of the flow field within the channel results in significant
blockage, under which the expansion of stall inceptions along both axial and radial directions becomes more
evident. Although the number of stall inceptions remains constant, the largest inception spans approximately
four impeller channels, nearly occupying the entire axial flow channel from inlet to outlet. Starting from
7.5 T, adjacent stall inceptions begin to interact and merge into larger entities. The largest stall inception
region has expanded to encompass seven channels, while the remaining two stall inceptions, of equivalent
size, occupy about three channels each. As depicted in Fig. 11h, the stall inceptions continue to interact and
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consolidate, forming a substantial disturbance region that spans ten channels. Additionally, a small area of
high turbulence kinetic energy is observed away from this large disturbance region.

As depicted in Fig. 11i, following 10 cycles, the region of high turbulent energy occupies nearly the
entire channel in the midst of several passages, with only one stall cell encompassing 10 channels within
the impeller. Under these circumstances, the axial fan experiences complete stall conditions. A comparison
with Fig. 11a reveals that an improvement in the flow field is evident, as the high turbulence kinetic energy
region diminishes due to the increased flow rate and decreased attack angle in the flow channel opposite to
the stall cell's movement.

The analysis presented above suggests that, at a rotor blade angle of —9°, the initiation of stall commences
at the inlet of the blade’s leading edge, in proximity to the pressure side. As the flow field evolves, the number
of stall inceptions undergoes variation. At its peak, four stall inceptions are observed within the impeller.
With continued evolution of the flow field, the scope of these stall inceptions expands bilaterally along the
axial direction, extending from the inlet of the flow channel to adjacent channels. Multiple stall inceptions
gradually interact and coalesce, leading to a decrease in their number and a rapid increase in the size of
individual stall inception regions. Ultimately, a mature stall cell, encompassing 10 channels, rotates stably in
the impeller, moving in the reverse direction.

5 Conclusions

This paper integrates numerical simulation results to elucidate the mechanism by which stall inception
influences the evolution process within a two-stage variable-pitch axial fan. The key findings are summarized
as follows:

1. The time-domain analysis of static pressure at the outlet of the axial fan, for varying rotor blade angles,
reveals distinct stall inception patterns. Specifically, a modal wave stall inception pattern is observed at
a rotor blade angle of 27°, whereas spike patterns are noted at the other angles. Among the five rotor
blade angles examined, multiple stall inceptions are evident at —9° and -18°.

2. In the case of spike stall inception, the flow field maintains a relatively uniform gradient distribution
in the radial direction. Following the onset of stall inception, the disturbance region within the flow
field undergoes rapid expansion within a short period. Conversely, modal wave stall inception initiates
from the blade tip in proximity to the suction side, exhibiting “L’-shaped characteristics. This stall
inception progresses gradually, extending along both the blade tip and suction side directions during
the stall development.

3. Inthe flow field characterized by multiple stall inceptions, the stall inception originates from the leading
edge of the blade inlet, in close vicinity to the pressure side. Throughout the evolution process, the
number and area of these inceptions undergo variation. As the flow field further evolves, the scope of
stall inceptions expands bilaterally along both the axial and radial directions. Multiple stall inceptions
interact and merge with each other, ultimately culminating in the fusion of all stall inceptions into a
single, larger stall.
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Nomenclature

M-G  Moore and Greitzer
MRF  Multiple coordinate reference frame
CFD  Computational Fluid Dynamics

n Rated speed

N; Number of moving blade

Dy Inlet diameter

D, Outlet diameter

D Rotor diameter

. Design flow rate

P Motor rated power

u; Reynolds average velocity of i

uj Reynolds average velocity of j

u' Pulsating speed in the direction of i
u Pulsating speed in the direction of j
p Density

t Time

T; Total stress tensor

Ps, Static pressure

Piy, Environment atmospheric pressure
ko Constant

ky Valve opening

U Outlet axial flow velocity

Wy Rotational speed of the stall inception
W, Revolution speed of the stall cells
N, The number of the stall cells

v Coefficient of kinematic viscosity
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