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ABSTRACT

In order to improve the performance of a high-load transonic axial compressor, this paper proposes a method
of applying endwall synthetic jet to the casing for active flow control. Taking NASA Rotor35 as the research
object, the aerodynamic performance of the compressor is numerically calculated by applying three sets of
synthetic jets with different excitation parameters at five different axial positions of 0%Ca, 25%Ca, 50%Ca,
75%Ca and 96.15%Ca. The results show that the three parameters of excitation position, jet peak velocity and
jet frequency all have an effect on the performance of the compressor. The excitation position has the greatest
influence on the flow margin of the compressor, and the best position is 25%Ca. After the jet peak velocity is
increased from 100m/s to 150m/s, the flow margin, total pressure ratio and efficiency of the compressor are
not greatly improved, which shows that the impact of the jet peak velocity is not as good as the excitation
position. After continuing to increase the excitation frequency of the synthetic jet from 600Hz to 1200Hz,
although the flow margin of the compressor is slightly reduced, the total pressure ratio and efficiency are
further improved. This shows that there may be a threshold for the jet frequency, and only when the jet
frequency is greater than the threshold can the overall aerodynamic performance of the compressor be
improved.

Keywords: Transoninc axial compressor; Aerodynamic performance improve; Synthetic jet; Endwall active
flow control; Numerical simulation.

NOMENCLATURE
A area T synthetic jet period
Ca axial chord length T"  total temperature
Cp  static pressure coefficient t time step
E energy \ velocity
f frequency of synthetic jet
LE leading edge 7y total pressure ratio
m  mass flow N density
P static pressure @ initial phase angle
p~  total pressure n  lisotropic efficiency
r  specific heat ratio . @  dissipation function
R gas constant TE trailing edge

high-load compressor channel, the reverse pressure
gradient is strong, the pressure difference between

1. INTRODUCTION

High-load axial compressor is one of the core
components of modern aeroengines, and its
performance has a crucial impact on the working
performance of the engine (Saito et al. 2019). In

the suction surface and the pressure surface is large,
the secondary flow movement is violent, the shock
wave intensity in the transonic flow field is strong,
the interference between the shock wave and the
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boundary layer and the leakage vortex is serious.
So, it is easier to cause the separation of the
boundary layer and the corner zone, resulting in
huge flow loss, a decrease in aerodynamic
efficiency, and may even induce rotating stall or
surge, causing the compressor to enter an unstable
working state. Therefore, on the basis of in-depth
study of the complex flow mechanism in the
compressor, proper flow control means are used to
delay or weaken the flow separation, so that the
compressor can not only maintain high-load
operation, but also has a wide and stable working
range and a high aerodynamic efficiency, which has
become one of the research hotspots of the
compressor aerodynamics in recent years (Ma et al.
2019).

From the perspective of engineering application,
compared with other positions, the end wall is more
suitable for flow control of the compressor.
Therefore, researchers have conducted a large
number of flow control experiments and numerical
studies on the end wall of the compressor. Passive
end wall control methods include casing treatment
(Chen et al. 2019), end wall profiling (Li et al.
2014; Li et al. 2016), and vortex generator (Ma et
al. 2018), etc. Because of the lack of controllable
variables related to compressor operating conditions
and speed changes, passive control methods usually
can only optimize the performance of the
compressor under individual operating conditions,
therefore, it cannot guarantee that the performance
of the compressor will be improved in the full range
of operating conditions. In addition, although
passive control methods can expand the stability
margin of the compressor, it is often accompanied
by a decrease in efficiency. These shortcomings
may be unacceptable for high-performance
compressors. In order to achieve the performance
improvement requirements of compressors under all
working conditions, in recent years, active control
methods have also attracted the attention of many
researchers in the world. Active endwall control
methods include endwall surface layer suction (Xu
et al. 2018), and plasma excitation (Zhang et al.
2019), etc. However, these active control methods
all require complicated external pipelines and
equipment. Therefore, it is currently difficult to
apply to the real compressor environment.

Synthetic jet is a zero-mass jet based on vortex
motion (Smith and Glezer 1998). Different from
other active control methods, it has the advantages
of not requiring complex piping system, compact
structure, low power consumption and light weight.
Therefore, it has first been systematically studied in
the field of outflow, such as wings (Amitay and
Glezer 2002). With the rapid development of
MEMS technology, synthetic jet have also attracted
more and more attention from researchers in
compressor flow control. Matejka et al. (2008)
arranged the synthetic jet exciter at the frontal
position of the leading edge of a low speed
compressor cascade, and conducted an experimental
study on its suppression of corner separation, who
found that the total outlet pressure loss and
secondary flow loss were reduced by about 1.8%,
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6.0%. Zander et al. (2011) conducted an
experimental study on the secondary flow in the
endwall of a compressor cascade controlled by
synthetic jet, and the results showed that when the
exciter is located upstream of the separation point
and the jet angle is small, the flow control effect is
better. De Giorgi et al. (2012) believes that the
synthetic jet enhances the generation of vortices in
the jet exit flow field, promotes the momentum
mixing between the low energy fluid in the
boundary layer and the main flow, so that the
separated boundary layer can overcome the reverse
pressure gradient and maintain reattachment. Culley
et al. (2004) arranged 6 synthetic jet excitation
holes on the suction surface of the compressor
stator blade. Experimental results showed that the
synthetic jet delayed the flow separation at the hub
and reduced the total pressure loss by 4%. Zheng et
al. (2006) verified the effectiveness of arranging
synthetic jets on the suction surface of the blade and
the casing respectively for flow separation control
on a compressor cascade test bench. Using a high-
speed compressor cascade as numerical simulation
object, Qin et al. (2017) took a low speed and high
speed compressor cascades as numerical simulation
objects, carried out a parametric study on the
synthetic jet of suction surface and endwall, and
revealed the mechanism of the synthetic jet to
control the corner separation of the cascade and
reduce the loss.

It can be found that many existing studies
conducted in the compressor cascade show that the
synthetic jet can reduce the flow loss, but the
application research of this flow control technology
in real compressor environment is still extremely
rare. The groundbreaking research work came from
Benini et al. (2011), who arranged the synthetic jet
on the suction surface of the transonic compressor
NASA Rotor37. The results of numerical simulation
showed that compared with the prototype, the
aerodynamic efficiency of the rotor excited by
synthetic jet near the stall point was increased by
1.4 %. Although the existing synthetic jet excitation
cannot reach the jet peak velocity in the Benini’s
simulation, it fully shows that this flow control
technology has the application potential in real
compressor. In fact, although the effect of applying
synthetic jet excitation on the compressor rotor
blades may be better, the thickness of the rotor
blades is very thin and the rotation speed is high,
which may be difficult to use in engineering.
Therefore, this paper proposes to apply synthetic jet
excitation on the casing of a transonic axial flow
compressor. It is understood that there is no public
literature report on this research.

2. RESEARCH OBJECTS AND METHODS

2.1 Numerical Model and Validation

Take the typical transonic axial flow compressor
NASA Rotor35 as the research object. It is the rotor
part of Stage35, which is an inlet stage of a
transonic axial compressor designed by Reid and
Moore (1978). Although it was designed in the
1970s, it has the typical characteristics of modern
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transonic axial flow compressor. Many researchers
take it as the object of studying the flow field of
transonic axial flow compressors and testing the
effect of flow control (Biela al. 2008; Yamada al.
2008). Rotor35 has 36 blades, aspect ratio 1.19, hub
ratio 0.7, design flow rate is 20.188kg/s, design
total pressure ratio and adiabatic efficiency are
1.865 and 0.865 respectively, design speed is
17188.7rpm, and tip speed is 454.456m/ s. More
design parameters can refer to literature (Reid and
Moore 1978).

The grid for numerical calculation is generated by
IGG/Autogrids. 93 nodes are arranged in the radial
direction. The O4H grid topology is adopted around
the blade, in which 217 nodes are arranged around
the blade. The blade tip clearance adopts a
butterfly-shaped grid topology structure with 17
nodes arranged along the radial direction. The inlet
and outlet of the compressor adopt H-shaped grid.
The grids near the wall are all encrypted, and the
distance of the first layer of grids is 3um, ensuring
y+<1. The computational grid nodes of the
prototype compressor are approximately 1.8
million. As shown in Fig. 1.

The commercial software, ANSYS CFX 18.0, is
utilized to perform single channel numerical
calculations at 100% design speed. The fluid is set
to ideal gas, x-w SST is selected as the turbulence
model (Benini et al. 2011), the convection term and
turbulence term are in high precision format, the
inlet boundary conditions are set to an absolute total
pressure of 101325Pa, an absolute total temperature
of 288.15K, and an inlet air turbulence degree to
5%, the outlet boundary condition is set to average
static pressure.

Passage block

Inlet block

Outlet block
k<

Fig. 1. Computational grid.

Figure 2 shows the comparison between
experimental measurement values and numerical
calculation values. Compared with the experimental
results, the numerically calculated blockage point
flow rate is lower, the total pressure ratio is also
lower, but the efficiency is in good agreement. The
reason for these errors may be related to factors
such as turbulence model and ideal gas assumption.
Figure 3 shows the tangential velocity distribution
of three different cross-sections between the
experimental measurement (Van Zante 2000) and
the numerical calculation at the peak efficiency
point. It can be seen from the figure that both the
numerical value and the distribution of the leakage
vortex, the results of numerical calculation and
experimental measurement are in good agreement.
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Therefore, it can be considered that the numerical
model established in this paper is reliable.
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2.2 Flow Control Method

In order to simulate the synthetic jet on the endwall
of the compressor, a circumferential groove with
width and depth of 1mm is designed on the casing.
The position of the groove is described by the
distance L between the front wall of the groove and
the leading edge of the blade tip, as shown in Fig. 4.
The groove wall is set as the adiabatic non-slip wall
condition, and the groove top is set as the speed
inlet condition. The speed expression is listed as
follows:

V(t) =V, sin(2z ft + @) (1)

Synthetic jet
o Slot width

Slot hCIght\

Cr':lsfng

Rotor blade

Fig. 4. Geometric construction of synthetic jet.

Since the circumferential coverage of the synthetic
jet is 100%, the initial phase angle has no effect on
the result, so the initial jet angle is set to 0 in this
paper.

The endwall synthetic jet includes three key
parameters: axial position, jet peak velocity, and jet
frequency. In this paper, a total of 5 axial positions
were studied, namely 0%Ca, 25%Ca, 50%Ca,
75%Ca and 96.15%Ca. According to Benini's
approach, the reference jet frequency of the
synthetic jet is set to 600Hz, and the jet peak
velocity is set to 100m/s. Then, according to the
response of the flow field, the jet peak velocity and
frequency are respectively increased and then
calculated. In this paper, three sets of parameters
are calculated at the above five positions, a total of
15 schemes: Vmax=100m/s, f=600Hz; Vmax=150m/s,
f=600Hz; Vmax=150m/s, f=1200Hz. In transient
simulation, the discretization of the time term
adopts the second-order backward Euler format, the
time step is set to 1/20 of the injection/suction cycle
of a synthetic jet, and the maximum number of
iterations in each time step is 10.

3. RESULT ANALYSIS

3.1 Stall Mechanism of Transonic

Compressor Rotor35

It can be seen from Fig. 5(a) that when the
prototype compressor is at the design point, the
airflow in the blade tip channel flows smoothly,
There is a clear positive shock wave at the entrance
of the blade, and the trailing edge of the suction
surface is slightly separated. It can be seen from

Fig. 6(a) that the tip leakage flow is divided into
three sections at the design point. The leakage flow
at the leading edge and the middle of the tip passes
through the shock wave, and the speed decreases,
and they enclose each other out of the compressor
channel. Leakage from the trailing edge of the blade
flows directly out of the compressor channel. As
shown in Fig. 5(b), as the back pressure increases to
near stall conditions, The positive shock wave
moves forward to form an off-body shock wave,
and the separation range of the suction surface is
also significantly increased, forming the first low
speed zone in the channel. At the same time, the
second low speed zone with a larger area and lower
speed appears in the center of the channel. It can be
seen from Fig. 6(b) that this is due to the fact that
the leakage flow of tip leading edge interacts with
the channel main flow after passing through the
shock wave under the adverse pressure gradient,
forming a tip leakage vortex with obvious curling
phenomenon, which blocks the tip channel. Only a
small part of the leakage flow in the middle and rear
of the blade can flow out of the compressor channel
under the action of the reverse pressure gradient,
and most of it is engulfed in the tip leakage vortex
to form a secondary leakage. Therefore, the two low
speed zones formed by the separation of the tip
leakage vortex and the suction surface flow almost
block the entire channel, causing a sharp drop in the
flow capacity, which is the main cause of the
compressor stall.

(a) Design point

(b) Near stall point

0.0 0.2 03 0.5 07 08 1.0 1.2 1.3 1.5 1.7 1.8 2.0

Relative Mach number

Fig. 5. Relative Mach number of 95% span.

(14

(a) Design point  (b) Near stall point

100 200 300 400 500 600
Velocity [ms”-1]
Fig. 6. Distribution of tip leakage flow
streamline.
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3.2 The Effect of Synthetic Jet on the
Overall Performance of  Transonic
Compressor

The synthetic jet input energy to the compressor,
and the influence of this part of energy should be
considered when calculating the compressor
efficiency. Fortunately, Bae et al. (2005) proposed a
synthetic jet energy calculation method:

O]

Therefore, the compressor efficiency calculation
formula considering the energy input of the
synthetic jet is modified as follows:

n=((p;/ P)" (-1 1)~/ 1T -1
FE/m/(y /(7 -D)/RIT,)

E=05pA(0.26V. )

®)

In order to compare the total performance of the
prototype compressor and the compressor after the
synthetic jet is applied, three parameters are
introduced: flow margin change asm , total pressure
ratio change Az, and efficiency change A7 :

ASM = [(mhaseline - msj )/mbaseline ] XlOO% (4)
Az, = (ﬂ-r.sj /”r.baseline —1)»100% ®)
A?’] = (7751 /nbaseline _1) XlOO% (6)

Figure 7 shows the overall performance diagram of
the compressor under the excitation of synthetic jet.
It can be seen from the figure that although the
effects of synthetic jets with different parameters
are not the same, the general rules of their effects on
compressor performance can be obtained from it.

It can be seen from Fig. 8 that no matter what jet
parameter is excited, the change of the compressor
flow margin shows a law of first increasing and
then decreasing compared to the prototype
compressor. The flow margin under excitation of
0%Ca and 96.15%Ca decreases. The flow margin
under 25%Ca excitation is significantly expanded.
The flow margin under the excitation of the other
two positions does not change much. Therefore,
25%Ca is the best position for the endwall synthetic
jet. Under the excitation of the three sets of
different parameters at this position, the flow
margin of the compressor is expanded by 6.07%,
7.22%, and 5.65% respectively.

It can be seen from Fig. 9(a) that at the design point,
the change in total pressure ratio of the compressor
shows a law of first increasing and then decreasing.
When jet peak velocity is 100m/s, compared with
the prototype compressor, the total pressure ratio
under 0%Ca excitation is reduced, the total pressure
ratio under 96.15%Ca excitation is almost
unchanged, while the total pressure ratio under
excitation at the other three positions are increased,
and the maximum total pressure ratio is obtained
when excited by 50%Ca. At the same time, from the
perspective of the influence of excitation
parameters, the change in the total pressure ratio of
the compressor increases with the increase of jet
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peak velocity, and also with the increase of jet
frequency. This indicates that at the design point, jet
position, jet peak velocity and jet frequency all have
an effect on the total pressure ratio of the
compressor. At the near stall point of the prototype
compressor, it can be seen from Fig. 9(b) that jet
peak velocity increases from 100m/s to 150m/s.
Although the total pressure ratio of the compressor
has increased, it is still lower than the prototype
compressor. However, jet frequency was increased
from 600 Hz to 1200 Hz, and the total pressure ratio
of the compressor was greatly increased and was
higher than that of the prototype compressor. This
indicates that at the near stall point, jet frequency
has a greater impact on the total compressor
pressure ratio than jet peak velocity.
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It can be seen from Fig. 10(a) that at the design
point, the change in efficiency of the compressor
also shows a law of first increasing and then
decreasing. When jet peak velocity is 100m/s,
compared with the prototype compressor, the
efficiency under 0%Ca excitation is reduced, and
the efficiency under excitation at other four
positions is increased, and when the synthetic jet is
excited by 50% Ca, the efficiency is increased the
most, reaching 0.8%. At the near stall point of the
prototype compressor, it can be seen from Fig.
10(b) that when jet peak velocity increases from
100m/s to 150m/s, the efficiency of the compressor
increases. When jet frequency is increased from
600Hz to 1200Hz, the efficiency of the compressor
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continues to increase, and the efficiency under
25%Ca and 50%Ca excitation increases by 0.49%
and 0.5% respectively. This indicates that near the
stall point, jet frequency and jet peak velocity both
have an impact on the compressor efficiency.
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3.3 Internal Flow Field Analysis

In order to reveal the mechanism of the compressor
flow margin change when the synthetic jet is at
different positions, three typical positions of 0%Ca,
25%Ca and 50%Ca are taken as examples for
analysis. Figure 11 shows the relative Mach number
contour map at 95%span. Where, the compressor
under 0%Ca excitation is in near stall condition, and
the compressor flow under 25%Ca and 50%Ca
excitation is approximately equal to the prototype
compressor near stall condition.

It can be seen from Fig. 11(a) that after the
synthetic jet is applied with 0% Ca (OT means the
synthetic jet is at the initial moment of the injection
phase, 0.25T is at the maximum injection moment,
0.5T is at the initial moment of the suction phase,
0.75T is at the maximum suction moment, the same
below), because the excitation position is before the
second low speed zone of the prototype compressor,
and it crosses the shock wave, when the synthetic
jet is in the injection phase, as the jet velocity
increases, the jet airflow is blocked by the shock
wave, and is entrapped by the tip leakage flow from
the leading edge of the blade tip, causing the
leakage flow to increase, and the velocity decreases
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after crossing the shock wave and converges at the
tip of the blade, the strength of the tip leakage
vortex is also increasing, resulting in an increase in
the area of the second low speed zone after the
shock wave. At this time, the compressor is more
clogged than the prototype compressor. At 0.5T, the
area of low speed zone reaches the maximum, and
the rotor is in the most severely blocked state. Then
the synthetic jet enters the suction phase, and the
area of the second low speed zone is reduced. By
the time of OT in the next cycle, the blockage area
reaches the minimum, and the degree of blockage is
equivalent to that of the prototype compressor. This
indicates that for this position, the suction effect of
synthetic jet is more effective than the injection
effect. However, on the whole, when the synthetic
jet is at the 0%Ca position, the compressor blockage
is more serious than the prototype during a
synthetic jet cycle, so the flow margin is
correspondingly lower than that of the prototype
Compressor.

It can be seen from Fig. 11(b) that after the
synthetic jet is applied at the position of 25% Ca,
the jet velocity of the synthetic jet is 0 at OT. At
this time, the degree of clogging of the
compressor blade tip is equivalent to that of the
prototype compressor. With the increase of the
injection velocity of synthetic jet, since the
position of the synthetic jet is exactly in the
second low speed zone, the low speed airflow at
the tip of the blade is blown downstream under
the action of the jet airflow, the range of the tip
leakage vortex and the intensity are both reduced,
and the blockage of the compressor tip is getting
smaller and smaller. At 0.25T, jet peak velocity
reaches the maximum, the original second low
velocity zone is divided into two parts, the
blockage range is minimized, and the degree of
separation of the trailing edge of the suction
surface is also reduced. Then, as the injection
velocity of the synthetic jet decreases, the
blockage range of the second low velocity zone
slightly increases. At 0.5T, the synthetic jet
enters to the suction phase. As the suction speed
becomes larger and larger, the blade tip clogging
range begins to increase. The second low speed
zone divided into two regions is merged into one
again, but the degree of clogging is still smaller
than the prototype compressor. Therefore, when
the synthetic jet is at the position of 25%Ca, its
injection effect is more beneficial than the
suction effect for enlarging the compressor
margin.

Comparing Fig. 11(b) and (c), on the basis of
keeping the jet frequency at 600Hz, the jet peak
velocity increases from 100m/s to 150m/s.
During the injection phase, the effect of synthetic
jet on the tip blockage was not significant.
However, in the suction phase, the suction effect
of the synthetic jet on the low speed airflow at
the tip of the blade makes the compressor tip
clogging range smaller. At the maximum suction
moment of 0.75T, the tip clogging is almost
completely eliminated. Therefore, after the jet
peak velocity increases, the flow margin of the
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compressor is also greater.

Comparing Fig. 11(c) and (d), on the basis of
maintaining the jet peak velocity of 150m/s, the jet
frequency is increased from 600Hz to 1200Hz.
Comparing the blockage of the tip channel at the
corresponding time, it is found that the tip leakage
vortex is weaker and the blocking range is also
smaller, which is the result of increased jet
frequency. However, it is precisely because of the
increase in jet frequency that the separation of
trailing edge of the suction surface is more greater.
At the same time, the degree of compressor
blockage is also increased. Therefore, after the jet
frequency increases, the flow margin of the
compressor decreases.

It can be seen from Fig. 11(e) that after the
synthetic jet is applied with 50%Ca, when the
synthetic jet is in the injection phase, the
separation of boundary layer at the trailing edge of
the suction surface does not change much, but
because the excitation position is downstream of
the second low speed region, the injection effect
of the synthetic jet strengthens the spread of the
tip leakage vortex to the downstream of the
channel, resulting in an increase in the tip leakage
vortex's intensity and scope, and further enlarges
the area of the second low speed region, causes
compressor blockage to become more serious.
When synthetic jet is in the suction phase, the
suction effect of the synthetic jet prevents the tip
leakage vortex from spreading downstream, and
also increases the air velocity in the rear section of
the blade near the pressure surface. However,
because the suction position is downstream of the
blocked core area, although the blockage range is
smaller than the injection phase, the degree of
blockage is still greater than that of the prototype
compressor, and it is impossible to change the
compressor near the stall state.

In order to further explore the mechanism of the
change of the total pressure ratio of the
compressor under the excitation of different
synthetic jet parameters, Figure 12 shows the
distribution of the static pressure coefficient of the
compressor at 95%span. The flow conditions of
the prototype compressor and the compressor with
synthetic jet excitation are the same as those in
Fig. 11. The static pressure coefficient Cp is
defined as follows:

Cp=(p-P)/(Py—Py) @

It can be seen from Fig. 12(a) that after the
synthetic jet is applied with 0% Ca, the static
pressure coefficient of the pressure surface is lower
than the prototype compressor during the entire jet
cycle. Looking at the suction surface, although the
static pressure coefficient is greater than the
prototype before 30%Ca, the local flow near this
position of the compressor is also improved, and the
shock wave moves from about 30%Ca to about
40%Ca, but from 30%Ca to the trailing edge of the
blade, the static pressure coefficient is greatly
reduced compared to the prototype compressor, and
the decrease of the static pressure coefficient
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indicates that the separation of the suction surface is
increased. Synthesizing the changes in the static
pressure coefficient of the pressure surface and the
suction surface, it can be inferred that compared
with the prototype compressor, the compressor load
after the synthetic jet is applied with 0% Ca is
reduced, so the total pressure ratio is also reduced
accordingly.

It can be seen from Fig. 12(b) that after the
synthetic jet is applied at 25%Ca, the static pressure
coefficient on the pressure side does not change
much, and the suction side increases slightly before
20%Ca, while the static pressure coefficient

Z/Ca
(e) 50%Ca synthetic jet excitation
(Vmax =150m/s, f=1200Hz)
Fig. 12. Static pressure distribution of 95% span.
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between  20%Ca and 50%Ca  decreases
significantly, therefore, the compressor load is
reduced, and the total pressure ratio relative to the
prototype is also reduced accordingly. When the jet
peak velocity increases from 100m/s to 150m/s, it
can be seen from Fig. 12(c) that the fluctuation of
the static pressure coefficient on the pressure
surface side increases, but the average value is still
lower than the prototype. Looking at the suction
surface, the static pressure coefficient before
20%Ca increases, and it decreases even more
between 20%Ca and 50%Ca. Therefore, at this
time, the total pressure ratio of the compressor is



G. Wang et al. / JAFM, Vol. 14, No. 3, pp. 963-977, 2021.

greater than the jet peak velocity of 100m/s, but still
lower than the prototype. When the synthetic jet
frequency is increased from 600Hz to 1200Hz, it
can be seen from Fig. 12(d) that compared with the
prototype compressor, the static pressure coefficient
of the pressure surface increases throughout the
injection phase. The static pressure coefficient of
the suction surface before about 32%Ca is also
greater than that of the prototype. The shock wave
moves from about 30%Ca to about 40%Ca in the
injection phase, and is equivalent to the prototype in
the suction phase, indicating the compressor's flow
capacity enhanced. The static pressure coefficient of
the suction surface after 45%Ca is almost
unchanged, indicating that the separation of the
surface layer has almost no change. On the whole,
the compressor load increases, so the total pressure
ratio increases.

It can be seen from Fig. 12(e) that after the
synthetic jet is applied with 50% Ca, the static
pressure coefficient of the suction surface decreases
slightly during the injection phase, and the shock
wave position moves back slightly. The static
pressure coefficient of the pressure surface
fluctuates significantly. During the injection phase,
the static pressure coefficient of the pressure surface
decreases first and then rises. During the suction
phase, the static pressure coefficient of the pressure
surface continues to increase. The increase in static
pressure indicates that the compressor load
increases and the total pressure ratio increases
accordingly.

Entropy is a direct reflection of loss, and high
entropy area corresponds to high loss area. In order
to explore the mechanism of compressor efficiency
change, Fig. 13 shows the entropy distribution map
of five equidistant sections on the blade under
design point conditions. It can be seen from Fig.
13(b) that after the synthetic jet is applied at 0%Ca,
during the injection phase, as mentioned above,
because the excitation position is before the shock
wave, the injection of jet airflow causes more
serious blockage of the compressor blade.
Therefore, the entropy increases correspondingly,
and the loss also increases. In the suction phase, the
situation is the opposite. The synthetic jet sucks
away part of the leakage flow at the leading edge of
the blade tip, weakens the strength of the leakage
vortex, and reduces the leakage flow rate.
Therefore, the entropy is reduced.

After applying the synthetic jet with 25%Ca, it can
be seen from Fig. 13(c) that the effect of applying
the synthetic jet with 0%Ca is different. Since the
excitation position is just above the tip blockage at
this time, during the injection phase, the jet effect of
synthetic jet will blow away the low speed air flow
at the blade tip, reducing the high entropy zone. In
the suction phase, the suction effect of synthetic jet
sucks out the low speed airflow at the tip of the
blade, and the high entropy zone is further reduced.
The reduction of the loss means the improvement of
the compressor efficiency. At the same time, it can
be seen that the suction effect of the synthetic jet is
more advantageous than the ejection effect in
reducing losses.
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(2) 0.25T
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(b) 0%Ca synthetic jet excitation (Vmax=150m/s,
f=1200Hz)

(3)0.5T
(c) 25%Ca synthetic jet excitation
(Vmax=150m/s, f=1200Hz).
Fig. 13. Distribution of static entropy at design
point.

(4)0.75T

Figure 14 shows the entropy distribution of five
equidistant sections on the blade when the prototype
compressor is at the near the stall point. It can be
seen from Fig. 14(a) that under near stall
conditions, because the tip leakage flow of the
prototype compressor gathers more at the tip, the
separation range of the trailing edge of the suction
surface is further expanded, and the compressor
blockage is more serious. Therefore, The range of
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high entropy zone is also larger than that at the
design point.

Static Entropy
[J kg1 K*-1]

F 120

-35

(a) Baseline

(uoT (2) 0.25T
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(b) 25%Ca synthetic jet excitation

(Vmax=100m/s, f=600Hz)

(1) 0T (2) 0.25T

(3)0.5T (4)0.75T
(c) 25%Ca synthetic jet excitation
(Vmax=150m/s, f=600Hz)

1ot

(2)0.25T
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(3)0.5T (4)0.75T
(d) 25%Ca synthetic jet excitation
(Vmax=150m/s, f=1200Hz)
Fig. 14. Distribution of static entropy at near
stall point.

After applying the synthetic jet at 25%Ca, it can be
seen from Fig. 14(b) that when the jet peak velocity
is 100m/s, the tip leakage flow is blown away by
the jet during the injecton phase. The leakage flow
rate decreases, the strength of the tip leakage vortex
gradually decreases, and the range of the high
entropy zone decreases. In the suction phase, as the
suction speed increases (0.75T), the range of high
entropy zone is further reduced, but as the suction
speed decreases (OT), the range and intensity of
high entropy zone increase rapidly. After the jet
peak velocity is increased to 150m/s, it can be seen
from Fig. 14(c) that the range of high entropy zone
does not change much during the injection phase,
but the range of high entropy zone is smaller during
the suction phase, so the loss is smaller too. When
the jet frequency increases to 1200Hz, the entropy
in the channel further decreases, but the entropy
increases slightly due to the increased separation of
the trailing edge of the suction surface.

There are many sources of loss in the compressor
channel, and the loss in different positions
corresponds to different mechanisms. Li explored
the causes of loss from the perspective of fluid
dissipation. By introducing the concept of loss
source, he proposed a definition to describe the
three-dimensional loss in the compressor cascade
(Li et al. 2014; Li et al. 2016). The loss caused by
different sources can be obtained by integrating the
volume of the dissipation function in the
corresponding region, and then using the inlet
dynamic pressure dimensionless to obtain the loss
source, which is defined as follows:

T P (- P)mﬂmVndA

®)

Where y_ . is the loss source, 4p; is the total

pressure loss caused by a specific source, the
subscript in represents the inlet measurement
section, and Vn and A are the normal velocity and
the area of integral surface respectively.

@ represents the dissipation function, and its tensor
form is defined as follows:

e Uy U ©)

D(X,y,2)=
(x.y.2) 2 0%, ox

2.2, Sy
) 3lueff(axi)

Where u represents speed, uert represents the
comprehensive viscosity coefficient, which is equal
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to the sum of the dynamic viscosity of the fluid and
the turbulent viscosity.

With reference to Li's method of classifying losses,
this paper further extends it to the description of
losses in the transonic compressor rotor. As shown
in Fig. 15, the loss source and the corresponding
dissipation function integral area are divided into 6
parts:

(1) Inlet section loss: yi. The axial range is the area
from the inlet measurement interface to the
leading edge of blade root, and the radial range
is from the hub to casing, and the area

log,,(Vp) <7~

@

~

Outlet section loss: your. The axial range is from
the trailing edge of blade root to the outlet
measurement interface, and the radial range is
the area from the hub to casing.

(3) Hub endwall loss: yrus. The axial range is from
the leading edge to the trailing edge of blade
root, and the radial range is the area from hub to
2% span. It is worth noting that 2% span is not
the boundary thickness, but approximates the
scale of strong shear flow near the wall due to

hub friction.

(4) Shock loss : Ysux. Divided into two parts: WThe
axial range is from the leading edge to the
trailing edge of blade root, and the radial range
is from 85%span to casing, and the area
log,,(Vp)>7; @Inlet measurement surface to

the leading edge of blade root, the radial range
is the area between hub and casing, and the area
log,,(Vp)>7- It is worth noting that shock loss

zone comes from the observation of flow field.
Since it is found that pressure gradient near the
shock wave is generally greater than 10’Pa/m,
the area where log,,(Vp) > 7 is specified as the

impact range of shock wave.

(5) Tip leakage and separation loss: yr.. The axial
range is from the leading edge to the trailing
edge of the blade root, and the radial range is
from 85% span to casing, and the area

log,,(Vp) <7~

(6) Passage separation l0ss: yeas. Other area.

| 85%Span
Youx V1L

Tiv Yeas Your
Vi

e

Fig. 15. Loss source division.

Figure 16 shows the changes in the loss sources
of 6 areas relative to the prototype compressor
when synthetic jet excitation is applied at 0%Ca
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and 25%Ca at design point. It can be seen from
the figure that among the 6 loss sources, shock
loss, blade tip leakage and separation loss vary
greatly. After the excitation position of synthetic
jet is moved backward from 0%Ca to 25%Ca, the
shock wave loss decreases during the suction
stage, also decreases at the time of maximum
suction, and does not change much at the time of
maximum injection, which indicates that the
suction effect of 25%Ca synthetic jet can weaken
the intensity of shock wave more than 0%Ca. In
addition to the initial time of injection OT, the tip
leakage and separation loss is also reduced,
which indicates that when synthetic jet is at 25%
Ca, the suppression of tip leakage and tip
separation is more effective than at 0% Ca. The
reduction of loss in the outlet section indicates
that when the synthetic jet is at 25% Ca, the air
mixing at the outlet section of the compressor is
more uniform and the loss is smaller.

Figure 17 shows the changes in the loss sources of 6
areas relative to the prototype compressor when
synthetic jets with different excitation parameters
are applied to 25%Ca at near stall point. It can be
seen from the figure that the biggest impact on
compressor loss is still shock loss, blade tip leakage
and separation loss. After the jet peak velocity is
increased from 100m/s to 150m/s, the tip leakage,
separation loss and channel separation loss are
reduced, which indicate that after the jet peak
velocity is increased, the injection and suction is
more effective on the tip leakage flow, the
separation of suction surface is smaller, but the
shock loss increases at the time of maximum
injection and maximum suction. After the jet
frequency is increased from 600 Hz to 1200Hz, the
loss in the outlet section is reduced, which indicates
that the compressor is more uniformly mixed.
Shock loss, tip leakage and separation loss decrease
in the injection phase, but increase in the suction
phase, indicating that increasing the jet frequency in
the injection phase can weaken the intensity of the
shock, reduce the tip leakage and the separation of
the suction surface. However, the excessively high
frequency seems to increase the loss during the
suction phase.

4. CONCLUSION

A method for active flow control of a transonic
axial compressor using synthetic jet on the
endwall is proposed. Through numerical
simulation of synthetic jet with 5 positions and 3
sets of parameters, the following conclusions are
obtained:

(1) Under near stall condition, the tip leakage flow
of the prototype compressor can not flow
smoothly out of the compressor passage under
the action of the reverse pressure gradient after
passing through the shock wave. Instead, it
accumulates in the tip passage and forms the tip
leakage vortex, the vortex core expands with the
increase of the reverse pressure, which leads to
the blockage of the blade tip. At the same time,
the suction surface layer is also severely
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Fig. 16. Loss source change under synthetic jet
excitation at design point (Vmax=150m/s,

f=1200Hz).

separated under the action of the reverse
pressure gradient. The combined effect of the
two factors is the main reason for the stall of the
transonic compressor.

(2) The excitation position of synthetic jet is the
main factor affecting the stability margin of the

transonic compressor.

Under three sets of
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Fig.17. Loss source change under synthetic jet
excitation near the stall point (L=25%Ca).

yOUT

excitation parameters studied in this paper,
when excited at 0%Ca, the performance of the
compressor deteriorates overall. When excited
at 25%Ca, the flow margin of the compressor is
significantly expanded. When excited at the
other three positions, the flow margin of the
compressor does not change much. This
indicates that 25%Ca is the best excitation
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position for the endwall synthetic jet.

(3) The flow field analysis shows that when 25%Ca
is excited, the mechanism by which the flow
margin of the compressor can be expanded is
that the synthetic jet is located above the
blockage area of the compressor. When the
synthetic jet is in the injection phase, the jet will
partially blow off the low speed airflow at the
tip of the blade. When the synthetic jet is in the
suction stage, the suction will suck out the low
speed airflow at the tip of the blade. This
alternating effect of injection and suction
weakens the tip leakage vortex and enhances
the flow capacity of the compressor tip. At the
same time, the calculation results in this paper
show that the suction effect of the synthetic jet
is more effective than the injection effect for
improving the compressor margin.

(4) The excitation frequency and jet peak velocity
of synthetic jet are the main factors affecting the
aerodynamic performance of the compressor,
but the jet frequency has a greater impact. The
calculation results in this paper show that the
flow margin, total pressure ratio and efficiency
of the compressor change little after increasing
the peak jet velocity. After continuing to
increase the excitation frequency of the
synthetic jet, the compressor has further
improved the total pressure ratio and efficiency
on the basis of expanding the flow margin. This
shows that there may be a threshold for the jet
frequency. Only when the jet frequency is
greater than this threshold, the overall
aerodynamic performance of the compressor
can be improved In the next step, we will
conduct experimental research on endwall
synthetic jet excitation of axial compressor.
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