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Abstract: Self-recirculating injection that was demonstrated to delay the occurrence of stall is experimentally 
studied in a single-stage axial flow compressor. It bleeds air from the downstream duct of the stator blade row and 
injects the air as a wall jet upstream of the rotor blade row. The bleed ports, injection ports and recirculating 
channels are circumferentially discrete and occupy only 38% of the circumference. The external injection and 
outlet bleed air are selected for comparison with the self-recirculating injection. Results show that the 
self-recirculating injection has an equivalent stabilizing ability compared to the external injection with the 
maximum injected mass flow under self-recirculating injection condition. It can improve the stall margin by 
13.67% with no efficiency penalty compared with smooth casing; the re-circulated mass flow ratio near stall is 
accordingly generated by 0.48%. However, the outlet bleed air basically has no contribution on the stall margin 
improvement. It indicates that the upstream injection in the self-recirculating injection plays an important role in 
terms of stability-enhancement. The details of flow field are captured using a collection of high frequency pressure 
transducers on the casing with circumferential and chord-wise spatial resolution. The detailed comparative analysis 
of the characteristic flow in terms of endwall flow in the tip gap indicates that self-recirculating injection can 
postpone the occurrence of stalling in the proposed compressor through weakening the unsteadiness of tip leakage 
flow, delaying the forward movement of the interface between the tip leakage and main stream flow, and sharply 
declining the circumferentially propagatingspeed induced by tip leakage flow that triggers the spike-type stall 
inception. This study may be helpful to guide the design of self-recirculating injection in actual application. 
 
Keywords: compressor; self-recirculating injection; stall margin improvement; tip leakage flow;circumferential 
propagation; stall 

 

 

1. INTRODUCTION 

As a type of flow instabilities in an aero-engine compressor, stall 
generally occurs before surge in axial flow compressor. To avoid the 
occurrence of stall, numerous passive and active stability-enhancing 
technologies have been proposed almost from the outset of the first 
gas turbine engines. Hathaway [1] has summarized a historical 
survey of passive endwall treatment designs. A typical form of 
endwall treatment involves extracting high-pressure air from a 
downstream location and re-injecting the air just upstream of the 
critical blade row in the same compressor [2]. Some researchers 
separately extract the upstream re-injecting and develop tip air 
injection, including active tip air injection [3-7] and steady tip air 
injection [8-10].  

However, the external auxiliary compression that supplies the 
high-pressure injected air is still under question for the actual 
application, especially in the aero-engine. This embarrassing problem 
makes researchers return to the initial self-recirculating injection 
concept. See, for example, Freeman et al. [11] and Leinhos et al.[12] 
reported stall control efforts with tip air injection that the air is 
recirculated from the high-pressure stage and injected into the front 
stage in the actual aero-engine. Hathaway [13] proposed the 
self-recirculating casing treatment concept numerically 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 capability. 
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Strazisar et al. [14] experimentally investigated the endwall 
recirculation by redesigning and optimizing the injector in the NASA 
Sage 35. They demonstrated 2% of stall margin improvement (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. Recent year, Weichert et 
al. [15] 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 the reinjection ports are 
optimized for axial location, shape, and orientation, 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. [16] simulated 
the recirculating tip blowing casing treatment in a transonic 
compressor by using URANS and analyzed its influence on the 
blockage of tip leakage flow preliminarily under different tip gaps. 
They also chose the axial slot to make a comparison and found that 
the axial slot is more effective in enhancing the compressor stability 
by suppressing the tip vortex and giving the blockage flow the 
possibility to evade from the main flow [17]. Grosvenor et al. [18] 
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 tip leakage flow. 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 [19]. However, there still exist some 
problems in the previous researches: 1) The SMI contributed by 
self-recirculating injection is limited, sometimes is unstable due to 
lack of understanding of its effect mechanism on the flow field; 2) 



The design guideline is difficult to form that obtains an enough SMI 
with minimum efficiency penalty due to lack of structural 
optimization and sufficient experimental validation. Motivated by 
these two urgent problems for the actual application, the 
self-recirculating injection is experimentally studied through the 
elaborate design and optimization of the self-recirculating device.  

 
Thus, this paper is organized as follows: after the brief 

introduction of previous studies in Section 1. The test rig and 
measurement is described in Section 2. In Section 3, the design and 
optimization of the self-recirculating device is presented. 
Subsequently, the self-recirculating injection is experimentally 
studied in a single-stage axial flow compressor in Section 4. Section 
5 shows the description of the effect mechanisms on the flow filed. 
Finally, the conclusion is summarized. 

2. TEST RIG AND MEASUREMENT SETUP  

An in-house low-speed axial flow compressor with a design 
speed of 2400 rpm was used for the experimental work in this study. 
The blade is designed to model a modern high-pressure compressor. 
The detailed parameters of this compressor are shown in Table 1. 

Table 1. Key parameters of test compressor 

Design speed (rpm) 2400 
Rotor blade number 60 
Outer diameter (mm) 500 
Design Mass flow rate (kg/s) 2.9 
Rotor tip chord (mm) 36.3 
Rotor tip stagger angle (deg) 39.2 
Hub–tip ratio 0.75 
Tip clearance(mm) 0.8 

 
The single-stage axial flow compressor is taken as an example in 

Fig.1 to describe the arrangements of the injector, bleed port and the 
steady, and the unsteady measuring positions. 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 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, respectively. Six pressure transducers from 0.21 
Cax upstream of the LE to the TE are placed in the casing. A row of 
sensors consist of 16 pressure transducers fitted at the axial location 
as 0.26 Cax; and evenly spaced circumferentially. The unsteady 
pressure in the tip gap is measured by using high-frequency Kulite 
pressure transducers. 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 
pressure. Because of the low rotational speed of the compressor, the 
density of the air is approximately constant that the re-circulated 
mass flow could be calculated using the total pressure and static 
pressure. 
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Figure1: Arrangement of the sensors and self-recirculating device 

3. 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. Previous results have 
demonstrated that the injected momentum ratio (injected momentum 
/incoming main stream momentum) plays an important role in terms 
of SMI (see Li et al. [7] and Kefalakis et al. [9]). In this study, the 
optimization guideline is based on the understanding of stabilizing 
mechanism with tip air injection. Li et al. [7] verified 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 as shown in Fig.2, they presented dual 
stability-enhancing mechanisms of the tip air injection and tried to 
provide a unified explanation for the different injected momentum 
ratios (relative to the mean stream momentum at the stall point), 
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 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, decreasing the inlet angle of attack, and thus 
unloading the blade tip. Thus, the optimization guidelines are formed 
in the process of the structural optimization of the self-recirculating 
device. One is that the recirculated air should be injected into the tip 
clearance as much as possible for the upstream injector. The other is 
that the recirculated mass flow ratio should be sufficient to generate 
more injected momentum ratio for the downstream bleed port.  
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Figure 2: SMI versus injected momentum ratios cited from Li et al.[7]

 
Experience indicates that the Coanda injector is recognized to 

have the best wall-attachment effect (see Strasizer et al. [14]); thus, 
the injected air can fully act on the tip clearance flow to extend the 
stall margin (see Tong et al. [6] and Li et al. [7]). Therefore, the 
injector in this study is designed using the Coanda structure. Its 
structure and the corresponding numerically simulating results 
through computational fluid dynamic (Ansys Fluent software) are 
shown in Fig.3. The demand of the parameter setting in the Ansys 
Fluent software and its detailed introduction are ignored in this 
study. The detailed procedures for the numerical simulation were 
given by Geng et al. [20]. The velocity contour in Fig.3 indicates 
that most of injected air could affect the flow field in the tip 
clearance; it conforms to the design requirement. For the bleed port, 
in order to obtain sufficient extracted air considering the injected 
momentum ratio of upstream injection, the optimization of the 
shape of the suction port is crucial. Especially considering the 
future application in the actual multi-stages compressor that the gap 
between rotor and stator is very short, taking for an example our 
three-stage compressor, the stage gap is only 5mm. However, the 
optimization work for the suction port is not often reported in the 
open literature. Weichert et al. [15] investigated the geometric shape 
of the extraction hole, but indicated that the shape of extraction hole 
has an insignificant effect on the re-circulated mass flow. Previous 
results [21] validated that the bleed direction and the geometry of 
port shown in Fig.4 is better. It can extend the stall margin of an 
isolated-rotor axial flow compressor by 6.12% combined with the 
Coanda injector. This study will take full advantage of the 
optimized bleed port to do the further research.  

 
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. 

 

Figure 3: Structure of the injector 

Figure 4: Structure of the bleed port 
 

4. STEADY CHARACTERISTIC PARAMETERS  
 
   The compressor performance is evaluated by using pressure rise 
and efficiency characteristics. The pressure rise coefficient, , is 
expressed as	(P , − P , )/(0.5U ). The flow coefficient, Φ, 
is defined as 	V , /U . 	P ,  and P ,  are the ambient 
pressure and the outlet static pressure on the casing wall, 
respectively. V , 	  is the inlet average velocity. U  is the 
tangential velocity at the mid-span, and  represents 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 casing (SC), i.e.,(Φ −
Φ )/Φ × 100%. The efficiency, , is calculated from the 
shaft torque and the change in total pressure across the stage as 

follows: /(− 1)R T∗ P , /P , − 1 ( )/m/(2NM/60), where  is the adiabatic index, R  is the ideal gas constant, T	∗  is the inlet total temperature, P ,  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 recording 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 several times to ensure representative results. For each 
parameter that is studied, back-to-back tests are performed, and the 
smooth wall case 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. Fig.5 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 0.459 and 0.619 respectively.  

 
On the basis of good repetition, three flow coefficient conditions 

are selected to conduct the detailed measurements of the flow field 
and defined them as large-flow coefficient (Φ=0.55), low-flow 
coefficient (Φ=0.50), and near-stall point (Φ=0.48).  
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Figure 5: Characteristic line with SC 

 
Characteristic curves with different cases 
 

During the comparatively experimental test with different 
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 
compression system, and the injected mass flow for each injector is 
measured by using an additional mass flow meter. Under the above 
preconditions, the following comparison of characteristic line is 
meaningful. The experimental results show that the maximum 
injected mass flow ratio with self-recirculating injection is 
approximately 0.48% (injected mass flow divided by design mass 
flow) at the stall point, and its corresponding injected momentum 
ratio is approximately 0.7%. Back to the original optimization 
guideline, the re-circulated momentum ratio should be located in the 
section of macro injection. Thus, the SMI as a function of injected 
momentum ratio that is obtained by using the external tip air 
injection should be given first as shown in Fig.6. One can observe 
that the injected momentum ratio under self-recirculating injection 
marked by the red solid arrow is located in the area of macro 
injection. It achieves the aim of the optimization design in terms of 
the recirculating structure compared to the experiment with no 
optimization proposed by Li et al. [22]. 
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Figure 6: SMI versus injected momentum ratio in the single-stage compressor
 

Fig.7 shows the comparative characteristic line of pressure rise 
and efficiency under self-recirculating injection compared with SC, 
outlet bleed air, and external tip air injection. The abscissa is flow 
coefficient Φ, and the ordinate represents the pressure rise coefficient 
 and efficiency η. In Fig.7 (a), the flow coefficients at the stall 
point under the self-recirculating injection and external tip air 
injection are obviously less than that under SC, especially for 
self-recirculating injection; it can postpone the stalling to give rise to 
the best SMI. However, the outlet bleed air has no effect on the stall 
point basically. Based on the definition of SMI at the beginning of 
this section, the SMI with different cases is given in Table 2. 
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Figure 7: Characteristic curve line in single-stage axial flow 
compressor

 

 

 



Table 2 The SMI under different cases 

Case SC Self-recirculating 
injection 

External tip air 
injection 

Outlet bleed air

ΦNS 0.459 0.396 0.403 0.465 

SMI 0 13.67% 12.3% -0.97% 

 

In Table 2, the SMI of self-recirculating injection is 
approximately 13.67%. The outlet bleed air and tip air injection can 
obtain 12.3% and -0.97% of SMI, respectively. These data indicate 
that the self-recirculating 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 indicated that the efficiency of a compressor 
is affected by a penalty with their self-designed self-regulating 
injection (see Weichert [15] and Guinet [16]). The effect on the 
efficiency with the proposed self-recirculating injection in this study 
should also be investigated.  

 
In Fig.7 (b), the three different cases do not reduce the 

compressor efficiency basically. In the definition 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 Fig.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 considered, the efficiency 
under outlet bleed air and external 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 green circle shown in Fig.7 (b) and has a sharp drop 
compared with other efficiency lines. 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 following question is why the self-recirculating 
injection can postpone the stall point so late. The outlet bleed air 
cannot delay the occurrence of stall in the proposed single-stage 
compressor; it doesn’t influence the flow field that only the tip air 
injection is selected to make a comparative analysis of the 
stability-enhancing mechanism in the following parts. For the tip air 
injection, judged by the demarcation momentum ratio in the same 
compressor proposed by Li [7], the injected momentum ratio in this 
study is macro injection, which both acts on the tip leakage flow and 
main flow. By contrast, for the self-recirculating injection, its 
influencing mechanism on the flow field is sorely lacking to explain 
the inner reason of its stability-enhancing capability experimentally. 
In this study, considering the difficult measurement in the gap 
between rotor blade and stator blade that it is less than 5mm, only the 
detailed measurements in the casing are performed under different 
cases. The analysis of the effect on the internal flow field is 
conducted in the following section. 

 
5. STABILITY-ENHANCING MECHANISM OF 
SELF-RECIRCULATING INJECTION 
 
Trajectory of Tip leakage flow: Previous researches indicate that tip 
leakage flow plays an important role in the throttling process under a 
certain tip clearance (see Du et al. [23] and Vo et al. [24]). They 
found the forward movement of the interface between the tip leakage 
flow (TLF) and incoming main stream flow (MF) as the throttle is 
closed and the spillage of the interface will induce the spike-type 
stall inception. In order to express the interface, the velocity vector 
distribution, root mean square of the pressure (RMSP) contour, and 

entropy distribution are adopted in the numerical simulation. 
However, only the dynamic pressure can be measured in the tip gap 
in the experiment, thus, the RMSP contour is selected to investigate 
the trajectory of the tip leakage flow in this study.  

Fig.8 depicts the RMSP contour under different flow coefficients. 
The RMSP 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 [25] indicated that a high RMS can represent the 
oscillation of the TLF, and the trace of the high-RMS regions can 
reflect the TLF/MF interface similar to what the entropy contours can 
do. Based on these results, the RMSP contour at the flow coefficient 
of 0.48 in Fig.8 is considered an example to give a general 
description of the phase-locked unsteady feature of the tip leakage 
flow. The red region (high RMS) representing the high fluctuation 
indicates the unsteady tip leakage flow. The blue region (low RMS) 
near the blade LE represents the steady incoming main flow. Thus, 
an “interface” between these two flows is formed, which is marked 
as red dashed arrow in the plot. Comparison of the three plots in 
Fig.8 indicates that the red region only appears in the low-flow 
coefficient conditions (Φ=0.50), and the distance (marked by the 
double-headed arrow) from the interface in the pressure side to the 
LE (marked by the red dashed 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 at the near stall point 
(Φ=0.48). In addition, the high RMS (i.e., the red color region) can 
also represent a stronger TLF oscillation in the tip region. This TLF 
oscillation becomes stronger with a gradual decrease in flow 
coefficient, particularly the TLF oscillation located at the 26% Cax is 
strongest at the near stall point. But it lacks a strong persuasion only 
according to the shade of the red region. The power spectrum density 
(PSD) can generally be used to display the unsteady fluctuation of 
the tip leakage flow because the PSD can distinguish the frequency 
band distribution of different signals in all the time-resolved data 
along the blade chord [20-23]. 

 

(a) Φ=0.55 

(b) Φ=0.50 

(c) Φ=0.48 

Figure 8. RMSP contours with SC 



Fig.9 depicts the RMSP contours under different cases at the 
near-stall point with SC (Φ=0.48). Compared with the RMSP contour 
under SC; the TLF/MF interface marked by the red arrow under 
self-recirculating injection and external tip air injection moves 
rearward towards the blade TE, as shown by the distance from the 
red circle to the blade LE. From the analytical results for Fig.8, we 
can conclude that the self-recirculating injection and tip air injection 
can delay the forward movement of TLF/MF interface towards the 
blade LE to contribute to SMI. In addition to the effects on the 
TLF/MF interface with the stability-enhancing technology, the 
strength of the red region becomes weaker under the influence of 
self-recirculating injection and tip air injection than that under SC. 
The red region in the RMSP contour can represent the unsteady 
fluctuation of the tip leakage flow in the previous section. This 
phenomenon implies that the self-recirculating injection and tip air 
injection may influence the unsteady fluctuation of the tip leakage 
flow. In order to further verify this result, the frequency spectrum 
analysis on the basis of PSD method is presented to assess the 
time-resolved data along the blade chord under different cases of 
stability-enhancing technology.  

(a) SC 

（b）Self-recirculating injection 

(c) Tip air injection 

Figure 9: RMSP contours with different cases 

Unsteadiness of tip leakage flow: Fig.10 plots the PSD distributions 
from the LE to the TE of the rotor blade 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 (Pa2/Hz). Besides the BPF band with a normalized 
frequency of 1, there exist another two frequency bands, one band is 
located near 0.2BPF, and another band is located from 0.24BPF to 
0.56BPF. In the throttling process, the change of the first band, 
whose is centered at around 0.2BPF, is not regular. However, the 
amplitude of the signature frequency band marked by the rectangular 
box presents an increasing trend with the throttling of the 
compressor. Tong [6] experimentally illustrated that the signature 
frequency band is related to unsteadiness of tip leakage flow (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 (Φ=0.50) compared with the large-flow 
coefficient (Φ=0.55). Especially for the position located from CH3 to 
CH4 in the figure, the obvious increasing trend of the amplitude in 
the throttling process implies that this region is more sensitive to the 
unsteady tip leakage flow than other positions. The changing process 
of the amplitude forms a good corresponding relationship with 
unsteady oscillation (high RMS), i.e., the gradual deepening in the 
red region during the throttling process in Fig.8. 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 different types of stability-enhancing technology further. 

 

Figure 10: PSD distribution with different flow coefficients under SC
 

Fig.11 gives the comparative PSD profiles under the different 
cases of stability-enhancing technology at a flow coefficientof0.5, 
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. Therefore, the application of 
self-recirculating injection and tip air injection can stabilize the 
compressor through weakening the self-induced UTLF in the tip gap 
region. 
 

 
Figure 11: PSD distributions under different cases  

Circumferential propagation: According to the above-mentioned 
PSD profiles, the amplitude of the signature frequency band 
obviously rise near the stall point (Φ=0.48) as compared with the 
large flow coefficient (Φ=0.55), especially for the location at 26% 
Cax. Therefore, the time-resolved pressure signals located at 26% Cax 
are used to perform the individual PSD analysis in the throttling 
process as shown in Fig.10. Note that there exist two signature 
frequency bands named as Band 1 and Band 2 in addition to the BPF. 
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(c) Filter with 0.7BPF-0.9BPF 

Figure 13: Circumferential propagation of pressure signal with different 
frequency bands 

 

Fig.14 depicts the evolutionary process of the circumferential 
propagation of the unsteady tip leakage flow in the process of to be 
near stall; the contours are plotted based on the band-pass filter with 
0.24 BPF-0.66 BPF. The previous results [34] indicated that the 
absolute value of the slope of the color band represents the relative 
propagating speed of the self-induced UTLF. For example, if the 
absolute value of the slope of the bright color band is 1, the 
propagating speed is equal to the blade tip speed. When the flow 
conditions (Φ=0.58) is far away from the stall limits, no 
circumferential propagation exists based on the slope of the color 
band (the absolute value of slope is 1). Only when the flow 
coefficient decreases to 0.53, the slight propagation begins to appear; 
the propagating phenomenon becomes increasingly evident with 
further throttling. Additionally, the red region with a negative slope 
will become more and more evenly spaced until the stall occurs as 
shown in Fig.14 (e). The propagating speed in Fig.10 (c) was found 
to be 43% of the blade tip speed (angular frequency is approximately 
40Hz), and the propagating speed at the near stall point can rise to 
47% of the blade tip speed shown in Fig.14 (d). Thus, the detailed 
investigations of the circumferential propagation induced by 
unsteady TLF before the emergence of stall inception present the 
relationship between the TLF and spike-type stall inception in terms 
of circumferential propagation.  

 

(a) Ф=0.58 

(b) Ф=0.55 

(c) Ф=0.53 

(d) Ф=0.50 

(e) Ф=0.46 

Figure 14：Circumferential propagation of TLF with different flow 
coefficients under SC 

 
Fig.15 depicts the propagating speed of the disturbance in the 

process to be near stall with different cases, including SC, external 
tip air injection, and self-recirculating injection. The abscissa is the 
flow coefficient Φ; the ordinate represents the propagating speed 
(relative to the blade tip speed). The data processing of the 
propagating speed is based on the evolutionary process of the 
circumferential propagation in Fig.14. The absolute value of the 
slope of the red band region can represent the propagating speed of 
the fluctuating disturbance induced by the tip leakage flow. The value 
of speed can be collected by calculating the slope. The evolutionary 
process of propagating speed under SC in Fig.15 is taken for an 
example. The circumferential propagation only occurs at the low 
flow coefficient (Φ=0.53 in the tested compressor). As the flow 
coefficient decreases from 0.53 to the stall point, the propagating 
speed accordingly increases from 0.41 to 0.61 that corresponds to the 
propagating speed of the spike-type stall inception. Compared with 
the SC, the propagating speed dominated by the self-induced TLF 
becomes slower under the condition of self-recirculating injection 
and external tip air injection. Base on the analytical results of the 
circumferentially propagating process under SC, the reduction in 
propagating speed implies that the flow field in the compressor shifts 
farther away from the stall point and the stability is improved. For 
example, the dashed box in Fig.15 shows the propagating speed with 
different cases at the near stall point under the SC (Φ=0.48); the 
relative reduction of the propagating speed as compared to SC with 
self-recirculating injection is more than that with external tip air 
injection, thereby causing the SMI to increase a little more with 
self-recirculating injection as revealed by the characteristic lines in 
Fig.7. Additionally, in the comparative tendency curve of the 
propagating speed in the throttling process under SC, 
self-recirculating injection and external injection in Fig.15, the 
propagating speed of the disturbance induced by the unsteady TLF at 
their respective near stall point is near 0.61. It implies that the stall 
characteristics under these different cases are the same and are all 
related to the tip leakage flow. This result reaches agreement with 
Li’s previous conclusion [7] that the micro injection and macro 
injection could not change the stall route of the compressor compared 
with SC. 
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Figure 15: Circumferentially propagating speed with different cases 
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In this section, the characteristic performance and 
stability-enhancing mechanism under self-recirculating injection 
installed in single-stage axial flow compressor is detailedly 
described. Self-recirculating injection can obtain SMI by 13.67% 
with no efficiency penalty compared with SC, external tip air 
injection, and outlet bleed air. It can postpone the occurrence of stall 
by suppressing the forward movement of the TLF/MF interface, 
weakening the unsteadiness of tip leakage flow, and slowing the 
circumferentially propagating speed of the disturbance originated 
from the unsteady tip leakage flow that induces the propagation of 
the spike-type stall inception. 

6. CONCLUSION 

A detailedly experimental study about the self-recirculating 
injection in a single-stage axial flow compressor is conducted. In this 
study, the steady response to pressure rise and efficiency, and the 
unsteady response to trajectory and fluctuation of tip leakage flow 
and circumferential propagation with self-recirculating injection 
compared with outlet bleed and external tip air injection are 
investigated. The following conclusions can be drawn: 

 
1. The well-designed and optimized self-recirculating injection, 

including the Coanda injector and bleed port, that injects air over the 
blade tip at the LE and bleeds the air from the casing downstream of 
the last blade row can improve the stall margin by 13.67% in 
single-stage compressor on the premise of no efficiency penalty. Due 
to the comprehensive advantages in terms of balancing the effect on 
stability and efficiency, this approach is better than the separate outlet 
bleed, external tip air injection with the same injected momentum 
ratio, and other traditional casing treatment that must consider the 
efficiency loss in application.  

 
2. The unsteady response to the tip leakage flow 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 tip leakage flow under self-recirculating injection is 
one of the factors to delay the occurrence of the stall compared with 
SC. 

 
3. The unsteady response to circumferentially propagating 

characteristic induced by the tip leakage flow indicates that although 
the final circumferentially propagating speed of stall inception are 
basically the same (approximate 0.6 relative to the blade tip speed) 
under self-recirculating injection, external tip air injection, and SC, 
the self-recirculating injection can slow down the increasing speed of 
the circumferentially propagating speed in the process of to be near 
stall compared with SC. It is another factor to promote stall margin 
extension. 

 
This study gives a transparent explanation about the inner 

stability-enhancing mechanisms of the self-recirculating injection 
with no efficiency penalty in the single-stage 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 stability and 
efficiency, and it can promote 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 
 
NOMENCLATURE 
 

Ф Flow coefficient 
Ψ Pressure rise coefficient 
η Efficiency P ,  Inlet static pressure P , Outlet static pressure 

P , Outlet total pressure T ∗ Inlet total temperature V ,  Inlet average velocity U Tangential velocity at the mid-span 
ρ Environmental density 
 Adiabatic index R  Ideal gas constant 
N Shaft speed 
M Torque m Inlet mass flow 

Abbreviations  
BPF Blade passing frequency 
Cax Axial chord 
LE Leading edge 
MF Main flow 
NS Near stall point 

PSD Power spectrum density 
RMS Root mean square 
SMI Stall margin improvement 
SC Smooth wall casing 
TE Trailing edge 

TLF Tip leakage flow 
UTLF Unsteadiness of tip leakage flow 

 


