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ABSTRACT 
This paper introduces a compressor stabilization strategy 

which can enhance the stall margin by constructing system 
impedance boundary condition. Two kinds of novel casing 
treatment designs have been proposed and developed based on 
this stabilization strategy, through which the boundary 
resistance or reactance would be increased and so does the 
system damping. Results showed that the additional system 
damping can suppress the amplification of stall precursors and 
lead to impressive stabilization effects with very limited 
efficiency penalty. This paper is more like a review about the 
basis and the development of such stabilization method 
containing the theory of the impedance boundary condition for 
compressor system, two configurations of casing treatments, 
their design methodology and the main results for their 
stabilization effects. 

INTRODUCTION 
One of the main concerns for aero-engine manufacturers 

is the product reliability which is usually guaranteed by the 
stable operating range of every component and the good match 
of them. As the primary component of the aero-engine, the 
compressor must have enough stability margin against the 
potential instability factors (inlet distortions, performance 
degradation et al.). Generally, the stall boundary of 
compressor can be extended in some degree via many kinds of 
stabilization techniques among which casing treatment is quite 
an effective method in practical application. Since the 
accidental find of the casing treatment (Koch, 1970), this 
technique has been paid great attention for its geometric 
design, effectiveness and mechanism (Takata and Tsukuda, 
1977; Kang et al., 1995). While, for the early knowledge about 
the instability phenomena occurred in turbomachines is 
basically depicting the propagation of flow separation for 
rotating stall and the deeply cyclic flow reverse for surge 

(Paduano et al., 2001), which leads to nearly all the 
conventional casing treatment designs are focusing on 
affecting the tip region flow and the momentum exchange 
between flow blockage and recirculating flow in casing slots 
or grooves is regarded as the principal mechanism. But, the 
stability is only one of the characteristics for a compressor 
system, and the local flow manipulation can also cause 
significant side effects on some other compressor 
characteristics, such as the loading and efficiency (Greitzer et 
al., 1979; Fujita, Takata, 1984). Although the conventional 
casing treatments have achieve remarkable success in 
applications, the local stabilization strategy might lead to 
nowhere but the development bottle-neck of the casing 
treatment along with the change of blade loading and the 
reduction of overall efficiency. To overcome the detrimental 
effects caused by casing treatments, many attempts have been 
tried in terms of varying the geometry or digging into the 
effecting mechanism from various aspects (Smith, Cumpsty, 
1984; Crook et al., 1993; Yamaguchi, Ogata, 2010; Müller et 
al., 2011). However, the way finding new solutions for the 
casing treatment seems never to switch from the local 
stabilization strategy to a systematic one.  

Inspired by the investigations about the acoustic liner for 
aero-engine, a stabilization strategy, in view of that the system 
impedance boundary condition can induce additional system 
damping (Jing, Sun, 1999; Jing, Sun, 2000), has been 
proposed and developed (Sun et al., 2014ab). As for any 
dynamic system, the perturbations in it must decay with the 
present of system damping, and a large damping always 
results in a faster attenuating. Compared with the typical rigid 
solid casing, a treated casing which can construct an 
impedance boundary condition will certainly increase the 
system damping for the pressure waves propagating in the 
flow field. So, how does the system damping relate to the 
compressor stability? In fact, the stability is a system feature, 



2 

which means any variations of the initial conditions or the 
boundary conditions will certainly have effects on this feature. 
Particularly, the stall inception has become an accurate 
indicator for the rotating stall since it was found at the early 
1990s (Day, 1993), and the evolution of stall inception is also 
quite an important feature for the instability phenomenon. And 
no matter what kind of stall inception it is, spike or model 
wave or others, all these indicators can be recognized as stall 
precursors which is basically small pressure perturbations in 
the flow field before the occurrence of rotating stall, and even 
some of them could be as small as at linear level (Sun, 1996). 
The additional system damping induced by the impedance 
boundary condition can suppress the non-linear amplification 
of stall precursors before it transform into fully developed 
rotating stall.  

Generally, the mechanism for conventional casing 
treatment designs is affecting the local flow feature at the 
blade tip region, which always leads to unavoidable 
detrimental effects, such as the change of blade loading and 
the efficiency penalty. Considering inducing impedance 
boundary condition into the compressor system, series novel 
casing treatment designs have been proposed and developed 
(Sun X. et al., 2014 and Sun D. et al., 2014). For the stall 
precursor-suppressed (SPS) casing treatment, its design 
methodology, effectiveness and mechanism have been well 
described and explained through plenty of experimental and 
theoretical work on both low-speed and transonic 
compressors, even with the presence of inlet distortions (Sun 
X. et al., 2019). And recently, another attempt for the casing 
treatment design was conducted. For this design, the foam-
metal material was adopted to absorb the stall precursors and 
the mechanism, although lacking key experimental results, 
was explained based on the understanding about the properties 
of the material and the aerodynamics in turbomachinery. 

MAIN SCOPE 
The main scope of this paper is to introduce a novel kind 

of casing treatment which can well enhance the compressor 
stability but without changing the compressor performance by 
constructing the system impedance boundary condition. The 
following parts contain the basic theory of the impedance 
boundary condition for compressor system, two attempts of 
the casing treatment patterns which have been tested on series 
of facilities, and the methodology for the geometric design of 
such casing treatment. Finally, the results will show the 
effectiveness of this stabilization method and some points 
about the system global stability will also be made at the end. 

SYSTEM IMPEDANCE BOUNDARY CONDITION FOR 
COMPRESSORS 

For many years, people believed that the momentum 
exchange between the tip blockage and the recirculating flow 
at the casing treatment was the main mechanism for the stall 
margin improvement. But the momentum exchange always 
leads to the change of the blade tip loading and the overall 
efficiency. However, some pioneer work (such as Takata and 
Tsukuda, 1977) indeed revealed that there were cases of which 
the stall margin was improved but the blade loading and 
efficiency did not changed. It seems that the momentum 
exchange phenomenon takes the least responsibility for the 

mechanism when talking about these cases. In fact, when there 
is recirculating flow in the grooves or the slots of the casing 
treatment, not only the high speed injecting and with-drawing 
flow exist, but also multiple vortexes exist at the edge of the 
grooves or the slots. And another fact which is easy to be 
ignored is that the boundary condition of the compressor 
system would be changed when the casing treatment is 
adopted. Sun’s paper (Sun, 1996) clearly stated the 
relationship between the system boundary condition and the 
casing treatment and how did the system impedance boundary 
condition affect the stall inceptions. It has been found that the 
absorbing coefficient of perforated screen with circular holes 
or slots will vary with the velocity of flow (called bias flow) 
through the holes and slots. Sound absorption coefficient is 
defined as the following equation 

  (1) 

where  is the specific acoustic reactance, and  is the 
specific acoustic resistance. 

By applying vortex sound theory, Bechert (Bechert, 
1980) and Howe (Howe, 1979) further explained the 
phenomenon and set up the theoretical model to calculate the 
absorptive properties of a perforated screen with bias flow. 
With this knowledge, an experiment has been designed to 
simulate the physical process of casing treatments with 
emphasis on the study of the change of the wall impedance by 
using a standing wave tube shown in Figure 1.  

 
Figure 1 Experimental Schematic for the Boundary 

Impedance of Casing Treatment 
The two-microphone technique has been used to measure 

the acoustic properties of the liner, such as the sound 
absorption coefficient and the impedance. The liner cavity 
depth is adjusted by a displacement mechanism driven by a 
stepping motor, and the flow rate through the perforated plate 
is adjusted by a valve driven by a servomotor. Both the 
stepping motor and servomotor are controlled by a personal 
computer. The signal detected by the two microphones is then 
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processed by the fast Fourier transform method so that the 
frequency spectrum distribution can be obtained, including 
both amplitude and phase spectra. From the spectra, the 
amplitude and phase difference of the signals detected by the 
two microphones can be determined. Thus, the sound 
absorption coefficient and the impedance of the liner can be 
calculated by these parameters. Relevant experimental result 
clearly demonstrated the physical process of the casing 
treatment as the impedance boundary condition affecting the 
sound absorption. Furthermore, the stall inceptions was 
identified as small pressure perturbation in the flow field, and 
can be absorbed like the sound waves through the vortex-
sound interaction. 

SPS CASING TREATMENT 
One of the attempts is stall precursors-suppressed (SPS) 

casing treatment whose structure sketch is shown in Figure 2. 
The SPS casing treatment consists a perforated plate ring 
covered by an annular back-chamber. The key geometric 
parameters of SPS casing treatment are the volume of the 
back-chamber (height B, length C) and the perforated ratio. 
For the perforated ratio, it is determined by the shape and the 
solidity of the perforated part, which means that the perforated 
part could be in orifice-shape, slot-shape or rectangle-shape. 
So, the main concern for the SPS structure is how to choose 
the quantities of different parameters to achieve an optimal 
stabilization effect. This question will be answered in the 
following methodology part. 

 

 

 

 
Figure 2 Structure Sketch for SPS Casing Treatment 

 
The stabilization mechanism of SPS casing treatment is 

believed as suppressing the stall precursors, thus more concern 
has been put on the response of the dynamic system with and 
without SPS casing treatment. A further explanation for this 
mechanism will be given in the results part through some 
relevant experimental results and detailed discussion. After 
series of investigations about the interaction between 
perforated plate with back chamber and air flow, Jing et al. 
found that only if the absolute velocities were equal, the inlet 
and outlet bias flow of micro-hole could cause the same 
impedance boundary condition. Meanwhile, the inlet/outlet 
bias flow could generate a series of vortex rings and vortex 
streets at the edge of perforated slots, and these vortexes 
would interact with pressure waves along with energy 
exchange. Experimental results also indicated that the energy 
exchange mainly was the energy transfer from pressure wave 
to vortex shedding. This phenomenon is called vortex-
pressure wave interaction (or vortex-sound interaction) which 

is the fundamental mechanism of the acoustic liners as well as 
the SPS casing treatment. 

CASING TREATMENT WITH FOAM-METAL 
Recently, the authors have conducted another attempt for 

the casing treatment which can supply impedance boundary 
condition for the compressor. While, the system impedance as 
a complex parameter is generally contains two parts: the real 
part resistance and the imagine part reactance, either part can 
play the majority role for the module value of the impedance. 
Based on the vortex-pressure wave interaction theory, the SPS 
casing treatment mainly contributes to the system reactance. 
So, naturally, the new attempt should be considered more from 
the point of the resistance part. Researchers have found that 
the stall precursor is usually generated at the end-wall region, 
and its intensity would be reduced by the system damping 
(only if the system damping is large enough) while it is 
traveling in the flow field. Thus, in this present work, a new 
material was adopted to add the system damping. Foam-metal 
is a kind of porous material which is quite similar to the open-
ell foam in structure (which is disordered) but made of alloy 
powder, and it is a new-born material credited to the modern 
manufacturing. Since the feature of foam-metal is found as 
rigid for structure but soft for fluid, it has been tried to be 
applied on the acoustic liner and some other de-noise products. 
For the sound waves, this material can absorb the pressure 
energy by playing the reactance part of the system impedance, 
which is verified as the mechanism for the de-noise effect.  

 

 

 

 
Figure 3 Structure Sketch for Foam-Metal Casing 

Treatment 
 
When the foam-metal material is laid on the casing wall 

with a certain thick, as shown in Figure 3, the stall precursors 
could be suppressed because of the additional system 
damping. As same as the SPS casing treatment, the main 
parameters for foam-metal casing treatment contains the axial 
cover length C, the thick of the foam-metal material B and the 
open cell density (which is represent in ppi-pores per inch).  

METHODOLOGY 
As shown in Figure 4 (Sun X. et al., 2014), a 3-D stability 

model which can consider the effects of the casing treatment 
has been developed. In this theory, the casing treatment is 
treated as the system boundary condition with the variation of 
the structure parameters.  

When the SPS casing treatment is considered as a 
boundary condition, its geometric effects could also be 
translated into the parameters variations of boundary 
condition which could be engaged in any proper compressor 
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stability models. Based on these concerns, the design strategy 
for the SPS casing treatment has been developed, as shown in 
Figure 4 for which the design parameters of the SPS casing 
treatment is determined by a study of the sensitivity of stall 
inception to boundary conditions under some restrictions. And 
then the effects of SPS casing treatment can be appropriately 
included in the three-dimensional stability model as a 
boundary condition. Finally, through the compressor 
performance, the effects of SPS casing treatment can be 
assessed. Through applying the equivalent surface source 
method, the SPS casing treatment is assumed just ahead of a 
compressor rotor at a negligible distance and the model for 
SPS casing treatment is also established. Thus, a new stability 
eigenvalue equation by using the continuity of pressure and 
velocity at both ends of the casing treatment is obtained 
combining the model for the casing treatment with the 
theoretical model to predict the stall inception of 
subsonic/transonic compressors. 

 

 
Figure 4 3-D Stability Model Containing the Effects of 

Casing Treatment (Sun X. et al., 2014) 
 
When considering the effects of the casing treatment with 

foam-metal, the geometric details of the casing treatment were 
neglected. Actually, the axial cover length C, the thick of the 
foam-metal material B and the open cell density, all these 
parameters can be contained in the stability model as the 
boundary resistance, especially when there is no obvious 
recirculating flow in and out the foam-metal. Through the 
previous study, the boundary resistances of different casing 
geometric parameters can be obtained, which is more 
convenient than considering the radial velocity induced by the 
compressor blade.  

EXPERIMENTAL SETUP  
The effectiveness of SPS casing treatment and the foam-

metal casing treatment has been verified experimentally on a 
low-speed fan rig. This facility is shown in Figure 5 for its 
cross section sketch, in which the main structures have been 
indicated and declared in sequence number. 

 
1-bell inlet 2-inlet duct 3-cone 4-rotor 
5-stator 6-motor 7-support  8-outlet duct 
9-ring valve 10-valve cone 

Figure 5 Cross Section of Low Speed Fan 
 
The main design parameter for this fan rig is displayed in 

Table 1. 
 

Table 1 Design Parameters for TA36 Fan 
Geometrical parameters 

 Rotor Stator 
No. of blades 20 27 
Tip diameter 600 mm 600 mm 

Hub diameters 346mm 401mm 
Aerodynamic parameters 

Mass Flow 6.5kg/s Design Speed (rpm) 2900  

Efficiency 85％ Total pressure ratio 
at design point 1.022 

Stall margin 15.5％ Static pressure rise 
at near stall point (Pa) 2000  

 
The measurement positions for inlet/outlet total pressure 

and wall static pressure are shown in Figure 4. The low speed 
fan is equipped with controllable bleed valves, which can 
accurately move the operating point near stall and quickly 
move away from stall. All the steady-state operating 
characteristics of the compressors are obtained using standard 
time-averaged instrumentation in these machines. 

MAIN RESULTS  
Stabilization Effects 

Results of stall margin improvement using SPS casing 
treatment (circular-arc slots, perforated ratio is 6.4%, length 
of the back-chamber is 75 mm and height of back-chamber is 
60mm) on this low-speed fan at different speeds are shown in 
Figure 6. It is obvious that the stable operating range of this 
fan is extended by the SPS casing treatment for the whole 
operating map. Efficiency results of different casing 
conditions show that the SPS casing treatment nearly does not 
cause efficiency loss and the peak efficiency is not sensitive 
to the height of back-chamber. 
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Figure 6 Effect of SPS casing treatment on the 

performance of low-speed fan (Sun D. et al., 2014) 
 
As normally concerned, the effectiveness of SPS casing 

treatment might be quite sensitive to the geometry, so 
investigations aimed at the effect of casing geometry were also 
conducted. Relevant research showed that when the open area 
ratio is changed from 6.4% to 10%, the stall margin 
improvement does not increase significantly, and may even 
deteriorate. This means that the increase of open area ratio 
does not necessarily result in more stall margin enhancement. 
In contrast, it is possible to produce more momentum loss due 
to the generation of more recirculating flow. This is just agree 
with the mechanism of SPS casing treatment for affecting the 
evolution of stall precursors rather than inducing high 
momentum flow to eliminate the flow blockage. 

In order to demonstrate the differences between the 
effects for the foam-metal casing treatment installed at the 
leading edge and the foam-metal casing treatment installed at 
the mid-chord position, the installation positions of foam-
metal material are shown as Figure 7. The reason for this 
arrangement is that in the clearance the circumferential 
pressure gradient is nearly zero at the leading edge and the 
value usually reach the maximum at the mid-chord position, 
which means the recirculating flow in the foam-metal would 
be much stronger at position 2 than at position 1. 

 
Figure 7 Installation positions of foam-metal 

 
The performance of the low-speed fan with and without 

ppi10 foam-metal casing treatment is illustrated in Figure 8, 
in which the pressure coefficient curves and efficiency curves 
are plotted against flow coefficient for the cases of SC (solid 
casing), foam-metal material at position-1, foam-metal 
material at position-2, and foam-metal-material at both 
position-1 and position-2. Results clearly shows the extension 
of stall margin when the foam-metal material is adopted as the 
casing treatment, and the enlarged value is strongly associated 
with the installation position. The ppi10 foam-metal casing 
treatment at position-1 shows an obvious stall margin 
enhancement and nearly does not change the efficiency curve, 
which is quite happy to be seen. Once the casing treatment is 
engaged at position-2 (only position-2 or position-1+2), the 
pressure rise curves show remarkable extensions, but with 
obvious efficiency loss at the design point.  

 

 
Figure 8 Effect of casing treatment (foam-metal) on the 

performance of low-speed fan 
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Mechanism Analysis 
Based on the previous investigations aimed at the SPS 

casing treatment, its mechanism has been proved as being 
associated with the interaction between shedding vortexes and 
pressure waves on casing boundary, which can suppress the 
nonlinear amplification of compressor stall precursor and 
therefore improve its stability (Sun X., 2019). In those 
researches, the time-resolved power spectrum density (PSD) 
results showed the energy of stall precursors was suppressed 
with the presence of SPS casing treatment, which was 
identified as the most powerful evidence for the mechanism of 
SPS casing treatment. However, there is not directly 
experimental results show any relationships between SPS 
casing treatment and the system impedance which is nearly 
cannot be measured via regular approaches. For the 
effectiveness of casing treatment with foam-metal material, 
the steady performance of the low-speed fan shows that when 
there is not obvious recirculating flow in the foam-metal, the 
stall margin enhancement is obtained without efficiency 
penalty, but when the pressure difference between suction-
side and pressure-side of the blade causes significant 
recirculating flow in the foam-metal, the stabilization is 
accompanied with unwished efficiency loss. It is believed that 
the secondary flow is a major source of the efficiency loss. 
When the foam-metal casing treatment at mid-chord position 
achieves a remarkable stall margin, the porous structure 
releases the flow blockage, and the efficiency loss is the strong 
evidence that the released air exists. In another word, the 
mechanism for the foam-metal casing treatment is the 
additional system resistance which can suppress the stall 
precursors when the installation position is only at leading 
edge region, but the mechanism will be dominated by 
releasing flow blockage when the installation position is at 
mid-chord region. This phenomenon is quite trick for the 
further application of foam-metal casing treatment and 
realizing the optimal effect. 

SUMMARY 
Different with the conventional casing treatment, two 

kinds of novel casing treatment designs have been developed 
in these few years, of which the stabilization mechanism is 
associated with the change of the boundary condition for the 
compressor system. The impedance boundary condition is 
induced by such casing treatment with perforated plate and 
back-chamber or the casing treatment of foam-metal. Because 
of the vortex-sound interaction and the additional system 
resistance, these two novel casing treatment can well improve 
the compressor stability operating range without efficiency 
penalty. 
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NOMENCLATURE 
 sound absorption coefficient 

 specific acoustic resistance 

 specific acoustic reactance 

 length of the back-chamber (mm) 

 height of the back-chamber (mm) 

 bias flow Mach number 

 perforated ratio 

P1 inlet static pressure (Pa) 

P2 outlet static pressure (Pa) 

G mass flow rate (kg/s) 

 overall efficiency 

 flow coefficient 

SC solid casing 

SPS stall precursor-suppress 

ppi pores per inch 

TA36 name of the low-speed fan 
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