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Abstract: The onset of rotating stall and surge in compressors limits the operating range of aero-
engines. Accurately predicting the key features during these events is critical in the engine design
process. In this paper, a three-dimensional computational model for transient simulation of multi-
stage axial compressors during stall is proposed. The kinetic equations describing the dynamic process
of the compression system are constructed, with a 3D through-flow model for the compression part
and a 1D gas collector model for the outlet part. The calculation of the source term is performed
using the developed body-force model, which realizes the correlation between the deviation angle
and the loss coefficient with the inlet parameters in various flow regions. Validated on a single-stage
compressor and a single-rotor fan, the results show that the method is capable of capturing the stall
and surge features correctly and that the three-dimensional structure of the stall cell can be captured.
In addition, this model could be used for the analysis of the surge load, which is significant for the
structural integrity of the compressor.

Keywords: rotating stall; surge; body-force model; aerodynamic stability; surge load

1. Introduction

The compressor is a key component of an aero-engine, and its aerodynamic instability
problem has an important impact on the performance and reliability of the whole engine.
As the flow through the compressor decreases, the compressor works away from its design
point, even as its internal steady flow is disrupted. After crossing the stability boundary,
the compressor will enter an unstable state, such as rotating stall and surge. In many cases,
the consequences associated with the onset of stall are quite severe. The flow rate and
pressure rise decrease significantly and the efficiency drops dramatically. There can be a
significant lag between the start and the stop of stall, which can seriously affect the recovery
of the compression system from stall. In addition, stall will cause forced vibration of the
compressor rotor blade, which increases the vibration stress of the blade and damages its
structural integrity. As a result, designers often sacrifice compressor performance during
the design process to maintain stall margins. Therefore, the study and control of the stall
phenomenon have always been an important part of the design of aero-engine compressors.
Numerous solutions have been investigated to suppress the occurrence of compressor stall
and to increase surge margin. Such as axisymmetric arc-shaped slots casing treatment
investigated by Pan et al. [1], the ported shroud was developed by Cravero et al. [2] and
radial injectors were tested by Khaleghi [3].

Rotating stall is usually described as consisting of several stall cells covering part of
the blades, and the stall cells rotate in the direction of rotor rotation at part of the rotor
rotational speed. Surge is an unstable flow state characterized by interruption of airflow
in the entire compression system consisting of the compressor, its inlet and outlet piping,
downstream throttling devices, etc. [4]. Rotating stall is always accompanied by a sudden
drop in pressure rise, and stall occurs close to the peak of the total-static pressure rise
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characteristic [5]. Once stall is fully developed, the circumferential averaged mass flow and
pressure ratio remain almost constant. These features provide the basis for judging, as well
as simulating the occurrence of stall. Greitzer [6,7] proposed the well-known B-parameter,
which correlates rotating stall with surge. Greitzer’s experiments have shown that the
compression system has a critical B-parameter, above which surge will occur and below
which rotating stall will occur. Rotating stall is a disturbance of the flow in the tangential
direction, while surge is a disturbance in the axial direction, and which form of disturbance
dominates is influenced by the length and volume of the overall compression system [5].
Greitzer’s work established the basis for a unified simulation of rotating stall and surge,
and many simulations since then have borrowed this idea.

There is a certain risk involved in the experimental study of the post-stall phenomenon.
When the compression system enters an unstable operating condition, it can be very
destructive to the system, especially the phenomenon of surge, more so when experiments
are conducted on a multi-stage axial compressor with a high speed and high-pressure ratio.
Therefore, reliable numerical calculations are required to be utilized. Ideally, designers
would like to be able to perform time-accurate, high-resolution calculations for the whole
compression system for the complete duration of stall or surge. The three issues that make
this a challenging aerodynamic problem are the estimation of the steady-state performance,
the prediction of the stability boundary, and the calculation of the subsequent growth of the
flow field perturbation into either mature rotating stall or a surge cycle [8]. One of the most
common methods for obtaining high-resolution calculations of multi-stage axial compressor
performance is three-dimensional computational fluid dynamics (CFD). Recently, extensive
work on this part has been done by Moreno [9] and Zhao [10] and others, especially for
multi-stage high-pressure compressors. Huang [11] et al. established a 1D–3D coupled
method for simulating compressor surge in a compression system. However, simulating
rotating stall and surge using Navier–Stokes (URANS) requires full-annulus grids as well
as small time steps, which are often time-consuming for typical multi-stage pressurizers.

Therefore, the designers developed a series of simplified models to simulate the
aerodynamic processes during the stall and surge transients. Greitzer [6,7] presented the
definitive work on surge and established a lumped parametric model. Moore and Gre-
itzer [12,13] gave a unified view of stall and surge in multistage compressors, coupling a
two-dimensional representation of the unsteady flow in the compressor with the lumped
parametric model of the entire system to achieve a dynamic process simulation of the
compression system. Bonnaure [14] developed a 2D model similar to Moore and Greitzer
and considered the effect of compressibility. However, these models cannot describe the
flow field between the blade rows. Takata and Nagano [15] developed a two-dimensional
incompressible unsteady model that simulates the row with an excitation disk, and this
model could be used to predict the onset of stall, the development of the stall cell, and the
rate of propagation. However, such models still cannot simulate the flow within the blade
row. The current trend regarding the simulation methods for post-stall dynamic processes
is to use a body-force model, where the action of the blade profile on the airflow is modeled
as the body force source term in a three-dimensional equation that allows describing the
flow in the blade channel. Escuret and Garnier [16] were the first to simulate aerodynamic
instability using Euler’s equation with source terms derived from correlations and consid-
ered a large one-dimensional plenum chamber downstream, which allows simultaneous
simulation of rotating stall and surge. Gong [17] described a three-dimensional unsteady
computational model based on the channel-averaged body force, using a form similar
to the drag coefficient and the pressure rise coefficient to calculate the force parallel to
and perpendicular to the flow direction, which can describe the spike-like stall inception,
part-span rotating stall, etc. Chima [18] developed a three-dimensional model, CSTALL,
which calculates the body force from the amount of change in velocity annulus and entropy
increase at the inlet and outlet of the blade row. The model can preliminarily predict and
analyze the onset of stall. Longley [8] proposed a new method for predicting the occur-
rence of highly separated flow during stall by adding an equation that allows obtaining
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the airflow parameters during highly separated flow. Righi et al. [19,20] established the
three-dimensional model ACRoSS, where the calculation of the source term extended the
assumptions of Longley [8] et al. and can be used to calculate rotating stall and surge of the
multistage compressor. Zeng [21] et al. developed a new body-force model to capture the
three-dimensional and unsteady features of stall and surge in compressors with Thomason
and Moses’s model [22].

Obviously, the key to such models is the simulation of blade forces, especially the
flow field parameters associated with them, such as loss coefficient and deviation angle.
These parameters are provided by correlations, which are often adapted for different
flow conditions. There are few studies related to the loss coefficient and deviation angle
during stall and reverse flow. Thomason and Moses [22] obtained the deviation angle and
loss coefficient of the separation flow under the large attack angle by some assumptions.
Tauveron [23] proposed a new correlation to estimate the steady-state characteristics of the
compressor in the whole flow region. Longley [8] introduced a variable which captures
the non-uniformity of the flow and can adequately capture the loss and deviation angle
during reverse flow. However, the variation form of deviation angle and loss coefficient
under large separation is still not known, and the models used for various flow cases are
not continuous. Discontinuous processing makes it impossible to use a unified model
for steady-state characteristics and post-stall calculations, which may lead to inaccurate
predictions for stable boundary points and even to non-physical effects.

In this paper, the three-dimensional compressor computational domain is coupled
with the one-dimensional gas collector model, and the through-flow computational method
is combined with the developed body-force model to establish a three-dimensional com-
putational model that can be used to simulate the dynamic process of post-stall in the
multi-stage compressor. The model is based on the local flow variables, correlating the
source term with the local flow field parameters in a way that the correlation is continuous
in different flow regions. It is a model integrating characteristic calculation and post-stall
calculation. The blade aerodynamic load in the process of surge can be easily obtained.
Besides, it takes less time compared to the RANS method. The second part will specify this
modeling approach, and the third part will verify the simulation capability of this model
with two computational examples.

2. Methodology

A three-dimensional through-flow code has been developed to model compressor
rotating stall and surge. The internal flow field of a compressor is described by solving a
three-dimensional set of unsteady equations with source terms in the absolute cylindrical
coordinate system. In the blade region, the effect of the blade profile on the airflow is
replaced by the body force source term, which is the main idea of the body-force model.
Assuming that the flow is locally axisymmetric, the blade blockage factor b is used to
reflect the effect of the finite thickness of the blade on the flow in the blade region. This
treatment avoids the complex meshing effort resulting from direct consideration of the
blade profile, and thus allows the large-scale features of the flow within the turbomachinery
to be quickly captured with relatively regular coarse meshes. This section first introduces
the governing equations and then describes the blade-force modeling method as well as
the correlation method.

2.1. Governing Equations

The governing equations to be solved in the bladeless zone and the bladed zone are
shown in Equations (1) and (2), respectively. In order to consider the energy exchange
between different streamlines in the main flow region due to turbulent diffusion, the turbu-
lent viscous stress τ and turbulent heat transfer term q are introduced in the set of Euler
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equations to describe the phenomenon based on the dominant idea of Gallimore’s [24,25]
spanwise mixing model.

∂U
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+
∂(E− Ev)
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where U is the vector of conserved variables, E, F, and G are the inviscid convective flux,
Ev, Fv, and Gv are the viscous diffusion flux, S is the centrifugal force and Coriolis force
source term derived from the flow equation in the cylindrical coordinate system, Sb is the
blockage term which represents the influence of the finite thickness of the blade profile,
and SF is the source term that characterizes the effect of the blade profile on the flow.

2.2. Blade Force Model

For the calculation in Equation (2), based on Marble’s idea [26], this model decomposes
the body force into two parts: one for the non-viscous force perpendicular to the relative
velocity and the other for the viscous force inverse and parallel to the relative velocity, as
shown in Equations (3)–(5).

F = ϕ+ f =

ϕz
ϕθ

ϕr

+

 fz
fθ

fr

 (3)


f//w fz

fθ

fr

 = − f
w

 vz
vθ −Ωr

vr

 (4)

{
ϕ⊥w
ϕzvz + ϕθ(vθ −Ωr) + ϕrvr = 0

(5)

The vicious blade force is mainly used to model the airflow losses associated with the
flow caused by the blade boundary layer, and the main principle for modeling this part of
the force is to ensure that all the work it does is used to generate the entropy of the airflow.
Then the magnitude of the viscous force is:

f = ρT
vm

w
∂s
∂m

(6)
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The inviscid blade force is mainly used to reflect the turning effect of the blade on
the airflow, i.e., the flow direction of the airflow in the blade area will be controlled by the
inviscid blade force. Firstly, under the assumption of steady-state and local axisymmetry,
the total circumferential force of the blade is obtained from the circumferential momentum
equation with the introduction of the target circumferential velocity.

Fθ = ϕθ + fθ =
1
b

∂b
(

ρvzvtarget
θ − τzθ

)
∂z

+
1
br

∂rb
(

ρvtarget
θ vr − τrθ

)
∂r

−
(
−ρvtarget

θ vr

r
+

τrθ

r

)
(7)

where vtarget
θ is obtained by the instantaneous meridional velocity, the local metal angle,

and the deviation angle. In addition, it relates the inviscid radial force and circumferential
force to the shape of the mid-camber of the blade profile.

2.3. Elementary Cascade Characteristics

Based on the above analysis, as long as the loss coefficient and the deviation angle of
the blade row are determined, combined with the local instantaneous flow parameters, SF
can be determined by combining relevant equations. Therefore, the relationship between
the body force source term and the upstream flow parameters can be established indirectly
as long as v and δ are associated with the inlet flow parameters of the blade elementary
channel. Here, the distinction regarding different flow patterns is judged by attack angle.
For flow with small attack angles, the relationship between the deviation angle and loss
coefficient of the elementary channel with different blade height and its inlet attack angle
and Mach number is established through an empirical correlation-based deviation angle
and loss model [27], which is not the focus of this paper and therefore not discussed. For
flow with large attack angles, the idea of the elementary cascade method is still used
because it represents the basic characteristics of the blade flow, which itself is axisymmetric.
This treatment makes the calculation method for different flow regions continuous, which
will be more accurate for the determination of steady-state boundary.

With reference to the small attack angle region, there is still given a set of relations
between the deviation angle and the loss coefficient with the flow parameters at the inlet of
the blade elementary flow channel. The range of parameter constraints is first calculated,
and the flow in the elementary flow channel is shown in Figure 1, which must satisfy
β2 ≤ β1 by the expansive nature of the compressor channel. For loss coefficient, it is
generally accepted that 0 ≤ v ≤ 1. When stall occurs, it is always accompanied by a
large separation of the flow field and a sudden increase in deviation angle and loss; when
the channel is completely blocked, the deviation angle and loss are considered to be no
longer changing. Based on this assumption and some results from the RANS calculation
of the two-dimensional blade cascade, the distribution of the deviation angle and the
loss coefficient can be given within the constraint. The given deviation angle and loss
characteristics both increase first and then remain constant, with a larger increase compared
to the small attack angle region. A schematic diagram of the curve shape is shown in
Figure 2. The parameter values are different for different blade height positions.

2.4. Unsteady Treatment

When rotating stall or surge occurs in the compressor, the flow is unsteady. The
difference between unsteady flow and quasi-steady flow is the dynamic hysteresis effect.
Referring to the treatment of Longley [8], the bound circulation approach is used here, and
the steady-state bound circulation is defined as follows.

Γss = ϕss
θ /(ρvm) (8)
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Figure 1. Flow in the elementary flow channel.

Figure 2. Correlation between deviation angle and loss coefficient with attack angle.

In unsteady flow any change in the bound circulation results in shed circulation, which
is then convected through the blade passage by the local flow. Until the shed circulation is
far downstream, it affects the local blade force. The first-order time-lag mode is introduced
and the information transfer with the rotation of the blade row is considered:

τ

(
∂ϕθ

∂t
+ Ω

∂ϕθ

∂θ

)
= ϕss

θ − ϕθ (9)

where the time constant τ is calculated from the blade meridional length and the instan-
taneous meridional velocity. For the stator blade row, the rotational speed Ω is equal
to 0.

2.5. Initial Boundary Conditions

The initial condition of this model is the steady-state operating point of the com-
pression system. Four types of boundaries are modeled here: wall, rotationally periodic,
inflow, and outflow. The wall boundary conditions are assumed to be slip-wall. The inlet
boundary conditions specify the total temperature, total pressure, and flow angle. The
outlet boundary condition is obtained from the valve function. The valve is modeled with
the classical throttle model, where the pressure drop is proportional to the quadratic side
of the mass flow rate. Then the outlet pressure can be calculated as

pe = p0 + k
.

m2
t (10)

where p0 is atmospheric pressure, k is the throttle coefficient and
.

mt is compressor outlet
mass flow rate.

2.6. Numerical Solution Method

Equations (1) and (2) are discretized using the cell-centered finite volume method. A
four-stage explicit Runge–Kutta scheme [28] is used to solve the time terms. Spatial items
are treated with a low-diffusion flux-splitting scheme (LDFSS) [29]. For the calculation of
steady-state characteristics, only one grid is used in the circumferential direction because
the flow is axisymmetric. When approaching the stall boundary, multiple grids are used in
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the circumferential direction. In order to develop a physically correct rotating stall cell in
the compressor, some asymmetry must be introduced artificially. The methods to introduce
asymmetry include introducing random disturbance in the flow field or slightly changing
the geometry of the compressor. In the current simulation, within 0.1 rotor rotating cycle, a
small sinusoidal disturbance is applied to the total pressure at the inlet of the calculation
domain, with an amplitude of 0.05% of atmospheric pressure and a wavelength of the rotor
circumference, which is sufficient to produce rotating stall.

3. Model Validation
3.1. Single-Stage Compressor

The geometric parameters of the single-stage compressor are shown in Table 1, and
the meridional flow path is shown in Figure 3. The rotational speed of the compressor in
the experiment and calculation is 1000 r/min.

Table 1. Geometric parameters of the single-stage compressor.

Geometric Parameters Value

Blade number of rotor/stator 34/37
Shroud radius (mm) 450

Hub radius (mm) 337.5
Hub-to-tip ratio 0.75

Tip clearance (mm) 1

Figure 3. Meridian flow channel of the single-stage compressor. (R1: Rotor 1, S1: Stator 1).

3.1.1. Steady-State Calculation

Since the flow is axisymmetric, the steady-state characteristics are calculated using
only one grid in the circumferential direction. The valve coefficient is gradually increased
to approach the stability boundary. Figure 4 shows the calculated total-static pressure rise
characteristics obtained with the experimental results, both of which are very close. The
flow coefficient and the total-static pressure rise coefficient are defined as follows.

ϕ =
vz

U
, ψts =

poutlet − p0inlet
1
2 ρU2

(11)

Figure 4. Steady-state characteristics of a single-stage compressor.

3.1.2. Rotating Stall Simulation

A small sinusoidal disturbance is applied to the compressor inlet and the valve coef-
ficient is increased. When the valve coefficient is 0.0167, the flow rate and the total-static
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pressure rise coefficient change abruptly, and the flow coefficient before the rotor versus
time is shown in Figure 5. The final flow coefficient remains unchanged, and this final state
is referred to as the “stable characteristic point”. As shown in Figure 6, comparing the
stable characteristic point with the experimental results, it is found that they are very close.
Table 2 shows the values of the parameters obtained experimentally and calculated for the
two operating points, as well as the percentage errors.

Figure 5. Calculated average flow coefficient versus time.

Figure 6. Calculated and experimental stable characteristic point.

Table 2. Percentage errors of calculated and experimental results.

Operating Points Variations Experimental Calculated Percentual Errors

Op1 Flow coefficient 0.495 0.505 2.02%
Total-static pressure ratio coefficient 0.467 0.482 3.21%

Op2 Flow coefficient 0.383 0.369 −3.66%
Total-static pressure ratio coefficient 0.246 0.266 8.13%

The calculated traces of static pressure in the tip region of the compressor inlet at
different circumferential locations are shown in Figure 7a, which can be determined that a
rotating stall has occurred, and the rotational speed of the stall cell is 33.21% of the rotor
rotational speed. The experimental results are shown in Figure 7b, and it can be seen
that the calculated and experimental results are very close in terms of the static pressure
variation during stall as well as the rotational speed of the stall cell.
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Figure 7. Traces of static pressure in the tip region of compressor inlet at different circumferential loca-
tions, (a) calculated, (b) experimental. The red dashed line represents the circumferential propagation,
from which the rotational speed of the stall cell can be calculated.

Figure 8 shows the axial velocity at the inlet and outlet of each blade row when the
stall cell is fully developed, and Figure 9 shows the axial velocity contour on unwrapped
surface at midspan of the compressor. It can be seen that the distribution of the stall cell is
wide, and the stall cell occupies about 50% of the circumference.

Figure 8. The distribution of axial velocity in mature stall cell. (R1: Rotor 1, S1: Stator 1).

Figure 9. The axial velocity contour on unwrapped surface at midspan of the compressor. (R1: Rotor 1,
S1: Stator 1).

Figure 10 shows the variation of the axial velocity in the inlet and outlet of the rotor
and stator row at the tip and hub, from which it can be seen that the axial velocity fluctuates
most at the rotor tip as well as the stator hub, i.e., the stall cell has the greatest influence
on the two locations. Figure 11 shows the circumferential distribution of axial velocity at
the tip of the leading edge of the rotor at several time points, with the waveform gradually
shifting from a sinusoidal wave and increasing in amplitude.
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Figure 10. The variation of the axial velocity in the inlet and outlet of the rotor and stator row (a) at
the tip, (b) at the hub. The dashed area represents the low-speed zone.

Figure 11. The circumferential distribution of axial velocity at the tip of the leading edge of the rotor
at several time points.

3.2. Single Rotor of the Fan

Since surge is an unstable flow state characterized by airflow interruption in the en-
tire compression system consisting of the compressor and its inlet and outlet piping and
downstream throttling devices, etc., and Moore and Greitzer’s study unifies rotating stall
and surge, both can use a unified compression system. A plenum-throttle boundary condi-
tion is implemented combining with the 3D through-flow model, and similar treatments
can be found in the literature [16,30], among others. The computational model is shown
in Figure 12.

The downstream component is modeled as a plenum plus valve, assuming that the
flow in the plenum is compressible, unsteady, and uniformly distributed. The pressure in
the plenum can be calculated from the continuity equation as follows.

dppl

dt
=
( .
mc −

.
mt
)
γRTpl/Vpl (12)
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where ppl and Tpl are the pressure and temperature in the plenum, Vpl is the volume of the
plenum, and

.
mc and

.
mt are the mass flow into and out of the plenum, respectively. In the

calculation, the pressure in the plenum is set as the static pressure at the middle diameter
of the compressor outlet.

Figure 12. The unified compression system. (IGV: Inlet guide vane, R1: Rotor 1, S1: Stator 1).

The research object is a single-rotor fan whose design speed is 11,870 r/min. The
meridional flow channel and grid are shown in Figure 13. There are 20 grid elements along
the radial direction for the whole compressor and 30 grid elements along the axial direction
in the rotor region.

Figure 13. The meridian grid of the fan calculation domain.

3.2.1. Steady-State Calculation

First is the result of steady-state calculation, the volume of the plenum is set to 0.01 m3.
Similarly, only one grid is used in the circumferential direction, and the valve coefficient is
given as a certain value for the calculation, gradually increasing the valve coefficient until
stall occurs, and the steady-state characteristics obtained from the calculation are shown in
Figure 14. When the valve closes further, the flow field is not uniform circumferentially,
that is, the occurrence of rotating stall, while the last calculation point can be determined as
a stable boundary point.

Figure 14. Steady-state characteristics of a single-rotor fan (a) total pressure ratio characteristic,
(b) efficiency characteristic.
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3.2.2. Rotating Stall Simulation

Increasing the valve coefficient, the calculation converges after about 14 rotor rotating
cycles, as can be seen in the graph of the flow coefficient versus time in Figure 15. The
total-static pressure rise coefficient varies with the flow coefficient, as shown in Figure 16.
The black line is the steady-state characteristic line and the purple line is the dynamic
process which eventually converges to a point. The calculated axial velocity variation with
time in the tip region of the compressor inlet at different circumferential locations is shown
in Figure 17, and it can be found that the introduced random disturbance quickly develops
into rotating stall.

Figure 15. Calculated flow coefficient versus time for the fan.

Figure 16. Dynamic process of rotating stall for the fan.

Figure 17. Traces of axial velocity in the tip region of compressor inlet at different circumferen-
tial locations.
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3.2.3. Surge Simulation

The volume of the plenum is increased to 1 m3, and the other settings are kept the
same. Unsteady simulation is performed at a certain valve opening, and the flow coefficient
and the total-static pressure rise coefficient are plotted against time in Figure 18. As can
be seen, the flow coefficient and the total-static pressure rise coefficient oscillate in large
magnitudes with a period of about 9 rotor rotating cycles and a frequency of 21.9 Hz. At
point a, the flow coefficient reaches the maximum, and the compressor exhausts to the
plenum, resulting in the continuous increase of the plenum pressure, which is transmitted
to the compressor outlet by the pressure wave so the compressor outlet pressure also
increases. At point b, the plenum pressure reaches the peak value. Because the plenum
pressure is higher than the pressure rise that the compressor can provide, there is reverse
pressure and the flow decreases continuously. When the instantaneous flow reaches the
minimum value at point c, the pressure in the plenum decreases gradually because the flow
rate through the compressor is much smaller than the flow rate through the throttle. When
the pressure in the plenum reaches the minimum value at point d, the pressure rise that the
compressor can provide is much greater than the pressure drop of the throttle at the same
flow rate, so the flow rate through the compressor increases rapidly; After reaching point
a, the above dynamic process is repeated due to instability. Figure 19 shows the variation
of total-static pressure rise coefficient with flow coefficient, from which the “surge ring”
can be clearly seen. During surge, the circumferential parameters of the compressor are
uniform, that is, the rotating stall is not induced.

Figure 18. The flow coefficient as well as the total-static pressure rise coefficient during surge.

Figure 19. Dynamic process of surge for the fan.

The prediction of blade load during surge is a challenging task. In the literature, the
blade load during surge is often referred to as the “surge load”. It would be important
for the structural integrity of the compressor to be able to predict the surge load in the
numerical calculation during the design phase. It can be obtained by using the blade force
derived from the body-force model. Figure 20 shows the variation of rotor blade force in
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three directions during surge, where the blade force refers to the force of each rotor blade
and is dimensionless to the blade force in three directions at the last stable calculation point,
respectively, defined as follows

F̃i =
Fi(t)
Fi,ns

(13)

Figure 20. Blade force in three directions during surge.

It can be seen that the three forces vary periodically and their periods coincide with
the surge period, from which the phase variations can also be observed.

Increasing the volume of the plenum, the relationship between the surge frequency
and the volume of the plenum was obtained, as shown in Figure 21. As the volume
of the plenum increases, the surge frequency decreases, and although some values are
slightly higher than 3–10 Hz generally given [31], the variation pattern is consistent with
Day’s measurements [32]. Thus, the model can correctly predict the features associated
with surge.

Figure 21. The relationship between the surge frequency and the volume of the plenum.

4. Conclusions

In this paper, a new body-force model for rotating stall and surge simulation of axial
compressors is proposed and validated with two cases. Three-dimensional compressor
computational domain is coupled with the one-dimensional gas collector model to simulate
rotating stall and surge at the same time. It is a model integrating characteristic calculation
and post-stall calculation. Besides, the proposed model can effectively reveal the three-
dimensional large-scale flow features of the compressor stall process within a limited time
cost. The model is applicable to both low and high-speed compressors. Only single-stage
compressors have been validated so far, but it can be extended to multi-stage compressors
in the future. The main conclusions are as follows:
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1. The relationship between deviation angle and loss coefficient with attack angle for
large attack angle flow regions is proposed for simulating typical three-dimensional
flow features that occur during rotating stall and surge. Since the deviation angle and
the loss coefficient are calculated in the same way as in the case of small attack angles,
there will be no physical discontinuity in the transition from unstalled to stalled flow,
which will be more accurate for the judgment of the stability boundary.

2. The model is applied to a single-stage axial compressor and compared with the
experimental results to verify the accuracy of the steady-state flow field simulation.
Further computational analysis shows that the model can simulate rotating stall, and
the post-stall stability characteristic and the rotating frequency of the stall cell are
predicted with good precision. In addition, due to the three-dimensional nature of the
model, it can be used to observe the three-dimensional features of the stall cell.

3. The simulation of rotating stall and surge of a single rotor fan is investigated by cou-
pling the developed three-dimensional body-force model with a one-dimensional gas
collector model. The calculations show that the model can still simulate the features
related to rotating stall and can simulate the “surge ring” during surge. This model
can also be used to calculate the blade load during surge, which will be an important
reference for the blade design. The relationship between the surge frequency and
the volume of the plenum was calculated, and the trend was consistent with the
understanding, which further verified the ability of this model to simulate surge.
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Nomenclature
b Blade blockage factor
e Total energy per unit mass of fluid
E, F, G Inviscid fluxes
Ev, Fv, Gv Viscid fluxes
f Magnitude of viscid body force
F Blade body force
k Throttle coefficient
m Meridional coordinate
.

m Mass flow rate
p Pressure
q Turbulent heat transfer term
r, θ, z Cylindrical coordinates
R Universal gas constant
s Entropy
S Centrifugal and Coriolis source terms
Sb Blockage term
SF Blade body force term
t Time
T Temperature
U Rotor rim speed
U Vector of conserved variables
v Velocity
V Volume
w Magnitude of relative velocity
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β Flow angle
γ Specific heat ratio
δ Deviation angle
ρ Density
τ Turbulent viscous stress, Convection time
ϕ Magnitude of inviscid body force, Flow coefficient
ψ Pressure rise coefficient
v Loss coefficient
Γ bound circulation
Ω Rotor rotational speed
Subscripts
c Compressor
e Exit
i i = 1,2,3
m Meridional direction
ns Near stall
pl Plenum property
r, θ, z Radial, axial, and circumferential direction
t Throttle
ts Total-to-static performance
0 Total quantity
1,2 Inlet and outlet
Superscripts
ss Steady-state
Abbreviations
CFD Computational fluid dynamics
RANS Reynolds-averaged Navier–Stokes
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