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has been discussed. Rig tests of a high pressure ratio centrifugal compressor with and without a casing
treatment device are performed, and transient pressure signals are measured at endwalls by fast response
pressure transducers. By analyzing measured pressure signals in both time and frequency domain, the
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Keywords: casing treatment device is found effective in eliminating rotating instability and stall at the impeller inlet
Centrifugal compressor at low speeds, as well as suppressing surge of the compression system at middle and high speeds. The
Casing treatment flow recirculation process generated inside the casing treatment device removes the vortical structures at
Surge the impeller inlet tip section, therefore eliminating the regional rotating instability and stall. Besides, the
Stall casing treatment device turns the pressure rise characteristics of the impeller more negative by enhancing

Rotating instability the impeller work input, but turns that of the vaned diffuser more positive by increasing the incidence

at the vaned diffuser inlet. Combining both effects, mild surge and the deep surge are suppressed.
© 2018 Elsevier Masson SAS. All rights reserved.

1. Introduction that govern the surge phenomenon. Rotating stall is the circumfer-
ential propagation of single or multiple low-momentum cells (or

Single-stage high pressure ratio centrifugal compressors are stall cells) that limits the compressor pressure rise. Its spatial scale
preferred in the aviation industry to reduce the manufacturing cost is at the order of the compressor circumference, and its tempo-
and the engine weight [1]. However, increasing the pressure ratio  ral scale is on the order of rotor or impeller passing frequency

will lead to transonic inlet conditions that further deteriorates the (RPF or IPF). Emmons et al. [6] proposed a definite phenomenolog-
complex flow field of compressors. As a result, the compressor sta-  jcal model about rotating stall: when the first stall cell is formed
ble flow range drops rapidly with increasing pressure ratios [2],  in a blade passage, it blocks the incoming flow and causes an inci-
which hinders the application of such compressor stages. dence spike on the adjacent blade, which drives the adjacent blade

To date, mainly three groups of flow instabilities have been to stall, and thus the stall cell rotates. Rotating instability is the
identified in compressors, namely surge, rotating stall, and rotat-  pre_gall disturbance that is continually changing in amplitude and

ing instability in descending order of their temporal and spatial frequency. Its spatial scale is at the order of the compressor blade
scales [3]. Surge is the breakdown of the compression system that pitch, and its temporal scale is on the order of blade passing fre-
propagates through the streamwise direction. Its spatial scale is at quency (BPF) [7]. Rotating instability usually exists in cases with
the order of the streamwise length of the compression system, and large tip gaps (i.e., over 3% of chord for axial compressors [3]), and
its temporal scale is close to the system Helmholtz frequency. Ac- its mechanism was proposed to be the circumferential movement
cording to the oscillation intensity and the occurrence of reverse of a radial vortex inside a blade passage [8].

flows, the surge phenomenon can be further classn‘ied. into mild Regarding centrifugal compressors, the pathology of flow insta-
surge and deep surge [4]. The ne}ture of Surge was unvelleq by the bilities across scales has been studied through both experiment
lumped parameter model of Greitzer [5]. lt. is thg characteristics of and CFD approaches. The occurrence of rotating instability is com-
the compressor, the throttle, and the non-dimensional B parameter monly reported at the impeller inlet when operating at part speeds
[9-12]. It could evolve into the inducer stall that appears as the
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Nomenclature

A ATCA . ettt m?
B blockage factor

b blade height ...........coiiiiiii m
c absolute veloCity ........oovveiiiiieiiiie i m/s
Cp specific heat capacity at constant pressure.... ]/(kgK)
Cs SHp VeloCity ..ooeeeee e m/s
m mass flow rate.............coeiiiiiiiiiiiiinenn.. kg/s
r distance in the radial direction...................... m
u blade veloCity ........covviiiiiiiiii i m/s
w relative veloCity.........oooviiiiiiiiniiiii i m/s
w Specific Work........oovviiiiiiiii i J/kg
Z number of blades

B blade angle..........coooiiiiiiiii i deg
y heat capacity ratio

T stage total-to-total pressure ratio

o AENSIEY « vt kg/m?3
o slip factor

v Kinematic ViSCOSItY ........covvriiiniinnenennnnnn. m?/s
Abbreviations

BPF blade passing frequency

IPF impeller passing frequency
RSD relative standard deviation
SP stability parameter

Definition of non-dimensional parameters

. . U,
Mu impeller tip Mach number TR
Re Reynolds number %

flow coefficient —™—;
¢ 4pr1uars

r—1
A work coefficient 210~ —D
nu;
. 1/2

N; specific speed 2$/4
Subscripts
1 impeller inlet (ambient)
2 impeller exit
4 diffuser exit
6 volute exit
f front part
m meridional component
r recirculation flow/rear part
s isentropic process
t total quantity/tangential component
Il transducer location at impeller exit
I\Y% transducer location at diffuser exit
Superscripts
dat case without a casing treatment device
rec case with a casing treatment device

[13-15] when operating near the design speed. Such stall cells
could be triggered either by spike signals within five rotor rev-
olutions or by mode signals after tens of rotor revolutions. The
surge patterns vary with speed. The mild surge usually precedes
the deep surge at low speeds (small B parameter), but the deep
surge will emerge abruptly at high speeds (large B parameter). The
motivator of the surge also switches from the upstream impeller to
the downstream diffuser when increasing the speed [9,12]. When
the design pressure ratio is high, the centrifugal compressor will
suffer from severe rotating instability and stall at impeller inlet at
low speeds, as well as a narrow surge margin at high speeds [12].
Flow control methods that improve the compressor stability at the
entire operating speeds are essential for such compressor stages.

Self-recirculation casing treatment is one of the passive flow
control methods that have potentials to suppress flow instabilities
across scales. It has been successfully applied to turbocharger cen-
trifugal compressors for over 30 years [16], and it has also been
tested in axial compressors recently [17]. A casing treatment de-
vice consists of front and rear slots and an annular cavity that
links both slots together. The main effects of such devices are
the flow recirculation and the swirl momentum injection. First,
the low-momentum flow region at the impeller tip section is suc-
tioned through the rear slot and re-injected through the front slot,
thereby improving the impeller tip flow field as well as allowing
the inducer to operate at a higher mass flow. Second, the recircu-
lation flow has a pre-swirl by the rotating direction, which leads
to a reduction in incidence and relative Mach number near the im-
peller tip. The flow recirculation and swirl injection processes have
been confirmed in experiments [18] and LES simulations [19] at
near surge conditions. The mass flow bleeding process at the rear
slot is proposed to be dominant in setting the compressor perfor-
mance [20].

Previous studies of the casing treatment device successfully ex-
tended the surge margin of turbocharger centrifugal compressors,
where a vaneless diffuser is attached downstream, and the surge

is often triggered at the impeller inlet. For high pressure ratio
cases with vaned diffusers, however, the surge is often initiated
by the vaned diffuser [12,13]. It is worth researching whether the
further improved impeller stability by a casing treatment device
could act against the instability of the vaned diffuser, thus ex-
tending the surge boundary. Regarding local flow instabilities with
sub-circumference scales, roles of casing treatment devices are also
yet to be determined.

The motivation of this paper is to detail the effects of self-
recirculation casing treatment on different scales of flow insta-
bilities in high pressure ratio centrifugal compressor stages. To
achieve this, a high pressure ratio centrifugal compressor for light-
weight helicopter engines is investigated through the experimental
approach, where flow instabilities across scales were reported at
various operating speeds of the compressor [12]. As a start, the ex-
perimental methodology and the investigated case is explained in
detail. Then, performances of the stage and the components with
and without a casing treatment device are analyzed and compared.
Finally, the phenomenon and mechanisms of casing treatment de-
vices on eliminating rotating instability and stall, as well as on
suppressing mild surge and deep surge are discussed respectively.

2. Methodology
2.1. Test compressor

The investigated high pressure ratio centrifugal compressor is
an in-house prototype design, whose specifications are presented
in Table 1. The motivation of developing such a compressor is to
replace the existing axial-centrifugal multistage compressor with
the single-stage centrifugal one. To fit the test bench, the compres-
sor has been scaled to about half of its designed size following the
similitude criteria of turbomachinery. The impeller and the vaned
diffuser were manufactured by flank milling of titanium alloy and
stainless steel, respectively. The vaned diffuser disc was installed
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Table 1
Specification of datum compressor TTL-1-scale.
Parameters Symbols Values
Number of impeller blades Z; 24
Leading edge hub radius Th/T2 0.26
Leading edge tip radius r¢/T2 0.65
Number of diffuser vanes Zp 19
Diffuser leading edge radius r3/r2 110
Diffuser trailing edge radius T4/12 1.48
Impeller tip Mach number Mu 1.80
Stage total pressure ratio T1t—6t 6.18
Reynolds number Re 134 x 10°
Flow coefficient ) 0.06
Work coefficient A 0.75
Specific speed Ny 0.61
To
Volute
Vaned
Diffuser

Casing
Treatment

bf W ->| le= br

Sf

bb Impeller

From
Inlet Duct

Fig. 1. Schematic of the self-recirculation casing treatment.

in the casing. To collect the pressurized air, a volute was attached
downstream of the vaned diffuser.

2.2. Casing treatment device

Schematic of a self-recirculation casing treatment is illustrated
in Fig. 1. The casing treatment device is parameterized by six
independent parameters, namely rear slot distance (s;), rear slot
width (b;), front slot distance (sf), front slot width (by), channel
height (hp) and channel width (by). Those parameters are often
normalized by the axial length of the impeller (H).

The effect of casing treatment device on enhancing the sta-
ble flow range can be roughly described by a simplified 1D flow
model. Assuming surge is initiated at the impeller, the compres-
sor surge mass flow with and without the casing treatment can be
calculated as follows:

mEe=m —m; (1)
dat dat
msa =mrr(111n (2)

where Mp, is the minimum mass flow allowed by the impeller,
and m, is the recirculation mass flow. Assuming that the mp,;, for
both cases are almost the same, the above equations can be com-
bined, yielding:
mgiat _ mgec - my
mgec mgec

(3)

where the left-hand term represents the extension of the surge
boundary, and the right-hand term represents the recirculation ra-
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Fig. 2. Trend of the surge boundary extension versus recirculation ratio, steady RANS
data [20-30].

Table 2
Parameter values of the casing treatment device.
Parameters Min Design Max
Rear slot distance (s;/H) 15.6% 24.9% 34.3%
Rear slot width (b, /H) 2.3% 9.3% 9.3%
Front slot distance (sg/H) 29.2% 48.7% 68.1%
Front slot width (by/H) 4.9% 19.5% 19.5%
Channel height (hy/H) 3.9% 11.5% 15.6%
Channel width (by/H) 6.3% 16.1% 25.3%
b, 1.36

o bb 0.09

(0]

°© bf 0.05

S by,
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Fig. 3. The sensitivity of parameters on recirculation ratio.

tio at the surge condition. Such a linear trend is examined in Fig. 2,
where the presented data are obtained from a literature survey and
a parametric study. It is illustrated that most cases fall in the linear
band, indicating the recirculation ratio is essential in determining
the effectiveness of casing treatment devices. Cases violate the lin-
ear trend either have counter-swirl vanes installed in slots, or have
a strong reverse flow pattern at the impeller inlet, both of which
are out of the scope of the current paper.

During the design phase of the casing treatment device, a para-
metric study was carried out through single-passage steady RANS
simulations [21]. The design space is given in Table 2. In total, 26
casing treatment devices were investigated on 80%, 90% and 100%
speed lines of the compressor, and a quadratic response surface
model was constructed to approximate the parametric database. To
evaluate the sensitivity of each parameter, the partial derivative of
the recirculation ratio with respect to each parameter is compared
based on the response surface model. It is illustrated in Fig. 3 that
the rear slot width is the definitive parameter on the recirculation
ratio, while other parameters are relatively less critical.
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Fig. 4. Schematic of the test rig.
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Fig. 5. Schematic of transducers setup.

The final design of the rear slot width considers both the de-
sired extension in the surge boundary and the affordable penalty
in efficiency. Other parameters are designed to make the device
as compact as possible without much loss in the recirculation ra-
tio. The non-dimensionalized parameter values of the final design
are given in Table 2. During the manufacturing phase, the cas-
ing treatment device is flank milled in separate parts to improve
the smoothness of surfaces. The mechanical support between the
lower channel wall and the upper channel wall is achieved by six
symmetrically distributed struts. Transducers can be installed in
screw holes of each strut.

2.3. Experimental method

Performances of compressors are measured on a turbocharger
compressor test rig, as illustrated in Fig. 4. A magnetoresistive sen-
sor at the impeller inlet measures the rotation speed. A Venturi
flowmeter in the inlet duct measures the mass flow rate. To obtain
the pressure ratio and the isentropic efficiency of the compres-
sor stage, total pressures and total temperatures are measured at
the upstream plenum and the downstream tube by pressure sen-
sors and thermometers. The occurrence of surge can be diagnosed
by the relative standard deviation (RSD) of the measured unsteady
pressure at the upstream plenum. In addition to the conventional
rig test procedure, unsteady pressures on compressor passage walls
are measured by fifteen fast response pressure transducers whose
labels and locations are illustrated in Fig. 5. Measurement errors
of each equipment are summarized in Table 3. The experiment
was carried out from large to small mass flows and from low to
high speeds. Data of each operating point are recorded only when
the variation of the isentropic efficiency and the corrected rotation
speed is within £0.1% and £200 RPM in one minute. Repetitive

Table 3

Measurement error of the test facility.
Equipment name Error
Flowmeter +2.36x10~3 m3/s (near choke)
Pressure sensor +0.05% full-scale range
Thermometer +0.6 K

Pressure transducer +0.10% full-scale range

Table 4
Diagnosis criteria for flow instabilities.

Phenomena Diagnosis criteria

Deep surge (1) Inlet pressure RSD over 10%

(2) Reverse flow occurs

(3) Periodic signal around 1 Hz
)

(4) Amplitude over dynamic pressure

Mild surge Inlet pressure RSD within 1-10%
No reverse flow occurs
Sinusoidal signal around 10 Hz

Amplitude within dynamic pressure

(
(
(
(

1
2
3
4

Stall (1) Inlet pressure RSD below 1%
(2) Hump in spectrum from 10-90% IPF
(3) Reach the peak pressure ratio

Rotating instability (1) Inlet pressure RSD below 1%

(2) Hump in spectrum from IPF to BPF

tests demonstrate that the variation of the measured pressure ra-
tio at an identical mass flow rate is within 0.1, and the variation
of the measured mass flow at the deep surge onset is within
3 x 1073 kg/s. More detailed experimental settings can be found
in our previous work [12].

3. Compressor performance
3.1. Stage performance

To diagnose the instability phenomena inside compressors, sev-
eral diagnosis criteria are adopted. Firstly, the RSD value of the
inlet plenum pressure is checked. Noticing the surge phenomenon
propagates in the streamwise direction, a high value of the inlet
pressure RSD corresponds to the occurrence of the surge. Empiri-
cal threshold values of 1% and 10% are capable of differentiating
non-surge, mild surge and deep surge in the current case, but
those threshold values may vary with different test rigs and test
compressors. Secondly, unsteady pressure traces on compressor
passage walls are analyzed. The deep surge signal is featured by
low-frequency, periodic, and violate fluctuations, where the period
is around 1 Hz, and the amplitude is over one dynamic pressure
(i.e., p1u%t/2 or p1u§/2). Flow reversal in the deep surge cycle can
be detected by the drastic increase of the impeller inlet pressure,
which is caused by the discharging of the downstream plenum.
The mild surge signal is featured by low-frequency, sinusoidal, and
moderate fluctuations, where the period is around 10 Hz and the
amplitude is within one dynamic pressure. No sign of flow re-
versal exists. Finally, frequency spectrums of measured unsteady
pressures are examined. A notable hump between 10-90% of IPF
in the spectrum corresponds to the scale of the stall signal, which
also coincides with the peak pressure ratio condition of the nearby
component. A notable hump between IPF and BPF corresponds to
the scale of the rotating instability signal. The diagnosis criteria for
flow instabilities are summarized in Table 4.

Performance and stability maps of the investigated compres-
sor with and without the casing treatment device are shown in
Fig. 6. Within the measured speed lines, operating conditions in-
cluding deep surge, mild surge, stall, rotating instability, and stable
state are identified. According to Fig. 6, the role of the casing
treatment device on suppressing compressor flow instabilities is
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twofold. For rotating instability and stall occurring at the impeller
inlet at 60-90% design speed, they are successfully eliminated by
the casing treatment device. For mild surge and deep surge, their
strength has been evidently suppressed by the casing treatment
device. At 90% design speed, the casing treatment device success-
fully squeezes the mild surge zone from a visible band to a single
point. At 95-100% design speed, deep surge of the smooth casing
case has been suppressed to mild surge, and thus the deep surge
boundary is further extended.

3.2. Component performance

A clear criterion to diagnose the stability of the compression
system is to check the sign of the total-to-static pressure ratio
slope. The compression system remains stable when the slope is
no greater than zero:
d(pa/pir) <0 (4)

am
The stage total-to-static pressure ratio of the current case can be
divided into the impeller part and the vaned diffuser part. Thus,
the criterion becomes:

: o

)

35 o= SUL
P 95%
® 90%
0 3.0
5 %
A 25 80%
20 70%
) —— Recirculation device
60% ——Smooth casing
15
0.1 0.2 0.3 0.4 0.5
(a) m (kg/s)

1 9y 1 9me 1 dmyv
= <0 (5)

Ty Om e 0m Ty 0m

Impeller Vaned diffuser

A qualitative way to judge the stability of a component is
to check the sign of its pressure curve slope. The impeller and
the vaned diffuser pressure characteristics are shown in Fig. 7.
The impeller pressure ratio is calculated using the circumferential-
averaged (i.e., II-2, I1I-4, II-5, and II-6) mean pressure at the im-
peller exit, and the vaned diffuser pressure ratio is calculated using
the mean static pressure from the diffuser passage near the vo-
lute tongue (i.e., 1I-3 and IV-1). In Fig. 7(a), the casing treatment
device increases the peak pressure ratio of the impeller by 2-4%
relatively and turns the slope of the impeller pressure character-
istics more negative near low mass flow conditions. The stability
of the impeller is therefore improved by the casing treatment de-
vice, especially at middle and high speeds. On the other hand, it is
interesting to find in Fig. 7(b) that the casing treatment device de-
teriorates the vaned diffuser stability, as its pressure characteristics
turn more positive near low mass flow conditions.

A quantitative way to compare their stability is to calculate the
value of each right-hand side term in Eq. (5), which is named as
the stability parameter. To compute the slope of pressure charac-
teristics, the pressure characteristics of selected operating points
are fitted by natural cubic splines. Thus, their slopes can be di-
rectly computed from spline formulas. The stability parameters of
the impeller are plotted against that of the vaned diffuser in Fig. 8.
The figure can be divided into four quadrants: the diffuser is unsta-
ble in the first and the second quadrant, the impeller is unstable
in the first and the fourth quadrant, while both components are
stable in the third quadrant. It is generally found that the casing
treatment device has pushed dots from the right-bottom corner to
the left-up corner, indicating an improvement in the impeller sta-
bility but a decline in the diffuser stability.

Combining the effect on the impeller and the vaned diffuser
pressure characteristics together, the stage pressure characteristics
presented in Fig. 6 can be better comprehended. At low speeds, the
casing treatment device slightly improves the impeller stability but
deteriorates the vaned diffuser stability, which in total produces a
neutral influence on the stage pressure rise and thus fails to sup-
press surge behaviors. At middle and high speeds, although the
vaned diffuser stability turns worse, the impeller stability has been
greatly improved. Therefore, the stage pressure characteristics have
been stabilized, and the mild surge and the deep surge have been
suppressed.

14
—e— Recirculation device
—e— Smooth casing
1.3
S
*12
Xe]
211
)
5
7
o 1.0
o
0.9
0.8
0.1 0.2 0.3 0.4 0.5
(b) m (kg/s)

Fig. 7. Component performance comparison: (a) impeller and (b) vaned diffuser.
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4. Elimination of rotating instability and stall
4.1. Observation in experiment at low-speeds

To compare the instability composition with and without the
casing treatment device, fast Fourier analysis was performed based
on the measured transient pressure data at the impeller inlet. Fre-
quency spectrums across the 60% design speed lines are presented
as a representative case in Fig. 9, where the frequency is normal-
ized by the IPF and the Fourier coefficient is normalized by the
time-averaged total-to-static pressure ratio measured by the trans-
ducer. In each frequency spectrum figures, two peaks representing
the IPF and the BPF are quickly identified since their expected
frequency values can be calculated by the shaft speed and the im-
peller blade number. Signals of IPF, BPF and their harmonics are
not necessarily induced by flow instabilities. Instead, they are nat-
ural references to help distinguish the scale of flow instabilities.

For the smooth casing case in Fig. 9(a), a broadband hump
between IPF and BPF is observed from 0.20 kg/s to 0.16 kg/s, indi-
cating the occurrence of rotating instability. When further reducing
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the mass flow rate to 0.14 kg/s, the impeller reaches its peak pres-
sure ratio condition (Fig. 7(a)), and a second hump emerges and
develops below the IPF, indicating the occurrence of the stall. Fi-
nally, the compression system enters into mild surge and deep
surge.

The hump structure in frequency spectrums indicates the con-
tinuous change of the pressure signal in its period and amplitude,
which is related to vortical structures. The evolution of rotating in-
stability and stall humps is detailed in Fig. 10. The averaged hump
central frequencies of transducer I-1 to I-6 are plotted against the
mass flow, and the standard deviations along the circumference are
represented by error bars. It is illustrated that the rotating insta-
bility grows in scales when decreasing the mass flow, where the
central frequency reduces from 28% to 6% BPF. When the rotat-
ing instability evolves into the stall, the central frequency of both
humps stays constant at around 6% BPF and 16% IPF, respectively.

For the case with the casing treatment device in Fig. 9(b), no
apparent source of pressure signals exist except for the IPF, the BPF,
and their harmonics before the surge onset. The casing treatment
device is therefore effective in eliminating rotating instability and
stall at the impeller inlet, where the casing treatment device is
installed.

Time-averaged impeller inlet total-to-static pressure ratios are
compared in Fig. 11, where dots represent the circumferential-
averaged value and error bars indicate the standard deviation.
Along with experimental results, the theoretical isentropic solution
of the smooth casing case is plotted for reference, as computed in
the following:

Y
—1 “y-1
Prs _ (1 +r= Ma1>
D1t 2

where the Mach number is calculated using the inlet volumetric
flow rate, the inlet duct diameter, and the total temperature in the
inlet plenum.

The isentropic solution ignores the piping loss between the
inlet plenum and the inlet duct, whose amplitude is empirically
proportional to the square of the mass flow rate. From Fig. 11, it
is confirmed at high mass flow conditions of the smooth casing
case that the measured pressure ratio is smaller than the theoreti-
cal one. The higher the mass flow, the more evident the deviation
becomes. The isentropic solution also supposes a uniform velocity

(6)

Ao
|
|
)

| oy,
! } h | Blade passing 300
AN < i |~ frequency. &
v ‘ | e 250 ©
| b r s Impeller passing - HG:J
i ) 1 ) ! - frequency 200 5]
[l L Bt ) 5
e g
-~ | Mild'surge, - iy 156 2
“ ) (P 4‘ 5
i * e [ B
i I A1 100 8
e 5
50 §
=
0
0.22
1073
SSin 10!
9 F,
(b) o o 02

Fig. 9. Impeller inlet (I-1) frequency spectrum at 60% speed: (a) smooth casing and (b) casing treatment.
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Fig. 11. Comparison of impeller inlet pressure, mean value from I-1 to [-6.

profile pointing to the downstream. If there is no reverse flow, the
highest possible value of the total-to-static pressure ratio should
be the isentropic solution. From Fig. 11, however, it is found at low
mass flow conditions of the smooth casing case that the measured
pressure ratio surpasses the isentropic one. Such results indicate
the flow reversal at the impeller inlet casing section, where the
high-energy flow in impeller passages reverses back and increases
the local pressure. The lower the mass flow, the more severe the
flow reversal becomes. Combined with Fig. 6, the flow reversal is
generally found to coincide with the appearance of rotating insta-
bility and stall. The high pressure at the casing will consequently
generate a radially-inward pressure gradient, which will lead to a
streamline curvature in the meridional plane.

The measured pressure ratio curve of the casing treatment case
is expected to intersect with that of the smooth casing case when
there is no mass flow passing through the casing treatment device.
The casing treatment device is in the recirculating mode when the
operating mass flow is lower than that of the intersection point.
Otherwise, it is in the bypassing mode. From Fig. 11, the only in-
tersecting point exists at the choke condition of the design speed.
The casing treatment device is thus on recirculation mode un-
der most operating conditions, which is caused by the matching
between the impeller and the vaned diffuser. Besides, the pres-
sure ratio curves of the casing treatment case are evidently lower
than that of the smooth casing case. This will generate a radially-
outward pressure gradient and thus a curvature in the meridional
streamline.

Smooth casing, rotating instability

—

_‘.——h\

W

Smooth casing, stall

¢
&4\\

Recirculation device, stable state

=

Fig. 12. Conceptual sketch of impeller inlet flow structures.

4.2. Flow mechanism on local flow structure

Based on the observation from experiments, the detected ro-
tating instability and stall in this case are featured as backward
traveling vortical flows, whose spatial scales are at the order of
the impeller inlet blade pitch and the impeller inlet circumference,
respectively. A radially-inward pressure gradient exists at the im-
peller inlet tip section, which leads to curvilinear streamlines in
the meridional plane. On the other hand, neither reverse flows nor
vortices exist at the impeller inlet tip section of the casing treat-
ment case. The radially-outward pressure gradient at the impeller
inlet tip section also results in curvatures of meridional stream-
lines.

The conceptual sketch of impeller inlet flow structures is illus-
trated in Fig. 12. For rotating instability, its mechanism in axial
compressors has been determined as the unsteady circumferential
movement of a radial vortex [8]. The inducer of centrifugal com-
pressors is much similar to a rotor of axial compressors. Therefore,
similar mechanisms are expected. Previous research numerically
obtained the radial vortex structure in a centrifugal compressor
[14], but the causal link between the vortex and the rotating in-
stability phenomena is not clear. The current research possibly
captured the near-casing end of the radial vortex, which generates
the hump in frequency spectrums. When the compressor is fur-
ther throttled, the vortical flow of rotating instability is proposed
to develop in size from the sub-passage scale to the multi-passage
scale, which leads to the inducer stall. Such developments were
confirmed in previous axial [31] and radial [32] cases via pressure
and velocity measurements. When the casing treatment device is
applied, the blockage at the impeller inlet tip section will be elimi-
nated by the recirculation process, thus the elimination of rotating
instability and stall. The relieve of the inlet blockage was also pre-
sented through velocity measurements [32,33]. To complement the
pressure and flow analysis in current research, more evidence from
unsteady simulations are needed in the future.

5. Suppression of mild surge and deep surge
5.1. Observation in experiment at middle-speeds and high-speeds

Frequency spectrums of the vaned diffuser inlet pressure at
90% speed are compared in Fig. 13. For the smooth casing case
in Fig. 13(a), a discrete peak near the system Helmholtz frequency
(around 10 Hz in this case) exists in a band of mass flows, ranging
from 0.34 kg/s to 0.28 kg/s. For the case with the casing treatment
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Fig. 14. Static pressure traces at the vaned diffuser inlet (II-3) of 90% design speed: (a) smooth casing and (b) casing treatment.

device in Fig. 13(b), the mild surge zone has been successfully
squeezed from a wide region to a point at 0.32 kg/s.

To complement the discussion via frequency spectrums, static
pressure traces at the vaned diffuser inlet near mild surge condi-
tions are compared in Fig. 14. The raw data is low-pass filtered by
the cutoff frequency of 5 kHz and 0.5 kHz, which is about 2.8 times
and 28% of IPF, respectively. Subplots in each figure row share the
same vertical axis scale. For the smooth casing case illustrated in
Fig. 14(a), sinusoidal mild surge pressure waves are evident at all
given mass flow conditions. For the casing treatment case pre-
sented in Fig. 14(b), the mild surge wave only exist at 0.32 kg/s,
which has a similar level of amplitude and period to that of the
smooth casing case. No evident large-scale wave structures can be
observed at 0.29 kg/s and 0.34 kg/s. Hence, the casing treatment
successfully suppressed the mild surge at those mass flows.

Frequency spectrums of the vaned diffuser inlet pressure at the
95% design speed are compared in Fig. 15. From Fig. 15(a), the
smooth casing case directly enters into the mild surge condition at
0.38 kg/s without preceding rotating instability and stall occurring
in either component. The compressor then operates into the deep
surge condition when throttling to 0.37 kg/s. Because of the violent

oscillation of the mass flow, the deep surge condition is not plot-
ted in the three-dimensional frequency spectrum. From Fig. 15(b),
the casing treatment device successfully suppresses the deep surge
condition to a mild surge state, which delays the deep surge onset
from about 0.37 kg/s to 0.30 kg/s. A long-lasting, stable state ex-
ists between mild surge and deep surge states, which is similar to
the scenario at 90% speed.

The casing treatment device can effectively suppress deep surge
at higher speeds in a similar manner. Static pressure traces at the
vaned diffuser inlet at the 100% speed are compared in Fig. 16.
At 0.44 kg/s, both cases with and without the casing treatment
are free of low-frequency disturbance. When throttling to around
0.42 kg/s, the smooth casing case presents deep surge wave pat-
terns with a pressure breakdown phase followed by a pressure
recovery phase. For the casing treatment case, however, the deep
surge pattern has been suppressed to the mild surge at a simi-
lar mass flow condition. When further throttling the compressor,
the mild surge vanishes and the compressor stably operates at
0.37 kg/s. Finally, the compression system enters deep surge at

around 0.33 kg/s.
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5.2. Flow mechanism on impeller pressure characteristics

It is illustrated in Fig. 7(a) that the casing treatment enhances
the impeller stability by turning its pressure rise slopes more neg-
ative. The impeller pressure rise characteristics can be increased
through improving the work input or the efficiency. Neglecting the
heat transfer on the solid walls of the vaned diffuser and the vo-
lute, the impeller work input can be fairly presented by the stage
total temperature ratio given in Fig. 17(a). It is illustrated that
slopes of work input characteristics at all speeds have been turned
more negative near low mass flow conditions, which contributes
to more negative slopes of pressure characteristics in Fig. 7(a). The
impeller efficiency is included in the stage efficiency denoted in
Fig. 17(b). When approaching low mass flow conditions, the effi-
ciency of the casing treatment case is found to drop at a slightly

steeper slope, which counteracts with the decreased slopes of pres-
sure characteristics in Fig. 7(a). Therefore, the casing treatment
device stabilizes the impeller by enhancing the impeller work in-
put, but the induced efficiency loss at low mass flows destabilizes
the impeller.

To help understand the mechanism for improving the impeller
work input, a simple one-dimensional model was adopted. Accord-
ing to the rear slot location of the casing treatment device, the im-
peller can be divided into a front part and a rear part. The specific
work input of the impeller with and without a casing treatment
device can be written as follows:

AW = <1 n %)AW}“ AW )
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AW = AW + AW/ (8)

Assuming the change of the specific work input of both impeller
parts are limited, the impeller work input increment can be ap-
proximated as the product of the work input ratio and the recircu-
lation ratio:

AWTeC — Awdat ~ AW?‘H my
AW dat ~ AW dat E

The work input ratio can be calculated by compressor mean-line
analysis when the impeller geometry and the operating condition
are known, as well as the deviation and the efficiencies are as-
sumed (i.e., 0 deg and 100% as the simplest case). The recirculation
ratio could not be calculated from the available data. Instead, it
has been obtained through preliminary steady RANS simulations
where the volute and the single passage of the impeller, the cas-
ing treatment device and the vaned diffuser were meshed, and the
turbulence closure was achieved by the SST-CC model. Similar to
a previous study [22], a linear correlation is applied between the
recirculation ratio and the mass flow:

(9)

M —km+b (10)
m

Characteristics of the work input ratio and the recirculation ratio
are illustrated in Fig. 18. Finally, the predicted and the measured
work input increments are compared in Fig. 19. The simple 1D
model qualitatively agrees with the experiment, which implies the
importance of the work input ratio and the recirculation ratio on
improving the impeller work input. The former one is determined
by the loading distribution of the impeller and the rear slot posi-
tion of the casing treatment device. The later one is decided by the
rear slot width.

5.3. Flow mechanism on vaned diffuser pressure characteristics

It is illustrated in Fig. 7(b) that the casing treatment device de-
teriorates the vaned diffuser stability as the diffuser reaches its
peak pressure rise at a much larger mass flow. The performance of
vaned diffusers is dominated by the diffuser inlet incidence [34],
and an increased incidence at a given mass flow will lead the dif-
fuser instability to occur in advance.

According to the impeller exit velocity triangle in Fig. 20, there
are two ways to increase the impeller exit flow angle o;. The first
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Fig. 18. Characteristics of the work input ratio and the recirculation ratio.
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Fig. 19. Comparison of work input increment between experiment and 1D model.

approach is to reduce the slip velocity c;. Given the same merid-
ional velocity component cp;2, a decreased slip velocity leads to an
increased tangential velocity component c,3, and thus the flow an-
gle increases. The slip velocity is often non-dimensionalized as the
slip factor o:

(11)

The second approach is to reduce the meridional velocity compo-
nent. Given the same slip velocity, a decreased meridional velocity
component leads to an increased tangential velocity component,
both of which will increase the flow angle. The meridional velocity
can be non-dimensionalized as the impeller exit flow coefficient:
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Fig. 20. Impeller exit velocity triangle.

Cm2
uz

2= (12)
It should be noted that both approaches will lead to an increased
tangential velocity component, which is in accordance with the en-
hanced impeller work input as observed previously.

To quantify the effect of the slip factor and the impeller exit
flow coefficient on the flow angle, the compressor mean-line anal-
ysis was performed based on the test data. The impeller exit ve-
locity triangle is calculated as follows:

Cp(Te2 — Tr1)

= ——— (13)
uz
ouy —Cy
Cmp=—— 14
m2 tan,Bz ( )

where the total temperature at the impeller exit Ty equals to the
measured one T at the volute exit when neglecting heat transfer
effects. Thermodynamic state variables can be computed as fol-
lows:

2 2
ci,+cC
T2=Tt2_% (15)
p
P2
P2 = R—T2 (16)

where the static pressure p, is the mean pressure measured by
transducer II-2, 1I-4, 1I-5, and II-6. Consider the continuity equa-
tion:

P1A1B1cm1 = p2A2BaCm2 (17)
where the meridional velocity at the impeller inlet can be com-
puted from the measured inlet volumetric flow, and the ratio of
blockage factors Bi-; = By/B1 is assumed. Finally, the flow angle
can be resolved by solving the above equations.

Given different ratios of blockage factors, the increment in the
flow angle is presented in Fig. 21. For cases with the same ratio
of blockage factors after installing the casing treatment device, the
maximum flow angle increment is about 1.2 degrees, which may
be too small to make an impact. Those changes are mainly due
to the slip factor, indicating its relatively low contribution to the
increased flow angle. For cases with a larger ratio of blockage fac-
tors after applying the casing treatment device, the increment in
the flow angle is more substantial than their counterparts. The ef-
fect of reducing the impeller exit blockage has been checked in
preliminary CFD results, where the blockage factor is calculated as
follows:

_ [emdA [ pcmdA

~ JdA [ pckdA (18)
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Fig. 21. The increment of the absolute flow angle by the casing treatment.

At 0.34 kg/s and 90% speed near the onset of the mild surge, the
blockage factor is found to increase from 0.73 to 0.91, and the flow
angle has risen by 4.4 degrees. Thus, the casing treatment device
increases the impeller exit flow angle mainly by reducing the im-
peller exit blockage. In a recent study, the blockage factor at the
impeller exit is modeled by the flow coefficient, the impeller tip
Mach number, and the impeller inlet-to-exit area ratio [35]. Modi-
fications concerning the casing treatment device are needed in the
future.

6. Discussions

In this research, the casing treatment device is capable of elimi-
nating rotating instability and stall at low speeds, as well as delay-
ing the onset of deep surge at high speeds. However, mild surge
still exists at middle and high speeds, which constrains the ap-
plication of the compressor. Experimental evidence suggests that
the casing treatment increases the incidence at the vaned diffuser
inlet, and thus deteriorates the vaned diffuser stability. In other
words, the matching between the impeller and the vaned diffuser
of the test compressor has been changed by the casing treatment
device. Such changes are supposed to be general for cases with an
evident blockage at the datum impeller exit and a large recircula-
tion flow rate inside the casing treatment device.

A straightforward way to eliminate mild surge is to re-match
the impeller and the vaned diffuser by reducing the diffuser throat
(e.g., design a pinch part at the vaneless space, reduce the radial
gap ratio, increase the vane setting angle, etc.). The drawback of
those modifications is a reduced choke mass flow, which still limits
the potential of the casing treatment device.

To further develop its potential, flow control methods are rec-
ommended in the vaned diffuser. Several previous studies have
highlighted the significance of the tornado-shaped vortex at the
vaned diffuser inlet in determining the instability onset [13-15].
In previous numerical studies of the current case, a large inci-
dence near the casing was captured at the vaned diffuser inlet
[36], which could trigger vortex sheddings, and thus initiate the
flow instability. Flow control methods including flow suction [13],
flow injection and obstruction [37,38], and inducement of a vane
tip clearance [39,40] at the vaned diffuser inlet are some of the
successful examples in extending the stable flow range. Combina-
tion of flow control techniques at both the impeller inlet and the
vaned diffuser inlet is worth researching in the future.
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7. Conclusions

The paper investigates the roles of self-recirculation casing
treatment on compressor flow instabilities across scales. Rig
tests and transient pressure measurements are conducted on a
high pressure ratio centrifugal compressor with and without a
casing treatment device. Several conclusions are drawn as fol-
lows:

1. Casing treatment devices are effective in constraining flow in-
stabilities across temporal and spatial scales. Its potential in
improving the stability of a high pressure ratio centrifugal
compressor with a vaned diffuser has been demonstrated at
an extensive range of operating speeds.

2. Casing treatment devices can eliminate the impeller inlet ro-
tating instability and stall that usually occur at low speeds.
The detected rotating instability and stall are featured as back-
ward traveling vortical flows. The casing treatment device es-
tablishes a flow recirculation process, which relieves the im-
peller inlet blockage, removes the vortical structures, and thus
eliminates rotating instability and stall.

3. Casing treatment devices can suppress the surge phenomenon
of the compression system at middle and high speeds, al-
though surge is initiated by the downstream vaned dif-
fuser. The casing treatment device improves the compressor
stage stability by turning the impeller pressure rise char-
acteristics more negative, which is achieved by enhancing
the impeller work input. The magnitude of the work in-
put increment is determined by the recirculation ratio and
the work input ratio. However, the casing treatment re-
duces the impeller exit blockage, increases the incidence at
the vaned diffuser inlet, and thus leads to a more posi-
tive slope of the vaned diffuser pressure rise characteristics.
The potential of the casing treatment could be further de-
veloped by applying flow control techniques at the vaned
diffuser.
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