
Proceedings of the 1st Global Power and Propulsion Forum 
  GPPF 2017 

Oct.30-Nov.1, 2017, Shanghai, China 
www.pps.global 

This work is licensed under a Creative Commons Attribution 4.0 International LicenseCreative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License 

GPPF-2017-131 

EVALUATION AND PREDICTION OF THE EFFECTIVENESS OF SLOT-TYPE 
CASING TREATMENTS IN A LARGE-SCALE AXIAL COMPRESSOR BY AN 

INTEGRAL METHOD 
 
 

Xi Nan1,2, Ning Ma1, Feng Lin1,Takehiro Himeno1, Toshinori Watanabe2 

1 Institute of Engineering Thermophysics, Chinese Academy of Sciences, Beijing, China 
2. Department of Aeronautics and Astronautics, The University of Tokyo, Tokyo, Japan 

 

 

ABSTRACT 
A novel integral method is proposed to quickly assess 

the effectiveness on stability improvement with end-wall 
casing treatments (CT). The chief advantage claimed for this 
method is the possibility of using merely one operating point 
to evaluate various casing treatment configuration instead of 
calculating the whole performance curves, which would 
result in a reduced amount of costly and time-consuming 
experiments. This integral approach is proposed on a basis of 
the hypothesis that the spike stall precursors can be triggered 
by forward spillage of the rotor tip leakage flow, and the 
onset condition of such a spillage is determined by axial 
momentum balance within the rotor tip region. The 
cumulative axial momentum for the tip region is captured by 
setting a series of control volumes at the rotor tip region. 
This curve resembles a bell, which is named as “bell-shaped 
curve” are critical to reveal the rotor stability. The peak of 
this curve indicates the time- and spatial- averaged interface 
position between the main flow and tip leakage flow. A more 
downstream peak denotes a farther distance of the interface 
to leading edge. The effectiveness of various CT can thus be 
quickly assessed by comparing their corresponding bell-
shaped curves at the mass flow rate for smooth casing near 
stall. Three slot-type configurations are evaluated by this 
method. The impact of the slots on peak efficiency is also 
investigated by entropy production analysis. According to the 
analysis, a refined configuration that generates less efficiency 
penalty while maintaining satisfied stall margin improvement 
(SMI) is proposed. Its effectiveness is firstly comfirmed by 
bell-shaped curves and then validated by experiments, which 
suggest that the bell-shaped curves can be a useful tool on 
preliminary design phase for casing treatment. 

INTRODUCTION 
The stability limit of compressor has been a challenging 

problem in the advent of the aircraft engine. Casing 
treatments (CT) are claimed as a practical means to avoid 

such a failure. During the past decades, experimental and 
numerical efforts have been successively dedicated to 
understand the mechanisms of CT [1]. These give some ideas 
of the CT design and emphasize the need for feedback 
between the practical design and stall mechanisms.  

Due to the complexity of the compressor stall, the 
mechanisms for CT are still not fully understood and 
conclusions are controversial [2]. An obvious example can 
be that the most effective locations for the circumferential 
grooves are around the rotor leading edge according to a few 
studies [3, 4], but other researchers report that middle and 
rear chord are the effective locations for stall margin 
improvement [5, 6]. Slot type casing treatment provides 
another example. Gonis et al. [7] presented that the shape of 
the slots determines its effectiveness on stall margin 
enhancement while Djeghri et al. [8] claimed that the slot 
shape has minor effect on both peak efficiency and stall 
margin.  

The efficiency variation due to CT is even more 
irregular. It is usually considered that CTs arise extra loss 
especially for the slot-type ones. However, it is recently 
reported that several CT are designed without detriment to 
efficiency. These then one can hardly tell the performance of 
a CT configuration before real testing it. Hence, at the 
preliminary design stage, extensive experiments and 
simulations are in demand to establish a database for CT 
design, which is fairly costly and time-consuming. 

To reduce the duration and expense of the CT pre-
design, a novel approach is proposed previously by authors 
[9]. Instead of calculating the whole performance curves, the 
cumulative axial momentum distributions for rotor tip region 
at the same mass flow for smooth casing (SC) near stall are 
conducted to identify their efficacies. It markedly reduces the 
time and difficulty for tracking down the individual stall 
points for each CT configurations. This approach has been 
validated to be capable to assess the effectiveness for 
different groove-type casing treatments on low-speed 

http://www.pps.global/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


 

2 

compressor as well as transonic compressors [9]. In this 
paper, its feasibility on slot-type casing treatment is 
investigated. What’s more, the underlying flow physics of 
the bell-shaped curves is taken insight with the aim of 
acquiring design ideas for a better CT configuration.  

Apart from stall margin improvement, consideration 
should be given to accommodate the peak efficiency. This 
paper is organized as following: An in-house large-scale 
research compressor is utilized as the study example. We 
first introduce the concept of the bell-shaped curve. Then, 
three different axial slots configurations are evaluated by the 
bell-shaped curves. The mechanism on stall enhancement is 
investigated on a view of momentum balance. The flow loss 
arises due to CT is analyzed by using entropy production 
analysis. A new configuration that generates less loss while 
keep the same level of stall margin extension is formed 
accordingly. Finally, the predictions by bell-shaped curves 
are validated by experiments.  

NUMERICAL METHOD 
Before proceeding with the main task, it is essential to 

introduce the studied rotor/CT and the numerical method 
used in this paper.  

The studied rotor and CT 
The Low-speed large-scale research compressor in 

authors’ lab (IET-LSRC) is utilized as the study example. 
This rotor had been proven to be a tip-critical rotor and was 
build and equipped to study the endwall flow physics for 
compressor near stall. Table 1 lists the geometical parameters 
for the isolated rotor. The investigated rotor is a single rotor 
compressor with 36 blades driven by a 50 kW DC motor at 
the design speed of 1,000 rpm. The rotor has a 1.1 aspect 
ratio with a tip clearance 2mm (1.3% blade height). The 
schematic structure of the compressor and the measurement 
stations can be found in Figure 1 of Ref. [10].  

 
Table 1  Primary parameters of LSRC rotor 

design speed 1000RPM blade tip speed 62.8m/s  

casing diameter 1200mm tip chord 119mm 

hub tip ratio 0.75 tip stagger angle 61.2° 

blade number 36 tip gap 2mm 

 
Three skewed-axial-slot configurations are investigated 

in this paper, their geometrical sketches are demonstrated in 
Figure 1. All the configurations are composed by multiple 
axial slots that covering exactly the rotor tip chord with a 
skewed angel of 60° to rotating direction. The dimension of 
slot depth is 10mm (5 times of the tip gap) for all casings. 
The slot number per passage for CT_a, CT_b and CT_c are 
5, 7 and 7, respectively.  

 
Figure 1  The geometries for the CT designs (unit: mm). 

 

Numerical scheme 
The computation code chosen for this study is NUMECA 

Turbo Fine. Favre Reynolds averaged Navier-Stokes 
equations are discretized using a cell-centered explicit finite 
volume scheme according to Jameson in a relative coordinate 
system rotating with the reference frame. The system of 
equations is closed with the one-equation. Spalart-Allmaras 
turbulence model that represented a good balance between 
cost and precision according to [11] and was adopted in this 
study. Single passage unsteady flow simulations were 
performed to predict the flow fields of this rotor with/without 
casing treatment.  

In order to ensure the computational results independent 
of grid distribution, three sets of meshes are refined from 
0.80 million to 1.60 million. Finally, 209 grid points are 
employed in the axial direction, of which 101 points are set 
between the leading edge and trailing edge of the rotor. In the 
spanwise direction, 113 points are employed, including 25 
points set in the tip gap. This mesh level is above the 
minimal recommended number in radial direction to 
guarantee the physics of the tip region according to Ref. [12]. 
The whole number of computational grids for this single 
passage is approximately 1.60 million. Time-resolved 
calculations were conducted to capture the unsteady flow at a 
near stall operating range. For the time-accurate 
investigations, the physical time of each time step is 5.56e-5s 
(30 time steps per blade passing period) and 20 seudo-time 
iterations with a CFL number of 1-3 within each physical 
time step were performed. This methodology has proven to 
be able to capture the near stall unsteadiness by Lin et al. 
[13]. 

For the CT simulations, a sliding interface was set 
between the slots and casing to capture the inherent relative 
unsteady motion. The grid points within the slots were also 
carefully studied. For the configuration CT_a, the grid points 
in axial, radial and tangential direction were 61, 33 and 17 
per slot. For different CT configurations, the mesh density 
was kept at the same level. 

Figure 2 presents the calculated and measured 
performance curves for smooth casing (SC). The definition 
of mass flow coefficient φ and static to total pressure rise 
coefficient ψ can be found in the Nomenclature table. The 
uniform inlet total pressure profile is applied as the inlet 
boundary condition while the radial momentum balance 
equation is used to obtain the exit static pressure distribution 
there. Mass flow coefficient and pressure rise coefficient 
derived from the simulation are calculated from these 
computational “probes” values using a processing method 
identical to those used to process the experimental data. 
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From Figure 2, predictions on pressure rise and efficiency 
performance show a fairly good agreement over the whole 
investigated operating range, the only discrepancy appears at 
near chock point. The predicted peak efficiency for SC is 
0.843, with φ=0.47, slightly higher than the measured value 
by 0.8%. The φ=0.395 is judged as the near stall point for SC 
in experiments, while the simulated near stall flow rate is 
considered at φ=0.393, showing the relative discrepancy is 
0.5%. Considering the experimental accuracy on mass flow 
rate measurement is 0.8%, the simulation has a relatively 
good agreement with the experiment in pressure ratio with 
the mass flow matching the stalling flow point.  
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Figure 2  The simulated and measured performance curves for LSRC. 
 

To further show the ability of the numerical code to 
capture the correct trends, velocity coefficient and relative 
flow angles at PE are given in Figure 3. In general, CFD 
captured the similar tendency of the axial velocity and 
relative flow angle profiles. Mismatches appear at inlet axial 
velocity for the rotor tip region. The over-estimated inlet 
axial velocity near casing is considered to generated by the 
inlet distortion during the experiments due to the non-bell 
mouth layout. The relative flow angle again showed good 
agreement between calculation and the measured values, 
suggesting this numerical method can provide sufficient 
reliability.   

 
(a) The axial velocity coefficient and relative flow angel at inlet profile 

 
(b) The axial velocity coefficient and relative flow angel at outlet profile 

Figure 3  Comparison of calculation with measurement for SC at design 
point 

RESULTS AND DISCUSSION 
Concept of the bell-shaped curves 

The interface of incoming flow and tip leakage flow on 
casing align with leading edge is believed as one of the 
criteria for spike inception by Vo et.al [14]. The axial 
momentum balance between the main flow and the reversed 
tip leakage flow determines the location of this interface. 
However, it is difficult to identify the position of this 
interface because it is usually an extremely complex-shaped 
surface. Several definitions are derived with different 
observation perspectives. Cameron et al. [15] observed the 
projection of this interface on casing moves upstream during 
throttling and triggers stall as it reaches leading edge. This 
phenomena is also captured with the calculations by author’s 
team. This interface is usually identified by the entropy 
countour by many studies [16]. However, the tip leakage 
flow usually extends a certain flow region in the blade 
passage, hence the interface automatically takes a certain 
thickness in radial direction. Considering accounting for the 
effect of tip leakage flow, Nan et al. [9] calculated the time- 
and spatial averaged interface position. By setting a series of 
control volumes at rotor tip region, which enclose the 
majority of tip leakage flow, the accumulative axial 
momentum distribution can be calculated. Figure 4 shows the 
bell-shaped curves for a transonic rotor with and without 
circumferential grooves casing treatment. The cumulative 
axial momentum for rotor tip region resembles a bell, hence 
it is named as “bell-shaped curves”. In spatial averaged view, 
left positive slope part represents this region is dominated by 
the main incoming flow, while the right negative slope part 
represents the reversed leakage flow’s dominating region. 
The peak of this curve denotes the averaged interface 
position and a further downstream peak exhibits when a 
groove-type CT is applied. In this regard, various of CT 
candidates can thus be quickly assessed by the bell-shaped 
curves instead of tracking down their own stall points. The 
feasibility of this approach has been validated in groove-type 
casing treatment.  
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Figure 4  The sketch to illustrate the physical meaning of the bell-shaped 
curves. It is an example of a transonic rotor at its near stall condition [9]. 

Assess the CT by bell-shaped curves 
The integral approach presented in the previous section 

will now be applied to the evaluate the three given CT 
configurations. The first step is to obtain a reliable flow field 
of the CT at the mass flow rate for SC near stall point, to see 
the capablitise of these treated casings sustaining the 
stability. Thus, instead of pursing the whole performance 
curves, only the operating points at Φ=0.392 (the SC near 
stall point) is simulated. A series of control volumes are set 
at the rotor tip region as Figure 5 illustrates. The first control 
volume element starts at just upstream of rotor leading edge 
while the last one ends at trailing edge. These control 
volumes cover the upper 30% spanwise (from casing to 70% 
blade height) in radial direction, which is considered as the 
tip leakage flow influence region suggesting by entropy 
contour. From the first one onwards, each of the control 
volume elements is divided by two vertical planes. They 
extend one blade pitch in tangential direction, making the 
rest of two control surfaces satisfying the periodic 
conditions.  

 
Figure 5  The sketch to illustrate how to set control volumes in the rotor tip 
region and the control surfaces for a control volume element 

The momentum equation is solved to quantify the axial 
momentum for each control volume element which can be 
written as: 

( ) ( )
( ) ( )∫∫
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Here, Mz is the total axial momentum across each control 
volume. The subscripts Z-, Z+, CS and BT denote the four 
control surfaces that surrounding the control volume as 
shown in Figure 5. In eq.(1), V


is the absolute velocity 

vector and n�  is the surface unit normal. These then the total 
axial momentum for each control volume element is the sum 
of the axial momentum across the four control surfaces, 
which is in fact the net axial force acting on that control 
volume.  

With adding the axial momentum of each element 
accumulatively, the bell-shaped curves for SC and CTs are 
plotted in Figure 6. According to the theory of bell-shaped 
curve, a more downstream peak indicates a more stable flow 
field. In this figure, all of the three CTs show the ability on 
enhancing the stall margin, because their peaks are all lying a 
downstream position compared with that for SC. Among the 
three configurations, CT_c is suggested to take the highest 
capability on stability enhancement, with a peak position at 
32.11% axial chord (Caz), followed by CT_a, whose peak 
locates at 27.02%. CT_c is predicted to generate the least 
SMI due to its most upstream peak 26.93% Caz. Here note 
that the values in Figure 6 represent the whole annulus, 
which result from the single passage data multiplied by the 
number of the rotor blades. 

 

Figure 6  The bell-shaped curves for three CT configurations compared 
with SC at Φ=0.39. 

We are here to discuss the impact of the control volume 
depth and width on the axial location of the peak. According 
to the previous study [9], the depth of the control volume 
only changes the amplitude of the bell-shaped curves. The 
axial location of the peak does not changes as the control 
volume’s depth increase or decrease [17]. As long as the 
majority of the TLF structure is involved, the axial location 
of the peak of bell-shaped curves can be reasonably 
guaranteed. It is also worthy to point out that the number 
(width) of the control volume is arbitrary and it modestly 
affects the absolute value of the position. However, the shape 
of the curves and the amplitude of the peak are unchanged 
when increasing the number of the control volumes. The 
above studies suggest a good robustness of this approach, 
which is believed to shorten the pre-screening time during 
the real design process. 
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Entropy generation analysis 
The stall margin extension may not be the only policy to 

evaluate the CT. Efficiency performance for CT should be 
fully taken consider during the design process. The impacts 
of the three skew slot configurations on peak efficiency are 
investigated. It is reported from the simulation that all CT 
configurations are detrimental to the design efficiency. At 
design point (Φ=0.43), the calculated efficiencies for the 
three CTs are 0.842, 0.841 and 0.842 respectively, result in 
the efficiency penalties of -0.24%, -0.30% and -0.17% 
accordingly. Considering the accuracy for efficiency 
calculation is 0.1% from the grid independence study, CT_c 
is considered to have the minimal negative effect on 
efficiency among the studied CTs. 

With the purpose of knowing how slots affect the 
efficiency, entropy generation (production) is used as the key 
parameter to assess the flow loss variation due to CT. The 
local entropy in the control volume can be derived from the 
second law of thermaldynamic: 

∫ ∫∫ ≥⋅+⋅+
∂
∂

=
SC SCVCg dAnVsdAnq
T

ds
t

S
, ,,

01V)(  ρρ       (2) 

If we negelect the heat conductive, the local flow loss for a 
fixed control volume is: 

∫ ⋅=
scg dAnVsS

,


 ρ                    (3) 

The entropy generation is normalized by the relative 
inlet dynamic pressure. The dimensionless local entropy 
generation along axial chord is shown in Figure 7. Horizontal 
denotes the axial relative distance to the tip leading edge 
while 0 and 1 represent the rotor leading edge and trailing 
edge respectively. Each point accounts of all of the flow loss 
produced within this control volume. Here, the control 
volumes are the same as Figure 5 shows. In general, majority 
of flow loss generates within front part of the chord. 
Compared with SC, the slot-treated casings ameliorate the 
flow losses around the leading edge and trailing edge. CT_b 
has the minimal flow loss before 20% Caz. As the flow the 
flow proceeding, the loss arises. The larger the opening ratio, 
the higher the flow loss generates. Turning point appears at 
70% Caz, after which CT ameliorate the loss again. 
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Figure 7  The normalized entropy generation distribution for the three CTs 
compared with SC 

    If we calculate the total loss in the rotor tip region, 
which is the sum of the values in the above figure, the total 
entropy generation would be 1.506%, 1.513%, 1.523% and 
1.510% for SC, CT_a, CT_b and CT_c respectively. They 
are in accordance with the efficiency variations.  

The CT refinement and experimental validation 
Although CT_b receives the highest SMI, it is 

undesirable to produce the largest entropy generation. While, 
CT_c is mild to efficiency but it is less satisfactory in 
stability enhancement. A refinement configuration is 
proposed with the combination of the merits of CT_b on 
efficiency and CT_c on stability enhancement. Based on the 
understandings of flow loss learned in the previous section, a 
smaller opening ratio is helpful on decreasing the flow loss 
near leading edge but it may limit the performance on stall 
margin extension. Hence, based on CT_c, whose slot width is 
4mm and has 7 slots per passage, the slot width of the refined 
configuraion has slightly decreased by 25%, into 3mm. 
Considering that reducing the slot width will directly 
decrease the opening area, which may consquently weaken 
the momentum transport of the tip region and influence the 
stability performance, the slot number is accordingly 
increased by about 2.5 times, into 17. Thus, the refined 
configuration named as CT_R is formed with a narrow slot 
width and a higher slot number while the slot depth and skew 
angle are kept unchanged.  

Before testing them, the performance for the new 
refinement scheme is firstly comfirmed by the bell-shaped 
curves. Figure 8 presents the comparison between the 
original three casings and the new CT configuration. It is 
seen that the refined configuration CT_R has the same peak 
location as CT_a, suggesting these two configurations would 
generate the same level of stall margin improvement. Among 
the cluster of bell-shaped curves, CT_b still keeps the highest 
ability of stability enhancement. Meanwhile, the efficiencies 
for those casings at design mass flow are simulated. 
According to the simulation, the efficiency penalty for CT_R 
is -0.15% and total loss coefficient for tip region is 1.51%, 
showing that this casing would keep a same level of flow 
loss as CT_c but with a much higher of SMI.  

 
Figure 8  The bell-shaped curve for refinement compare with other CT 
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Experiments are performed to validate the assessments 
by bell-shaped curves. The measured performance curves for 
the four CT configurations are presented in Figure 9. The 
details for the test facility and the measurement methods can 
be found in [9]. The slots are individually manufactured and 
mounted into a groove that lathed on the casing, trying to 
ensure the minimal tip gap difference between the different 
casings. The stall margin improvement for this large-scale 
compressor is defined as the relative flow range extension 
due to CT: 

%100)1(SMI
CT,stall

SC,stall ×−=
ϕ
ϕ

                 (4)
 

The measured SMI of these studied CTs as well as their 
efficiencies at design mass flow rate are collected in table 2. 
The △η in the table is defined as the relative efficiency 
variation due to CT at design mass flow coefficient 
(Φ=0.43).  
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Figure 9  The measured performance curves for CTs 

 
Table 2  The experimental results for the tested CTs 

configuration η △η SMI 

SC 0.837 - - 
CT_a 0.813 -2.4% 6.48% 
CT_b 0.802 -3.5% 9.19% 
CT_c 0.827 -1.0% 1.88% 

CT_R 0.828 -0.9% 5.40% 

 
According to the experiments, the predicted 

effectiveness of CTs by bell-shaped curves are in accordance 
with the experiments. All the CTs enhance the stall margin 
for this low-speed compressor rotor, among which CT_b 
shows the highest ability on stall margin enhancement. CT_a 
and the refinement configuration CT_R exhibit a same level 
of SMI, which are 6.48% and 5.40% respectively. CT_c has 
the lowest SMI value, as expected with the bell-shaped 
curves. As for the efficiency aspect, all of the CTs decreased 
the rotor peak efficiency as the simulations predicted. 
Although the values for efficiency are not exactly equal, 
similar tendencies on efficiency decrease are shown in 
experiments for the three configurations. The configuration 

that receives the highs SMI but results in a maximal 
efficiency penalty. However, based on the entropy generation 
analysis, with modestly modifying the CT geometries, the 
SMI is extended by 3.52% without inducing extra efficiency 
penalty with CT_R. The experiments suggest that the bell-
shaped curve enables SMI to be a tool to quickly assess 
different CTs by simulating only one operating point for each 
configuartion for tip-sensitive rotor.  

CONCLUSIONS 
The effectiveness of stall margin extension with three 

different axial slot-type casing treatment configurations are 
quickly evaluated by an integral method called “bell-shaped 
curves”. With no need of perusing the whole performance 
curves by simulations, the efficacies can be assessed by 
quantitatively comparing the bell-shaped curves at one 
operating point. The efficiency aspect is taken consider into 
casing treatment refinement. Conclusions are summarized as 
following.  
1) Based on the understanding of the spike stall inception, 

the peak of the cumulative axial momentum distribution 
of the tip region is proposed to denote the spatial- and 
time-averaged axial location of the complex 3D main 
flow/tip leakage flow interface. A downstream peak 
indicates a prefer CT configuration on stability 
improvement. Thus, by simply comparing the peaks for 
various CT candidates, their effectiveness can be quickly 
judged.   

2) The bell-shaped curves are conducted to evaluate the 
three studied CTs. All the three casings have a 
downstream peak than SC, showing that they all 
supposed to generate stall margin extension. It is 
suggested by the positions of the peaks that CT_b would 
improve the stall margin most, because it has the most 
downstream peak, followed by the CT_a and CT_c. 

3) The efficiency penalty due to CT is also investigated 
with entropy generation analysis. It is reported that the 
CT configuration who generate the highest stall margin 
extension will have a lowest design efficiency. A series 
of control volumes are set at the rotor tip region at design 
point. Entropy generation distributions for this flow area 
are investigated. Slots ameliorate the flow loss for the 
flow region around rotor leading edge and trailing edge. 
Also, it is seen marked loss arises in the flow region of 15% 
to 70% chord.  

4) According to the entropy generation analysis, a revised 
configuration CT_R is developed, aiming at generate 
satisfying SMI will cause less loss. This design is 
confirmed by bell-shaped curves. 

5) Experiments are carried out to validate these assessments. 
The measured stall margin extensions are in accordance 
with the predictions by bell-shaped curves. The measured 
performance curves prove that the refining configuration 
CT_R generates the same level as CT_a while has the 
same design efficiency as CT_c. 
It is worthy to note that this integral method is valid for 

the tip-sensitive compressors. No matter the compressor is 
isolated or one stage, as long as the rotors exhibit the similar 
stalling behaviour, this method can be potential on CT design 
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process. The authors plan to continue refine the approach. If 
the auto mesh generation, CT geometry modification and 
several sub-modules can be integrated, hoping that to build 
an automatic optimization analysis platform for CT design. 

NOMENCLATURE 
Abbreviation 

NS = Near stall point 
CV = Control volume 

Symbols 
Mz = Axial momentum,(m/s) 
Caz = Tip axial chord,(mm) 
Sg = Entropy generation rate, (W/K) 

Greek letters 
ρ = Density,(kg/m³) 
s = Entropy, (J/kg·K) 

η = Isentropic efficiency 
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