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ABSTRACT

In this paper, two different casing treatment devices—one
adopting inlet recirculation at the shroud side of the impeller
inlet and the other adopting circumferential casing grooves at
the shroud side of the vaneless space, are designed for a high
speed centrifugal compressor stage. The effects of different
casing treatments to the flow range and performance of the
centrifugal compressor stage are studied numerically.

The results indicate that traditional inlet recirculation at
impeller inlet does not extend the stall margin of the stage and
the performance deteriorates due to the adding of the extra
device. The study also shows that, when the location of the
bleed slot moves downstream, the performance of the stage
deteriorates due to the longer flow path.

Moreover, the 2mm depth circumferential casing grooves
extend the stall margin by about 12.05%. By contrast, the 6mm
depth and 10mm depth grooves extend the stall margin by 3%
and 2.4% respectively.

NOMENCALTURE

b Blade height (mm)

D Diameter (mm)

N Rotational speed (rpm)
Z Blade/Vane number
CCG Circumferential casing grooves
IR Inlet recirculation
Greek letters

@ Mass flow rate (g/s)
Subscript

0 Impeller inlet tip

2 Impeller outlet

3 Diffuser inlet

4 Diffuser outlet

des Design point

INTRODUCTION

Centrifugal compressors are used widely in the fields of
aviation industry, chemical and petroleum industry,
metallurgical industry, and small gas turbines. When operating
below the design mass flow rate, centrifugal compressor is
likely to have severe vibrations due to stall and surge. This
would cause instability problem of the compressor and would
reduce its performance. Thus, in the design of a centrifugal
compressor, enhancing stall margin should be an important
consideration. [1-3].

As a passive flow control method, casing treatment has
been used in practice for years to enhance the operating range
of the compressor. Many researchers have investigated various
types of casing treatment to achieve a wide flow range in axial
and centrifugal compressors. The effects of casing treatment
have been clarified in detail based on numerical simulations
and confirmed experiments [4].

The concept of casing treatment was firstly proposed by
Koch and Smith, who investigated the impact of upstream
blowing and downstream bleeding on the stable operating range
of a transonic compressor [5]. Since then, various forms of
casing treatments have been designed and their mechanism in
expanding the compressor flow range has been investigated by
many researchers.

The NASA Glenn Research Center did lots of work related
to the inception of rotating stall and casing treatment devices to
control stall and extend the stall lines for axial compressors [6-
12]. Their recent work reported a passive advanced casing
treatment developed for a high-bypass ratio turbofan engine
and was tested on a scale model in the 9X15 NASA Glenn
Wind Tunnel. The results indicated that all the tested casing
treatment configurations increased the stall margin of the
engine, while a few of the designs also showed a potential noise
benefit for certain engine speeds [12].

For centrifugal compressors, Gary Skoch at NASA GRC
did a series of experiments to investigate techniques for
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expending the stable flow range of a high-speed centrifugal
compressor [13, 14]. Spakovszky [15] designed an air injection
scheme between the impeller and vaned diffuser for the NASA
Glenn CC3 high-speed centrifugal compressor. The results
showed an increase of 25% in surge-margin with an injection
mass flow of 0.5% of the compressor mass flow. Hu Liangjun
et al. [16] designed inducer bleeding, inlet recirculation and
circumferential groove casing treatments to enhance the stall
margin of a centrifugal compressor. The differences of the
performance between solid casing stage and stages with casing
treatment devices were compared by using CFD software. The
results indicated that all the applied techniques could decrease
the flow blockage near the inducer tip and delay the occurrence
of stall, but inducer bleeding and inlet recirculation were more
effective. The circumferential groove casing treatment device in
their research was performed at the inlet part of the impeller.
Barton et al. [17] did numerical optimization of a modern
centrifugal compressor with an inducer vaned shroud for
increased operability margin. The results indicated that the vane
shroud did extend compressor surge margin at the part-speed
operating condition, while maintaining acceptable high-speed
performance. Junfei Yin et al. [18] developed an optimization
procedure for ported-shroud compressor based on Design of
Experiment (DOE) procedure. The results indicated that the
configuration improved map width by 9%, an increased
pressure ratio by 0.2 and a higher peak efficiency by about 1%.
Tong Wang et al. [19] designed a new type of casing treatment
with self-adaptivity to expand the stall margin of centrifugal
compressor with unshrouded impeller. Their test results of two
types of casing treatments indicated that the method could
extend the stall margin by about 20% and slightly increase or
maintain the efficiency over the whole operation range.
Besides, the mechanism of this method to expand the stall
margin was discussed based on experimental and analytical
evidence. Other similar research about casing treatment and its
effects on centrifugal compressor performance can be found in
reference [20-24].

In the present paper, the effects of different casing
treatments to the flow range and performance of a high speed
centrifugal compressor stage are studied numerically. Firstly,
traditional casing treatment device as inlet recirculation at
impeller inlet is performed to this centrifugal compressor stage
and its effect is discussed. Then, a new type vaneless space
casing treatment device is designed and studied. Also, flow
analysis in the stage provides guidelines for further redesign of
the casing treatment device.

NUMERICAL APPROACH

Numerical Method

3-D flow calculations are performed in the present study
by using the software package NUMECA FINE/Turbo™ to
predict the performance of the stage and to investigate the flow
characteristics [25]. The Spalart-Allmaras model is selected as
the turbulence model. The calculations are carried out with

second-order central scheme. The numerical procedure adopts a
four-stage Runge-Kutta scheme coupled with local time
stepping and implicit residual smoothing for convergence
acceleration.

The computational domain consists of one impeller
passage with a main blade and a splitter blade and one diffuser
passage. For the interface between the rotating impeller and the
stationary vaned diffuser, the full non-matching mixing plane
approach is used. The computational grid was generated with
the auto-grid generation software IGG/AutoGrid v8 of
NUMECA [26]. In consideration of the computation’s fidelity
and cost, a mesh independence study was firstly performed.
The results suggested that a total of 917,842 nodes for the
impeller and 236,433 for the diffuser were sufficient to obtain
grid independent values for the figures of merit and can provide
enough details for flow analysis. The grid is refined in the near-
wall regions and at the leading and trailing edge of the impeller
(Fig. 1). For the casing treatment device, the channel grid is
generated by using the ZR Effect of AutoGrid. The connection
between the casing treatment device and the main flow channel
is set to full non-matching boundary (FNMB) (Fig. 2). The
near-wall Y is adjusted to less than 3 in the process of grid
generating for all the computational cases.

Fig. 1 Computational grid of the baseline stage

At the inlet, uniform total pressure and temperature with
axial flow direction are set as boundary condition. The ideal air
is considered as working fluid and mass flow is imposed at the
computational domain outlet. The hub wall of the impeller
moves with the blade, while the whole shroud keeps stationary.
Non-slip wall conditions are applied over all solid walls.
Periodic conditions are applied for pitchwise boundaries other
than the blade surfaces. Steady analyses are performed with the
above method. It should be pointed out that usually steady
simulation is not suitable for predicting the initiation point of
stall precisely as compressor stall is a strongly unsteady
process. But as a less CPU time requirement, steady simulation
is often used to predict the compressor performance map. The
mass flow point where steady simulation begins to diverge is
generally considered to be the stall point of the compressor.
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Computational Model and Design of the Casing
Treatment Devices

The high speed centrifugal compressor stage studied in the
present paper has a small mass flow rate and a low pressure
ratio with a long and narrow flow passage. Table 1 shows the
main specification of the impeller and the diffuser.

Table 1 Specification of the centrifugal compressor stage

Inlet tip diameter (D, ) 57mm
Outlet diameter (D, ) 130mm
Blade number (2) 7
tmpeller 5 let blade height (5,)  2.95mm
Tip clearance size 0.3mm
Design mass flow rate (¢, ) 67g/s
Rotational speed (N) 35000rpm
Inlet diameter (D, ) 149.5mm
Diffuser Outlet diameter (D, ) 195mm
Vane number (Z) 17

The flow analysis of the smooth casing stage shows that at
the impeller inlet a large vortex appears at the shroud side of
the flow passage near stall point. In order to improve both the
stall margin and the efficiency of the stage, it is important to
control the vortex. Besides, as the flow diffuses in the flow
passage and interacts with the tip gap flow, the vortex will
cause the flow to separate at the shroud side in the vaneless
space and set up a recirculation zone. As the flow passage in the
vaneless space is narrow, the appearance of this recirculation
zone may also affect the stall margin of the stage. Thus, two
different casing treatment devices—one adopted inlet
recirculation (IR) at the shroud side of the impeller inlet and the
other one adopted circumferential casing grooves (CCQG) at the
shroud side of the vaneless space, have been designed for this
centrifugal compressor stage (Fig. 2 (a), (b)).

The inlet recirculation device consists of a bleed slot, an
upstream slot and an annular cavity connecting both slots. The
width of the bleed slot is 1.5mm and locates at a distance of
2.5mm downstream of the splitter blade leading edge for IR 1.
For IR 2, it locates at a distance of 5.5mm downstream of the
splitter blade leading edge. Through the annular cavity, of
which the width is 3mm, the bleeding flow is injected into the
core flow at a distance of 6.5mm upstream of the main blade
leading edge through the upstream slot. The width of the
upstream slot is 2.5mm.

For the circumferential casing grooves, the first groove
locates at a distance of 2mm downstream of the blade trailing
edge; the width of the groove is 2.5mm, with a gap of 1lmm
between the two grooves. In the present study, three different
depths of the grooves are studied, i.e. —2mm, 6mm and
10mm.

Circumferential
Casing Grooves

Annular Cavity

Upstream Slot B pd Slot

(a) IR 1 (b) CCG_6mm

Fig. 2 Sketch map of the casing treatment devices

RESULTS AND DISSCUSSION

Effect of Inlet Recirculation

Inlet recirculation (IR), as its successful applications in
many engineering fields, is proved to be an effective way for
centrifugal compressor stall margin extension. In the inlet
recirculation device, the low-energy flow near the shroud of the
impeller is forced to move toward the upstream of the main
flow due to the pressure gradient between the bleed and
upstream slots. Thus, the incidence angle of the impeller is
reduced and the stall margin is enhanced. In the following part,
the effect of IR to the performance and stall margin of the
centrifugal compressor stage and the influence of the location
of the bleed slot are discussed.

Overall Performance

Figure 3 shows the calculated performance characteristics
of the smooth casing stage and stages with inlet recirculation
device. Table 2 gives all the simulated test cases with the stall

mass flow rate and efficiency at design point.
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Fig. 3 Calculated stage performance characteristics to
evaluate the effect of IR
Table 2 Comparison between smooth casing stage and

stages with inlet recirculation

PN IR |
100 110

Stall mass Efficiency at

flow design point
Smooth caing 41.5 g/s 73.50%
IR 1 41.5 g/s 72.35%
IR 2 41.5 g/s 71.36%

It can be seen from Figure 3 and Table 2 that the adoption
of inlet recirculation does not extend the stall margin of the
stage. As the adding of the additional device, the efficiency
drops along the whole operating range. The efficiency of the
stage with IR_2 drops more due to an even longer flow path in
the casing treatment device. The efficiency drops by about
1.15% for IR 1 and by about 2.14% for IR_2 at design mass
flow rate. But the adoption of inlet recirculation has minor
effect on the total pressure ratio of the stage.

Flow fields at¢ = 41.5g/s , the stall point of the smooth
casing stage

Figure 4 shows the circumferentially mass averaged
streamlines and static pressure distribution at the meridional
plane of the smooth casing stage and stages with inlet
recirculation device. It can be seen from the figure that the
adoption of inlet recirculation plays the role of guiding the low-
energy flow near the shroud of the impeller to move toward the
upstream of the main flow. But the area of the large vortex at
the impeller inlet does not reduce no matter with IR_1 or IR 2.
The reason may be the low pressure gradient along the impeller
shroud. In other words, the low energy fluid cannot obtain
enough energy to recirculate through the casing treatment
device. Thus, the effect of inlet recirculation is restricted.

Figure 5 gives more flow details in the inlet recirculation
device. The figure shows that two vortexes appear in the inlet
recirculation devices for both IR_1 and IR_2. One locates at the
upper turning corner of the bleed slot. The other locates at the
bottom part of the annular cavity. The appearance of the
vortexes will deteriorate the flow status in the inlet recirculation

device and will arouse more losses, thus corresponding to a
higher entropy value. Therefore, the configurations of the inlet
recirculation devices need to be redesigned for a better flow
condition. For IR 2, the entropy value throughout the whole
casing treatment device is higher than IR 1, thus its efficiency
is lower.

Figure 6 shows the entropy contours at 90% span in the
impeller passage. For the smooth casing impeller, a large high
entropy zone appears at the rear part of the impeller passage,
especially near the pressure side of the impeller blade. This
high entropy zone is induced by the mixing of the tip leakage
flow with the main flow.

As for the adoption of the inlet recirculation device, the
entropy value at impeller inlet rises compared with the smooth
casing impeller due to flow mixing at impeller inlet. The
existence of the bleed slot weakens the separated flow at the
middle part of the main blade and near the leading edge part of
the splitter blade (indicated by the red circles in the figure).
Hence the entropy value reduces. Near the rear part of the
impeller blade pressure side, the range of the high entropy
region expands.

From the figure of the entropy distribution along with
streamlines at 90% span in the diffuser passage in Figure 7, we
can see that the adoption of inlet recirculation does not change
the flow status in the diffuser passage. But as the adding of the
extra device, the entropy value rises throughout the diffuser
passage and this will induce more losses. As far as the average
entropy value in the stage, the stages with IR are higher than
the smooth casing stage, thus their efficiency are lower.

Entropy [Ji{(kg*K)]

68
66
64
62
60
38
56
54
52

(a). IR _1

Entropy [Ji{kg"K)]

(b). IR_2
Fig. 5 Streamlines and entropy distribution in IR device
(Mass averaged)
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(a). Smooth Casing (b). IR 1 (c). IR 2
Fig. 4 Streamlines and static pressure distribution at the meridional plane (Mass average)

(a). Smooth Casing (b). IR_1 (c). IR 2
Fig. 6 Entropy distribution in the impeller passage at 90% span
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(a). Smooth Casing (b). IR 1 (c). IR 2
Fig. 7 Streamlines and entropy distribution in the diffuser passage at 90% span
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Effect of Circumferential Casing Grooves

Circumferential casing grooves (CCG), as one of the
passive methods to control compressor stall, is known to
increase the stall margin by delaying stall [2]. The main feature
of the CCG device proposed in the present paper is that it
locates at the stationary part of the stage, thus is easy to
implement. The following part focuses on the effects of groove
depth to the stall margin and performance of the centrifugal
compressor stage.

Overall Performance

Figure 8 shows the calculated performance characteristics
of the smooth casing stage and stages with different depth
grooves. Table 3 lists all the simulated test cases with the stall
mass flow rate, efficiency at design point and stall margin
improvement. According to Takata [27], the percent
improvement of the stall margin is defined as:

A¢ = 1_¢m‘2 /¢ml ’ M
here ¢ and ¢ , refers to the stall mass flow of the

smoothing casing stage and stage with casing treatment.

As shown in Figure 8 and Table 3, the percent
improvement of the stall margin is about 12.05%, 2.41% and
3.01% for the stages with 2mm, 6mm and 10mm depth grooves
respectively. Thus, the 2mm depth grooves have the best effect
in terms of expanding the stall margin of the stage.

In consideration of the efficiency and total pressure ratio,
the stage with 6mm depth grooves shows the best performance.
For the stage with 6mm depth grooves, the efficiency drops
slightly compared with the smooth casing stage for the
calculated mass flow except for the points near stall point. The
efficiency drops by about 0.63% at design mass flow. For the
stage with 2mm and 10mm depth grooves, the values are 5.34%
and 6.10% respectively. The total pressure ratio of the stage
with 6mm depth grooves decreases slightly as compared with
the smooth casing stage. As for the stages with 2mm and 10mm
depth grooves, remarkable decreases of total pressure ratio are
observed. As the total pressure ratio differences between the
two configurations are so small, a partial enlarged view near the

stall point is given near the upper right corner of Figure 8(b).
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Fig. 8 Calculated stage performance characteristics to
evaluate the effect of CCG
Table 3 Comparison between smooth casing stage and

stages with circumferential casing grooves

Stall mass | Efficiency at | Stall margin
flow design point | improvement
Smooth caing 41.5 g/s 73.50% -
CCG 2mm 36.5 g/s 68.16% 12.05%
CCG_6mm 40.5 g/s 72.87% 2.41%
CCG_10mm 40.25 g/s 67.40% 3.01%

Flow fields at¢ = 41.5g/s, the stall point of the smooth
casing stage

Circumferentially mass averaged static pressure plots and
streamlines for the smooth casing stage and stages with CCG
are shown in Figure 9. The adoption of CCG does not diminish
the area of the large vortex at the impeller inlet. But as the fluid
circulates in the grooves, the energy of the flow is dissipated.
The area of the recirculation zone at the shroud side of the
vaneless space reduces, and the center of the recirculation zone
moves downstream. This will reduce the blockage in the tip
region and hence improve the stall limit of the centrifugal
compressor stage.

Figure 10 gives flow details and entropy distribution in the
circumferential casing grooves. The stage with 10mm depth
grooves shows the highest entropy value and consequently the
lowest efficiency. As for the 2mm depth grooves, there is one
single regular vortex in each of the grooves; the core of the
vortex almost locates at the center of the groove. As for the
6mm depth grooves, the upper groove possesses two vortexes
rotates at an opposite direction. The flow in the lower groove is
irregular. In the upper groove of the 10mm depth grooves, two
vortexes rotate at an opposite direction. The lower groove
possesses one single vortex, but its core locates near the shroud
side of the vaneless space. Thus a single regular vortex locating
near the center of the grooves helps to improve the flow status
in the stage, and contributes to the improvement of the stall
limit of the stage.
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Fig. 11 Entropy distribution in the impeller passage at 90% span
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Fig. 12 Streamlines and entropy distribution in the diffuser passage at 90% span
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Fig. 10 Streamlines and entropy distribution in CCG
(Mass averaged)

Figure 11 gives the entropy contours at 90% span in the
impeller passage. The entropy distribution shows little change
compared with the smooth casing stage in the fore part of the
impeller passage. In the aft part and the outlet of the impeller
passage, the situation changes. The loop flow and dissipation of
the tip region fluid in the grooves cause the expansion of the
high entropy zone for the stage with 2mm and 10mm depth
grooves, indicating more losses in the impeller passage. For the
stage with 6mm depth grooves, the high entropy region locating
at the rear part of the pressure side of the main blade
diminishes. But the entropy value in the impeller outlet
increases.

The adoption of the 6mm depth grooves does not change
the flow pattern at 90% span in the diffuser passage compared
with the smooth casing stage as shown in Figure 12. But the
entropy value increases throughout the diffuser passage, which
indicates more losses. The adoption of the 2mm or 10mm depth
grooves cause the flow to separate at the rear part of the
diffuser vanes near the back arc side. The entropy value
increases a lot throughout the diffuser passage.

CONCLUSIONS
Numerical investigations have been performed to study the
role of different casing treatment devices in the enhancement of

the operating range of a high speed centrifugal compressor
stage. Several conclusions are drawn as follows:

Traditional inlet recirculation at impeller inlet does not
enhance the stall margin of the compressor stage. As the adding
of the extra device, the efficiency of the stage drops along the
whole operating range. The efficiency of the stage with IR 2
drops more due to a longer flow path in the casing treatment
device.

A new type vaneless space casing treatment with 2mm
depth CCG expands the stall margin of the stage by 12.05%.
However, its efficiency is lower than the stage with 6mm depth
CCG, which only expand the stall margin by 2.41%. Its
efficiency is also lower than the smooth casing stage.

Flow analyses indicate that the stall margin of the
centrifugal compressor stages like the present one with a long
and narrow diffuser passage is determined by the flow status in
the diffuser passage. As the appearance of the 2mm depth
grooves improves the flow status in the diffuser passage, the
stall margin of the centrifugal compressor stage is extended
dramatically.

Although the new type vaneless space casing treatment
device is easy to implement, the preliminary result is not
encouraging. The enhancement of the stall margin is
accompanied with greater penalty of the performance of the
stage.

For this reason, the CCG device has been redesigned, and
the result is encouraging. An obvious enhancement of the stall
margin has been obtained with minor efficiency penalty.
Further analysis of the redesigned device is now undergoing,
and the results will be discussed in the subsequent papers.
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