
JOURNAL OF THEORETICAL

AND APPLIED MECHANICS

62, 1, pp. 31-45, Warsaw 2024
https://doi.org/10.15632/jtam-pl/174960

UNSTEADY BODY FORCE MODEL FOR ROTATING STALL IN AXIAL

COMPRESSOR WITH VARIOUS INLET CONDITIONS

Jin Guo

COMAC Shanghai Aircraft Design and Research Institute, Shanghai, China, and

College of Energy and Power Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing, Jiangsu, China

e-mail: guojin nj@126.com

To analyze the dynamic stall of multistage axial compressors, a three-dimensional unsteady
numerical model is established based on the body force model. For a two-stage axial com-
pressor with a clean inlet, the calculated maximum steady static pressure rise coefficient
is only 0.1% different compared with the experimental data. The characteristic frequency
of the dynamic stall evolution basically agrees with the experimental results, which proves
the effectiveness of the model. For the compressor with a combined radial-circumferential
total pressure inlet distortion, the predictions preliminarily verify the ability of the model
for qualitative description of the flow instability process with the complex inlet distortion.
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1. Introduction

Aerodynamic instability characteristics of areoengine compressors due to the inverse pressure
gradient of the internal viscous gas directly affect the operational reliability of engines (Day,
2016). The pursuit for a design of a highly loaded compressor has heightened the problem of
flow stability. Meanwhile, with gradual application of new concepts such as boundary layer
ingesting (BLI) jet engines (Uranga et al., 2014) in future aero propulsion systems, the com-
pressor must continuously operate with a complex inlet distortion, which has a significant effect
on the compressor stability. It is imperative to establish efficient and re-liable models to predict
compressor instability in various inlet conditions.

The aerodynamic instability of the compressor is mainly manifested in two unsteady phe-
nomena: rotating stall and surge (Day, 2016). Compared with surge, which is an axial oscillating
unsteady flow pattern caused by the interaction between the compressor and downstream com-
ponents with the cavity effect, rotating stall features more three-dimensionality. In the research
area of axial compressors, the rotating stall has been the focus of attention.

One of the most direct approaches for predicting the dynamic stall process of the axial com-
pressor is the three-dimensional unsteady Reynolds-averaged Navier-Stokes (URANS) method,
which treats the flow stability as an initial boundary value problem and simulates the whole
dynamic stall process (Huang et al., 2019a,b; Wang et al., 2020; Zhang and Vahdati, 2020). It is
undeniable that the URANS simulation can effectively describe the multi-scale flow interaction
in turbomachinery and play a positive role in the understanding of the instability mechanism.
The method and other higher-order computational fluid dynamics (CFD) methods will be cen-
tral to the forecasting technique of the flow stability of the compressor in the future. However,
as for the current computing level, the full-annulus unsteady CFD simulation of multistage com-
pressors is time-consuming, which leads makes it difficult to be popularized as a conventional
technology in engineering practice. Therefore, the development of an efficient stability analysis
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model is still of great practical significance to improve the fidelity of the existing compressor
design system.
An alternative approach of the flow stability analysis is to focus on the modeling of the main

scale flow in the compressor within the framework of the time marching technology of CFD.
Central to the modeling is to describe the blade effect in reasonable reduction of dimensionality
to lower the computational cost. According to the ideology, the actuator disk model (Hu et al.,
1999) and body force model (Gong et al., 1999; Longley, 2007; Righi et al., 2018) have been
established. In the actuator disk model, the blade row is treated as a discontinuity and the flow
process inside the blade passage is not solved. While in the body force model, the boundary
effect of the blade is modeled as a distributed force source terms to effectively simulate main
flow characteristics in the blade passage. Gong et al. (1999) developed a three-dimensional
incompressible model for analyzing the dynamic stall process of multistage axial compressors
based on the body force model. Longley (2007) investigated the modeling method for the blade
force in the reverse-flow condition and established a three-dimensional unsteady compressible
model to analyze the rotating stall and surge of a multistage axial compressor. Righi et al. (2018)
proposed a highly robust three-dimensional unsteady throughflow model for the rotating stall
and surge in an axial compressor based on the improved Gong’s blade force model. Recently,
Rosa Taddei (2021) developed a meanline body force approach to simulate the two-dimensional
flow behavior during the rotating stall in a transonic compressor.
The aforementioned models focus on simulation of the stall dynamic process of a compressor

within uniform inflow. Numerous numerical studies (Cao et al., 2017; Guo and Hu, 2018; Mao
and Dang, 2020) have examined the effectiveness of the body force model for simulating steady
transfer characteristics of a circumferential large-scale distortion in the axial compressor. There
are rare comprehensive investigations on the simulation of the dynamic stall process for multi-
stage compressors with an inlet distortion through the body force approach. The construction
method of the blade force plays a significant role in this kind of model, especially, a compre-
hensive and effective correlation between blade force source terms and local aerodynamic and
geometric parameters under inlet distortions remains to be addressed elaborately.
This study aims to develop a three-dimensional unsteady numerical model to analyze the dy-

namic stall process of a multistage axial compressor in various inlet conditions. The distributed
blade force source terms are established by concepts of the deviation angle and loss coefficient
in through flow theory, which can be suitable for stability evaluation of the compressor in the
throughflow design stage. The model is implemented by an in-house program and capability
to quantitatively describe the dynamic stall process of a compressor with a clean inlet is eval-
uated on a two-stage axial compressor at Nanjing University of Aeronautics and Astronautics
(NUAA). Besides, the potential of the model for efficient simulation of dynamic stall processes
with complex inlet distortions is demonstrated in detail.

2. Theoretical methods

The flow in the compressor is governed by a three-dimensional unsteady compressible equation
in the absolute cylindrical coordinate system. The boundary effect of blades is modeled by dis-
tributed force source terms and a blockage coefficient of the blade profile, instead of a traditional
body-fitted mesh approach. The main governing equation of the model is as follows

∂bU

∂t
+
∂b(E −Ev)

∂z
+
∂b(F− Fv)

r∂θ
+
∂rb(G−Gv)

r∂r
= bS+ Sb + bSF (2.1)

In the non-bladed region, the blade blockage coefficient b is equal to 1, and the bladed terms
Sb and SF are equal to 0. U is speed, E,F,G – inviscid fluxes, Ev,Fv,Gv – viscid fluxes. The
remaining terms are defined as
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U = [ρ, ρu, ρv, ρw, ρe∗ ]T E = [ρu, ρu2 + p, ρvu, ρwu, ρuh∗]T

F = [ρv, ρuv, ρv2 + p, ρwv, ρvh∗]T G = [ρw, ρuw, ρvw, ρw2 + p, ρwh∗]T

Ev = [0, τzz , τzθ, τzr, τ zu− qz]T Fv = [0, τθz, τθθ, τθr, τ θu− qθ]T

Gv = [0, τrz, τrθ, τrr, τ ru− qr]T S =
[
0, 0,
−ρvw + τrθ

r
,
ρv2 + p− τθθ

r
, 0
]T

(2.2)

The term e∗ and h∗ denotes the total energy and the total enthalpy per unit mass of the gas,
respectively. The term τ is the turbulent Reynolds stress and q is the turbulent heat flux. The
specific expressions are as follows

e∗ =
p

ρ(γ − 1) +
1

2
(u2 + v2 + w2) h∗ = e∗ +

p

ρ

τ z = [τzz, τzθ, τzr] τ θ = [τθz, τθθ, τθr] τ r = [τrz, τrθ, τrr]

u = [u, v,w] τ = µt[∇u+ (∇u)T]−
(2
3
µt∇u

)
I

q = [qz, qθ, qr] = −kt∇T = −
cpµt
Prt
∇T

(2.3)

The assumption of a calorically perfect gas is employed for the model, and the ideal gas
law p = ρRgT is satisfied. The value of cp and γ are assumed to be constant. The calculation
methods for the eddy viscosity coefficient µt and the turbulent heat conductivity coefficient kt
are presented in Section 2.2.
In the bladed region, the terms b, Sb and SF are expressed as

b = N |θp − θs|
1

2π
Sb =

[
0, p

∂b

∂z
, 0, p

∂b

∂r
, 0
]T

SF = [0, Fz , Fθ, Fr, FθΩr]
T (2.4)

where N is the number of blades. The terms θp and θs are the circumferential coordinates of the
pressure and suction sides of the blades, respectively. The term F represents the instantaneous
blade force per unit volume of the flow and Ω is the angular velocity of the rotor, as shown in
Fig. 1.

Fig. 1. Schematic of aerodynamic and geometric parameters in the bladed region

According to the circumferentially averaged theory of the local flowpath, the value of Fv is 0
in the bladed region. Then the circumferential inviscid flux vector F is transformed into

F = Ωr[ρ, ρu, ρv, ρw, ρe∗]T (2.5)
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2.1. Unsteady blade force model

The modeling of the unsteady blade force F plays a central role in the developed model.
A method of the blade force construction with a clear physical meaning is employed in the
present work. A quasi-steady blade force is constructed directly from the equation of steady
circumferential momentum. Subsequently, an instantaneous blade force is modeled by a first-
-order lagging response function. This provides an effective approach to consider the effect of
the radial flow. Meanwhile, the robustness of the model is enhanced because there is no need to
introduce the artificial iteration coefficient.
To begin this process, the blade force is decomposed into two parts: the turning force FT

perpendicular to the relative velocity urel and the loss force FL parallel but opposite to urel by
referring to Marble (1964), as shown as

FTurel = 0 FL = −
FL
urel
urel (2.6)

where urel = [u, v −Ωr,w], FT = [FT,z, FT,θ, FT,r] and FL = [FL, z, FL, θ, FL, r].
The value of FL is determined by the local loss coefficient

FL = ρT
um
urel

∆s

∆m
= −ρRT

∆m

um
urel
ln

[
1−̟

(
1−

(
1 +

γ − 1
2
Ma21

)− γ

γ−1

)
1

(T ∗2 /T
∗

1 )
γ

γ−1

]
(2.7)

where um =
√
u2 + w2 is the instantaneous meridional velocity and urel is the magnitude of

relative velocity. The term ∆s denotes the entropy increase from the inlet to the outlet of the
blade passage and ∆m represents the meridional length of the blade passage. For the rotor
passage, the terms Ma and T ∗ are the relative Mach number and the relative total temperature,
respectively. For the stator passage, the two terms signify the absolute values. Subscripts 1 and 2
indicate the inlet and outlet of the blade passage, respectively.
The total circumferential force Fθ is obtained by the steady circumferential momentum

equation

Fθ = FT,θ + FL,θ =
1

b

∂b(ρuv∗ − τzθ)
∂z

+
1

br

∂rb(ρwv∗ − τrθ)
∂r

−
(−ρwv∗

r
+
τrθ
r

)
(2.8)

The imposed circumferential velocity v∗ in the bladed region is determined as follows

v∗ =

{
Ωr − um tan(κ+ δ) rotor

um tan(κ+ δ) stator
(2.9)

where κ is the blade metal angle and δ is the deviation between the actual flow direction and
blade metal angle due to the flow viscous effect and the centrifugal force of the curved blade
passage.
The radial turning force FT,r is correlated to the three-dimensional blade mean camber

surface. Hence, the end bend effect is reflected in this model to a certain extent, as shown in the
equation

FT,r = FT,θ
nr
nθ

(2.10)

where nr and nθ are the radial and circumferential components of the normal vector of the blade
mean camber surface.
Up to now, every component of the quasi-steady blade force can be determined when the

local loss coefficient ̟ and the deviation angle δ are obtained. When the gas moves forward
normally, according to the deviation angle and loss model in the through flow theory of the
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compressor (Johnsen and Bullock, 1965; Creveling and Carmody, 1968), the local deviation
angle and the loss coefficient are calculated by the incidence, Mach number, and typical blade
geometry at different circumferential and radial positions. To modify and broaden the incidence
characteristics of different elementary cascades, numerical blowing experiments can be employed
by the three-dimensional RANS method.
When the compressor is throttled to a low mass flow rate near stall, the axial velocity in the

flowpath may be negative. However, it should be noted that under the local circumferentially
averaged theory, the reverse flow is not necessarily presented. In the reversed flow region, similar
to the analysis of Longley (2007) and Righi et al. (2018), the loss force is no longer calculated.
The turning force is limited to be perpendicular to the local mean camber surface of the blade
instead of the relative flow direction. The benefit of this is that the robustness is guaranteed
and the high loss is naturally introduced by adjusting the gas flow direction. The outlet flow
angle should be specified at the blade inlet in the reverse flow. In the current numerical study,
it can be found that the dynamic stall process obtained by the model basically agrees with the
experimental data when the outlet direction of the flow is consistent with the blade stagger
angle.

More importantly, in the dynamic stall process of the compressor, it suffers a delayed dynamic
response of the local blade force to the upstream aerodynamic disturbance. To effectively describe
the formation of the rotating stall, this dynamic effect should be quantified in the model.
Because the circumferential turning force is dominant, this term is modified with the un-

steady response by a first-order lagging response function, as shown in the equation

λ
(∂FT,θ

∂t
+Ω

∂FT,θ
∂θ

)
= F ssT,θ − FT,θ (2.11)

where F ssT,θ is the quasi-steady circumferential turning force, and λ = cm/um represents the
lagging response time. The term cm denotes the meridional blade chord length.

2.2. Numerical solution

A cell-centered finite-volume method is utilized to discretize Eq. (2.1). The time terms are
solved using an explicit four-stage Runge-Kutta scheme. In the unsteady calculation, the global
minimum time step according to the CFL number is selected as a unified time step of the
computational domain. The inviscid flux of the space term is calculated by the low-diffusion
flux-splitting scheme (LDFSS(2)) proposed by Edwards (1997).

The discretization of the viscous flux in Eq. (2.1) is much easier due to its elliptic char-
acteristic compared with that of the inviscid flux. As can be found in Eqs. (2.3), the viscous
flux at the interface can be determined only by obtaining the eddy viscosity coefficient µt, the
turbulent heat conductivity coefficient kt, and the partial derivatives of the velocity and static
temperature. The model focuses on the energy exchange between different streamlines caused by
the turbulent diffusion in the main flow instead of the small-scale viscous flow near the wall. The
aerodynamic loss in the flow field is mainly loaded through the loss force term. Hence, the eddy
viscosity coefficient µt is calculated by a simple semi-empirical method proposed by Gallimore
and Cumpsty (1986). Namely, the criterion number µt/(ρuLref ) is determined in advance in the
global flow field. Subsequently, the local µt is carried out according to the local instantaneous
flow field. The parameter Lref is the compressor characteristic length. The turbulent Prandtl
number in the global flow field is given as 0.9 and combined with the µt to calculate kt.

2.3. Boundary conditions

To ensure the robustness of the model, the inlet and outlet boundaries of the computational
domain are treated as open boundaries. Thus, the gas is allowed to flow in and out freely. When
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the gas normally flows into the computational domain, the total pressure, total temperature,
and flow direction distribution are given at the domain inlet. The total pressure specified at the
inlet would be treated as the static pressure where the flow exits the domain inlet. The outlet
pressure is calculated by the classical throttling model based on the quadratic parabolic analytic
function, as shown in

pe − p∗0
0.5ρ0U2m

= Ktφ
2 (2.12)

where pe is the static pressure at the domain outlet. The parameters p
∗

0 and ρ0 are the average
total pressure and density of the inflow, respectively. The term Um is the rim speed at the
midspan of the compressor inlet and Kt is the throttle coefficient. The term φ = ue/Um denotes
the flow coefficient at the compressor outlet. If the reverse flow is present at the outlet, pe will
be regarded as the total pressure.

In the condition of the clean inlet, some circumferential non-uniform artificial initial small
disturbances are introduced to induce the stall initiation process. Working at the steady condi-
tion, a small disturbance will disappear quickly without any influence on the compressor flow
field. While the compressor is throttled to the stall point, the small disturbance will expand
nonlinearly and eventually evolve into the mature rotating stall cell. In this model, a sinusoidal
total pressure distortion of amplitude 0.1% is applied at the inlet boundary. The disturbance is
canceled after 0.1 of rotor revolutions.

3. Numerical results and discussion

In this Section, a two-stage axial compressor at the laboratory located in NUAA is employed to
quantitatively evaluate the ability of the model to effectively simulate the dynamic process of the
rotating stall in a multistage compressor. A steady and dynamic experiment has been performed
on the compressor within the clean inlet to collect abundant data to validate the developed
model. Meanwhile, to further demonstrate the potential of the model for efficiently simulating
the dynamic stall process with a complex inlet distortion, the model is applied to predict the
stall flow behavior of the two-stage axial compressor with the combined radial-circumferential
total pressure inlet distortion.

Typical aerodynamic and geometric parameters of the compressor are listed in Table 1.

Table 1. Design parameters of NUAA two-stage compressor

Parameter Value

Number of blades (R1/S1/R2/S2) 19/22/18/20

Shroud diameter [mm] 900

Hub-to-shroud ratio 0.6

Design speed [rpm] 1500

Mass flow [kg/s] 25.0

Total pressure ratio 1.035

3.1. Model validation for dynamic stall process under clean inlet

The dynamic stall process of the compressor has been measured at 800 rpm. Figure 2 presents
a schematic of the test rig. The steady pressure parameters of the compressor inlet are measured
by four static pressure taps on the casing wall and six six-hole total pressure combs (Fig. 2,
plane I and plane II). The steady pressure parameters of the compressor outlet are measured by
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16 static pressure taps on the casing and hub and eight total pressure combs (Fig. 2, plane III
and plane IV). To investigate the dynamic process of the compressor from the steady-state to
rotating stall, six single-point differential-pressure probes are distributed along the circumference
of plane II to monitor the perturbation of the total pressure at 85% span of the compressor inlet.
The pressure-sensing holes of the probes are facing the flow direction. High-frequency response
Kulite sensors are selected as the pressure sensor.

Fig. 2. Schematic of the test rig and measurement arrangement

The dimensionless process is carried out for the collected dynamic total pressure by

p̃∗ =
p∗(t)− p∗

p∗
(3.1)

where p∗ represents the average value of the sampling period. To focus on the main low-order
frequency signals in the dynamic stall, low-pass filtering is utilized to eliminate the interference
of high-order frequency signals in the flow field of the compressor.

Fig. 3. (a) Schematic of the computational domain for the compressor in the model. (b) Meridional
mesh independency study

Figure 3a displays the computational domain of the two-stage compressor in the unsteady
body force model. The dependency of the solution for the developed model on the mesh density
has been assessed based on the steady performance of the compressor. The cell number along
the radial, circumferential, and streamwise directions are expressed as I, J and K, respectively.
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It should be noted that the model is based on the circumferentially averaged theory of the local
flowpath and the governing equation is solved in the cylindrical coordinate system. Therefore,
the solution is theoretically not sensitive to quantity of the circumferential mesh. This has also
been proved by Mao and Dang (2020). Particularly, in calculating the steady performance of the
compressor with the clean inlet, simply one grid is set in the circumferential direction. Figure 3b
plots the computed characteristic curves of the steady static pressure rise coefficient based on
two sets of meridional grids. The static pressure rise coefficient ψst is defined as

ψst =
p2 − p∗0
0.5ρ0U2m

(3.2)

where p2 represents the average static pressure at the last-stage stator outlet of the compressor.
It can be found that characteristics obtained by two different sets of grids are nearly the same.
The coarse mesh is selected for the later full-annulus unsteady computation to further shorten
the time cost of simulating the dynamic stall process. The detailed computational mesh is shown
in Fig. 4.

Fig. 4. Three-dimensional computational mesh of the compressor in the model

Fig. 5. (a) Compressor pressure rise coefficient at different throttle openings. (b) Time history of the
flow coefficient during the stall

The compressor is throttled by adjusting the throttle coefficient until the rotating stall
occurs. Figure 5a gives a comparison between the calculated and experimental results of the
pressure rise characteristics of the compressor at different throttle openings. It can be seen that
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the overall characteristics obtained by the model are in line with the experimental results. The
comparison shows only about a 0.1% difference in the maximum static pressure rise coefficient
between the calculated and experimental results.

Figure 5b further illustrates the time history of the flow coefficient during the compressor stall
obtained by the model. As can be found in Fig. 5b, the throttle coefficient increases from 2.89 to
2.92 near the stall point and the dynamic stall process begins. After about 30 rotor revolutions,
a fully developed rotating stall is formed. Subsequently, the average overall characteristic point
of the compressor remains constant.

To further reveal formation of the stall cell, axial velocity contours at the midspan of the
compressor in different rotor revolutions are displayed in Fig. 6. A slight closing of the down-
stream valve at the stable boundary point has a great influence on the development of internal
flow. The generation of the stall cell is at the second-stage stator and it gradually expands to
the whole compressor inlet. A stable single cell, about a third of the circumferential length of
the compressor, is finally formed.

Fig. 6. Formation process of the stall cell in the compressor obtained by the model

Figure 7 shows the total pressure traces at different circumferential locations at the 85% span
of the compressor inlet during the stall obtained by the experiment and calculation. As can be
observed, the main characteristics of the dynamic stall evolution obtained by calculation basically
agree with the experimental results. The stall precursor of the compressor is a typical large-
-scale modal wave disturbance. The experimental results show that the propagation frequency
of the final stall cell is 42% of the rotor speed (5.6 Hz). While the prediction of the propagation
frequency is 38% of the rotor speed (5.1 Hz). Overall, the characteristic frequency of the dynamic
stall evolution obtained by the model is similar to that from the experimental data.

3.2. Numerical prediction of dynamic stall process for complex distortion

To exhibit the potential of the model for quantitative description of the dynamic stall process
with a complex inlet distortion, the dynamic stall process of the compressor with a combined
radial-circumferential total pressure inlet distortion is simulated by the developed model. Its
capability to describe the aerodynamic instability process of the multistage compressor with the
distorted inlet is temporarily investigated by numerical simulations at this stage. Besides, the
rationality of calculation results is discussed based on the previous qualitative consensus.
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Fig. 7. Total pressure traces at 85% span of the compressor inlet at different circumferential locations
during stall: (a) experimental result, (b) numerical results

Figure 8 plots the contour of the total pressure distortion at the computational domain
inlet. The low-pressure distorted region occupies a 50% span near the tip in the radial direction
and 120◦ in the circumferential direction. The absolute total pressure in the distorted region
decreases by 0.5%.

Fig. 8. Distribution of total pressure at the inlet

A large-scale circumferential nonuniform disturbance exists at the compressor inlet with
the distorted inflow, so the artificial small disturbance is no longer introduced in the model.
Figure 9 provides the calculated time-averaged pressure rise coefficient of the compressor with
the inlet distortion. It can be found that the distortion results in a significant decrease of the
peak pressure rise coefficient and makes the stall condition in advance. The partially enlarged
drawing near the stall stage is further displayed in Fig. 9b. As can be seen, the calculation results
show that the compressor gradually transits from the full stable state (point A) to the small-
-scale oscillation state (points C, D, E) during the throttling process with the inlet distortion.
Point B is the critical stable state when the compressor enters the small-scale oscillation region.
In this region, the average pressure rise of the compressor no longer increases with the decrease
of the flow coefficient and reaches the peak near the critical point B. With further throttling, the
oscillation amplitude of the flow parameter increases gradually until the full deep stall (point F )
appears.
The transfer characteristics of the combined radial-circumferential distortion in the two-stage

compressor are analyzed by taking the full stable state (point A) as an example. Figure 10 plots
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Fig. 9. Comparison of the pressure rise coefficient between the clean inlet and inlet distortion:
(a) time-averaged pressure rise coefficient of the compressor, (b) partially enlarged drawing

the dimensionless axial velocity distribution at the rotor inlet of each stage. Figure 11 presents
the total pressure distribution at the stator outlet of each stage. Due to the low-pressure distorted
region at the tip, the axial velocity near the side of the rotor away from the distorted region
(240◦) is smaller than that at other circumferential positions of the same blade height while
the corresponding incidence is larger and the blade aerodynamic load increases. Therefore, the
maximum total pressure is obtained at the root of the stator outlet. Correspondingly, the axial
velocity near the rotor entering the distorted region (120◦) is larger, the corresponding incidence
is smaller, and the blade aerodynamic load decreases. The minimum total pressure is at the tip
of the stator outlet. Moreover, as the distorted region transfers downstream, the extreme regions
of flow parameters are significantly shifted along the rotating direction due to rotor rotation.

Fig. 10. Distribution of axial velocity at the rotor inlet of each stage at point A: (a) at the R1 inlet,
(b) at the R2 inlet

The evolution of the internal disturbance in the compressor under a small-scale oscillation
is analyzed taking point E as an example. Figure 12 displays the mass flux traces at different
circumferential locations near the tip of each stage outlet.

Before the deep stall, some local flow disturbances are generated in the region with the
large incidence on the side of the rotor leaving the distorted region. The flow disturbances
are suppressed and even disappeared in the region with the small incidence on the side of
the rotor entering the distorted region. Therefore, the circumferential propagation of the lo-
cal flow disturbance presents great periodicity due to the circumferential inlet distortion. The
stability of the whole compressor depends on the balance between the disturbance decay in the
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Fig. 11. Distribution of total pressure at each stage outlet at point A: (a) at the S1 outlet,
(b) at the S2 outlet

Fig. 12. Mass flux traces at different circumferential locations near the tip of each stage outlet:
(a) at the S1 outlet, (b) at the S2 outlet

non-distorted region and the disturbance growth in the distorted region. The above phenomenon
has also been confirmed in the experimental research on the aerodynamic stability of a five-stage
high-pressure compressor by Jahnen et al. (1999) and a BLI fan by Perovic et al. (2019). This
supports the reliability of the model to predict the stall inception of the compressor with the
complex inlet distortion.

Figure 13 displays the total pressure traces near the tip of the compressor inlet at different
circumferential locations during the stall. Figure 14 shows the time-frequency characteristics
of the total pressure near the tip in the non-distorted region (0◦) and distorted region (180◦).
The amplitude-frequency characteristic of the dynamic pressure signal is calculated by the fast
Fourier transform (FFT). It is found that the frequency of the stall cell predicted by the model
with the combined distortion is 4.7 Hz (35% of the rotor speed), which is close to the value (38%
of the rotor speed) with the clean inlet. This phenomenon suggests that the frequency of the final
stall cell is not significantly influenced by the distorted inlet. Its frequency is mainly determined
by the inherent parameters of the compression system. The conclusion is also supported by the
early experimental results of Fortin and Moffatt (1990). Besides, it can be seen in Fig. 14 that
the amplitude of the stall cell in the distorted region is stronger than that in the undistorted
region.
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Fig. 13. Total pressure traces near the tip of the compressor inlet at different circumferential locations
during the stall

Fig. 14. Amplitude-frequency characteristics of total pressure near the tip of the compressor inlet

Despite the lack of experimental data, the predicted results are consistent with the ba-
sic understanding of the early classical experimental research, and the ability of the model to
quantitatively describe the flow instability process with the complex inlet distortion can be
preliminarily verified.

4. Conclusions

This study develops a three-dimensional unsteady numerical model based on the body force
model to analyze the dynamic stall process of a multistage axial compressor in various inlet
conditions. The boundary effect of blades is transformed into distributed force source terms in
the model. A quasi-steady blade force is constructed directly from the steady circumferential
momentum equation combined with the deviation angle and the loss model in the through flow
theory. Subsequently, an instantaneous blade force is modeled by a first-order lagging response
function to quantify the dynamic response of the blade force to the upstream disturbance during
the dynamic stall of the compressor.
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According to the abundant experimental data of a two-stage axial compressor with a clean
inlet, the capability of the developed model to quantitatively describe the dynamic stall process
in a multistage compressor is evaluated. The calculated main performances and characteristic
frequency of the dynamic stall evolution are in line with the experimental results, which proves
the model has great effectiveness in predicting the compressor performance and the dynamic
stall process with a low computational cost.
The dynamic stall process of the compressor with a combined radial-circumferential total

pressure inlet distortion is also simulated by the developed model, which reveals that the model
has potential for describing the dynamic stall process with the complex inlet distortion. The
calculation shows a large non-uniformity of the rotor inlet incidence due to the inlet distortion
in the critical stall condition, which has a considerable influence on the development of the local
flow disturbance before the stall. The flow disturbance formed in the region of the high incidence
decays sharply in the region of the low incidence. Once the balance between the disturbance
decay in the non-distorted region and the disturbance growth in the distorted region is disturbed,
a full rotating stall occurs. Besides, the frequency of the stall cell predicted by the model with
the combined distortion is close to that with the clean inlet. The above-predicted results are
consistent with the basic understanding of the early classical experimental research. The ability
of the model for qualitative description of the flow instability process with the complex inlet
distortion can be preliminarily verified.
Further experimental investigation on the inlet distortion will be promoted to improve simu-

lation of the model. Besides, the time marching scheme for unsteady simulations can be improved
by introducing acceleration techniques when the model is used for compressors with more stages
and computational grids. Meanwhile, the proposed model focuses on the compressor with the
long-scale modal wave stall initiation. The description of the short-scale disturbance stall initi-
ation process of the high-speed compressor is not involved and remains to be further improved
in the future work.
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