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Coupling stability-enhancing mechanism
with compact self-recirculating injection
in an axial flow compressor

Jichao Li', Juan Du?, Xi Nan', Le Liu' and Feng Lin'

Abstract

Compact self-recirculating injection that bleeds air from the casing downstream of a rotor blade row and injects the air
as a wall jet upstream of the same rotor blade row is experimentally studied after the elaborated design of its structure.
The bleed ports, injection ports, and recirculating channels are circumferentially discrete and occupy only 38% of the
circumference. Separate tip air injection and outlet bleed air are simultaneously selected for comparison with the self-
recirculating injection. Results show that the compact self-recirculating injection can improve the most stall margin by
6.12% among all the three cases on the premise of no efficiency penalty and can also enhance the efficiency (maximum of
1%) for only 0.47% of the total injected momentum ratio recirculated near stall. The details of the flow field are obtained
using a multihole probe, a time-resolved Kiel probe, and pressure transducers. The detailed comparative analysis of the
characteristic flow in terms of tip leakage flow, blade load, rotor wake feature, and blockage indicates that the self-
recirculating injection can postpone the occurrence of stalling in the proposed compressor through a coupling influencing
mechanism. One mechanism is to weaken the self-induced unsteadiness of tip leakage flow and to delay the forward
movement of the interface between the tip leakage flow and the main flow. The other mechanism is to unload the blade
tip and to recover the rotor wake. All these responses can lead to improved stall margin in the self-recirculating injection.

This study may be helpful to guide the design of self-recirculating injection in actual application.
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Introduction

Rotating stall is a long-standing problem in turboma-
chinery because it limits the performance of axial flow
compressors. To avoid stall, the compressor operating
point must be restricted to a safe distance from the
stability limit. However, this condition influences the
stage efficiency and the blade load of aero-engines,
which require high thrust-weight ratio and efficiency.
For this reason, a fairly constant activity has been
conducted over the last 40 years devoted to the devel-
opment of active and passive techniques aimed at
increasing stability. Hathaway' summarized different
passive endwall treatments, including traditional axial
slots and circumferential grooves with different geo-
metries; see, e.g., Osborn et al.,? Seitz,? Houghton and
Day,4 Du et al.,’ and Li et al.® Axial slots can gener-
ally provide a greater stall margin improvement (SMI)
than circumferential grooves; however, this advantage
often entails a higher efficiency penalty; see Prince
et al.” and Fujita and Takata.®

Another common form of stability-enhancing tech-
nology is the tip air injection into the blade tip region,

considering that high-pressure air can be readily
available from external compressor bleeds.” '® Day’
indicated that the spike stall inception can be sup-
pressed by the active tip air injection. Weigl et al.'”
and Spakovszky et al.'''? demonstrated that the
feedback control of tip air injection can be available
to suppress the generation of a long-length scale wave
disturbance. Suder et al."® used the same test hard-
ware to study the effects of jet injection velocity and
injector arrangement around the circumference. Suder
indicated that the steady injection can improve the
stall margin by unloading the blade tip. This conclu-
sion was also confirmed by Kefalakis and Papailiou'*
in a high-speed compressor. Nie et al.'® illustrated
that the micro tip air injection can extend the stability
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boundary by 5.83% through injecting only 5.6% of the
annulus flow; they indicated that the tip clearance vor-
tices can respond to the micro injection and thus delay
the inception of stall. Different research perspectives
have been presented on the influencing mechanism of
the internal flow with tip air injection. Li et al.'® ver-
ified the existence of the demarcation ratio of injected
momentum which is defined to distinguish the different
trends in the curve of SMI versus injected momentum
ratio; they presented dual stability-enhancing mechan-
isms of the tip air injection and tried to provide a uni-
fied explanation for the different injected momentum
ratios (relative to the mean stream momentum), which
is separated by the demarcation momentum ratio. Li
demonstrated that when the injected momentum ratio
is less than the demarcation ratio (defined as micro
injection), it can only act on the tip leakage flow
(TLF) and thus provide a small SMI by weakening
the self-induced unsteadiness of tip leakage flow
(UTLF). By contrast, the macro injection with an
injected momentum ratio more than the demarcation
ratio can provide a larger SMI by suppressing the
UTLF, acting on the main flow (MF), decreasing the
inlet angle of attack, and thus unloading the blade tip.

Despite these findings, considering the actual appli-
cation in aero-engines, the source of high-pressure
auxiliary external air that supplies enough injected
mass flow/injected momentum remains under ques-
tion. To avoid this embarrassing situation, Freeman
et al.'” reported stall control efforts for a Viper engine
using tip air injection, i.e. air is recirculated from the
high-pressure stage and injected into the front stage,
and the maximum injected mass flow can reach 8%.
Leinhos et al.'® performed the stall control study with
tip air injection on the low-pressure compressor of a
twin-spool turbofan engine, i.e. air is bled from the
high-pressure compressor. Hathaway'® proposed the
self-recirculating casing treatment concept numeric-
ally in the National Aeronautics and Space
Administration (NASA) Stage 67 that can provide a
considerable benefit in stall range extension with no
predicted loss in efficiency or total pressure rise cap-
ability. Strazisar et al.>® experimentally investigated
the endwall recirculation by redesigning and optimiz-
ing the injector in the NASA Sage 35. They demon-
strated 2% of SMI at the design speed and 6% of SMI
at 70% of speed by injecting 0.9% of annulus flow at
the stall point under both operating speeds by using
the redesigned compact injectors. However, in a com-
mercial aircraft, a more compact recirculating struc-
ture must be considered. Thus, Weichert et al.’!
proposed the self-regulating casing treatment that
bleeds air over the rotor blade tip and injects in the
upstream of the same rotor. They reported parameter
studies that include flow extraction. Reinjection ports
are optimized for axial location, shape, and orienta-
tion, and 6.1% of SMI with 0.8% of efficiency penalty
is achieved for less than 0.25% of the inlet mass flow
recirculated near stall. Guinet et al.?? simulated the

recirculating tip blowing casing treatment in a
transonic compressor by using URANS and analyzed
its influence on the blockage of TLF preliminarily
under different tip gaps. Grosvenor et al.>* reported
numerical studies of the recirculated flow tip injection
in the NASA Stage 67 and demonstrated that the air
injection can postpone the stall limit by influencing
the shock and the TLF.

All the aforementioned findings show that the
self-recirculating injection as an effective stability-
enhancing method has more potential for practical
application than the separate tip air injection by
using external air sources in the future.”* To design
a more compact and effective self-recirculating device,
the effect mechanism on the flow field should be clar-
ified and understood first. A better guideline for the
design and application of the self-recirculating injec-
tion can then be given. To achieve this aim, this study
builds on the aforementioned findings and the deep
understanding on the stability-enhancing mechanism
of tip air injection to show the influencing mechanism
on the TLF, the blade tip load, and so on, under the
self-recirculating injection experimentally after the
well-designed structure of the recirculating device.
This study aims to understand how the self-recirculat-
ing injection affects stability and efficiency and why
the self-recirculating injection can obtain a better SM1
in an isolated rotor compressor than other stability-
enhancing technologies. Improved understanding of
the steady and unsteady responses to the flow field
with the self-recirculating injection will help explain
the accomplishments and confusions of previous
studies.

Test rig and measurement setup

A low-speed axial compressor is used for the experi-
mental work in this study. A single rotor compressor
with a design speed of 2400 r/min is used. The detailed
parameters of this compressor are shown in Table 1.

Figure 1 shows the arrangements of the injector;
bleed port; and the steady, unsteady measuring pos-
itions. A total of 15 discrete self-recirculating devices
are equally distributed around the annulus and
occupy only 38% of the circumferential area. The
installation position of the injector is approximately

Table |I. Parameters of test compressor.

Design speed (r/min) 2400
Rotor blade number 60
Outer diameter (mm) 500
Mass flow rate (kg/s) 29
Rotor tip chord (mm) 36.3
Rotor tip stagger angle (deg) 39.2
Hub—tip ratio 0.75
Tip clearance(mm) 1.2
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Figure 1. Placement of measuring point and self-recirculating
device.

0.06 axial chord (Cax) away from the leading edge
(LE). The bleed port is approximately 0.3 Cax away
from the trailing edge (TE). The measurement points
of the inlet and outlet static pressures are 6 Cax away
from the LE and 3 Cax away from the TE, respect-
ively. Ten transducers from 0.28 Cax upstream of the
LE to the TE are placed in the casing. The unsteady
pressure in the tip gap is measured by using high-fre-
quency Kulite pressure transducers. The unsteady
measurements at the rotor wake depend on the Kiel
probe, which has a sensitive angle of £40°. Its diam-
eter at the head is only 2mm, and the calibrating
response frequency is approximately 10kHz. The
time-resolved Kiel probe and a multihole probe in
the downstream duct are installed at the same radial
transverse with the suction port to capture spanwise
aerodynamic parameters. Simultaneously, the multi-
hole probe in the upstream duct aligns with the middle
of the injected port. The remaining details of the com-
pressor and its air injection system can be found in the
study by Li et al.'® The sampling rate of the unsteady
measurement is 100 kHz. Compared with the blade
passing frequency (BPF), which is approximately
2.4 kHz at design speed, this sampling rate is sufficient
for dynamic measurements. A Hall sensor installed on
the shaft is also used to resolve the shaft revolution in
dynamic measurements. This sensor provides a
window-shaped signal at the fixed circumferential
position in each revolution, which is used for the
phase locking when processing the dynamic data. In
addition, a steady Kiel probe with an adjacent static
pressure hole is installed in the self-recirculating
device to measure the total pressure and static pres-
sure as shown in Figure 2. Because of the low rota-
tional speed of the compressor, the density of the air is
approximately constant that the recirculated mass
flow could be calculated using the total pressure and
static pressure.

Figure 2. Compressor casing with measurement and self-
recirculating devices.

Optimization of self-recirculating device

Before the experimental performance test with the
self-recirculating injection, the structure of the self-
recirculating device has to be appropriately optimized.
Experience indicates that the Coanda injector is the
best wall-attachment effect; thus, the injected air can
fully act on the tip clearance flow (see Strasizer
et al.>®). Therefore, the injector in this study is
designed using the Coanda structure. However, for
the bleed port, the optimization work for the suction
port is not often reported in the open literature.
Weichert et al.?! investigated the geometric shape of
the extraction hole, but indicated that the extraction
hole shape has an insignificant effect on the recircu-
lated mass flow. Considering the compact gap
between rotor and stator, taking for an example our
three-stage compressor, the stage gap is only Smm.
For sufficient extracted air, the optimization of the
shape of the suction port is crucial. Previous results
have also demonstrated that the injected momentum
ratio plays an important role in terms of SMI
(see Kefalakis and Papailiou'* and Li et al.'®). One
of the main purposes for the structural optimization
of the bleed port is to obtain maximum extracted
momentum ratio (compared with the main stream
momentum) through computational fluid dynamic
(Ansys Fluent software) simulation. The numerical
simulation results of the extracted mass flow ratio
(compared with the main stream mass flow) and the
corresponding momentum ratio are obtained without
consideration of the complex internal flow in the rotor
blade. This condition can be simplified as a pipe flow
because the bleed port is installed in the casing down-
stream of the blade rotor row, and the initial settings
of the inlet/outlet parameter in the pipe are the same
as the compressor at a fixed flow coefficient. The
results of bleed mass flow ratio under the pipe flow
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Figure 3. Different structures of the bleed ports.

model differ from that under the complex flow in the
downstream duct of the rotor blade row, but they
have reference significance to optimize the bleed
port rapidly. The demand of the parameter setting
in the Ansys Fluent software and its detailed intro-
duction are ignored in this study. The detailed pro-
cedures for the numerical simulation were given by
Geng et al.®

Generally, the geometrical shape of the bleed port
is either circular or rectangular. In view of these two
geometric shapes with the same area, after the previ-
ous precondition, Figure 3 gives the simulation results
of bleed mass flow ratio and momentum ratio under
different specific bleed structures. The streamline in
the figures shows that inverse flow and vortex exist
in the bleed port if the design of its geometry is not
good. Only the designed structure in Figure 3(g) can
produce smooth bleeding flow. From the comparative
data of the bleeding mass flow and momentum ratio
with different structures in the table of Figure 3, the
geometric structure in Figure 3(g) can generate the
most extracted mass flow ratio (0.66%) and the lar-
gest momentum ratio (0.90%). The data also imply
the necessity to optimize the structure of the bleed
port. The geometric structure that Figure 3(g) shows
is thus selected to assemble the self-recirculating
device, as shown in Figure 2. In the process of prac-
tical test in the proposed compressor, considering
pressure loss, flow loss, frictional force loss, etc. the

real bleed mass flow ratio and momentum ratio will
decrease relatively.

Through the reasonable optimization and design
for the self-recirculating device, the effect of different
parameters, including both pressure rise coefficient
and efficiency, on the performance is the focus that
needs to be investigated in the following parts. The
actual bleed mass flow and momentum are also
measured.

Steady characteristic parameters

The compressor performance is evaluated by using
pressure rise and efficiency characteristics. The pressure
rise coefficient, W, is expressed as (P exit — Py intet)/
(0.5U2.)). The flow coefficient, ®, is defined as
Vi inlet/Unmid-Ps.exit and Py inier are the ambient pressure
and the outlet static pressure on the casing wall,
respectively. Vi inlet 18 the inlet average velocity. Upig
is the tangential velocity at the mid-span, and p repre-
sents the environmental density. SMI is defined as the
percent reduction in stalling flow coefficient under
three cases of the stability-enhancing technology,
namely, self-recirculating injection, tip air injection,
and outlet bleed air relative to the smooth wall case
(SO), 1.e. (Psc — Dease)/Psc x 100%. The efficiency,
1, is calculated from the shaft torque and the change
in total pressure across the sta%e as follows: «/
(k — DR Ty (Prexit/Printer — 1) 11/ (27NM/60.),
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Figure 4. Characteristic line with smooth casing (n-® and
U-0).

where k is the adiabatic index, R, is the ideal gas
constant, T} . is the inlet total temperature, Py ey is
the outlet total pressure, m is the inlet mass flow, N
is the shaft speed, and M is the torque which is
measured using a high-precision torque meter.
Characteristics are measured by continuously record-
ing the inlet and casing pressures as the compressor is
slowly throttled into stall. The efficiency and pressure
rise characteristics for each test case are repeated sev-
eral times to ensure representative results. For each
parameter that is studied, back-to-back tests are per-
formed, and the SC is measured at the beginning and
end of each set of measurements. In this way, results
that are reliably comparative can be ensured.

The repetitive works have been conducted before
the dynamic measurement to ensure the measuring
accuracy of unsteady flow field. Figure 4 shows that
the characteristic lines have a better repetition at the
stall point, in which the measuring error of the steady
transducer is less than 0.5%. The flow coefficient and
the pressure rise coefficient at the stall point are 0.497
and 0.396, respectively.

On the basis of good repetition, three flow coeffi-
cient conditions are selected to conduct the detailed
measurements of the flow field and defined them as
large-flow coefficient (® =0.56), low-flow coefficient
(®=0.52), and near-stall point (& =0.50).

Characteristic curves with different cases

During the comparatively experimental test with dif-
ferent cases, the bleeding port under outlet bleed air is
the same as that under self-recirculating injection.
Nevertheless, for the external tip air injection, except
the consistence of injector, the injected mass flow
(injected momentum) must also keep consistent with
the maximum bleeding mass flow under the self-
recirculating injection that it is generated at the stall
point. When carrying out the external tip air injection,
the injected air is supplied from an external compres-
sion system, and the injected mass flow for each injec-
tor is measured by using an additional mass flow meter.

0.45 -

0.40

0.35+

3~ 0.30-

025} i/
—=— Smooth casing

0.20 || —o— Self-recirculating injection
—«— Outlet bleed air

0.15 | —— Tip air injection

0.40 0.45 0.50 0.55 0.60
[

Figure 5. Pressure rise characteristic line with different cases
(V-).

Table 2. SMI with different cases.

Self-recirculating Outlet Tip air
Case SC injection bleed air injection
SMI 0 6.12% 1.85% 2.48%

The experimental results show that the maximum
injected mass flow ratio with self-recirculating injec-
tion is approximately 0.35% (injected mass flow
divided by design mass flow) at the stall point, and
its corresponding injected momentum ratio is
approximately 0.47%. Under the above precondi-
tions, the following comparison of characteristic line
is meaningful. Figure 5 shows the comparative pres-
sure rise characteristic line under self-recirculating
injection compared with smooth casing, outlet bleed
air, and external tip air injection. The abscissa is flow
coefficient ®, and the ordinate represents the pressure
rise coefficient W. The flow coefficients at the stall
point under the three cases are less than that under
SC, especially for self-recirculating injection; it can
postpone the stalling to give rise to the best SMI.
Based on the definition of SMI at the beginning of
this section, the SMI with different cases is given in
Table 2.

In Table 2, the SMI of self-recirculating injection is
approximately 6.12%. The outlet bleed air and tip air
injection can obtain 1.85% and 2.48% of SMI,
respectively. These data indicate that the self-recircu-
lating injection can generate the best SMI among all
the three cases. Besides its good stability-enhancing
capability, the impact on the efficiency is also crucial
for future application. Some researchers have indi-
cated that the efficiency of a compressor is affected
by a penalty with their self-designed self-regulating
injection (see Weichert et al.?' and Guinet et al.??).
The effect on the efficiency with the proposed self-
recirculating injection in this study should also be
investigated.
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Figure 6 depicts the efficiency characteristic lines
with different cases. The three different cases do not
reduce the compressor efficiency basically. In the def-
inition of efficiency, m is calculated by using the inlet
static pressure that is measured in the inlet duct
upstream of the injector, as shown in Figure 1.
Thus, the impact on m in the outlet duct downstream
of rotor blade row under the separate tip air injection
and outlet bleed is not considered. If the outlet bleed
mass flow and consumable energy of external air
source that supplies the injected mass flow are con-
sidered, the efficiency under outlet bleed air and exter-
nal tip air injection will decrease rapidly. Owing to the
difficult evaluation of the exact energy loss of external
air source, the real efficiency line with external tip air
injection that considers the external loss is not given in
this paper. Unlike the external tip air injection, the
bleed mass flow can be measured and calculated
exactly. Its corresponding efficiency line is marked
by the solid pentagram shown in Figure 6 and has a
sharp drop compared with other efficiency lines. The
efficiency under self-recirculating injection remains
the best among all the three cases; it even can enhance
the efficiency by approximately 1%, as shown in the
right partial enlarged figure. All the above-mentioned
results show that the self-recirculating injection not
only can enhance the stability but also can increase
the efficiency of the compressor. However, the follow-
ing question is why the self-recirculating injection can
postpone the stall point so late compared with outlet
bleed air and tip air injection. The outlet bleed air can
generally improve the stall margin by reducing the
downstream blockage of the rotor blade row.
For the tip air injection, judged by the demarcation
momentum ratio in the same compressor proposed by
Li et al.,'® the injected momentum ratio in this study
is still micro injection, which mainly acts on the TLF.
By contrast, for the self-recirculating injection, its
influencing mechanism on the flow field is sorely lack-
ing to explain the inner reason of its stability-enhan-
cing capability experimentally. Therefore, the detailed
measurements are performed both in the casing and
the blade passage under different cases. The analysis

1.0 ,
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0.8
2
06 o
.40 044 048

Span wise

Q
0.4 35 —&— Smooth casing H
ror —O— Self-recirculating injection
R —+#— Qutlet bleed air
0.2 © —o— Tip air injection

0.0
0.3 0.4 0.5 0.6

Diffusion factor

Figure 7. Distribution of diffusion factor under different
cases (© =0.50).

of the effect on the internal flow field is conducted in
the following section.

Coupling stability-enhancing mechanism

Past results'*!'* indicate that the diffusion factor can
reflect the outlet radial load distribution of the
upstream rotor blade row in a certain sense. Hence,
the diffusion factor under SC, self-recirculating injec-
tion, outlet bleed air, and tip air injection is selected to
make a comparative analysis in this section. Based on
the time-averaged measurement by using the multi-
hole probe, the effects of the different cases on the
diffusion factor are compared. Figure 7 depicts the
comparative results at the near-stall point
(®=0.50). The change in the diffusion factor indi-
cates that the self-recirculating injection and outlet
bleed air improve the stability by altering the blade
loading along the blade span. The diffusion factor is
defined as follows

(M

DF: <10_ Wfaur_'_ AVI/H)
Wi 20Wi,

where W, Wi, and W, refer to the mass-averaged
rotor relative outlet, inlet, and tangential velocities,
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respectively; o is the rotor solidity. Figure 7 shows
that the tip air injection does not change the diffusion
factor because the time-averaged quantities are almost
the same as that of the SC; this conclusion was con-
firmed by Li et al.'® The tip air injection in the current
study is only micro injection with an injected momen-
tum ratio less than the demarcation point (the demar-
cation point in the tested compressor is approximately
0.7%"'%), and it cannot affect the blade tip load.
However, the self-recirculating injection and outlet
bleed air can significantly reduce the diffusion factor
for a region that penetrates into the blade passage as
deep as 88% of spanwise location, as shown in the
partially enlarged picture.

According to the analysis results from Figure 7,
both self-recirculating injection and outlet bleed air
can unload the blade tip to delay the occurrence of
the stalling. The tip air injection may extend the stall
margin by using other impact pathway, as Li et al.'®
pointed out that the micro injection can only act on
the TLF. However, distinguishing the difference in the
stability-enhancing capability between the self-recir-
culating injection and outlet bleed air only according
to the above time-averaged results is difficult. For
this reason, the time-resolved measurements are
necessary to further explore their stability-enhancing
mechanism.

Unsteady response to the TLF

The time-resolved results under SC are shown in
Figures 8 and 9. The data from the 10 static pressure
sensors on the casing, as shown in Figure 1, are col-
lected and processed. Figure 8 depicts the pressure

500
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Circumenferential location(/chord)

500
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-1000

Circumenferential location(/chord)

contours under different flow conditions from the
large-flow coefficient (®=0.56) to the near-stall
point (® =0.50). The abscissa is the circumferential
blade pitch, and the ordinate represents the location
of the axial blade chord. In Figure 8(a) to (c), the black
region in the blade passage flow represents the TLF in
the tip gap, and the arrow can reflect the trajectory of
the TLF. The trajectory marked by the arrow moves
forward toward the LE of the blade tip during the
throttling process. This tendency can also be reflected
by the inclined angle between the trajectory and the
LE marked by the dotted line. This phenomenon is a
typical flow feature in the tip gap that has been found
and described by some researchers in compressor.>®%’
The forward movement of the trajectory can also
reflect the change in the interface between the TLF/
MF interface in a certain sense, but it is not clear. Du
et al.”® validated that the TLF/MF interface plays an
important role in the stalling process of a compressor
with a certain tip clearance. The detailed description
of its change rules with SC will be helpful to
explore the stability-enhancing mechanism with self-
recirculating injection further.

The root-mean-square (RMS) pressure contours
are selected to investigate the change in the TLF/
MF interface in the throttling process. The RMS pres-
sure contours obtained by the first phase-locking time
series of each sensor with the help of a key phasor,
which is a Hall sensor that produces a pulse for each
rotor revolution, the phase-averaged mean, and the
RMS values can be calculated. In early research,
Du’s numerical results® indicated that a high RMS
can represent the oscillation of the TLF, and the
trace of the high-RMS regions can reflect the interface

(a) = distance
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110.05

0.15
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8
Circumenferential location(/chord)

Figure 8. Pressure contours under different flow conditions.
(a) ©=0.56, (b) »=0.52, and (c) ¢ =0.50.

Figure 9. RMS pressure contours under different flow con-
ditions. (a) ® =0.56, (b) & =0.52, and (c) & =0.50.
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between the TLF and the incoming flow (TLF/MF)
similar to what the entropy contours can do. Osborn
et al.? and Du et al.’ also found that the interface
moves forward during the stalling process. Based on
these results, the RMS pressure contour at the flow
coefficient of 0.50 in Figure 9 is considered an example
to give a general description of the phase-locked
unsteady feature of the TLF. The black region (high
RMYS) representing the high fluctuation indicates the
unsteady TLF. The white region (low RMS) near the
blade LE represents the steady incoming MF. Thus,
an “interface” between these two flows is formed,
which is marked as red dotted arrow in the plot.
Comparison of the three plots in Figure 9 indicates
that the black region only appears in the low-flow
coefficient conditions, and the distance (marked by
the double-headed arrow) from the interface in the
pressure side (marked by the red circle) to the LE
(marked by the dotted line) becomes shorter during
the throttling. Therefore, the forward movement of
the TLF/MF interface in the throttling process is also
a typical feature in the test compressor. The interface
even aligns to the LE near the stall point (& =0.50).
The high RMS (i.e. the black color region) represents a
stronger TLF oscillation in the tip region. The
unsteady fluctuation of the TLF becomes stronger
with a gradual decrease in flow coefficient.

Figure 10 depicts the RMS pressure contours
under different cases at the near-stall point with SC
(® =0.50). Compared with the RMS pressure contour
under SC, the TLF/MF interface marked by the red
arrow under self-recirculating injection and tip air
injection moves rearward toward the blade TE, as
shown by the distance from the red circle to the LE.
Particularly, the self-recirculating injection can push
the TLF/MF interface to move rearward further
toward the TE in contrast to the tip air injection
and outlet bleed air, and the effect on the interface
with tip air injection is stronger than that with
outlet bleed air. From the analysis results for
Figure 11, we can conclude that the self-recirculating
injection and tip air injection can delay the forward
movement of interface toward the blade LE to con-
tribute to SMI. In addition to the effects on the TLF/
MF interface with the stability-enhancing technology,
the strength of the black region becomes weaker
under the influence of self-recirculating injection and
tip air injection than that under SC. The black region
in the RMS pressure contour can represent the
unsteady fluctuation of the TLF in the previous sec-
tion. This phenomenon implies that the self-recirculat-
ing injection and tip air injection may influence the
unsteady fluctuation of the TLF, but it lacks a strong
persuasion only according to the shade of the black
region. The power spectrum density (PSD) can gener-
ally be used to display the unsteady fluctuation of the
TLF because the PSD can distinguish the frequency
band distribution of different signals in all the time-
resolved data along the blade chord.
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Figure 10. RMS pressure contour under different cases at
® =0.50. (a) SC, (b) self-recirculating injection, (c) outlet bleed
air, and (d) tip air injection.

Figure 11 plots the PSD distributions from the LE
to the TE at different flow coefficients under SC. The
abscissa is the normalized frequency relative to the
BPF, and the vertical ordinate represents the power
spectrum magnitude. Besides the BPF band with a
normalized frequency of 1, another signature fre-
quency band is marked by the rectangular box in
Figure 11, which is located from 0.26BPF to
0.5BPF; its amplitude follows that of BPF. Tong
et al.?® experimentally illustrated that the signature
frequency band may be related to UTLF, which is
centered at approximately 0.4BPF. According to the
PSD profiles, the amplitude of the signature frequency
band will arise obviously near the stall point
(® =0.50) compared with the large-flow coefficient
(® =0.56). Especially for the position located from
CH4 to CHS in the figure, the obvious increasing
trend of the amplitude in the throttling process
implies that this region is more sensitive to the
unsteady TLF than other positions. The changing
process of the amplitude forms a good corresponding
relationship with unsteady oscillation (high RMY), i.e.
the gradual deepening in the black region during the
throttling process in Figure 9. The results not only
validate that the high-RMS region can represent the
unsteady fluctuation of TLF but also can be used to
distinguish the different influencing mechanisms on
the unsteady fluctuating characteristic of TLF under
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Figure 12. PSD profiles under different cases when the flow coefficient is 0.50.

different types of stability-enhancing technology
further.

Figure 12 gives the comparative PSD profiles under
the different cases of stability-enhancing technology at
a flow coefficient of 0.5, which is near the stall limit
with SC. Both self-recirculating injection and tip air
injection can decrease the amplitude of the signature
frequency band compared with SC, and outlet bleed
air has an insignificant or no effect on the amplitude.
Therefore, the application of self-recirculating injec-
tion and tip air injection can stabilize the compressor
through weakening the self-induced UTLF in the tip
gap region.

In this section, the unsteady response to the TLF in
the tip gap region is studied and discussed. The cur-
rent analysis shows that the positive influence on the
TLF/MF interface and the UTLF with both self-
recirculating injection and tip air injection is one of
the important factors to extend the stall margin.

Outlet bleed air has an insignificant effect on the
TLF; at least, it is not the main reason to enhance
the stability of the compressor.

Unsteady response to the rotor wake

Originally Smith® proposed that the wake recovery
occurs in a downstream blade row and gives rise to
the performance benefit, he also indicated that the
wake recovery leads to rotor wake decay through a
reversible process. van Zante et al.>* validated the
rotor wake decay in the throttling process and its
mechanism experimentally. van Zante indicated that
the slop of the velocity fluctuation at the rotor wake
shows a relative comparison of the wake decay. This
information could be reflected in the frequency spec-
tral characteristic of velocity or pressure at the rotor
wake. Inspired by the literatures, the influence on the
rotor wake with self-recirculating injection was
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investigated in this paper. The PSD analysis is used to
distinguish the frequency spectral characteristic of the
dynamic total pressure at the rotor wake, and the
time-resolved data are obtained by using the Kiel
probe. Figure 13 depicts the spanwise PSD distribu-
tion in the rotor wake region under different flow
coefficient conditions. The abscissa is the normalized
frequency relative to the BPF, and the vertical ordin-
ate is the spanwise location from the hub to the casing
wall normalized by the blade height. The color bar
represents the power spectrum magnitude. Two obvi-
ous frequency bands exist in the figure: one is the BPF
with a relative frequency of 1, and the other is a char-
acteristic band located from 0.2BPF to 0.4BPF that
occurs mainly near the casing wall. The initial source
of this characteristic frequency band was first pro-
posed by Du et al.,*® who provided a vivid picture
to show the three-dimensional structure of the TLF
numerically. The TLF will roll up into the blade pas-
sage and can be observed at the rotor wake. From the
similar distribution of frequency band, a strong cor-
relation exists between this feature flow and the TLF;
it is only a corollary that needs much data to validate
in the future. Nonetheless, this characteristic flow can
be regarded as the disturbance originated from the
interaction between the TLF and the MF. During
the throttling process, the obvious phenomenon of
the PSD profiles at the rotor wake can be summarized
as follows: (1) the BPF near the casing wall will dis-
appear gradually, as marked by the circle; (2) the areca
of the feature band region becomes increasingly
enlarged and moves downward toward the mid-span
marked by the irregular curve line and the arrow, i.e.
the bottom of this disturbance region in Figure 13(a)
is far away from the spanwise location of 0.8 blade
height marked by the dotted line at the large flow
coefficient (& =0.56), whereas at the near-stall point
(®=0.50), as shown in Figure 13(c), the bottom of
the region is lower than the marked spanwise location
of 0.8 blade height. These two phenomenon descrip-
tions just imply the rotor wake decay and disturbance
development in the rotor wake region. Besides the
characteristic flow near the blade tip region, some fre-
quency characteristics also exist near the hub. The
factors that induce the disturbance are complex,
including the separated vortex, corner vortex, passage
vortex, etc. These factors are related to the loss in the
blade passage mainly. In this study, the focus is on
stability rather than the loss near the hub.

Figure 14 displays the spanwise PSD profiles under
different cases, which are expected to enhance the sta-
bility when the flow coefficient equals to 0.5. Similar
to the analysis in Figure 13, the BPF and the charac-
teristic frequency band are also selected to make a
comparative analysis. The BPF frequency band near
the blade tip can be recovered after the application of
the self-recirculating injection and outlet bleed air,
and the characteristic frequency band also moves
upward toward the casing wall at the same time.
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Figure 13. PSD profiles of the unsteady total pressure under
SC in the rotor wake region. (a) ® =0.56, (b) ® =0.52, and
(c) ©=0.50.

Combined with the changing trend of the BPF and
the feature frequency band with SC in Figure 13 in the
throttling process, the flow field at the rotor wake
under self-recirculating injection and outlet bleed air
tends to be more stable than that under SC and tip air
injection at the same flow conditions. In other words,
the recovery of the BPF near the casing wall and the
upward movement of the disturbance with the
characteristic frequency band under self-recirculating
injection and outlet bleed air can contribute to stabi-
lizing the compressor. In contrast to the self-recircu-
lating injection and outlet bleed air, when the tip air
injection is applied, its effect on the BPF and the char-
acteristic frequency band is inconsiderable and can be
neglected. This no effect on the rotor wake conforms
to the previous content in “Coupling stability-enhan-
cing mechanism” section and Li’s results.'®

In this section, the unsteady feature at the rotor
wake with SC, self-recirculating injection, outlet



Proc IMechE Part A: | Power and Energy 230(7)

706
(@ > " 8000
;:m & 7000
0.8— r
o Characteristic band ger | J§6000
o 5000
=06
= 4000
B 0.4 13000
' 12000
02 ~ 111000
02 04 06 08 1
Normalized frequency(/BPF)
= 8000
”.\, 7000
G Characteristic band ger | [§6000
0 5000
206
£ 4000
B4 13000
+12000
0.2 11000
02 04 06 08 1
Normalized frequency(/BPF)
@) 8000
) @7000
- Characteristic band spr | [§6000
o 5000
=06
= 4000
B4 3000
- 2000
02,"_-’@{:‘ \ ‘.-7 k .:' a ‘I. | 1000
02 04 06 08 1
Normalized frequency(/BPF)
8000
©  W7000
& Characteristic band spr | 6000
w
206 5000
c 4000
a
112000
0.2 - 1000
02 04 06 08 1
Normalized frequency(/BPF)

Figure 14. PSD profiles of the unsteady total pressure under
different cases at the rotor wake. (a) SC, (b) self-recirculating
injection, (c) outlet bleed air, and (d) tip air injection.

bleed air, and tip air injection is studied. The BPF
near the casing wall will be weakened in the throttling
process, i.e. the rotor wake decay and the blockage in
the blade tip region becomes serious in the process of
close to stall limit. However, when the self-recirculat-
ing injection and outlet bleed air are applied, the rotor
wake recovery at the original stall point under SC
toward the stable flow field. Meanwhile, the

development of the disturbance with the characteristic
frequency band will be prevented with the application
of the self-recirculating injection and outlet bleed air.
All these results show that recovery of the BPF in the
blade tip and the upward push of the characteristic
disturbance are helpful for stability enhancement.

Conclusions

A detailed experimental study about the compact self-
recirculating injection in an axial flow compressor is
conducted. In this study, the steady response to the
blade tip load and blockage and the unsteady
response to TLF and rotor wake with self-recirculat-
ing injection compared with outlet bleed and external
tip air injection are investigated. The following con-
clusions can be drawn:

1. The well-designed and optimized compact self-
recirculating injection that injects air over the
blade tip at the LE and bleeds the air from the
casing downstream of the same rotor blade row
can improve the stall margin by 6.12% on the
premise of no efficiency penalty. This approach
is better than the separate outlet bleed, tip air
injection with the same injected momentum
ratio, and other traditional casing treatment that
must consider the efficiency loss in application.

2. The steady response to the blade tip load indicates
that the self-recirculating injection can unload the
blade tip similar to the outlet bleed air; it is the
first factor to obtain a better SMI.

3. The unsteady response to the TLF demonstrates
that the self-recirculating injection can suppress
the self-induced UTLF and postpone the forward
movement of the TLF/MF interface similar to the
separate external tip air injection. The influencing
capability on the TLF under self-recirculating
injection is stronger than that with separate exter-
nal tip air injection. This capability is the second
factor to delay the occurrence of the stall com-
pared with smooth casing.

4. The unsteady response to the rotor wake with self-
recirculating injection was studied for the first
time. Similar to the outlet bleeding air, the self-
recirculating injection can recover the rotor wake
near the casing wall and postpone the downward
movement of characteristic disturbance with
0.2BPF to 0.4BPF. It is the third factor to pro-
mote stall margin extension.

This study gives a transparent explanation about
the coupling inner stability-enhancing mechanisms of
the compact self-recirculating injection with no effi-
ciency penalty in the isolated-rotor axial compressor
and answers the questions about how and why the
self-recirculating injection can enhance stability
clearly. The self-recirculating injection couples the
advantages of the effects on the internal flow field
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under both outlet bleeding air and separate tip air
injection, and it can promote better stability-
enhancing capability and a more valuable application
prospect than the separate outlet bleed air and tip air
injection. This study is helpful to understand the
response mechanism of self-recirculating injection in
the entire stalling process and to give some design
guideline in stall instability control.
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Appendix
Notation

m

M

N

Ps, exit

1:)s, inlet

Pt, exit
Rg
sk
inlet

Unnid
Vx, inlet

inlet mass flow

torque

shaft speed

outlet static pressure

inlet static pressure

outlet total pressure

ideal gas constant

inlet total temperature

tangential velocity at the mid-span
inlet average velocity

%% mass-averaged rotor relative tangential

velocity

mass-averaged rotor relative inlet

velocity

out mass-averaged rotor relative outlet
velocity

5 |

=

efficiency

adiabatic index
environmental density
rotor solidity

flow coefficient
pressure rise coefficient
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