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Abstract: This study investigates a high-loaded axial compressor in which flow instabilities in the rotor and the stator
occur almost concurrently. Under these conditions, conventional stability enhancement methods prove to be
ineffective. The paper proposes a combined rotor-stator flow control technique. This study reveals that the flow field
deterioration stems from combined flow blockage at the rotor tip region and the near-hub region of the stator. Research
on flow control methods finds that self-recirculating casing treatment can effectively improve flow capacity in the rotor
tip region, but simultaneously reduce flow capacity in the near-hub zone. This makes the hub flow field more
susceptible to breakdown and ultimately triggers compressor instability. Thus, the self-recirculating casing treatment
fails to enhance stall margin. By contrast, hub suction significantly improves the hub-region flow field. Yet without
suppressing the rotor-tip flow blockage, it achieves limited stability enhancement. The integrated solution combining
self-recirculating casing treatment with hub suction simultaneously addresses flow blockage at both the rotor tip and

the stator near-hub regions. This combined flow control method delivers effective stability enhancement, achieving
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6.78% increase in compressor stall margin.
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0 Introduction

With the development of aero-engines toward
higher thrust-to-weight ratios, compressor design
has been increasingly oriented toward fewer stages
and higher pressure-ratios. This trend inevitably
leads to elevated compressor stage loading. In-
creased stage loading intensifies the adverse pres-
sure gradients within the compressor, resulting in
more complex internal flow structures and posing
significant challenges to flow stability''?'. There-
fore, addressing flow stability issues under high-
loaded conditions is critically important, particularly
in enhancing the stall margin of high-loaded com-
pressor. To this end, the development of effective
flow control techniques which regulate the internal

flow of high-loaded compressors plays a vital role in
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improving compressor stall margin.
Currently flow control methods include casing
treatments, tip

injection, end-wall contouring,

boundary layer suction,

[3-15]

and vortex generators,
etc””. Among these, casing treatments have gar-
nered significant attention in the turbomachinery re-
search field due to their structural simplicity, ease of
implementation, and pronounced effectiveness in en-
hancing stability. Existing studies have shown that
among various casing treatment methods, circumfer-
ential grooves offer relatively weak stall margin en-

hancement and minimal adverse effects on compres-

[16-18]

sor efficiency' In contrast, slottype casing

treatments provide stronger stability improvement,
albeit often at the cost of substantial efficiency loss-
[19-21]

es . Compared to the above two methods, self-

recirculating casing treatments strike a better bal-
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ance by significantly improving stall margin while
imposing relatively smaller penalties on efficiency,
though they typically require a larger radial foot-

. In terms of the mechanisms through

prin
which casing treatments influence the internal com-
pressor flow field, these three casing treatments are
effective in suppressing tip leakage flow, which is a
major contributor to tip-region flow deterioration.
However, for tip flow deterioration caused by suc-
tion-side separation near the blade tip, circumferen-
tial grooves and slot-type treatments have limited
mitigation capability. In contrast, self-recirculating
casing treatments, owing to their combined suction
and injection mechanisms, have demonstrated the
ability to alleviate this type of flow separation-in-
duced degradation®. Additionally, boundary layer
suction has proven to be effective in mitigating flow
separation on the blade surface and the end-wall,
thereby improving overall compressor aerodynamic
performance'* ',

To ensure that compressors maintain both aero-
dynamic performance and stability under increasing
stage loading, the design of high-loaded compres-
sors requires refined control of inter-stage match-
ing, leakage flows, and end-wall region flows'**".
Such refined designs often lead to stage loading lim-
its that are closely matched across multiple stages.
Consequently, when flow instability occurs, flow
deterioration tends to emerge almost simultaneously
across multiple blade rows. For instance, in the 1.5~
stage high-loaded axial compressor investigated in
this study, flow deterioration is observed both at the
rotor tip of the first stage and near the hub of the
first stator during the onset of flow instability. In
such cases, applying flow control to a single region,
either the rotor tip or the stator hub, fails to signifi-
cantly enhance the compressor stall margin. This ne-
cessitates the exploration of new flow control meth-
ods. When flow deterioration originates from multi-
ple locations within the compressor, or when a sin-
gle flow control technique is insufficient to address
the complex flow issues, combined flow control
methods become an effective solution to improve
the internal flow field. Du et al.”"" and Li et al."**

conducted experimental and numerical studies on a

combined front-slot and rear-groove casing treat-
ment in a low-speed axial compressor. Compared
with full-slot and full-groove casing treatments,
their results showed that the combined design of-
fered a stall margin enhancement and peak efficiency
loss that were intermediate between the two individ-
ual methods. The combined casing treatment im-
proved the stall margin by reducing blade loading
and weakening tip leakage flow and its associated
unsteady disturbances. Liu et al."* carried out simi-
lar experimental and numerical investigations on a
high-speed axial compressor at Northwestern Poly-
technical University and reached comparable conclu-
sions. Wang et al."*" studied a high-loaded 2.5-stage
transonic compressor. They found that compressor
stall was not triggered by tip leakage flow but by
boundary layer separation induced by strong tip
shock waves. This type of stall was identified as a
tip-overload stall, i.e., a subtype of spike stall. Ex-
perimental results showed that conventional casing
treatments failed to enhance the stability margin of
this compressor. To address this, a novel casing
treatment combining self-recirculating and slot-type
features was proposed. Numerical investigations
demonstrated that this combined casing treatment
could effectively improve the compressor stall mar-
gin, although it also shifted the stall inception loca-
tion to the stator. Zhang et al.'*' studied three flow
control methods combining blade slotting with
boundary layer suction. Their findings indicated that
all combined methods significantly extended the
stall margin compared to single flow control meth-
ods. At the nearstall conditions, the partial-span
slotting case showed lower total pressure loss and
higher efficiency than full-span slotting case. Nota-
bly, the upper-half slotting configuration achieved
the highest stall margin, validating the feasibility of
blade slotting combined with boundary layer suction
as a combined flow control method.

In summary, various flow control methods im-
prove the stall margin of compressors by enhancing
the internal flow field. However, there is limited re-
search on stability enhancement methods for high-
loaded compressors, particularly for those where

flow instability is almost simultaneously triggered
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across multiple blade rows. Research on such stabili-
ty improvement techniques for high-loaded compres-
sors with nearly simultaneous flow instability across
rotor tip and the stator hub regions is almost nonex-
istent. Therefore, this study focuses on a high-load-
ed compressor with a loading coefficient of 0.56 and
a tip Mach number of 2.0, where internal flow insta-
bility is nearly simultaneously triggered at the rotor
tip and the stator hub regions. This paper combines
self-recirculating casing treatment, which has a min-
imal impact on compressor efficiency, with the
boundary layer suction technology. Thus, it adopts
a combined flow control method to improve the sta-
bility of this high-loaded compressor. This study al-
so analyzes the underlying mechanisms of various
flow control methods on the internal flow field of
the compressor. The results will provide theoretical
insights for the stability enhancement design of high-

loaded compressors.

1 Research Object and Numerical
Methods

The object of this study is a 1.5-stage high-
loaded axial compressor, which consists of an inlet
guide vane (IGV) , a first-stage rotor, and a first-
stage stator. The local Mach number of the flow at
the rotor tip inlet reaches as high as 2.0. Fig.1l
shows a schematic diagram of the computational do-
main for the compressor in this study, which is com-
posed of the inlet domain, the inlet guide vane do-
main, the rotor domain, the stator domain, and the
outlet domain. The grid topology for the inlet guide
vane, the rotor, and the stator sections is of the H-
O-H type, with a butterfly-shaped grid topology for
the tip gap. The first layer of grid thickness is
0.005 mm, and the y" value is less than 5. The radi-
al grid point number for all sections is 97, while the
axial and the circumferential grid point numbers are
determined based on the axial length and the circum-
ferential width of each section. The radial grid point
numbers for the rotor and the stator tip gaps are 21
and 33, respectively. The total number of grid cells
across all computational domains is approximately
3.5 million, with each blade row channel containing

over 1 million grid points on average.

Inlet domain IGV domain Rotor domain

Stator domain
Outlet domain

Main flow

Fig.1 Schematic diagram of the computational domain for

the compressor

In the numerical computations, the Spalart-All-
maras (S-A) turbulence model is employed, using
a central difference scheme. Multigrid iteration tech-
niques are used to accelerate the convergence of the
solution. Between the inlet guide vane and the ro-
tor, a one-dimensional no-reflection method is used
for the rotor-stator interface, while a mix—plane
method is applied between the rotor and the stator.
The boundary conditions are as follows: (1) The
total temperature and total pressure are specified at
the inlet, with an axial flow direction; (2) the aver-
age static pressure is specified at the outlet; (3) the
walls are treated as adiabatic, no-slip boundaries.
The calculation is considered converged when the in-
let and outlet flow, the total pressure ratio, and the
efficiency either remain constant or exhibit regular
periodic fluctuations within a certain range. The
compressor performance curve is obtained by gradu-
ally increasing the outlet static pressure, with a pre-
cision of 100 Pa at near-stall conditions.

Since experimental testing has not yet been
conducted on this high-loaded axial compressor, it
is not possible to validate the numerical method us-
ing experimental data. Therefore, the NASA Rotor
37 transonic rotor is used to validate the numerical
approach employed in this study. The study calcu-
lates the results using three turbulence models (S-
A, ke, and shear stress transport (SST) models)
and compares the numerical results at 100% speed
with the experimental data. Fig.2 shows the total
performance curves of the compressor which are cal~
culated using different turbulence models under the
same grid. From Fig.2, it is evident that all three
turbulence models show certain degrees of error

when compared to the experimental results, but the
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overall error remains within 2%. The predicted
choked mass-flow rate for all three models is almost
identical to the experimental results, with relative
errors within 0.2%. However, in terms of predict-
ing the near-stall mass flow rates, the S-A turbu-
lence model provides the closest results to the exper-
imental data, whereas the 4 ¢ and SST models
show significant deviations. Since the primary focus
of this study is on the compressor stall margin, accu-
rately predicting the near-stall mass flow rate is cru-
cial. Based on this, the S-A turbulence model is se-

lected for further numerical investigation in this

study.
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Fig.2 Compressor performance curves for different turbu-

lence models

A limitation of this study is that since experi-
mental tests for the current highly loaded compres-
sor have not yet been conducted, it is not possible
to validate the numerical methods with experimental
data. Therefore, the accuracy of the numerical
method is verified using the NASA Rotor 37 case.
This is considered sufficient to meet the research ob-
jective of this paper, since it is to explore the under-

lying flow mechanisms and the effectiveness of the

proposed combined flow control strategy through
numerical simulations. Experimental validation will
be performed in our future work. In addition, a grid
independence study is performed to ensure that the
numerical solutions are insensitive to mesh resolu-
tion. Three different grid densities are generated for
the single-stage compressor, with total grid num-
bers of approximately 1.6 million, 3.5 million, and
4.6 million. The overall performance curves in Fig.3
indicate that the results from the 1.6 million grid no-
ticeably deviate from the finer meshes. Specifically,
it underestimates the total pressure ratio, the isen-
tropic efficiency, and the near-stall mass flow rate.
In contrast, the performance characteristics predict-
ed by the 3.5 million and 4.6 million grids show ex-
cellent agreement with negligible discrepancies. The
relative error for the near-stall mass flow rate be-
tween these two cases is less than 0.3%, suggest-
ing that the solution has achieved grid independence
once the mesh size reaches 3.5 million. Consequent-
ly, balancing computational accuracy and cost, this
study selects the grid with 3.5 million cells for nu-

merical simulations.
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2 Flow
Original High-Loaded Compres-

Instability Mechanism of

sor

In order to conduct stall-margin enhancement
design research on this high-loaded compressor, it
is essential to first fully reveal the flow instability
mechanisms of the compressor. Therefore, Fig.4
presents a comparison of the changes of reflux zone
in the meridional plane during the throttling process.
The colored regions in Fig.4 represent the reflux
zone (where V.<C0) , and ¢ is the dimensionless
mass flow rate calculated based on the design mass
flow rate. The near-stall condition represents the fi-
nal stable convergent point in the numerical simula-
tion. Conversely, the unstable operating condition
corresponds to the point immediately following near-
stall along the throttling curve. As indicated by
Fig.4, localized reflux zones, acting as precursors
to aerodynamic degradation, are observed at both
the rotor tip and the stator hub under near-stall con-
ditions, though their scales remain relatively con-
strained. As throttling continues, the flow field at
the unstable condition shows that the reflux zones at

the rotor tip and the stator hub gradually increase in

V./(m-s™)

\

Reflux zone

Outlet

Reflux zone

(a) Near-stall condition (¢9=0.94)

\ V./(m - s™)

Reflux zone

Outlet

Inlet

Reflux zone

(b) Unstable condition (¢=0.82)
Fig.4 Comparison of reflux zone in meridional plane during

throttling process

size, further inducing flow deterioration within the
compressor and leading to compressor stall.

To further investigate the flow deterioration
mechanisms in the rotor tip region and near the sta-
tor hub region, Fig.5 shows the flow field distribu-
tion at the rotor tip under near-stall condition, where
W,,. represents the three-dimensional relative veloci-
ty. It can be observed that the low-speed flow region
near the leading edge of the blade and the flow sepa-
ration region on the suction side are the main causes
of flow deterioration at the rotor tip. The low-speed
flow region near the leading edge is induced by the
rotor tip leakage flow. Under the influence of these
two low-speed regions, under the near-stall condi-
tion, the leading edge of the rotor tip passage is al-
most entirely covered by the reflux zone, which
greatly restricts the flow capacity in the rotor tip re-
gion.

Relative

Mach number
20

(a) Relative Mach number

Reflux zone

200

— 0
(b) Tip leakage flow and reflux zones

Fig.5 Distribution of flow field at rotor tip under near-stall

conditions (¢=0.94)

Fig.6 presents a comparison of the flow fields
in the near-hub region of the stator under both large
mass flow rate and near-stall conditions. The red re-
gions represent reflux zones (Only 0—10% span is

displayed). Due to the presence of gaps at the lead-
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ing edge of the stator, the pressure difference be-
tween the pressure side (PS) and suction side (SS)
of the stator blade induces leakage flow through the
gap. At the large mass flow rate, the incoming flow
velocity is large, and the leakage flow is carried
downstream by the incoming flow. In this case, the
reflux zone in the stator passage is small and insuffi-
cient to induce flow deterioration, so the compres-
sor does not stall. However, under the near-stall
condition, the incoming flow velocity at the hub re-
gion decreases, and the leakage flow is less affected
by the incoming flow. As a result, the leakage flow
overflows at the stator leading edge (LE). Mean-
while, it can be observed that as the leakage flow
moves toward the trailing edge (TE) of the stator,
it gradually develops radially, which significantly
worsens the flow conditions in the stator passage.
At this point, the leading edge of the stator passage
is filled with reflux zones, preventing the incoming
flow from smoothly entering the stator passage near
the hub.

W,./(m-s"

500
400

300

Gap leakage flow
(a) Large mass flow rate condition (p=0.94)

Gap leakage flow
(b) Near-stall condition (¢=0.94)

Fig.6  Comparison of flow field in near-hub region of stator

under different conditions (original compressor)

Thus, it is evident that the flow conditions in
both the rotor tip region and near the stator hub re-

gion significantly affect the stability of the compres-

sor. In particular, the flow deterioration in the rotor
tip region is mainly caused by rotor tip leakage flow
and flow separation on the suction side, while the
flow deterioration in the stator near the hub region is
primarily induced by the blockage caused by stator
gap leakage flow.

3 Impact of Combined Flow Con-
trol Methods on Compressor Sta-
bility

3.1 Research schemes

The self-circulating casing treatment has the
characteristic of holding a minimal negative impact
on compressor efficiency while improving the stabili-
ty of the compressor. The boundary layer suction
technique can extract low-energy fluid from the end-
wall region, thereby improving the internal flow
field of the compressor and enhancing its perfor-
mance. Therefore, in the combined flow control
method, the flow control methods selected are the
self-circulating casing treatment and boundary layer
suction. Since this study primarily focuses on the
flow mechanism, a detailed explanation of the selec-
tion process for each research method is not provid-
ed. Instead, the relevant research structures select
ed in previous studies are directly presented. The
meridional contour of the self-circulating casing
treatment is introduced in the reference™’. The ref-
erence points for the injection and suction positions
are at the rotor tip leading edge, with the upstream
of the leading edge being negative and the down-
stream positive. The design parameters for the self-
circulating casing treatment are shown in Table 1,
where C,, represents the axial chord length of the ro-

tor tip.

Table 1 Basic design parameters of the compressor rotor

Parameter Value
Injection port range —0.2C,—0
Injection circumferential coverage angle/ 0.5

Full annular angle

Suction port range 0.28C,—0.78C,,

Suction circumferential coverage angle/ 0.33
Full annular angle ’
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Fig.7 illustrates the self-circulating casing treat-
ment at the rotor tip. The grid for the self-circulat-
ing casing treatment is an H-type grid topology,
with the grid points along the axial, radial, and cir-
cumferential directions being 221, 41, and 61, re-
spectively. Between the grid of the self-circulating
casing treatment and the rotor tip grid, two thin H-
type blocks are used for numerical data transfer. A
rotor-stator interface is set between these two layers
of thin blocks. The frozen-rotor method is used for
the rotor-stator interface in the calculation, and the
other computational settings remain consistent with

those of the original compressor.

Self-circulating casing

Fig.7 Schematic diagram of self-circulating casing treat-

ment

When the compressor is operating under the
near-stall condition, a reflux zone exists at the stator
gap. Thus, the boundary layer suction is mainly ap-
plied in the hub region of the stator gap. Fig.8
shows the schematic of the computational domain
with the boundary layer suction and the structural di-
agram of the suction port in the stator passage. The
suction port is located in the downstream region
near the stator gap, with its length and width being
8§ mm and 5 mm, respectively. The center of the
suction port is 12 mm downstream of the blade lead-
ing edge. The suction block uses an H-type grid,
with grid points distributed in the axial, circumferen-
tial, and radial directions being 33, 25, and 161, re-
spectively. The inlet of the suction block is connect-
ed to the hub region grid with a fully non-matching
interface, and the outlet of the suction block is given
an average static pressure. All other computational
settings remain consistent with those of the original

cCOMpressor.

/
Hub  gyction block

(a) Computational domain with boundary layer suction

Without gap

(b) Suction port in the stator passage

Fig.8 Schematic diagram of boundary layer suction

Furthermore, in order to improve the flow field
in both the rotor tip region and the stator hub re-
gion, the self-circulating casing treatment is com-
bined with the boundary layer suction. Fig.9 illus-
trates the schematic of the combined flow control
method. For ease of discussion, the following abbre-
viations are used: Solid wall (SW) for the original
compressor with solid wall casing, self-circulating
casing treatment (SCT) for the compressor with
self-circulating casing treatment, suction (SUC) for
the compressor with boundary layer suction, and
combined (COM) for the compressor with com-

bined flow control method.

Self-circulating casing

Suction block

Fig.9 Schematic diagram of combined flow control method

3.2 Analysis of compressor overall perfor-

mance characteristic curves

Fig.10 presents a comparison of the overall per-
formance characteristic curves for different flow con-
trol methods. The dimensionless mass flow rate,

the dimensionless total pressure ratio, and the di-
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mensionless efficiency are dimensioned using the
mass flow rate, the total pressure ratio, and the effi-
ciency, respectively. From the comparison of the
overall performance curves, it is evident that the
near-stall mass flow rate for SUC and COM is low~
er than that of SW, indicating that these two flow
control methods enable the compressor to operate
stably at lower mass flow rates, thereby improving
the compressor stall margin. Among these, COM
exhibits a lower near-stall mass flow rate, demon-
strating stronger stability enhancement ability. In
contrast, the near-stall mass flow rate for SCT is
higher than that of SW, suggesting that SCT does
not improve the stable operating range of the com-
pressor. In fact, the stall margin of the compressor

is weakened by SCT.

[
»n

—_
W
T

—
[
T

—
—_
T

I —— SCT
—— SUC
—+— COM

Dimensionless total pressure ratio
5

090 092 094 096 098 1.00
Dimensionless mass flow rate

4
)

(a) Total pressure ratio
1.

2 05
£ 1.00}
2
S 0951
2
§~ 0.90
8 0.85-
.4
2 0.80r
2 0.75F —— SCT

—— SUC
g 0.70F —— coM 5 &
[=)

14
=Y
by

090 092 094 096 098 1.00
Dimensionless mass flow rate

(b) Isentropic efficiency
Fig.10 Compressor performance curves for different flow

control methods

To quantitatively evaluate changes of the com-
pressor stall margin, the stall margin improvement

(SM1) is defined as

SMI = ﬂ[js,(«rp > PNs. sW —1lx 100% (1)
TINS, SW ®Ns.cT

where mys or and s sw represent the dimensionless
total pressure ratios at the near-stall condition for
the flow control methods and SW, respectively;
and @xs,cr and @ys, sw the dimensionless mass flow
rates at the near-stall condition for the flow control
methods and SW, respectively. If SMI is positive,
it indicates that the compressor stall margin has
been improved, otherwise weakened.

Table 2 compares SMI for each flow control
methods. It can be observed that the self-circulating
casing treatment results in a —2.37% stall margin
improvement, while both the boundary layer suc-
tion and the combined flow control method enhance
the compressor stall margin. Among these, the com-
bined flow control method leads to the greatest im-
provement, with a 6.78% increase in the stall mar-
gin. The differences in stall margin improvement
across the different flow control method will be ex-
plained in terms of the internal flow field of the com-
pressor, revealing the flow mechanisms of each

flow control methods.

Table 2 Comparison of SMI for different cases

Case SM1/ %
SCT —2.37
SUC 2.85
COM 6.78

3.3 Flow mechanism of self-circulating casing

treatment on compressor stability

The self-circulating casing treatment leads to a
reduction in the compressor stall margin. To under-
stand the flow mechanisms responsible for this phe-
nomenon, an analysis of the internal flow field of
the compressor is conducted. Since the near-stall
mass flow rate for SCT is higher than that for SW,
a comparison of the flow fields between SW and
SCT is conducted under the near-stall mass flow
condition of SCT (¢=0.96). As SCT primarily in-
fluences the rotor tip flow field, the focus is first
placed on the changes in the flow field at the rotor
tip. Figs.11, 12 present a comparison of the rotor
tip flow fields between SW and SCT. The results
show that SCT significantly improves the rotor tip
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Relative Mach number
2.0

0.5

0.0
(a) Relative Mach number

Relative Mach number

(b) Tip leakage flow and reflux zones
Fig.11 Comparison of relative Mach number contours at
99% span for SW and SCT (¢=0.96)

W,./(m-s")

Reflux zone

300

200

100

(b) SCT
Fig.12 Comparison of tip leakage flow and reflux zone at
the rotor tip for SW and SCT (¢=0.96)

flow field. Specifically, the low-speed flow regions
and the flow separation zones in the tip leakage flow
region and the suction side of the rotor tip are sub-

stantially reduced. The reason behind these flow

field improvements lies in the enhanced inflow
strength at the rotor tip due to the high-speed inject-
ed flow injected from the injection port. The in-
creased inflow intensity causes the rotor tip leakage
flow to more strongly diviate towards the suction
side of the blade, thus suppressing the tip leakage
flow and significantly reducing the low-speed flow
regions in the trajectory of the leakage flow. Mean-
while, the suction effect at the suction port elimi-
nates the flow separation area on the suction side of
the rotor blade, improving the flow conditions on
the suction side. Through the combined action of
the suction and the injection port of SCT, the flow
field at the rotor tip is notably improved, leading to
an increase in the flow capacity of the rotor tip re-
gion.

Although SCT improves the flow capacity at
the rotor tip, it does not enhance the compressor
stall margin. This indicates that there are flow struc-
tures within the compressor internal flow field that
are prone to triggering stall. Fig.13 presents a com-
parison of the meridional reflux zones between
SCT and SW. Figs.13(¢c—d) show the flow field
under unstable conditions for SCT. By comparing
Figs.13(a—b) , it can be observed that SCT mar-
ginally improves the flow conditions at the rotor tip,
but it slightly enlarges the reflux zone in the stator
near the hub region. This suggests that SCT, while
improving the rotor tip flow field, makes the stator
near-hub flow field more prone to deterioration. In
Figs.13(c—d) , as SCT continues throttling from
its near-stall condition, the flow field progressively
deteriorates in the stator near-hub region, while the
rotor tip flow conditions remain relatively favorable.
This indicates that, after SCT is applied, the stall
initiation point shifts to the stator near-hub region,
where the flow field deteriorates first, making it dif-
ficult for SCT to achieve effective stability enhance-
ment.

Fig.14 shows a comparison of the flow field in
the stator near the hub region between SW and
SCT, where the red area represents the reflux zone.
The stator blade is shown only for the 0—10%

span. Fig.15 presents the comparison of the axial ve-
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locity distribution at the stator inlet along the blade
span. Compared to SW, SCT causes overflow of
the stator gap leakage flow at the leading edge, and

the reflux in the stator passage becomes more se-
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vere. To analyze the cause of this phenomenon,
Fig.15 shows that SCT improves the flow capacity
at the rotor tip region, which enhances the incoming

flow velocity at the stator inlet in the rotor tip re-
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gion. However, as the flow capacity at the rotor tip
is increased, the airflow is biased toward the rotor
tip region, resulting in a decreased incoming flow
velocity in the near-hub region. Consequently, the
stator gap leakage flow is less influenced by the in-
coming flow. As a result, after applying SCT, the
leakage flow at the leading edge of the stator blade
overflows first, worsening the flow field in the sta-
tor near-hub region and making the compressor
more susceptible to stall. This explains why SCT
does not enhance the compressor stall margin, al-

though it improves the rotor tip flow field.
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3.4 Flow mechanism of boundary layer suction

on compressor stability

Fig.16 shows the flow field distribution at the
near-stall condition of SW for SUC. Fig.17 shows
the flow field distribution at the near-stall condition
for the same SUC. In Fig.16, it can be observed
that the suction on the stator hub pressure side can
effectively remove the stator gap leakage flow. This
suction effect significantly improves the flow field in
the stator near-hub region, and the reflux zone in
the hub region is nearly eliminated in the meridional
view. However, it is also evident that the rotor tip

flow field does not grow, as reflux zones caused by
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Fig.17 Flow field for SUC under near stall condition of SW (¢=0.92)
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tip leakage flow and suction side flow separation
still exist. These reflux zones continue to impede
the incoming flow at the rotor tip, presenting a po-
tential risk of instability in the compressor’s internal
flow field. It can be seen from Fig.17(a) that the re-
flux zone in the stator near-hub region has been elim-
inated, and the reflux zone is entirely concentrated
in the rotor tip region. Moreover, the size of this re-
flux zone is larger compared to the near-stall condi-
tion of SW. As shown in Fig.17(b) , when com-
pared to the rotor tip flow field at the near-stall con-
dition for SW (Fig.16(c) ), the low-speed flow re-
gion induced by the tip leakage flow in the rotor tip
region becomes larger and moves toward the leading
edge of the rotor tip. This further deteriorates the
flow capacity of the rotor tip region. This indicates
that after applying SUC, the internal flow field of
the compressor deteriorates primarily due to the
worsening flow conditions at the rotor tip. The re-
flux zone at the rotor tip is the primary cause of com-
pressor stall, which also explains the relatively poor

stability enhancement effect of SUC.
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-100
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3.5 Flow mechanism of combined flow control

method on compressor stability

Fig.18 shows the flow field distribution under
the near-stall condition of SW for COM. After ap-
plying COM, the flow fields in both the rotor tip re-
gion and the stator near-hub region are simultane-
ously improved. This significantly enhances the in-
ternal flow capacity of the compressor, resulting in
a substantial increase in its stall margin. From this,
it can be observed that the combined flow control
method not only improves the flow field at the rotor
tip but also enhances the flow field at the stator near-
hub region, achieving better stability enhancement
effects. Therefore, when there are multiple loca-
tions in the compressor flow field that can trigger
flow deterioration, the effectiveness of a single flow
control method is limited, or may even fail to pro-
duce a satisfactory effect. Desired stability enhance-
ment can only be achieved by applying one or more
flow control methods that simultaneously address

multiple flow field problems.
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Fig.18 Flow field for COM under near stall condition of SW (¢=0.94)
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4 Conclusions

This study investigates the flow mechanisms of
the impact of combined flow control methods on the
stability of a high-loaded axial compressor, where
flow instability in both the rotor and stator occurs
nearly simultaneously. The study explores the ef-
fects of both single flow control methods and com-
bined flow control methods on the compressor’s in-
ternal flow field. Through a detailed flow field com-
parison and analysis, the main conclusions are as fol-
lows:

(1) Flow instability in the internal flow field of
the original high-loaded compressor is primarily
caused by flow blockage at the rotor tip and in the
stator hub region. The rotor tip flow blockage is in-
duced by the low-speed flow area caused by tip leak-
age and the flow separation on the suction surface at
the rotor tip. The flow blockage in the stator hub re-
gion is mainly caused by the reflux of leakage flow
from the stator gap at the leading edge of the stator
hub.

(2) Using the self-circulating casing treatment
to improve the rotor tip flow field does not effective-
ly enhance the stall margin of the compressor. Al-
though the self-circulating casing treatment can ef-
fectively improve the flow capacity at the rotor tip,
it causes the airflow to shift toward the tip region,
which results in a reduction in the inlet velocity to
the hub region. This, in turn, makes the stator hub
region more prone to flow deterioration. As a re-
sult, the self-circulating casing treatment cannot ef-
fectively increase the stall margin of the compressor.

(3) Boundary layer suction at the stator pres-
sure side near the hub can effectively suppress the
development of leakage flow from the stator gap in
the stator passage, thereby improving the flow ca-
pacity in the stator hub region and increasing the
compressor stall margin. However, due to the lack
of improvement in the rotor tip flow, flow blockage
at the rotor tip continues to limit the further enhance-
ment of the compressor stall margin. Therefore, the
stabilization effect of the boundary layer suction is
limited, with only a 2.85% improvement in com-
pressor stall margin.

(4) The combined flow control method, com-

bining self-circulating casing treatment and bound-

ary layer suction, can effectively eliminate flow
blockage at the rotor tip and in the stator hub region.
This method results in a significant stabilization ef-
fect, achieving a 6.78% improvement in the com-
pressor stall margin.

This study demonstrates the systematic effica-
cy of the combined casing treatment and hub modifi-
cation. A key finding is that the combined approach
successfully mitigates the interaction between the
tip leakage vortex and the corner separation, a bene-
fit not fully realizable by independent applications.
This simultaneous suppression of blockages at both
the rotor tip and stator hub constitutes the primary
unique contribution of this work, offering a robust
design guideline for enhancing the stability of highly
loaded compressors.

This study demonstrates the aerodynamic po-
tential of the combined flow control strategy, practi-
cal implementation faces substantial hurdles. Key
challenges include the increased system complexity
and energy penalty associated with the suction sys-
tem. More critically, simultaneous modifications to
both the hub and the casing may severely compro-
mise the structural integrity of the compressor. Con-
sequently, future investigations must prioritize ad-
dressing manufacturing complexity, structural
strength, and overall system viability. Detailed
structural analysis and experimental validation are
essential to evaluate the net efficiency and real-

world feasibility of this approach.
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