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Abstract: A series of experiments and numerical simulations are carried out in a high-speed axial compressor to
systematically investigate the influence and underlying flow mechanisms of micro tip injection on enhancing
compressor stability. Different geometric structures of micro tip injection have been investigated, including the axial
positions of injector port, injected mass flow rate and injector diameter. First, seven designed micro tip injection
structures and one solid wall casing are tested in the compressor test rig to elucidate the influence of different micro tip
injection parameters on the compressor stability. Then, numerical simulations are conducted to analyze the underlying
flow mechanisms of micro tip injection with different design parameters on enhancing the compressor stability. The
experimental and numerical investigation reveal that when the injection port is located upstream of the low-speed
region, the compressor stability is significantly enhanced. The tip injection with larger injected mass flow can obtain
higher stall margin improvement. Smaller injector diameter produces higher injection momentum and velocity,
contributing to greater improvement on the compressor stability.
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0 Introduction

Aeroengines are developing towards higher
thrust-to-weight ratios, lower fuel consumption
rates, and higher stability, demanding more strin-
gent design and development standards for compres-
sors. Increasing the rotor tip speed is one of the pri-
mary measures to enhance the compressor’ s work
capacity. However, as the rotor tip speed increases,
the intensity of the rotor tip leakage flow and shock
also increases, and the low-velocity fluid generated
by their interaction poses a threat to the compressor
stability. Therefore, while the compressor is devel-
oping towards higher loads, improving the compres-
sor stability remains an urgent challenge today'"*’.

Tip injection'” is one of the well-known flow

control technologies to enhance the compressor stall
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margin. The high-pressure air injects into the blade
tip region, and it changes the flow conditions near
the tip region, so the compressor stability is en-
hanced. Tip injection can enhance the compressor
stability without detriment to the compressor effi-
ciency. Due to the potential benefits of tip injection,
it has attracted significant attention from research-
ers. Tip injection has been confirmed to effectively
extend the stall margin of axial compressor in most
of studies. Day"* conducted an experimental study
on a four-stage low-speed axial compressor, and
found that for both spike-stall and modal stall, the
tip injection could improve the compressor stall mar-
gin. Strazisar et al.””’ conducted an experimental
study on a six-stage high-load axial flow compres-
sor, and found that the tip injection could improve

both the compressor stability and the total pressure
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ratio at 78% design speed. Researchers have con-
ducted studies to investigate the influence of differ-
ent tip injection design parameters on the compres-
sor stability. Weigl et al.'" designed three tip injec-
tion schemes with different injected yaw angles,
among which the tip injection scheme with an inject-
ed yaw angle of —15° obtained the greatest stall
margin improvement (SMI). Cassina et al.'” inves-
tigated the effect of different injection mass flow
rates (1.19%, 2.7% and 4.3% of overall mass
flow) on the compressor stability, and found that a
higher injection mass flow rate led to better com-
pressor stability. Ding et al."*’ found that as the injec-
tion axial position gradually moves upstream, the
ability of tip injection to improve the compressor sta-
bility shows a trend of first increasing and then de-
creasing, and there was an optimal injection axial
position for the largest SMI. Numerous studies have
also been conducted to understand the stability-en-
hancing mechanism of tip injection. Suder et al.'”
conducted a parametric study on NASA (National
Aeronautics and Space Administration) Rotor 35,
and they concluded that the SMI obtained by the tip
injection was positively correlated with the injection
velocity, and the high-speed injection flow reduced
the attack angle and blade load, so the compressor
stability was improved. According to Refl.[10], tip
injection can enhance the airflow at the rotor leading
edge, suppressing the negative impacts of tip clear-
ance backflow and tip leakage vortex formation.
Khaleghi et al.'""""*' further suggested that the im-
provement of the compressor stability was related to
the increase in injection momentum, and a higher in-
jection momentum could result in a greater improve-
ment of the compressor surge margin. Chen et al.""”
found that the tip injection could suppress the devel-
opment of stall cell by performing full-passage nu-
merical simulations on NASA Rotor 35. Wu et al.'™*
conducted unsteady numerical simulations on
NASA Rotor 35 and concluded that the excitation
of the low-speed region near the blade tip by the in-
jection flow was the primary factor to improve the
compressor stability, while the unloading effect of
the tip injection on the blade tip loads played a sec-

ondary role.

With the extensive researches in the field of tip
injection, Nie et al.'"” proposed the concept of mi-
cro tip injection, and carried out experimental re-
search on a three-stage low-speed axial flow com-
pressor, and found that a 5.83% SMI was obtained
by using an injection mass flow rate of 0.056% of
the main flow. Tong et al."*'"" investigated the mi-
cro tip injection in a low-speed axial flow compres-
sor. The injected mass flow rate of micro tip injec-
tion was significantly reduced, yet the tip injection
still remained great stability-enhancing ability. Be-
sides, they measured the dynamic pressure field in
tip clearance, and pointed out that the injection mo-
mentum further affected the compressor stability
margin compared to the injection mass flow rate.
Geng et al.'"*" suggested that for the subsonic axial
compressor, the micro tip injection affected the initi-
ation position of the tip leakage flow and reduced
the flow losses in the rotor tip passage, while for
the transonic axial compressor, the micro tip injec-
tion suppressed the unsteady fluctuation of the tip
leakage flow and made the tip leakage vortex trajec-
tory shift to the blade suction surface. Li et al.'*"
proposed an automatic stability control method us-
ing solid wall pressure signals as the feedback,
which achieved nearly an equal SMI (20% ) as the
steady tip injection with approximately one-fifth of
steady injection mass flow. In actual application,
the injected flow is bled from the rear of the real
compressor. However, a large amount of injected
mass flow will lead to significant efficiency losses in
the whole compression system. It is essential to min-
imize the amount of injected mass flow, and micro
tip injection with less injected energy can well deal
with this problem. In the previous studies about mi-
cro tip injection, there also exist some shortcom-
ings. Most studies have only investigated micro tip
injection in a low-speed axial flow compressor.
However, modern high-load compressors usually
operate at extremely high rotational speeds. There-
fore, the parametric study about micro tip injection
in a high-speed axial compressor needs to be further
developed and refined. Additionally, the stability-
enhancing mechanism of micro tip injection in high-
speed axial compressors also needs to be deeply un-

derstood.
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In the present study, an experimental and nu-
merical investigation is conducted to evaluate the in-
fluence of micro tip injection on a high-speed axial
compressor stability. Firstly, the parametric studies
of different injection axial positions, injected mass
flow rates, and injector diameters are systematically
studied by experimental methods, and the influence
of different design parameters on the compressor sta-
bility are summarized. Then, the flow mechanisms
of different design parameters impacting the com-
pressor stability are explored using unsteady numeri-
cal simulations. This paper aims to address the limi-
tations of previous studies, further elucidate the un-
derlying flow mechanisms of different parameters
impacting the stability-enhancing ability of micro tip
injection, and provide support for the development
and application of micro tip injection in real compres-

SOTS.

1 Research Object and Research
Methods

1.1 Research object

In this paper, the subsonic high-speed axial
compressor rotor at Northwestern Polytechnical
University is selected as the research object. Fig.1
shows the cross-sectional diagram of the compressor
test rig. The test rig consists of a DC motor, an ac-
celerator, a torque meter, a test section, an outlet
pipe, an orifice flowmeter, and a throttle valve.
The intake direction is radial. The power comes
from the 350 kW DC motor with a rated speed of
1 250 r/min. To meet the operational speed require-
ments of the compressor rotor, an accelerator with a
gear ratio of 15: 1 is used to increase the rotational
speed of the rotor. The maximum rotational speed
of the rotor is 15 200 r/min. An NC-3 torque meter
is installed between the accelerator and the test sec-
tion to monitor the torque and rotational speed of
the rotor. During the experiment, air enters the com-
pressor radially through a metal dust screen, pass-
ing through the test section, outlet pipe, and throt-
tle valve before being discharged into the laboratory
atmosphere. The test section is designed to accom-
modate inlet guide vane, rotor, and stator for flexi-

ble assembly and disassembly. Multiple test ports

are located at various axial and circumferential posi-
tions on the external surface, meeting the present
compressor performance testing needs. Table 1
shows the basic design parameters of the compres-
sor rotor. The present experimental and numerical

investigation are all carried out at 70% of the maxi-

mum rotational speed.

1—DC motor; 2— Accelerator; 3— Torque meter; 4—In-
take steel cover; 5— Rotor disk; 6 — Stator disk; 7— Orifice
flowmeter; 8— Throttle valve; a— Rotor inlet probe location;
b— Rotor outlet probe location

Fig.1 Diagram of the compressor test rig

Table 1 Basic design parameters of the compressor rotor

Parameter Value

Mass flow rate/(kgss™") 5.6
Adiabatic efficiency 0.905
Total pressure ratio 1.245
Rotational speed/(r*min ") 15 200

Hub-tip radius ratio 0.61

Number of rotors 30

Aspect ratio 1.94

Tip gap/mm 0.3

1.2 Experiment measurement method

Before the experiment, the local atmospheric
pressure and temperature are measured using a mer-
cury pressure gauge and a mercury temperature
gauge, respectively. And the actual rotational speed
is calculated according to the conversion rotational
speed required by the experiment. The rotational
speed and torque are measured by the torque meter.
Two three-hole probes are used to measure the inlet
and outlet total pressure, static pressure, and air-
flow angle, respectively. The electronic pressure
scanning valve is used for pressure signal acquisi-
tion. The inlet measurement axial position is located
at four times the axial chord length upstream of the
rotor leading edge, and the outlet measurement axi-
al position is located at two times the axial chord
length of the rotor trailing edge. The probes can be
moved along the radial direction, and the airflow pa-

rameters in the seven radial positions are measured
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in the experiment. Each radial position is collected
ten times, and the average-value is used as the mea-
surement result of this radial position. Finally, the
rotor total performance is calculated by averaging
the flow parameters at the seven radial positions. An
orifice plate is installed in the middle of the outlet
section to measure the mass flow rate, and the mass
flow rate is changed by adjusting the throttle valve.
If the temperature increment is used to calcu-
late the compressor efficiency, the absolute error
needs to be controlled within 0.1 ‘C. However, the
temperature increment is small for the rotor, and it
is difficult to quickly obtain the high precision tem-
perature in the experiment, so the compressor
torque and other parameters are used to calculate
the compressor isentropic efficiency 5'. The specific
calculation formula is shown in Eqs.(1—3) , where
L..x represents the isentropic compression work,
L the actual work consumed, £ the specific heat ra-
tio, R the gas constant, T, the inlet total tempera-
ture, i the total pressure ratio, T the torque, n the

rotational speed, and m the mass flow rate.

. L
= 1
7 I (1)
b 1
L;d,K:ﬁRTI*[(TE;) b—1] (2)
L 100 Tn )
K 955m

In the tip injection experiment, the high-pres-
sure gas comes from the gas tank, with a maximum
gas pressure of 1.6 MPa, and the gas tank trans-
ports the high-pressure gas to each laboratory
through gas pipelines. The whole tip injection de-
vice consists of a high-pressure gas tank, a gas sup-
ply value, a pressure reducing valve, a pressure
gauge, a flowmeter, and several gas pipelines. The
flowmeter can measure the volumetric flow rate and
temperature of the airflow. By combining these pa-
rameters with the pressure value from the pressure
gauge, the mass flow rate of the injected flow can
be calculated. After the high-pressure gas is fil-
tered, reduced and stabilized pressure, it is divided
into the experimental pieces according to the experi-
mental demand. Fig.2 shows the diagram of high-

pressure gas transmission.

Pressure
reducing valve

High-pressure Gas supply
gas tank valve

[Tip inj ectionj Mass flow P ]
. H ressure gauge
experiment rate gauge

(a) Schematic diagram of gas transmission

(d) Airflow pipeline

Fig.2 Diagram of high-pressure gas transmission

1.3 Numerical method and verification

The grid is generated by Autogrid5 module of
NUMECA software. The compressor rotor passage
adopts the HOH-type grid topology. The rotor tip
clearance adopts the butterfly grid topology. The in-
let and outlet extensions adopt the H-type grid topol-
ogy. Fig.3 shows the grid diagram of calculation do-
main. Based on extensive previous research, our re-
search team obtains a very reliable single-passage ro-

[22]

tor grid for numerical simulations™*. The grid point
distribution in the rotor passage is 25X69X209
(circumferential X radial X around the blade). The
grid point distribution in the rotor tip clearance is

17X 17X 209. The total number of single-passage
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grids is about 970 000, and the three-passage grid is
obtained by replicating the single-passage grid. To
ensure the dimensionless distance y+ 1s less than 1,
the distance between the first layer grid and the solid
wall is set to 5X 107 m.

A Grid at tip
_~"leading edge _

H grid trailing edge

(a) Grid on blade-to-blade surfaces

(b) Three-passage gird used for unsteady numerical simulation

Fig.3 Grid diagram of calculation domain

The interactive geometry modeler and grid gen-
erator (IGG) module of NUMECA software is
used to generate the grid of tip injection section.
The injector port adopts a butterfly-type grid topolo-
gy. The injector inlet boundary condition is set to
the steady mass flow rate, and the injector is con-
nected to the casing surface through the “full non-
matching” method.

Using the ANSYS CFX software, the un-
steady numerical simulations are carried out in this
paper, and the k-omega turbulence model is select
ed to solve the 3D Navier-Stokes equation. The
temporal discretization scheme used for numerical
calculations is dual time stepping, with 20 physical
time steps for each blade passage and 20 inner itera-
tions numbers. In the numerical calculations, the in-
let/out extension section and the stator passage are
set to the stationary domain, and the rotor passage
is set to the rotational domain. The inlet boundary
conditions are set as follows: The total pressure is
101 325 Pa, and the total temperature is 288.15 K.
The outlet boundary condition defines as the aver-
age static pressure. By gradually increasing the out-
let average static pressure, the complete compres-

sor performance curves are obtained, and the differ-

ent in outlet average static pressure between the
neat-stall point and the first divergent numerical cal~
culation is 50 Pa.

Fig.4 compares the compressor total perfor-
mance for the numerical simulation and experiment.
The numerical simulation accurately predicts the
compressor total performance and the distribution of
total pressure ratio along the radial direction, and
the relative error between the numerical results and
the experimental values is smaller than 2%, so the
grid independence verification and the turbulence
model verification are not shown in this paper. How-
ever, there is still a certain error between the experi-

mental values and the numerical results, which may

1.14
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H
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0.94
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[
Q
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g
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0.80 1 1 1 1 1
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—e— Calulation
0.8
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Fig.4 Comparison between numerical and experimental

results
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be caused by the following reasons: (1) The present
numerical simulation techniques cannot fully capture
the complex flow inside the compressor, and there
will be inevitable errors in experimental measure-
ments; (2)the compressor geometric model used in
numerical simulations cannot be completely consis-

tent with the real compressor test rig.

2 Micro Tip Injection Experimen-
tal Results and Discussion

In this section, the micro tip injection struc-
tures with different design parameters are examined
in the high-speed axial compressor test rig. The in-
fluence of the different injection axial positions, in-
jected mass flow rates and injector diameters on the

compressor stability are analyzed and summarized.
2.1 Micro tip injection structures

Fig.5 shows the diagram of the micro tip injec-
tion structure. The injection axial position is the axi-
al distance from the injector port to the rotor tip lead-
ing edge. When the injector port is located down-
stream of the rotor tip leading edge, the injection ax-
ial position is a positive value. Using the circle as
the injector port cross-sectional shape, four micro
tip injection structures are evenly arranged along the
circumferential direction. The injected yaw angle
and injected skew angle are constant, both set at 0°
and 15°, respectively. The injected mass flow rate
of each injector is normalized by the compressor de-
sign mass flow rate. Seven micro tip injection struc-
tures and one solid wall casing test pieces are de-
signed. Table 2 shows the specific design parame-
ters for micro tip injection test pieces, where the
No.l experimental piece represents the solid-wall
casing (SW) and C, represents the rotor tip axial
chord length. Fig.6 presents the physical images of
part of the experimental test pieces.

jecsey flow, Injection axial

position
15°

Shroud
Injector port
Injected skew angle
Leading edge/  Rotor blade Trailing edge
Hub

Fig.5 Diagram of the micro tip injection structure

Table 2 Specific design parameters for different

experimental test pieces

?njector Injection Normalized injected
Number diameter/ . . mass flow rate for one
i axial position injector/ %

1 J— J— J—

2 2 12%C, 0.024
3 2 —21.3%C, 0.024
4 2 —54.4%C, 0.024
5 2 12%C, 0.048
6 2 12%C, 0.012
7 3 12%C, 0.024
8 4 12%C, 0.024

5 £

£ \
\ &

(a) No.2

(b) No.7 (c)No.8

(d) Comparison of micro tip injection test pieces for
different injector diameters

Fig.6 Images of part of experimental pieces

2.2 Influence of different injection axial posi-

tions on the compressor stability

Based on an injector diameter of 2 mm and on-
ly an injected mass flow rate of 0.024% of the de-
sign mass flow rate of the compressor for one injec-
tor, three experimental pieces with injection axial
positions of 12%C,, —21.3%C,, and —54.4%C,
are discussed (corresponding to the No.2, No.3 and
No.4 in Table 2, respectively).

Fig.7

curves for the experimental micro tip injection struc-

shows the compressor performance
tures with different injection axial positions. Due to
the limitation of experimental measurement condi-
tion, the energy introduced by the injector cannot be
measured. Therefore, the compressor total perfor-
mance discussed in this paper does not take into ac-

count the energy brought by the injected flow. As
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Total pressure ratio
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Isentropic efficiency

S
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Fig.7 Experimental compressor performance curves for

different injection axial positions

shown in Fig.7, the three micro tip injections with
different injection axial positions improve the com-
pressor stability to varying degrees, and the total
pressure ratio and efficiency are also improved.
Among them, the tip injection with the injection axi-
al position of 12% C, has the strongest ability to im-
prove the compressor stability, and the near-stall
mass flow rate is reduced to about 3.84 kg/s. And
the improvement in the total pressure ratio and effi-
ciency is also the most significant. Compared to the
previous studies, the improvement in the compres-
sor stability is considerable. With the gradual for-
ward movement of the injection axial position, the
ability of tip injection to improve the compressor sta-
bility gradually weakens, while the improvement in
the total pressure ratio and efficiency gradually de-
creases.

To quantify the effects of different micro tip in-
jections on the compressor stability and perfor-
mance, the SMI and peak efficiency improvement
(PEI) are introduced in the paper. The SMI and
PEI are defined by Eq.(4) and Eq.(5), where z”
represents the compressor total pressure ratio and m

the mass flow rate. The subscript of injection repre-

sents the tip injection. The subscript of SW repre-
sents the solid-wall casing and the subscript of s rep-
resents the near-stall condition.

SMI: ( 7r:njcclion ) ( ”;w ) ( ”gw ) >< 100%

Msw Mgy

s

m injection

(4)

PET=[(cu Jjceion — (peaicJsw 1X 10026 (5)

Table 3 gives the values of SMI and PEI for

tip injections with different injection axial positions.
As shown in Table 3, the micro tip injections not
only improve the compressor stability, but also im-
prove the peak efficiency. The tip injection with the
injection axial position of 12% C, obtains the largest
SMI and PEI, with values of 6.07% and 0.49%,
respectively. The farther the injection axial position
is from the rotor tip leading edge, the smaller the
benefits brought by the tip injection. Due to the size
limit of the compressor test rig, the injection axial
position did not move further into the rotor tip pas-
sage. Therefore, in the practical application of aero-
engines, the injection axial position should not be ar-

ranged at a long distance upstream of the rotor tip.

Table 3 Values of SMI and PEI for tip injection with

different injection axial positions

Injection axial

Number m,/(kgss™") SMI/% PEI/%

position
1 — 4.054 8 — —
2 12%C, 3.8319 6.07 0.49
3 —21.3%C, 3.883 4 4.65 0.30
4 —54.4%C, 3.9225 3.48 0.20

2.3 Influence of different injected mass flow

rates on the compressor stability

Based on an injector diameter of 2 mm and an
injection axial position of 12%C,, three experimen-
tal pieces with injected mass flow rates of 0.012%,
0.024% , and 0.048% of the design mass flow rate
of the compressor for one injector are discussed
(corresponding to the No.6, No.2 and No.5 in Ta-
ble 2, respectively).

Fig.8

curves for three micro tip injection structures with

shows the compressor performance
different injected mass flow rates. The three tip in-
jections with different injected mass flow rates all
improve the compressor stability. When the injected

mass flow rate is too small, the compressor stability
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2 0.84r - gW .
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(bﬁsfserftﬁ;?ceefgﬁenzy) sponding to the No.2, No.7 and No.8 in Table 2,
Fig.8 Experimental compressor performance curves for dif- respectively).
ferent injected mass flow rates Fig.9 shows the compressor performance

is not improved much. With the increase of injected
mass flow rate, the effect of enhancing the compres-
sor stability is more obvious. However, after the in-
jected mass flow rate increases to a certain value,
further increase in the injected mass flow rate results
in a minimal improvement in the compressor stable
working range.

To quantify the influence of different injected
mass flow rates on the compressor stability and per-
formance, Table 4 gives the values of SMI and PEI
for tip injections with different jet mass flow rates.
The micro tip injection with an injected mass flow
rate of 0.048% of design mass flow rate obtains the
largest SMI and PEI, with values of 6.71% and
0.59% , respectively. When the injected mass flow
rate reaches 0.024%, the influence of further in-
creasing the injected mass flow rate on compressor
stability becomes significantly smaller. When the in-
jected mass flow rate increases from 0.012% to
0.024%, the increment of SMI is 1.96%. Howev-
er, when the injected mass flow rate increases from
0.024% to 0.048%, the increment of SMI is only
0.64%. Therefore, in practical applications, the ap-

propriate injected mass flow rate should be selected

curves for three micro tip injection structures with
different injector diameters. The three tip injections

all expand the compressor stable operating range.

1.13
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N
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Fig.9 Experimental compressor performance curves for

different injector diameters
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The improvement in the compressor stability de-
creases with the increase of injector diameter. The
micro tip injection with injector diameter of 2 mm
has the greatest ability to improve the compressor
stability, while the tip injection with injector diame-
ter of 4 mm has the weakest ability to improve the
compressor stability. When the injected mass flow
rate is the same, the change of injector diameter im~-
pacts the momentum and velocity of the injected
flow. The injected flow with higher momentum and
velocity achieves a larger SMI. Table 5 gives the
values of SMI and PEI for tip injections with differ-
ent injector diameters. Due to the higher momentum
and velocity of the injected flow, the scheme with a

nozzle diameter of 2 mm achieves the highest SMI

(6.07%).

Table 5 Values of SMI and PEI for tip injection with

different injector diameters

Injector diameter/

Number m./(kges ') SMI/% PEl/%

mm
1 — 4.054 8 — —
2 2 3.8319 6.07 0.49
7 3 3.904 7 4.02 0.21
8 4 3.969 9 2.28 0.13

3 Numerical Simulation and Analy-
sis of Flow Mechanisms

In section 2, the influences of different injec-
tion axial positions, injected mass flow rates and in-
jector diameters on the compressor stability are ana-
lyzed based on the experimental results of eight ex-
perimental test pieces. The macroscopic rules of the
influence of different tip injection parameters on the
ability of tip injection to enhance the compressor sta-
bility are revealed, but a deeper understanding of
the underlying flow mechanisms 1is necessary.
Therefore, the multi-passage unsteady numerical
simulations are carried out in this section to further
analyze the flow mechanism of the influence of dif-
ferent parameters on the ability of micro tip injection

to enhance the compressor stability.
3.1 Research schemes

It is worth noting that the experimental test
pieces involved in section 2 are all arranged with

four injectors in the circumferential direction. The

ratio of the number of rotor passages to the number
of injectors is 15: 2. If fifteen rotor passages are used
for the unsteady numerical simulations, the total
grid number is very large and the unsteady numeri-
cal simulation will cost lots of time and computing
resource. Considering after the uniform adjustment
of the number of injectors, the flow mechanism of
different parameter impacting the ability of micro tip
injection to enhance the compressor stability can still
be analyzed. Therefore, to reduce the cost of time
and computing resource on numerical simulations,
the number of injectors is changed to 10 in the sec-
tion 3, while the ratio of the number of rotors pas-
sages to the number of injectors is changed to 3: 1.
Only three rotor passages need to be used for the un-
steady numerical simulations, greatly reducing the
cost of time and computing resource.

The following flow field comparisons are dis-
cussed at the calculated near-stall point for the solid
wall casing. In order to be consistent with the experi-
ment, the energy brought by the injected flow is not
considered when calculating the compressor perfor-

mance.

3.2 Flow mechanisms of different injection axi-

al positions on the compressor stability

In section 2, the influence of different injection
axial positions on the ability of tip injection to en-
hance the compressor stability is explored only in
the upstream of the rotor tip leading edge. In this
section, based on an injector diameter of 2 mm and
an injected mass flow rate of 0.024% of the design
mass flow rate of the compressor for one injector,
three tip injections with injection axial positions of
0%C,, 33%C, and 50% C, are analyzed.

Fig.10 shows the compressor performance
curves for three micro tip injection structures with
different injection axial positions in numerical simu-
lations. When the injection axial position is located
at 0%C, and 33%C,, the compressor stall margin
increases by 7.9% and 8.1%, respectively. When
the injection axial position is located at 50%C,, the
improvement of compressor stability is marginal. In
addition, under the near-stall conditions, the tip in-
jection with the injection axial position of 33%C,
has the highest efficiency, and the tip injection with
the injection axial position of 50%C, has the lowest

efficiency improvement.
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Fig.10 Numerical compressor performance curves for

different injection axial positions

Fig.11 shows the distribution of the relative
Mach number at 99% blade span under the near-
stall condition of SW at the same instant. For the
two tip injections with the injection axial positions of
0%C, and 33%C,, the injection position is located
upstream of the low-speed fluid, and the low-speed
fluid in the rotor tip passage is completely eliminat-
ed. Therefore, the two tip injections obtain the larg-
er improvement of stall margin and the less compres-
sor efficiency loss. However, for the tip injection
with the injection axial positions of 50% C,, the in-

jection position is downstream of the low-speed flu-

0 0.6
| B |

Relative Mach number

(a) SW (b) 0%C,

id. Although the distance between the injector port
and the blockage area is not far, there is still an obvi-
ous low-speed fluid in the rotor tip passage, so the
compressor stability is hardly enhanced.

The impact of tip injection on the compressor
efficiency is determined by the reduction of flow
losses within the low-speed region and the increase
in mixing losses between the injected flow and main-
flow. The axial position of the injection has less in-
fluence on the degree of mixing losses but has a
greater influence on the degree of flow losses in the
low-speed region. When the injection position is lo-
cated upstream of the blockage area, the tip injec-
tion is more effective in clearing the blockage area
and the ability to reduce the flow loss is stronger.
Therefore, the tip injections with the injection axial
positions of 0% C, and 33%C, have a greater im-
provement on the compressor stability and efficien-
cy. When the injection position is located down-
stream of the blockage area, it is difficult for the in-
jected flow to eliminate the low-speed fluid in the ro-
tor tip passage. Therefore, the tip injection with the
injection position of 50% C, has little improvement
on the compressor stability and efficiency.

Fig.12 shows the distribution of tip leakage
flow streamline under near-stall condition of SW at
the same instant. When injection position is located
at 33%C,, the tip injection has the most obvious
suppression effect on the tip leakage flow, which
significantly reduces the tip blockage. However,
when injection positions are located at 0% C, and
50%C,, the suppression effects on the tip leakage
flow are weaker. According to Fig.11, there should

(c) 33%C,

(d) 50%C,

Fig.11 Distribution of the relative Mach number at 99 % blade span for different injection axial positions under near-stall condition
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be an optimal injection axial position that exhibits
the best ability to improve compressor stability.
This optimal axial position is related to the blockage
region in the rotor tip passage.

The diffusion factor can be used to reflect the
rotor radial load distribution to a certain degree'**".
The diffusion factor (D) is defined by Eq.(6),
where w, represents the inlet relative velocity, w,
the outlet relative velocity, Aw, the variation of tan-
gential velocity, and r the solidity.

Wy Aw,
D=1—

(6)

W, 2w, T
Fig.13 shows the distribution of the rotor diffu-
sion factor along the radial direction under the near-
stall condition of SW. After applying the tip injec-
tion, the rotor radial load distribution in the 85% to
100% blade span range is significantly reduced. Tip
injection with an axial position of 33% C, results in a

more significant reduction on the rotor load, thereby

1.00
095+
i 0.90F
)
—=—SW
0.85r —— 0%C,
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——50%C,
0.80 .
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Diffusion factor

Fig.13 Radial distribution of the diffusion factor for differ-

ent injection axial positions under near-stall condi-

tion

(c) 33%C, (d) 50%C,

Fig.12 Distribution of tip leakage flow streamline for different injection axial positions under near-stall condition

facilitating a wider compressor stable operating

range.

3.3 Flow mechanisms of different injected mass

flow rates on the compressor stability

Based on an injector diameter of 2 mm and an
injection axial position of 0% C,, three tip injections
with the injected mass flow rate of 0.012%, 0.024 %
and 0.048% of the design mass flow rate of the com-
pressor for one injector are analyzed. Fig.14 shows

the compressor performance curves for three micro
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Fig.14 Numerical compressor performance curves for

different injected mass flow rates
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tip injection structures with different injected mass
flow rates in numerical simulations. The three tip in-
jections all improve the stability and efficiency of the
compressor. The tip injection with the injected mass
flow rate of 0.012% obtains the SMI of 2.7%. The
tip injection with the injected mass flow rate of
0.024% obtains the SM1 of 7.9% , and the tip injec-
tion with the injected mass flow rate of 0.048% ob-
tains the SMI of 10.1%. This shows that the gradu-
al increase of the injected mass flow rate is condu-
cive to improve the compressor stability. Beyond a
certain threshold of injected mass flow rate, increas-
ing it further yields diminishing returns in terms of
compressor stability enhancement.

Fig.15 shows the distribution of the relative
Mach number at 99% blade span under near-stall
condition of SW at the same instant. The larger the
injected mass flow rate, the smaller the area of low-

speed fluid in the rotor tip passage. Due to the small

0 0.6
| — |
Relative Mach number

(a) SW (b) 0.012%

injected mass flow rate and speed, it is not enough
to eliminate the low-speed fluid in rotor tip passage
for the tip injection with an injected mass flow rate
of 0.012%. When the injected mass flow rate in-
creases to 0.024%, the injection velocity increases,
and the low-speed region is significantly reduced.
When the injected mas flow rate increases to
0.048%, the flow state of tip passage is further im-
proved.

Fig.16 shows the distribution of tip leakage
flow streamline under the near-stall condition of SW
at the same instant. The tip injections effectively
suppress the development of tip leakage flow and re-
duce the tip blockage. Among them, the tip injec-
tion with a injected mass flow rate of 0.048% sup-
presses the tip leakage flow to the greatest extent
and make the tip leakage flow streamline closer to
the suction surface. Therefore, the tip injection with
a injected mass flow rate of 0.048% obtains the larg-

est stall margin improvement.

(c) 0.024% (d) 0.048%

Fig.15 Distribution of the relative Mach number at 99 % blade span for different injected mass flow rates under near-stall condition

Relative Vqllocity/

(b) 0.012%

Fig.16 Distribution of tip leakage flow streamline for different injected mass flow rates under near-stall condition

(d) 0.048%

(¢) 0.024%
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Fig.17 shows the distribution of the rotor diffu-
sion factor along the radial direction under the near-
stall condition of SW. As shown in Fig.17, after ap-
plying the tip injection, the rotor load in 85% to
100% blade span range is significantly reduced.
Moreover, the larger injected mass flow rate, the
smaller diffusion factor, which indicates that the tip
injection can effectively reduce the rotor load and ex-

pand the compressor stability.

1.00
0.95r
=1
2, 0.90F
N
0.85} ——0.012%
——0.024%
——0.048%
0.80 L A 5

0.10 0.15 0.20 0.25 0.30 0.35
Diffusion factor

Fig.17 Radial distribution of the diffusion factor for different

injected mass flow rates under near-stall condition

3.4 Flow mechanisms of different injector di-

ameters on the compressor stability

Based on an injection axial position of 0%C,
and an injected mass flow rate of 0.024% of the de-
sign mass flow rate of the compressor for one injec-
tor, three tip injections with injector diameters of
2, 3, and 4 mm are analyzed. Fig.18 shows the com-
pressor performance curves for three tip injections
with different injector diameters. The three micro
tip injections all improve the stability and efficiency
of the compressor. With the reduction of injector di-
ameter, the compressor stability gradually increas-
es, but the improvement in the compressor efficien-
cy gradually decreases. For the tip injection with an
injector diameter of 2 mm, the ability to improve
the compressor stability is the greatest, and the tip
injection with an injector diameter of 4 mm has the
weakest ability to improve the compressor stability.
When the injected mass flow rate is constant, the
change of injector diameter affects the momentum
and velocity of the injected flow. The injected flow
with higher momentum and velocity can achieve a
greater improvement on the compressor stability.

Fig.19 shows the distribution of the relative

Mach number at 99% blade span under near-stall
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Fig.18 Numerical compressor performance curves for

different injector diameters

condition of SW at the same instant. Because the tip
injection with an injector diameter of 2 mm has a
higher injection momentum and velocity, the inject
ed flow almost eliminates the whole low-speed re-
gion in the rotor tip passage. However, for the other
two tip injections, the low-speed fluid in the tip pas-
sage 1s larger, and the momentum and velocity of in-
jected flow for the two are lower. So, the low-veloc-
ity region in the tip passage is more difficult to be
cleared.

Fig.20 shows the distribution of tip leakage
flow streamline for different tip injections under the
near-stall condition of SW at the same instant.
When the injector diameter is 2 mm, the tip injec-
tion can effectively suppress the development of tip
leakage flow. And there is no secondary leakage
phenomenon in the rotor tip passage. However,
with the increase of the injector diameter, the sec-
ondary leakage cannot be effectively suppressed and
the improvement of the compressor stall margin also
decreases.

Fig.21 shows the distribution of the rotor diffu-
sion factor along the radial direction under the near-
stall condition of SW. After applying the tip injec-
tion, the rotor load in 85% to 100% blade span
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Fig.19 Distribution of the relative Mach number at 99% blade span for different injector diameters under near-stall condition

(d) 4 mm

Fig.20 Distribution of tip leakage flow streamline for different injector diameters under near-stall condition
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Fig.21 Radial distribution of the diffusion factor for differ-

ent injector diameters under near-stall condition

range is significantly reduced, and the smaller the in-
jector diameter, the smaller the rotor load, which is
more conducive to expanding the compressor stable

operating range.
4 Conclusions

This paper investigates the influences of micro

tip injection on the compressor stability in a subson-

ic high-speed axial flow compressor. The tip injec-
tion design parameters, including the injection axial
position, injected mass flow rate, and injector diam-
eter are studied by an experimental method. And the
macroscopic rules of the influences of different tip in-
jection design parameters on the compressor stabili-
ty are obtained. Subsequently, three-passage un-
steady numerical simulations are employed to reveal
the underlying flow mechanism of micro tip injection
on the compressor stability. The findings of this
work provide a comprehensive and valuable refer-
ence for the engineering application of micro tip in-
jection. The main conclusions of this paper are as
follows:

(1) There is an optimal injection axial position
of micro tip injection that maximizes the compressor
stability enhancement. This optimal injection posi-
tion is closely related to the tip blockage location.
When the injection axial position is located upstream

of the tip blockage region, the tip injection can effec-
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tively enhance the compressor stall margin.

(2) A higher injected mass flow rate leads to
more effective suppression of tip leakage flow devel-
opment, resulting in a greater improvement on the
compressor stall margin. However, when the inject-
ed flow rate reaches a certain value, further increas-
ing the injected mass flow rate result in diminishing
returns in terms of the compressor stability improve-
ment.

(3) With a constant injected mass flow rate,
variations in injector diameter result in changes in
the momentum and velocity of the injected flow. A
higher injection momentum and velocity can more
effectively clear the low-speed region and suppress
tip leakage flow development in the rotor tip pas-
sage. So, a smaller injector diameter can lead to a

greater improvement on the compressor stability.
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