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Abstract: Inlet swirl distortion is generally considered as a type of velocity distortion, and inlet
guide vanes (IGVs) are widely used in the multi-stage compressor of aero-engines to eliminate the
tangential velocity of the swirl flow. However, few studies have explored whether there still exists
some negative influence of inlet swirl distortion on the compressor, even after the installation of
IGVs. Therefore, in this study, the influence of various types of inlet swirl distortions on a multi-stage
compressor with the installation of IGVs is investigated. A swirl distortion generator installed in
the inlet duct was designed to produce various types of swirl flow patterns. When the distortion
intensity increased to some degree, there still existed a decrease in the compressive capability and an
obvious additional efficiency loss. The inlet twin swirl distortion was accompanied by total pressure
distortion, so even with the installation of IGVs, there was still a significantly negative influence on
the performance of the multi-stage compressor, especially the stall margin. Subsequently, to improve
the stall margin under inlet swirl distortion, the stall precursor-suppressed (SPS) casing treatment
was installed in the first stage of the multi-stage compressor. It could enhance the stall margin of
the compressor with no obvious change in the characteristic curves and no additional efficiency
loss under various types of inlet swirl distortions, and its mechanism was verified by capturing the
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1. Introduction

Aero-engines encounter various inlet distortions that may be induced by the installa-
tion devices, specific air maneuvers, or a change in the operating environment [1,2]. Under

Academic Editor: Erinc Erdem the condition of inlet distortions, instability phenomena, rotating stall, or surge, which

Received: 7 December 2022 cause much potential catastrophic damage to the whole system, may occur in advance [3],
Revised: 29 January 2023 inducing a sharp decrease in the stall margin of the compressor. Therefore, it is crucial
Accepted: 30 January 2023 to assess the influence of inlet distortion on the stall margin and develop corresponding
Published: 2 February 2023 methods for extending the operating range of the compressor.

For the majority of modern fighter jets, the engines are installed inside the fuselage

to cover the infrared thermal radiation [4], so the inlet duct is generally designed to be
= S-shaped, named S-ducts. Due to the two bends in S-ducts, they tend to produce swirl
Copyright: © 2023 by the authors.  flow at the outlet of the ducts, which was first found to be the primary contributor to
Licensee MDPI, Basel, Switzerland.  the jnstability problem in the twin-engine Tornado fighter-bomber [5]. In addition, there
This article is an open access article 515 exists swirl flow caused by the application of embedded auxiliary power unit (APU)
installations or the plenums installed in the turbine engine for marine and industrial
power [6]. This phenomenon was previously referred to as inlet swirl distortion. To capture
the spatial characteristics of swirl flow caused by an S-duct at the inlet of a compressor,
some studies [7,8] based on numerical calculations and experiments were conducted to
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explore the swirl flow in S-ducts and distinctly showed its evolution process and the flow
pattern. There are also some other types of S-ducts, such as inter-spool ducts [9,10], which
can cause inlet distortion to the downstream components.

The S-16 committee of the Society of Automotive Engineers (SAE) produced a detailed
and systematic description of the characterization of swirl flow by defining a series of swirl
descriptors to perform a quantitative evaluation [11]. Swirl flow can be grouped into four
fundamental categories strictly based on the flow pattern. The main types encountered
in aero-engines with S-ducts installed are bulk swirl and paired swirl [11]. The former is
accompanied by the entire flow field rotating in one direction with respect to the rotational
axis of the compressor, and can be divided into co-rotating and counter-rotating bulk swirl
according to the flow rotation direction relative to the compressor’s rotation. The latter
is accompanied by several vortices rotating in opposite directions. Due to the symmetric
structure of S-ducts, the two vortices generally have equal magnitudes and opposite
rotations, termed twin-paired swirl.

Swirl flow induced by an S-duct will influence the performance and stability of the
downstream compressor. Pazur et al. [12] used a delta wing to generate a pair of vortices for
simulating inlet swirl and investigated the influence of swirl distortions on the performance
of an axial compressor. Schmid et al. [13] researched the influences of co- and counter-
rotating swirl distortion and discovered that the two kinds of swirl distortion had different
effects on compressor performance, but did not negatively influence the stall margin of the
low-pressure compressor. Rademakers et al. [14] conducted an experiment on a Larzac 04
jet engine to explore the influence of S-duct inlets on the performance and stability of the
compressor. In their experiment, distortion generators were designed to reproduce the flow
configurations of swirl distortion, and the unsteady flow phenomena in the compressor
were detected. Dong et al. [15] carried out an experiment on inlet swirl distortion and
discovered that counter-rotating bulk swirl would improve the pressure ratio, but exert a
negative influence on the efficiency and stall margin of the compressor; under the condition
of twin swirl distortion, the performance and stability of the compressor decreased. On the
other hand, numerical calculations were performed to investigate the influence of swirl
distortion. Yogi et al. conducted a series of constitutive studies about inlet swirl distortion
by numerical calculation, from the design of a distortion generator [16] to the simulation
of compressor performance [17], and reached a similar conclusion. The steady numerical
calculations generally employed the frozen rotor approach to treat the interface of the rotor
and stator. However, this treatment could not consider the rotor/stator interaction and
may have impeded the downstream propagation of distortion perturbations. For inlet swirl
distortion, especially twin swirl, there exists intensive nonuniform velocity and pressure
in the circumferential direction [15], so whether the calculation based on the frozen rotor
approach is applicable is worth discussing. The author merely tested the results under the
uniform inlet condition on a one-stage compressor, which also raises our doubts. Therefore,
due to the three-dimensional and nonuniform flow characteristics of inlet swirl distortion,
unsteady calculation based on the whole annular is necessary, especially for multi-stage
compressors, but its huge computational cost may be unacceptable in applications. In
addition, due to the complex flow, some analytical models [18,19] may be also inappropriate
for the research of swirl distortion. These experiments might still occupy an important role
in research on the influence of inlet swirl distortion on the multi-stage compressor.

Furthermore, in fighter engines, which require high performance with a constant mass
rate, the structure design of a high hub ratio is adopted, but they are more sensitive to
changes in the angle of incidence. It was discovered that, due to the installation of IGVs, all
modern American military high-performance engines, such as the F-14, and F-15, seem to
be less sensitive to inlet swirl flow [5]. Therefore, it was concluded that IGVs can remove
the swirl component prior to the flow entering the rotor, and they have been widely applied
for eliminating the influence of swirl distortion. Nevertheless, in recent studies [15], it
was observed that swirl distortion is not merely represented as velocity distortion, but is
also simultaneously accompanied by nonuniform total pressure distribution, which may
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still have a significant influence on the performance and stability of a compressor with the
installation of IGVs [20], especially twin swirl distortion.

Thus, whether the installation of IGVs can absolutely eliminate the negative influence
of inlet swirl distortion deserves further investigation, and there are hardly any relevant
studies. Based on the requirements mentioned above, in our study, an experiment was
conducted to explore the influence of inlet swirl distortion on the performance and stability
of a multi-stage compressor with the installation of IGVs. The installation of IGVs is a
controllable approach to enlarging the operating range of a compressor under a specific
inlet condition. Another impressive technique aiming at improving the stability margin is
casing treatment [21], the mechanism of which is to increase the recirculation of the blade
tip to reduce a blockage. Thus, it can be considered a common approach under various
inlet conditions and has been proven effective both in theory and practical applications
for various types of compressors [22]. However, the limitation of the conventional casing
treatment is obvious in that it may change the performance characteristics of the compressor
and induce additional efficiency loss. Meanwhile, based on the small disturbance theory
and vortex—pressure wave interaction, Sun et al. [23] proposed a novel casing treatment
called stall-precursor-suppressed (SPS) casing treatment. Its perforated ratio is only 3-12%,
much smaller than that of conventional casing treatment, so it can enhance the stability
margin without causing obvious changes in performance and efficiency, which is achieved
by constructing a soft boundary condition to absorb the stall precursor waves and delay the
occurrence of rotating stall. Meanwhile, a stability model [24] was established to provide
theoretical support for the optimized design of the geometrical parameters of the SPS
casing treatment, rather than relying on trial-and-error, which saved a lot of resources and
time in the design process. The effectiveness of SPS casing treatment has been tested on a
one-stage compressor [20,23,25], but its effect on multi-stage compressors still needs more
investigation. In our paper, to explore an effective technique for enhancing the operating
range of the compressor under the inlet swirl distortion mentioned above, the SPS casing
treatment was applied to assess the corresponding effects.

In this paper, Section 2 introduces the experimental facility and sensor equipment of the
multi-stage compressor, as well as the swirl distortion generator and SPS casing treatment.
In Section 3, the physical parameters and repetitive experiments are first presented, and
the results of experiments with three types of swirl distortion with various intensities are
shown to explore the influence of swirl distortion on the performance and stability margin
of the multi-stage compressor with the installation of IGVs. Then, the SPS casing treatment
is applied to enhance the stall margin and the corresponding mechanism is investigated.
Finally, in Section 4, some conclusions are provided.

2. Experimental Facility and Sensors Equipment
2.1. Two-Stage Compressor TA66

The main purpose of our study is to investigate the influence of inlet swirl distortion
on a military engine, which is a general multi-stage engine with a high hub ratio and IGVs
installed; therefore, the corresponding experiments were conducted on a TA66 compressor
with similar characteristics, i.e., a two-stage low-speed test compressor with IGVs. It was
designed by the Fluid and Acoustic Engineering Laboratory of Beihang University, and had
high-aspect-ratio ducts consisting of two identical stages and IGVs before the first stage. A
schematic of the compressor is shown in Figure 1. The first- and second-stage rotors are
colored in red and green, respectively. The IGV is labeled as item 4 in Figure 1. The casing
treatment (item 5 in Figure 1) can be installed at the location of the half chord upstream
of the first or second stage. There is an annular throttle (item 9 in Figure 1) installed at
the outlet of the compressor and the nozzle area can be changed by adjusting the axial
position of the controllable bleed valve (item 8 in Figure 1). This actuating device enables
not only the quasi-static adjustment of the working condition to be achieved by moving
it slowly from the operation point to the stall point, but also the stall state to be exited
from quickly. The power of the compressor is supplied by an alternating current motor
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(item 10 in Figure 1) with a torque meter that can accurately measure the output power of
the motor shaft. The detailed design parameters of the compressor are listed in Table 1. The

installation angle of the IGV with the axis direction is 0 deg so that it can be considered as a
straight plate with no pre-swirl.

Inlet pressure _— . U
mmenrunpem iiiicrfice Swirl generator Five-hole probe No. Dynamic pressure sensor No. Outlet pressure
= measurement interface

11 12 13

Ii

Figure 1. Schematic of the structure and measurement arrangement of the two-stage TA66 with
an IGV.

Table 1. Design parameters of the two-stage compressor TA66 with IGVs.

Structural parameters
IGV 1-Rotor 1-Stator 2-Rotor 2-Stator
Blade number 38 47 45 47 45
with s drection - e
Diameter (mm) 600
Aspect ratio 1.69
Blade ratio 0.7
Performance parameters at the operating point
Mass rate i (kg/s) 7.25 Rotating speed (rpm) 3000
Flow coefficient ¢, 0.267 Pressure rise coefficient ¢ 1.176
Rated power (kW) 16 Efficiency 14 0.92
Pressure ratio 1.056 Static pressure rise p, — p; (Pa) 4600
Tip clearance (mm) 0.6-0.8 Tangential ZZI(?ICI i/tz)at blade tip 94.2

Rotor-stator gap (mm) 8-20
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To obtain the compressor characteristic curves and efficiency curves, the total and static
pressures at the inlet (plane A in Figure 1) and outlet (plane E in Figure 1) of the compressor
were captured by a total pressure comb (items 1 and 7 in Figure 1) and four static pressure
taps (item 2 and 6 in Figure 1). It should be noted that the above sensors measuring
pressure value are designed for steady-state flow and should be installed upstream of the
distortion generator (plane B in Figure 1), the structure of which will be introduced in the
following. The pressure sensors used here were 142PC01D Honeywell pressure sensors.
The rated pressure range was 1 PSI between two pressure ports (one port is the atmosphere
and another one measures total/static pressure), so in this work, the measured pressure
was based on the reference atmospheric pressure. Five-hole probes with a transmission
mechanism (item 3 in Figure 1) were installed downstream of the distortion generator to
measure the velocity profile of the inlet flow field (plane C in Figure 1).

On the other hand, the development process of a rotating stall from the occurrence
of stall precursor waves to fully developed cells with a sudden decrease in the pressure
rise ratio was much shorter than the whole throttling process, about 0.2 s [26], so the above
sensors, which were applied to measure the steady-state parameters, could not describe the
process of the rotating stall. Therefore, to capture more flow information about the rotating
stall, eight XT-190M-1D high-frequency-response dynamic pressure sensors (items 12 and
13 in Figure 1) were installed inlaid in the casing, about half a chord length upstream of
the leading edge of the rotor around the circumferential direction with equal spacing. Its
rated pressure was 1 PSI, and the sensitivity was about 5000.000 mV /PSIL. The main data
acquisition system was the NI-PXI system, and its maximum sampling rate was 100 kHz,
which was sufficient to investigate the development process of the rotating stall. The
filtered time history of the individual dynamic sensor could be used to calculate the modal
information by performing mode decomposition in the circumference direction, which will
be introduced further in the following section.

2.2. Swirl Distortion Generator

The fundamental characteristics of the swirl flow are shown in Figure 2. For the
co-rotating and counter-rotating bulk swirl, the direction of the tangential velocity in the
whole flow field is identical, but is, on the contrary, between the two parts of the twin swirl.
Swirl directivity (SD) is proposed to assess the swirl rotational direction concerning the
compressor rotation [6].

Rotating direction
of compressor

%

Co-rotating Counter-rotating

bulk swirl Twin sl bulk swirl

Figure 2. Schematic of three types of swirl flow patterns.

To investigate the influence of inlet swirl distortion, it is necessary to guarantee a
similar flow pattern at the inlet interface of the compressor. The general approach is to
install a swirl distortion generator in the straight inlet duct. Pazur et al. [12] used a delta
wing to generate swirl flow and simulated different types of swirl by adjusting its pitch
angle. Subsequently, more experiments adopted guide stream vane [27,28], the structures
of which were created by numerical correlations. It can be observed that the essence of
swirl flow is the existence of tangential flow velocity, and it can be achieved by the guide
vanes. In our experiments, a distortion generator for the compressor TA66 was designed, as
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shown in Figure 3, and installed in the inlet ducts upstream of the compressor (Plane B of
Figure 1) to simulate the flow pattern of the inlet swirl distortion. It contains eight straight
guide vanes, and the axial established angle can be adjusted from 40 deg to —40 deg to
simulate different types of swirl flow with various intensities. Here, the nomenclature of
the type and intensity of inlet swirl distortion is based on the axial established angle of
the guide vanes; for example, +10 means that the axial stagger angle of all vanes is 10 deg
with the same rotation direction of the rotor, namely co-rotating bulk swirl, and —10 means
counter-rotating bulk swirl with the opposite rotation direction of the rotor. Furthermore,
+10—10 represents that the axial stagger angle of guide vanes #1-#4 is +10 deg and #5—#8 is
—10 deg.

Figure 3. Structure of the swirl distortion generator.

Eight five-hole probes (item 3 in Figure 1) were used to measure the velocity profile and
total pressure fields of Plane C in Figure 1. The corresponding results are shown in Figure 4.
The transducer is located at the top of the probe and its location in the radial direction
can be adjusted by a transmission mechanism. Sixty data points in each circumferential
position are collected, so there are 60 x 8 points in each figure. The arrow represents the
velocity vector Vi, in the yz panel, and the swirl flow pattern can be clearly illustrated.
The background contour illustrates the total pressure distribution. In Figure 4a, there
is a bulk swirl flow with rotationally symmetric velocity, and the tangential velocity is
highest in the medial part of the radius. The total pressure distribution is uniform in
the circumferential direction, but nonuniform in the radial direction due to the different
tangential velocity. In Figure 4b, there is a paired swirl that is nearly axially symmetric, but
accompanied by an obvious nonuniform total pressure distribution. It can be concluded
that the inlet swirl distortion is not only represented by the velocity distortion, but also
the strong total pressure distortion. This phenomenon is in accordance with the total
pressure distribution at the outlet of the S-duct captured by the numerical simulations [29].
Therefore, the influence of inlet swirl distortion is not only caused by the change in the
angle of incidence of the rotor, but also by intense total pressure distortion, especially twin
swirl distortion. This provides powerful support for our doubts about whether the negative
effect induced by inlet swirl distortion can be eliminated by the installation of IGVs. The
above distributions are consistent with the definition of swirl [11] and the experimental
results [6], verifying the effectiveness and reliability of the swirl distortion generator. The
flow fields under the conditions of +5 to +40, —5 to —40, and +5—5 to +20—20 were also
measured. The results show that the intensity of tangential velocity and total pressure
distortion increased with the vanes’ established angles in the swirl distortion generator.
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Figure 4. Inlet total pressure and velocity profile Vyz under the conditions of (a) +10 (co-rotating bulk
swirl distortion) and (b) +10—10 (twin swirl distortion).

2.3. Stall Precursor-Suppressed (SPS) Casing Treatment

A schematic diagram of the SPS casing treatment is shown in Figure 5a. With the
discovery of the stall precursor waves, the idea of increasing the stall margin by suppressing
the nonlinear amplification of the stall precursor waves was applied in the active control [30].
However, the transient characteristics of the stall precursor waves and the slow response of
actuating mechanical devices resulted in the active control being hard to apply in practice.
The proposal of SPS casing treatment was inspired by introducing the above concept into
passive control. A soft boundary condition can be constructed by the vortex—pressure wave
interaction [31] between the stall precursor wave and the shedding vortex; then, the stall
precursor waves can be weakened and the occurrence of the rotating stall can be delayed.
The corresponding mechanism will be further investigated by the dynamic pressure signals
captured by the dynamic sensors (item 12 in Figure 1) in the next section.

/
Shedding vortex ~ _ j /\K‘ E Back chamber
I

AR

__, Flow disturbance

—_—

Airflow

1l V4% 77
Rotor Stator

(a) (b)

Figure 5. (a) Schematic diagram and (b) installation status of SPS casing treatment.

The structure of the SPS casing treatment consists of a perforated plate and a back
chamber, which can be regarded as a Helmholtz resonator, as shown in Figure 5a. There
was an annular back chamber (item 5 in Figure 1) with h = 65 mm and 1 = 82 mm in the
casing wall. The perforated ratio of the SPS casing treatment could be adjusted from 0 to
12%, much smaller than that of conventional casing treatment (usually over 50%), which
would significantly reduce the additional loss of efficiency and retain the characteristics of
the pressure rise ratio. The slot connecting the main flow and the back chamber could be
occluded by plastic plugs to be regarded as a solid casing wall. In a previous study [23], the
geometry parameters, such as the camber height and perforated ratio, influenced the stall
margin improvement of SPS casing treatment. It is installed about half a chord upstream
of the rotor in one-stage compressors, but for multi-stage compressors, the installation
location may also affect the stall margin improvement of SPS casing treatment. In our
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study, the effectiveness of SPS casing treatment was explored under conditions with various
installation locations, including only the first stage, only the second stage, and both. Then
the optimal strategy for enhancing the stall margin of the compressor was adopted under
the inlet swirl distortion.

3. Experimental Results
3.1. Physical Parameters

The main parameters to assess the performance and stability of the compressor are
defined as follows. The mass flow rate G is defined as
P*
G = gkA1—2=q(M1) @
VTi
where the correction coefficient ¢ = 0.992 is to correct the influence of the boundary layer
and is obtained in the calibration process of the compressor [25], A; is the sectional area of
the inlet, k is the ratio of specific heat, P;" is the inlet’s total pressure, T;" is the inlet’s total
temperature, and the stream function g(A1) is obtained by the look-up table method. Then,
the total-to-static pressure rise coefficient is defined as:

P,—P;

V=050 )

where P; is the static pressure at the outlet and U, represents the tangential speed at
mid-span. The flow coefficient ¢ is denoted as

_ Ve @
2|Pf — P
P1

where V, is the axial velocity of the inlet profile, g, is the volume flow, p; is inlet density,
and Py is the atmospheric pressure.
The efficiency # can be expressed as

1000WE *NE
where P, is the total pressure at the stator exit, W is the electrical power, and 7 is the
motor power coefficient. It is measured by a torque meter, whose measurement accuracy
is about 0.001 V. Moreover, the high measurement accuracy enables the error range of
efficiency to be small enough.
Finally, SM is the stall margin, which is defined as where ‘d” represents the design
operating point and ‘s’ represents the rotating stall inception point,

SM = <¢S/‘PS - 1) % 100% ®)
Ya/ Pa

Different from a compressor driven by a turbine in engineering, the operability of the
compressor is driven by an alternating current motor (item 10 in Figure 1), so the method of
drawing the operating line to ensure the design operating point is inappropriate for TA66.
The flow coefficient ¢ and the efficiency # were multiplied to search for the design operating
point with the maximum value. Therefore, the parameters of the design operating point of
TA66 are ¢, = 0.292, ¢p; = 1.223, and 745 = 0.907.
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3.2. Experimental Repeatability

To guarantee the accuracy and reliability of the experimental results, a repetitive
experiment was conducted to calculate the error range of the major parameters of the
compressor. The total-to-static pressure rise curves and efficiency curves of three repetitive
experiments under the uniform inlet condition are shown in Figure 6. The efficiency
curves were reconstructed by three-order polynomial fitting. From the above results, it
was confirmed that the experiments had great repeatability and the error range of the
total-to-static pressure rise coefficient and efficiency was within our tolerance.

1.00
— Uniform-1
) oy — Uniform-2
/ ‘ “.v‘\, 7 — Uniform-3
= X 0.90 |
\
\ .
\\w 0.85 F
Uniform-3 Q\‘
—o— Uniform-2 7"\
—o— Uniform-1 { 0.80 |
I : : : I . 1 1
0.20 0.25 ((I)).30 0.35 0.40 0,76.20 e - - -
¢
(a) (b)

Figure 6. Repetitive experiment results of the (a) total-to-static pressure rise curves and (b) efficiency
curves of the TA66 compressor.

3.3. The Influence of Inlet Swirl Distortion on the TA66 with an IGV

In a previous study [15], experiments were carried out to explore the influences
of inlet swirl distortion on a one-stage TA36 compressor without an IGV installed, and
corresponding results are presented in Figure 7. It could be observed that —5 represented
the counter-rotating swirl distortion of small intensity, which increased the compressive
capacity of the compressor, and the co-rotating swirl distortion +5 and +10 always brought
about detrimental effects on compressor performance. The characteristics of twin swirl
distortion (+10—10) were different from those of bulk swirl distortions. They not only had
a negative influence on the compressor performance, but they also caused a more serious
decrease in the stall margin compared with the results of bulk swirl distortion. However,
the decrease in the pressure rise was lower than that of the co-rotating bulk swirl distortion
+10 because of the offset by the increase in the compressive capacity of the other part.

2600 T T T T T
—0— Uniform
2. -
2400 —O— Bulk swirl(—=5)
I —A— Bulk swirl(+5)
2200 :szm
) Bulk swirl(+10)
2000 | ‘ —b— Twin swirl(+10-10)
—~ 1800 .
<
=¥
% 1600 - 4
=9
1400 | ) i
Stall Margin
1200 .
1000 -
800 -
(,()“ 1 | 1 1 1
4 S 9

6 7 8
Mass Flow/(kg-s™)

Figure 7. Static pressure rise curve with various inlet swirl distortion types under 100% design speed.
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It can be concluded that the inlet swirl distortion brought about a great influence
on the performance and stall margin of the compressor. The conventional treatment of
military high-performance engines, generally designed as multi-stage with a high hub ratio,
to eliminate the negative effect of inlet swirl distortion involves installing an IGV before
the rotor of the first stage. As shown in Figure 4, because the inlet swirl distortion is also
accompanied by strong nonuniform total pressure distortion, it is crucial to explore the
influence of inlet swirl distortion after the installation of an IGV. Therefore, experiments on
the two-stage TA66 compressor with the installation of an IGV under inlet swirl distortion
were conducted as follows.

Figure 8 shows the total-static pressure rise curves and efficiency curves of the com-
pressor under the co-rotating bulk swirl distortion, and the axial angle of the swirl generator
blades from 0 to +40 represents various intensities of distortion (for ease of observation,
not all conditions are displayed here). The black curve represents the condition where the
axial angles of the generator blades are 0 deg, i.e., the uniform inlet condition. When the
intensity of the bulk swirl distortion is small, such as +10, there is almost no influence on
the pressure rise curve of the compressor, along with slight efficiency loss. However, for the
bulk swirl distortion with large intensity, such as +40, it can still bring about detrimental
effects on the compressive capacity of the compressor. The efficiency decreased by 6.7%,
but the stall margin hardly changed. Figure 9 shows the curves of the compressor under
the counter-rotating bulk swirl distortion. The whole variance trend of curves with small
intensity was almost the same as the condition under co-rotating bulk swirl distortion.
Meanwhile, for the condition with high intensity, such as the —40 curve, the efficiency
loss decreased by 7.8% and it was obvious that the instability boundary moved right and
the stall margin decreased. This differs from the results that the counter-rotating bulk
swirl distortion could improve the compressive capacity of the compressor without an IGV.
Therefore, under bulk swirl distortion, whether co-rotating or counter-rotating, when the
distortion intensity was not large enough, there was hardly any influence of swirl distortion
on the compressive capacity of the compressor alone along with little efficiency loss, be-
cause the tangential velocity of the swirl flow could be eliminated by IGV, to some degree.
When the intensity of swirl distortion increased, the flow through the IGV remained at a
degree of tangential velocity, which still influenced the performance of the compressor. Due
to the strong interactions between the fluid and IGV, the flow loss increased, leading to a
decrease in compressive capability and significant efficiency loss. Therefore, the installation
of the IGV was effective to eliminate the negative influence of inlet bulk swirl distortion
when the intensity of distortion was low. If the intensity was high enough, IGVs could only
alleviate the negative influence to some extent.

1.0
14 F
design operating point
12} o B
9 A= —6.7%1 e bt
10| . 4L e >~ Ny
) Yised ~ Sy
777 o N ~
Vit X NN N
08 | 08 | o 9 %
b n i . %
06 | p i
’ —o— Uniform //,/ . ;
Co-rotating(+10) 0.7 2 -=- Umfonn_
&5 —o— Co-rotating(+20) = CO-rOtﬂQng(HO)
—v— Co-rotating(+30) = &l o-rotatl.ng(JrZ())
02F Co-rotating(+40) o6 L i Co-rotatmg(+30)
' Co-rotating(+40)
0.0 L 1 1 L L 1 1 I
0.30 0.35 0.40 0.20 025 030 035 040

¢ ¢
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Figure 8. (a) Total-to-static pressure rise curves and (b) efficiency curves under the inlet co-rotating
bulk swirl distortion.
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Figure 9. (a) Total-to-static pressure rise curves and (b) efficiency curves under the inlet counter-

rotating bulk swirl distortion.

Figure 10 shows the total-static pressure rise curves and efficiency curves of the com-
pressor under twin swirl distortion. The black curve represents uniform inlet conditions.
Under the condition +10—10, at the large flow coefficient point, there was no obvious
change in the compressive capability, but the stall occurred in advance, and the stall margin
and efficiency decreased obviously. Compared with the results of the bulk swirl distortion
as shown in Figures 8 and 9, the tangential velocity of swirl flow under the conditions of
+10 or —10 could almost be eliminated by the IGV; then, under the condition of +10—10, it
could also be eliminated. Therefore, according to the inlet total pressure distribution, as
shown in Figure 4, it can be inferred that the decrease in the stall margin and efficiency
may have been caused by the total pressure distortion, but it had no obvious influence
on the compressive capability. With the increase in the distortion intensity to +20—20, the
compressive capability began to decrease and the stall margin decreased further, which
was also attributed to the total pressure distortion. Conventional cognition may take it
for granted that the twin swirl can simply be considered as a superposition of the co- and
counter-rotating swirls. However, the twin swirl distortion will still bring about a negative
influence on the performance and stall margin of the compressor, even with the installation

of an IGV.
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Figure 10. (a) Total-to-static pressure rise curves and (b) efficiency curves under the inlet twin

swirl distortion.
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For the two-stage compressor with an IGV installed, the influence of bulk swirl
distortion was slight because the tangential velocity of swirl flow could be eliminated
by the IGV, as expected [11]. Nevertheless, for the twin swirl with the same tangential
velocity, due to the accompanying total pressure distortion, there still existed a significantly
negative influence. It has been observed that the type of swirl distortion generated by an
S-duct depends on the geometric parameters of the S-duct [4]; therefore, even in a military
engine with an IGV, inlet twin swirl distortion could be avoided by adjusting the geometric
parameters of the S-duct.

3.4. Stall Margin Enhancement of SPS Casing Treatment

The above results show that inlet swirl distortion influenced the performance and stall
margin of the compressor, especially twin swirl distortion. Therefore, SPS casing treatment
was installed for TA66 to explore its stabilization ability on the multi-stage compressor
under inlet swirl distortion.

In one-stage compressors, the SPS casing treatment is generally installed upstream of
the rotor [15]. However, in the TA66 two-stage compressor, the SPS casing treatment can
be installed in the first stage, the second, or both. Therefore, the influence of installation
location on the stall margin enhancement of the SPS casing treatment was first investi-
gated, along with various perforation ratios, under uniform inlet conditions to explore
the best installation strategy. As shown in Figure 11, when the SPS casing treatment was
installed in the first stage, the stall margin improvement increased with the perforation
ratio. Nevertheless, when the SPS casing treatment was only installed in the second stage,
there was a negative effect on the stall margin. It can be inferred that the stall precursor
first occurs in the first stage, which will be verified by the dynamic signals discussed in the
following. According to its short length scale and high frequency, it cannot infinitely spread
throughout the duct in the axial direction. Compared with the case with the installation
only in the first stage, there were only a few additional SM benefits when SPS casing
treatment was installed in both stages, but they were accompanied by obvious additional
efficiency loss. Above all, the best strategy for the installation of SPS casing treatment was
in the first stage with a perforation ratio of 12%.
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Figure 11. (a) Total-to-static pressure rise curves and (b) efficiency curves with various SPS casing
treatment strategies.

To explore the mechanism of the SPS casing treatment, it was necessary to capture
the perturbation evolution in the pre-stall process after the installation of the SPS casing
treatment. The collection of dynamic pressure data was activated when the operating
condition was close to the stall inception point; then, the throttle moved slowly so that the
stall could occur within 10-20 s. The time-resolved pressure signals of the case in which
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the sensors (items 12 and 13 in Figure 1) were placed near the rotor tip of both stages
are shown in Figure 12 under uniform inlet conditions. The static pressure signals of 16
channels were non-dimensional and the horizontal axis represented the physical time with
throttling. The stall precursor could be first found in the first stage at about 15.2 s; then, it
propagated in the circumferential direction and could also be captured by the other sensors.
After two rotor cycles of about 0.08 s, perturbation also occurred in the second stage as the
blue dashed line. This could be the reason why it was more effective when the SPS casing
treatment was installed in the first stage.
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Figure 12. Dynamic static pressure signals in the evolution of rotating stall.

Then, the SPS casing treatment was applied to the condition with inlet swirl distortion.
The total-to-static pressure curves and efficiency curves treated by three-order polynomial
fitting with a solid wall and SPS casing treatment are shown in Figure 13. It can be observed
that, after the SPS casing treatment was installed, the stall margin increased by 6-7%
and the compressor performance was barely influenced. Under various types of inlet
swirl distortion, the stall margin improvement of the compressor was roughly identical,
and it was demonstrated that the stall margin improvement mechanism of SPS casing
treatment was insensitive to the inlet swirl flow pattern of the compressor. Furthermore,
as shown in the efficiency curves, there was only a slight additional efficiency loss, which
was even lower than the numerical error and was perfectly acceptable compared with
conventional casing treatment, so it could be argued that the effectiveness of the stall
margin improvement of the SPS casing treatment was verified and it had almost no obvious
negative influence on the performance of the compressor under various types of swirl
distortion, which is a great improvement of the existing stabilization methods.

Subsequently, the above time-resolved signals captured by the high-frequency dy-
namic sensors, as shown in Figure 12, can be used to calculate the modal information by
mode decomposition in the circumference direction. The dynamic signals in the circum-
ferential direction can be regarded as a superposition of each circumferential perturbation
mode, and the time-varying information of a specific circumferential mode can be obtained
by the spatial Fourier transformation, which can be expressed as

N-1 -
Clt) =+ M pn(t)exp[—zl]:;n] %



Aerospace 2023, 10, 141

14 of 17

where N = 8. Cy(t) is the first-order perturbation mode. The phenomenon in the experi-
ments [32] was that the most unstable mode corresponded to the first spatial harmonics
of the perturbations in the compressor, and when it was stabilized, the operating flow
range increased, so the first-order mode was proven to be the predominant circumferential
perturbation mode. To illustrate the perturbation evolution, the time-varying signal was
first filtered to eliminate the influence of shaft-frequency and high-frequency noise. Then,
the fast Fourier transformation and power spectrum density (PSD) were applied to obtain
the energy spectrum. The formulas of the process are represented as

Fe(w) = FFT(Cy()) ®)
2
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Figure 13. Total-to-static pressure rise curves (1) and efficiency curves (2) without/with SPS casing
treatment under inlet swirl distortion of (a) +20, (b) —20, and (c) +20—20.

Defining the normalized relative frequency as the ratio of the perturbation frequency
to the shaft frequency, the PSD results under various types of swirl distortions are shown
in Figure 14 and the amplitude peaks of the perturbation mode are also marked. To clearly
distinguish the differences in peak amplitude between the SPS casing treatment and solid
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wall, the traditional three-dimensional spectrum, including the time process [15], was
projected to a two-dimensional frequency spectrum with the coordinates of frequency
and amplitude. The left column represented the cases with solid casing and the right
represented those with the installation of the SPS casing treatment. It can be observed
that the relative frequency of maximum perturbation amplitude was about 0.4 with bulk
swirl distortion and 0.6 with twin swirl distortion. The peak of the perturbation energy
decreased after the installation of the SPS casing treatment. Though the perturbation
energy slightly increased at some individual relative frequencies, the perturbation energy
decreased obviously on the whole. The SPS casing treatment could be analogous to the
non-local reacting liners, which could be regarded as a kind of impedance boundary. The
above results reflect its broadband characteristics, so it was insensitive to the frequency of
flow disturbances and flow details [33]. The effectiveness of the SPS casing treatment under
the inlet swirl distortion verified that it could absorb the pressure perturbation energy
and suppress the nonlinear amplification of the pressure perturbation, including the stall
precursors, to delay the occurrence of rotating stall.

3%107

_____ - 2.65x107 SC-(+20) CT-(+20)
x10TE "~ 2.05%x1077
PSD
1x107 |
0 "
. 0.2 04 0.6 08
Relative Frequency Relative Frequency
(al) (a2)
5x10°7
SC-(-20) CT-(-20)
————————— 3.99x1077 4x10°
3107 2.98x107
PSD
2x107
1x107
Relative Frequency Relative Frequency
(b1) (b2)
5x107
L SC-(+20-20) CT-(+20-20)
5.89x1077 sl i
-9 3.48x10™
3x107 |
PSD

Relative Frequency

(c1)

Figure 14. PSD of dynamic pressure signal by normalized frequency without (1)/with (2) SPS casing

2x107 |

1x107

Relative Frequency

(c2)

treatment under various inlet swirl distortions of (a) +20, (b) —20, and (c) +20—20.
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4. Conclusions

In this study, the influence of inlet swirl distortion on a two-stage TA66 compressor
with an IGV installed was investigated. SPS casing treatment was applied to improve the
stall margin under the inlet swirl distortion and the corresponding mechanism was also
explored. The conclusions can be summarized as follows:

(1) For the multi-stage compressor with an IGV installed, under the inlet bulk swirl
distortion with low intensity, there was almost no negative influence on the com-
pressive capability and stall margin of the compressor. When the distortion intensity
further increased, there was still a decrease in the compressive capability and obvious
additional efficiency loss.

(2) Under the inlet twin swirl distortion, even with the installation of an IGV, there still
existed a significantly negative influence on the multi-stage compressor, especially
the stall margin. This might have been caused by the accompanying total pressure
distortion induced by the twin swirl flow. The inlet twin swirl distortion could be
avoided by adjusting the geometric parameters of the S-duct in engineering.

(8) The best strategy for the installation of SPS casing treatment is to install it in the first
stage to guarantee sufficient stall margin improvement and minimum efficiency loss.
In this way, it can improve the stall margin of the compressor with no change in the
characteristic curves and no additional efficiency loss under various types of inlet
swirl distortions.

(4) The mechanism of SPS casing treatment was verified by the dynamic pressure signals
and PSD analysis to absorb the pressure perturbation energy and suppress the nonlin-
ear amplification of the pressure perturbation, including the stall precursors, to delay
the occurrence of rotating stall.
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