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ABSTRACT

Casing treatment is a powerful method for improving the stability of aircraft compressors. An optimized slot-
type casing treatment was tested on the first rotor of a highly-loaded two-stage compressor, and the results
showed that the casing treatment could not increase the compressor stability at the design and off-design speeds.
A coupled casing treatment (CCT), which is built with an injector, a bridge, a plenum chamber, and several
slots for a recirculating loop, is proposed and optimized to enhance the stability of the compressor in the present
study. The optimized CCT improves the compressor stability and efficiency under the design condition by 75.8
% and 0.71%, respectively. The coupling effect, which is established with an inner circulation in the slots and
an outer circulation from the slots to the injectors, accounts for the excellent stability enhancement. The
coupling effect reduces the amount of tip leakage flow, depresses the development of the tip leakage vortex
(TLV), and greatly decreases the blockage in the rotor tip which is primarily induced by the interaction of the
shock-wave and boundary-layer at the blade suction surface. The parametric study shows that improving the
coupling effect has a positive effect on reducing the rotor tip blockage, but a negative effect on the stability of
the compressor stage. This is because the inflow condition of the stator is tremendously distorted while the
coupling effect is excessively strong, which can cause a stall in the stator rather than in the rotor. The compressor
stability can be maximally enhanced by adjusting the strength of the coupling effect to make a compromise of
the improved rotor tip flow and the deteriorated stator flow.

Keywords: Aircraft compressor stage; Stall; Coupled casing treatment; Stator corner stall;, Stability
improvement.

NOMENCLATURE
Ca axial chord length 14 absolute velocity
CcCcT Coupled Casing Treatment Vz axial component of absolute velocity
GV Inlet Guide Vane VA axial direction
LE Leading Edge Za slot axial location
N slot numbers a skewed angle in the circumferential
direction
R radial direction g lean angle in the axial direction
SMi(s)  Stall Margin Improvement(s) o standard deviations
sC Solid Casing 4 relative change of any parameter
T blade passing period p density
TE Trailing Edge oar  displacement thickness
LV Tip Leakage Vortex n compressor efficiency

1. INTRODUCTION

Safe operation of aero engines requires sufficient
stall margins of aircraft compressors. However, the
compressors tend to stall when encountering inlet

distortions, shaft speed variations, and throttle
transients. To avoid potential engine failure and
aviation accidents, the stall margin should be
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extended when designing a compressor. The stall-
limited region is usually designed to be located in the
rotor tip for typical well-designed modern
compressors, through which casing treatments, such
as slots, grooves, and tip injection, can be
implemented to postpone the occurrence of stall
(Hathaway 2007).

Casing treatments have been applied to several well-
known aero engines, including CF56, AJI-31®, and
WP-14 (Sun et al. 2019). However, many other aero
engines cannot use casing treatments to improve
stability because of two main reasons. One is the
efficiency degradation resulting from the application
of casing treatments, which causes engine running to
be uneconomical. The other is the weak robustness
of such treatments in improving stability, which may
cause the failure of casing treatments in improving
compressor stability when stall styles vary under
different operating conditions. Consequently,
different endwall treatment technologies, such as
slot-type (Wilke et al. 2005; Voges et al. 2013) and
groove-type (Hah 2019; Shabbir and Adamczyk
2005). casing treatments, and tip injection (Suder et
al. 2000; Taghavi-Zenouz et al. 2018), were
proposed to make a compromise between the safe
operation and fuel economy.

The problem of efficiency degradation has been
studied and discussed extensively. Lin et al. (2018,
2019) proposed a feasible method of injecting water
mist into the air to improve the compressor
performance of gas turbines. Fujita and Takata (1987)
tested different axial, skewed and circumferential
groove casing treatments and concluded that the
greater the effectiveness of casing treatments in
improving stability, the greater is the efficiency
penalty. Lu et al. (2006), Alone et al. (2017) and
Brignole et al. (2008) optimized bend skewed slots
and semicircular slots to minimize the efficiency
degradation, respectively. Goinis et al.(2013) used
an  automated multi-objective  optimization
procedure to optimize slots. Cumpsty et al. (1989)
made the casing treatment cover partially the annulus
for reducing the efficiency loss. Wang et al.(2014)
proposed alternative methods or criteria to minimize
the design and optimization time. Another method of
reducing the performance degradation involves
implementing an active stall control system to
develop a smart engine (Epstein 1985), passive tip
injection (Suder et al. 2000; Dinh et al. 2015),
recirculating casing treatment (He and Zheng 2019),
and new-type endwall technologies such as SPS
casing treatment (Sun ez al. 2019), plasma actuation
(Zhang et al. 2019), labyrinth casing (Mileshin ez al.
2018), and combined configurations((Dinh et al.
2015; Halawa et al. 2015). Several of the above
works have been very successful, but obtaining an
adequate stall margin with the least performance
degradation remains highly challenging.

Most studies focused on the successful application of
casing treatments and their relative mechanisms.
Moreover, a better in aecrodynamic performance is of
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concern in design and optimization (Liu et al. 2021-
a, and 2021-b). Nevertheless, the casing treatment
tends to fail in improving stability when the working
conditions, quantities such as shaft speed (Wilke et
al. 2005), tip clearance (Rolfes ef a/.2017), and inlet
condition (Sun et al. 2018) change. Greitzer et al.
(1979) and Cheng et al. (1984) found that the
effectiveness of a casing treatment depends on blade
solidity. It is necessary to conduct a numerical
analysis to get more information on the flow field
(Lin et al. 2021-a; Liu et al. 2021-c). Wilke et al.
(2005) found that the casing treatment is effective in
improving stability at 100% of the design speed by
numerical analysis, but fails at 60% of the design
speed. Moreover, tip injection cannot function unless
the injected mass flow is more than 2% of the
compressor annulus flow (Hiller ef al. 2011) in a
stage environment, which is different from that in an
isolated rotor environment (Li er al. 2015). The
failure of the casing treatments is primarily because
the improvement of compressor stability is closely
related to the manipulation of the tip leakage vortex
(TLV), which is discussed by Wilke et al. (2005),
Voges et al. (2013), and Lu et al. (2006) and Schnell
etal (2011) and Lu et al. (2006) in detail. The casing
treatment may fail in improving stability once the
compressor stall mechanism alters. Heinichen ez al.
(2011) concluded that casing treatment can
effectively improve compressor stability given that
the compressors stall is triggered by the TLV.

In the present, little effort has been paid to the stall
control of the compressor whose stall is not triggered
by the TLV concerning the casing treatment.
Whether the casing treatment can suppress stall
induced by boundary-layer separation is not
disclosed. Wang et al. found that a slot-type casing
treatment fails to enhance the stability of a highly-
loaded compressor stage because the stall is mainly
caused by the interaction of the passage shock-wave
and boundary layer, but not the TLV (Wang et al.
2020). Consequently, in the present study, a new-
type coupled casing treatment (CCT) is proposed and
optimized to stabilize the compressor. The idea is
derived from the experimental results that the
stability of the compressor equipped with a groove-
type casing treatment can be further improved by
implementing tip injection (Wang ef al.2017). If the
CCT can manipulate the shock-wave induced
boundary-layer separation, it provides a potential for
solving the problem of weak robustness of casing
treatments.

Included here is a systematic study of the coupling
method in the compressor stage. This article begins
by investigating the effects of CCT geometric
parameters on the compressor performance to build
an optimal structure. This is followed by the
mechanism study of the obtained stability
enhancement. In addition, the unsteady flow
characteristics and the stall dynamic of the
compressor equipped with a CCT are lastly discussed.
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2. DESIGN OF CCT
2.1 Geometric structure

The CCT was designed based on the understanding
of the effects and characteristics of different endwall-
treatment technologies (Wang et al.2017; Wang et
al.2018; Lu et al.2007). The CCT was composed of
an injector, a bridge, a plenum chamber, and several
slots for a blade passage, which is presented in 0. The
slots were employed to build an inner flow
circulation for reducing tip blockage induced by the
TLV and bleed low-energy fluid caused by
boundary-layer separation. The plenum chamber was
used to balance the pressure among the slots for
reducing pressure fluctuations in the blade passage
(Wang et al. 2015) induced by the installed endwall
treatment and collect air extracted from the slots.
Another objective of setting up the plenum chamber
was to transport local serious blockage induced by
potential inlet distortions along the circumferential
direction. Tip injection that was implemented with
the injector was to energize the TLV and excite the
annulus boundary layer near the shroud. The injector
was placed in the passage of the inlet guide vane
(IGV) along the direction of the main flow. The
bridge was employed to connect the injector and the
plenum chamber.

Injector
.

Chamber

.

Fig. 1. Geometric structure of coupled casing
treatment.

2.2 Parametric geometry

The CCT structure was geometrically parameterized
with slot axial location Za, numbers », skewed angle
a in the circumferential direction, and lean angle £ in
the axial direction. The studied variables are given in
Table 1. To study the effect of a geometrical
parameter, the values of the other variables were
fixed. The geometrical parameters that were not
investigated were determined by the design
experience of each part. The slot axial length was 55%

of the blade chord length (Ca), which was the same
as the slot-type casing treatment which was proven
ineffective in enhancing stability (Wang ez al. 2020).
The radial heights of the slots and the plenum
chamber were 17% Ca and 11% Ca respectively,
which were determined with the results in the
literature (Wang et al. 2015). The total radial height
of the slots and plenum chamber was equal to that of
the slot-type casing treatment. The open width of a
slot occupied 8.3% of one blade pitch, and the open
porosity varied with the slot numbers. The injector
throat height and circumferential coverage were set
to be six times the tip clearance size and 67%
respectively, which was determined based on
parametric studies of the injector size in literature
(Wang et al. 2017).

3. Investigated compressor

The first stage of a two-stage highly loaded axial
compressor was used to evaluate the CCT. The blade
numbers of the inlet guide vane (IGV), rotor 1, and
stator 1 are 21, 17, and 50, respectively. The design
speed was 12100 rpm and the relative Mach number
is 1.8 at the rotor tip. The running rotor tip clearance
size was 0.6 mm. The geometric angles of the IGV
changed with speed according to a vane schedule,
and the angle was bound as 18° at 90% of the design
speed. An optimized slot-type casing treatment was
found to be ineffective in improving stability at 90%
of the design speed because the compressor stall was
not triggered by the TLV. The compressor stall
mechanism was discussed in detail in Wang et
al.2020. Figure 2 demonstrates the compressor maps
for the two-stage compressor with and without the
slot-type casing treatment. The CCT in this paper is
proposed to extend the stable operating range
stability and studied at 90% of the design speed.

4 8C, Experiment
A Slots, Experiment
o SC, Calculation

® Slots, Calculation

Norm.total pressure ratio
Norm.adiabatic efficiency

Norm.mass flow rate
Fig. 2. Comparison of compressor characteristics
between the solid casing and casing treatment at
90% of design speed.

Table 1 Studied geometric parameters of coupled casing treatment

Variable Value Fixed value

Za/Ca | -139 | 0 | 13.1 | 30.7 0=45°, =0 °, N=9
o/° 0 30 | 45 60 Za=13.1Ca, f=0°, N=9
B/° 0 45| 60 75 Za=13.1Ca, 0=45°, N=9
N/° 1 3 5 9 Za=13.1Ca, 0=45°, f=45°, N=9
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3. NUMERICAL METHODOLOGY
AND VALIDATION

3.1 Numerical methodology

We used a commercial CFD package NUMECA
FINE/Turbo to investigate the effect of the CCT on
the compressor stage. The equations were discretized
in space with a second-order upstream finite-volume
formulation. The one equation turbulence model,
namely, Spalart and Allmaras, was employed to
estimate the eddy viscosity. The viscous fluxes were
evaluated in a central differencing manner with /’
Gauss theorem. The Reynolds-averaged Navier— '
Stokes (RANS) calculations were implemented to
carry out the parametric study of the CCT, and the
time-accurate RANS simulations were carried out to
understand the flow details. In the time-accurate
simulations, the blade numbers of the IGV and stator
were changed to 17 and 51, respectively, to meet the
requirement of identical circumferential coverage of
interfaces. Three blade passages of the stator were
used to match the rotor passage. Temporal
integration was implemented using the implicit Fig. 3. Computational grid description of
pseudo-time scheme. The physical time steps compressor used.

numbered 153 for a single blade passage with a total

of 20 pseudo-time interactions.

Coupled casing treaiment

Shroud Q

.-"J
N,

The fluid was defined as a perfect gas with a constant stage was not tested separately. As shown in Fig. 2,
isentropic coefficient and heat capacity. A constant the choked mass flow rates are underestimated, and
total pressure (45,700 Pa) and total temperature the total pressure ratio agrees reasonably with the
(288.2 K) were implemented at the inlet boundary. experimental results. The compressor efficiency is
The average static pressure was varied at the outlet overestimated, which is probably results from the
boundary to obtain different operating points with an incapability of the turbulence model in predicting the
accuracy of 500 Pa when approaching the stall limit. rise in temperature in the blade passage (Hah 2015).
Adiabatic and nonslip conditions were imposed on Lurie and Breeze-Stringfellow (2015) and Yang et al.
all solid walls. (2020) also found the discrepancy in compressor

) ) ) efficiency between the experimental and calculation
Figure 3 depicts the grid topology of all the blade results for another highly loaded compressor. In
passages. The blade passages of the IGV and stator

1were modeled with the O4H topology. The inlet and
outlet used H-blocks and the blade used O-blocks.
The IGV passage consisted of 65 pitch-wise, 73

general, the numerical model used captures the trend
of compressor characteristics and the primary
influence of the tested slot-type casing treatment.

spanwise, and 109 streamwise points, and the stator To check the predicting ability of the numerical
passage included 69 pitch-wise, 89 spanwise, and model for the studied stage, the total pressure ratio
113 streamwise points. The rotor blade passage was along the span is shown in 0 for the first stage. The
surrounded with an O-block including 369 gird calculated total pressure ratio agrees well with the
numbers. The rotor tip clearance was meshed using experimental result. A marginal discrepancy can

the butterfly topology with 25 points in the radial
direction. The mesh was stretched toward all solid
boundaries to meet the resolution requirement of
y+<2 owning to the use of low-Reynolds estimation
of the boundary layer in the used turbulence model
(Lin et al. 2021-b). The plenum chamber, bridge, and
injector were modeled with H blocks, consisting of
85x25%109, 85x25x45, 85x25%85 cells in spanwise,
pitch-wise, and streamwise directions, respectively.
The total mesh of the compressor stage and the CCT

@
3

o
o

o
~

=&~ Experiment
= Calculation

Norm. total pressure ratio
o
[¢]

consisting of 23 blocks contained approximately 03

4,270,000 grid points. 0 02 04 06 08
Span

3.2 Validation Fig. 4. Radial profile of total pressure ratio

The validation of the numerical model was carried under near-stall condition for the compressor

out for the two-stage compressor because the first first stage.
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be found near the hub, which was observed for the
transonic compressor of NASA ROTOR 37 as well
(Denton 1993). This discrepancy is probably caused
by the penetration of probes in a relatively limited
space near the hub, resulting in relatively
larger measurement errors.

4. Results And Discussion

4.1Effect on compressor performance

Figure 5 displays compressor characteristics of the
solid casing, slot-type casing treatment, and CCTs
with different slot numbers at 90% of the design
speed. All the results are derived from the time-
accurate simulations. The slot axial location Za,
skewed angle a, and lean angle § are set to be 13.1%
Ca, 45°nd 45°, respectively. The CCT geometric
parameters are determined by compromising the
compressor stability and efficiency using the results
in Fig.6. Stall margin improvement (SMI) is
evaluated by the change of stable operating range

SMI =

Mpeak efficiency,CCT ~Mstall,CCT
> y — 1] 100%

(1

Mpeak efficiency,SC ~Mstall,SC

The change of efficiency (An) is defined by the
efficiency difference between the CCTs and the solid
casing under the operating condition of peak
efficiency

)

AT] = T]peak efficiency,CCT — T]peak efficiency ,SC

1.08
2
S 1.06f
L
=
2 1.04 +
2
(=9
S 1021
] A SC
fé O Slot-type casing treatment
5 11 e CCTN=9
Z = CCT,N=3

0.98 — : - - '

0.8 0.85 0.9 0.95 1
Norm.mass flow rate

>
Q .
5 1
'S
=
©0.95
2
b @
g 0 9 .
g SC
E’ O Slot-type casing treatment
s 0.85 ® CCTN=9
z " = CCTN=3

0.85 0.9 0.95 1
Norm.mass flow rate

0.8

Fig. 5. Performance maps of compressors with
different casing treatments.
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Compared with the solid casing, the CCTs with 9 and
3 slots improve compressor stability by 49.5% and
75.8% respectively, and improve the compressor
efficiency by 0.54% and 0.71% respectively. The
choked mass flow rate is not remarkably changed by
the CCTs. Compared with the slot-type casing
treatment, the compressor efficiency, total pressure
ratio, and choked mass flow rate are slightly
decreased, but the stall margin is improved
significantly by the CCTs. Consequently, the
proposed CCT is capable of enhancing the
compressor stability and efficiency simultaneously.
The following part is to implement parametric
studies for understanding the effective mechanisms.

4.2 Effects of CCT geometric parameters

The effects of different CCTs on compressor stability
and efficiency are focused on in the section. 0 6
depicts the SMI and An for the compressor equipped
with different CCTs. The other CCT parameters are
fixed when studying the effect of one geometric
parameter, as shown in Table 1. The slot location has
a great effect on the compressor performance, which
is given in 0 (a). The SMI improves with the slots
shifted downstream, but decreases slightly while the
value reaches up to be 30.7%Ca. The compressor
efficiency decreases constantly when shifting the
slots towards the downstream direction. Figure 6 (b)
shows the effect of slot skewed angle on the
compressor performance. The slot skewed angle is
an extremely important factor when designing a slot-
type casing treatment, which is the same as the CCT
design. The skewing of the slots helps bleed air from
the blade passages to the casing treatment. The SMI
is maximized when the skewed angle is equal to be
45°, and the compressor efficiency improves with the
skewed angle increased. The configuration with a
larger skewed angle is not calculated because the
orthogonality of the grid cells near the circular casing
gets deteriorated. As illustrated in 0 (c), the increase
of the slot lean angle contributes to improving the
compressor efficiency when the angle is lower than
60° but leads to the decrease of SMI. The optimal
slot number is equal to be 3 for improving the
compressor stability and efficiency, which is
different from that in the slot-type casing treatment.

In summary, the studied CCT geometric parameters
have significant effects on compressor performance.
Based on the understanding of the compromise of
compressor  stability and  efficiency, the
configuration (Za =13.1Ca, a=45°, =45° N=3) is
regarded as the optimal structure for improving the
compressor performance. Another configuration
with the slot number of 9, as shown in 0, is also
selected to implement time-accurate calculations for
comparison. The following part will focus on the
effect of the slot axial location on the compressor
flow for understanding the relative mechanisms
because this character influences both the stability
and the efficiency remarkably.
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(d) Effects of slot numbers
Fig. 6. Changes of the compressor stability and
efficiency with CCTs implemented.

Figure 7 depicts the distributions of the TLV colored
with relative velocity and reversed flow regions
(Vz<0) represented by grey zones along 99% span
under the near stall condition for the SC and CCTs.
Displacement thickness (dar) (Wang et al. 2019) of
the axially reversed flow, which can capture the
blockage induced by both the TLV and the separated
boundary layer, is adopted to quantify the tip
blockage (0).
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In the SC, a large blockage zone is formed by the
interaction of the TLV, boundary layer, and passage
shock wave (Wang et al. 2020). Compared with SC,
the TLV is greatly depressed by the CCT when the
axial location Za is equal to be -13.9%Ca. The break
off of the streamlines is caused by the absorption of
the CCT. As the slots move to the location of
30.7%Ca, the TLV-induced blockage enhances but it
does not stretch across the blade passage as that in
the solid casing. The blockage near the blade trailing
edge is also increased owing to the boundary-layer
separation at the blade suction surface. The blockage
is even greater than that in the solid casing on an
observation of the displacement thickness in Fig. 8.
The increased tip blockage does not decrease the
SMI (Fig. 6). On the contrary, the SMI improves with
the slots shifted downstream. Moreover, the
compressor efficiency decreases continuously with
the slots shifted downstream.

By comparing the SMIs (0) and the quantitative
values of tip blockage (0), it can be found that

MNorm. Wxyz ]—-

(a) SC

Norm. Wxyz s

(b) CCT, Za=-13.9%Ca

Norm. Wxyz ]—-

(c) CCT, Za=30.7%Ca
Fig. 7. Distributions of tip leakage flow and
reversed flow region for the CCTs and SC.
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Fig. 8. Displacement thickness along the axial
direction for the CCTs and SC.

Norm. Mach Number

, Norm. Mach Number

0,63 I

(a) Za=-13.9%Ca

(b) Za=30.7%Ca

Fig. 9. Distributions of streamlines and Mach
number for the CCTs with different axial
locations.

the compressor stability is not closely related to the
decrease of tip blockage. Furthermore, the tip
blockage under the effect of CCTs is too limited to
induce compressor stall. There must be some other
reasons that may trigger the stall of the compressor
stage.

Figure 9 presents the distributions of limiting
streamlines on the suction surface of the stator, 3D

streamlines, and the Mach number at the stator outlet.

For the CCT with Za = -13.9%Ca, the air near the
shroud and the hub moves towards the blade middle
section along the radial direction and interacts with
the local boundary layer, resulting in two focuses on
the blade suction surface. A shedding vortex is thus
formed, which causes a large low-velocity zone at
the stator outlet, occupying nearly 50% span. The
flow conditions in the stator have much more
deteriorated than that in the rotor, which implies that
the stator is probably a new factor that triggers
compressor stall. While the slots shift to the location
of 30.7%Ca, only a separation line can be found at
the rear part of the blade, and the induced low-
velocity zone is nearly uniformly distributed along
the whole span. Consequently, shifting the slots
downstream can weaken the influence of the CCTs
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on the stator flow, which may account for the SMI
trend that is shown in 0 (a).

The tremendous flow difference among the stators
must result from the flow redistributions caused by
installing the CCTs. To analyze the flow
redistributions quantitatively, the mass flow is
azimuthally averaged and normalized with an
arbitrary value. The relative changes of mass flow
between the CCTs and the solid casing are calculated
on the meridianal plane under the condition of point
(@, which is shown in 0. The discharging capacity in
the rotor tip is greatly improved owing to the CCTs,
which is consistent with the reduction of the reversed
flow zone, as shown in 0. The trace of the increased
mass flow in the rotor penetrates into the stator,
resulting in a huge flow variation in the upper 50%
span when the slots are located upstream of 0% Ca.
The effect is weakened as the slots shift towards the
downstream direction, which is responsible for the
disappearing of the shedding vortex (0). It seems that
the greater the effectiveness of the CCTs in reducing
the rotor tip blockage, the greater is the flow
redistributions in the stator.

Based on the results above, the enhancement of
compressor stability must be a compromise of the
flow improvement in the rotor tip and the flow
deterioration in the stator. The former benefits from
the flow transport built in the CCT, which will be

A Norm.Density*Vz
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(a) Za=-13.9%Ca
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(b) Za =30.7%Ca
Fig. 10. Relative changes of mass flow between
the CCTs and the solid casing at the near stall
condition.
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Fig. 11. Changes of averaged displacement
thickness with circulated mass flow rates.
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Fig. 12. Changes of stall margin improvements
with circulated mass flow rates.

analyzed in the next section. The effectiveness of
CCTs in reducing the tip blockage, defined as a
coupling effect, is evaluated with the circulated mass
flow rate from the plenum chamber to the injector.
The displacement thickness is averaged along the
axial direction using the data in 0. Figure 11
demonstrates the relationship between the circulated
mass flow rates and the average displacement
thickness. The fitted line indicates that improving the
coupling effect has a positive effect on the decrease
of tip blockage.

The relationship between the coupling effect
(represented with the circulated mass flow rate) and
the SMIs is presented in 0. When the slot numbers
are 9, the fitting (represented by a solid line) between
the coupling effect and SMIs is linear, which implies
that the gain of the coupling effect generally leads to
an increasing trend of compressor stability. However,
a peak appears on the fitted curve (dashed line) for
the CCTs with different slot numbers. Increasing the
slot numbers will definitely lead to the enhancement
of the coupling effect and thus the reduction of tip
blockage. Therefore, the decrease of SMI probably is
caused by the flow deterioration in the stator while
the slot numbers are larger than 3.

The influence of CCTs on the stator can be calculated
with the flow distortion at the stator inlet. Based on
the results in 0, the standard deviations (o) of
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Fig. 13. Radial distributions of standard
deviations of mass flow for the CCTs.
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Fig. 14. Relationship between stall margin
improvements and inflow distortions at the
stator inlet.

the mass flow changes at the stator inlet are
calculated and shown in 0 for the CCTs with different
axial locations. The SMI improves with the slots
shifted downstream, but decreases slightly while the
value reaches up to be 30.7%Ca. The downstream
shifting of CCTs reduces the low distortion at the
stator inlet, especially at a higher span, which leads
to the increase of SMI in Fig.6 (a).

The o is then averaged along the whole span, and the
relationship between the SMIs and the averaged ¢ for
all the CCTs is depicted in 0. The increased distortion
at the stator inlet generally caused the decrease of the
SMIs. This trend confirms that the flow deterioration
in the stator is responsible for the decay of SMIs. The
accuracy of the fitted curves in 0 and 0 is relatively
low because the compressor stability is determined
by both the flow improvement in the rotor tip and the
flow deterioration in the stator.

In summary, the CCT causes significant changes in
the flow in the rotor and stator. Compressor stability
in a staging environment is not only determined by
the decrease of the rotor tip blockage but also by the
increase of the stator inlet distortion which is induced
by the casing treatment. This is different from the
design of a casing treatment in a rotor-isolated
environment. To maximize the SMI, the optimal
CCT should dampen the tip blockage in the rotor as
much as possible and minimize the influence on the
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Fig. 15. Instantaneous distributions of
streamlines in the CCT with N=9.

stator simultaneously. Conversely, the stator should
be designed under the effect of the casing treatment.

4.3 Mechanism of stability enhancement

We will discuss the flow details in the CCT and the
influence on the blade passage flow for
understanding the underlying mechanism of stability
enhancement. The following discussion focus on the
operating condition corresponding to the stall limit
of the solid casing (point ), namely, all the results
in this section are compared at the same mass flow.

Figure 15 shows the distributions of the streamlines
in a recirculating loop for the CCT with slot number
=9. An inner circulation is formed as expected for the
slots that stretch over the rotor blade. Most of the
flow is bled into the slots and travels into the plenum
chamber, and then turns out to be the air source of tip
injection. This forms an outer circulation. The two
circulations are responsible for any benefits of the
compressor performance.

Figure 16 depicts the instantaneous distributions of
the relative Mach number, reversed flow regions, and
streamlines of the TLV for the CCT with N =9. The
CCT greatly depresses the development of the TLV,
resulting in a very small zone of blockage near the
blade suction surface. The circumferential
propagation of the double-leakage flow is mostly cut
off. The injection trace can be clearly observed in the
IGV passage. The jet helps to energize the annulus
boundary layer, which reduces the attack angle of the
rotor inlet. The low-velocity part at the left bottom of
the injector is caused by the high pressure behind the
shock wave. The influence of the CCT with N = 3
(not shown) is nearly the same. Therefore, the flow
circulations significantly improve the flow condition
of the rotor tip.

Figure 17 illustrates the unsteady changes of the
displacement thickness (8ar) as a function of the
blade passing period (T) under different operation
conditions. The operating conditions derived from
Fig.5 are marked on the graphs. The unsteady
variation of 8ar for the solid casing under the
condition @ is also shown for comparison.

Norm.Relative Mach Number

(a) Relative Mach number

Norm.Wxyz 1-- —

(b) Tip leakage flow and reversed flow region

Fig. 16. Instantaneous flow distributions alone
99% span for the CCT with N=9.
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Fig. 17. Fluctuations of azimuthal-averaged
displacement thickness with time at different
operating conditions.
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The blockage at the rotor tip increases when the
compressor is throttled for the CCTs. The blockage
is significantly reduced for the CCTs compared to
that in the solid casing by comparing the working
conditions @), and the unsteadiness of the tip
blockage is greatly decreased as well. As the
compressor operates to the stall limit (@) of the CCT,
the displacement thickness explodes for the CCT
with 3 slots due to the weaker coupling effect, which
is completely opposite to that in the CCT with 9 slots.
This implies that the compressor stall under the
effect of different CCTs may be triggered by
different factors.

Given that the compressor stall without a CCT is
triggered by both the TLV and shock-induced
boundary-layer separation, the unsteady characters
of the tip leakage intensity and blade tip loading are
compared in 0 for the solid casing and the CCTs
under the operating condition @. The tip leakage
intensity is represented by the mass flow in the
middle section of the tip gap along the radial
direction, and the blade tip loading is calculated
using the pressure difference between the pressure
surface and the suction surface.

The tip leakage flow in the solid casing is totally
unsteady, and the unsteadiness is dampened by the
CCTs. Compared with the solid casing, the time-
averaged leakage intensity is reduced by
approximately 38% and 42% by the CCTs with 3
slots and 9 slots, respectively, which implies that the
effect on the tip leakage is similar for the CCTs with
different slot numbers. Therefore, the manipulation
of TLV helps to depress stall, but and is not
responsible for the different SMIs between the two
CCTs.

The spike of the blade tip loading in 0 (b) can
represent the location of the shockwave. The shock
wave is located at 24%Ca from the blade leading
edge (LE). The shock wave is pushed downstream to
32%Ca and 37%Ca by the CCTs with 3 slots and 9
slots, respectively. The time-averaged blade tip
loading is increased by approximately 21% by the
two CCTs. The trace of the increased loading due to
the slots can be clearly identified in the CCT with 3
slots. The blade loading upstream of the shock wave
in the CCT is lower than that in the solid casing
resulting from the injection effect (0). This effect can
weaken the strength of the shock wave and then
reduce the bounder-layer separation. For the part
downstream of the shock wave, the blade loading is
enhanced due to the manipulation of the secondary
flow.

The CCT with N=9 is used to understand the stall
mechanism induced by the stator. The instantaneous
distributions of streamlines in the stator and the
relative Mach number are shown in Fig. 19 under the
stall limit condition. The flow characteristics are not
the same in different blade passages, but the
shedding vortex can be found near the hub of all the
blade passages. The corner vortex explodes to block.
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Fig. 18. Comparison of unsteady flow
characteristics between the solid casing and the
CCTs under the near stall condition.
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Fig. 19. Instantaneous flow distributions in the
stator under the stall limit condition.

the whole blade passages below 25% span and is
responsible for the stall of the compressor stage
equipped with the CCT when the rotor tip does not
trigger stall

In conclusion, two circulations, namely, the slot
inner circulation and the outer circulation from the
slots to the injectors, are formed in the CCT, forming
the coupling effect. This coupling effect reduces the
tip leakage intensity, depresses the development of
the TLV, and decrease greatly the boundary-layer
separation induced by the shock wave. These effects
successfully eliminate the tip blockage in the rotor
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blade passage, resulting in the remarkable
improvement of compressor stability. The strength of
the coupling effect is closely related to the geometry
of the CCT, and different CCTs may cause different
stall mechanisms.

5. CONCLUSION

In order to depressor the stall induced by both the
boundary-layer separation and TLV in a compressor
stage, a coupled casing treatment is proposed based
on the understanding of the characteristics of various
endwall treatments. Slots, a plenum chamber, a
bridge, and an injector were employed to build the
CCT, and parametric studies were implemented to
optimize the configuration. The time-accurate
simulations were carried out to explore the flow
mechanism of stability enhancement and the stall
mechanism of the compressor stage equipped with
the CCTs.

The optimal CCT improves the stability of the
compressor stage by 75.8% and the compressor
efficiency by 0.71% under the design point. The CCT
manifests itself as a method of tremendous potential
for improving compressor performance. The location
and number of the slots have a greater effect on the
compressor stability than the other geometric
parameters.

The coupling effect is established by an inner
circulation in the slots and an outer circulation from
the slots to the injectors in the CCT. The coupling
effect reduces the amount of the tip leakage flow,
depresses the development of the TLV, and greatly
decreases the boundary-layer separation induced by
the shock wave, resulting in enhanced compressor
stability. The parametric result concludes that the
increase of the coupling effect has a positive effect
on the decrease of rotor tip blockage, but not on the
enhancement of compressor stability.

The CCT causes intense flow redistributes in the
radial direction, and the stronger the coupling effect,
the greater is the flow distortion at the stator inlet.
The increase of the inlet distortion is detrimental to
the stage stability. The maximum stability
enhancement is obtained on the condition that the tip
blockage at the rotor tip is effectively depressed and
the stator inlet distortion is kept within a certain limit.
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