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The centrifugal compressor is a very common type of effective energy conversion device, which is used in
a range of industrial processing equipment and automotive turbochargers. Due to the requirements and
the limited installation space, centrifugal compressors are always connected with complex inlet and out-
let pipe systems, including various kinds of bends, struts, and volutes with asymmetric geometries. These
asymmetric components induce distortions at the compressor inlet and the outlet, which exert a strong
influence on the compressor performance and flow field. This paper employs full-annulus unsteady sim-
ulations to study the matching of inlet and outlet distortions by adding a distortion model to compressor
inlet and outlet. The results show that the matching does have a large influence on the compressor per-
formance and flow field and there does exists the best matching. The best matching can neutralize the
inlet and outlet distortions, keep the uniformity of flow parameters in the impeller and the diffuser,
and inhibit the oscillation of mass flow in one blade passage. In addition, the peak efficiency under the
best matching can be improved 0.67% and 1.16% at 80% and 100% nominal rotation speed, respectively.
Finally, the matching criteria are proposed and validated, and an estimate formula is established to pro-
vide some guidance for the installation and integrated design of compression system.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

which are equipped for air-cooled heat exchangers commonly suf-
fer from inlet flow distortion caused by inlet cross flow, and this

Due to the common nature and effectiveness as an energy con-
version device, improving centrifugal compressors’ performance
has great significance on the saving of energy on a large scale [1].
Distortions are important issues that should never be neglected
by designers because they have a great influence on the compres-
sor performance and stability. Distortions commonly exist in real
compressor operation conditions, but the distortions concerned
by people are different according to different compressor applica-
tion environments.

Inlet distortion is the main issue for axial compressors due to
their application on both civil and military aero-engines. Axial fans
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distortion will impose adverse effect on fan static pressure rise
[2]. Fidalgo et al. [3] studied fan-distortion interaction within the
Rotor 67 transonic stage by experimentation and three-
dimensional unsteady simulation, and discovered that the inlet
distortion could lead to compressor work input variation that
determines the distribution of distortion parameters downstream.
Brossman et al. [4] focused on the impact of small changes in the
inlet boundary conditions on a three stage compressor perfor-
mance predictions and the results suggested that the tip region
of first stage was most sensitive to minor changes in the inlet
boundary conditions. Reup et al. [5] conducted an experimental
investigation of coupled static and dynamic total pressure inlet dis-
tortions on a five stage high pressure compressor, and their results
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Nomenclature
A area (m?)
Cp constant-pressure specific heat (J/kg/K)

characteristic length of impeller passage (m)
nominal rotation speed (rpm)
outlet

pressure (Pa)

pressure change (Pa)

pressure ratio (-)

radius (m)/gas constant (J/mol/K)
rotor/stator

one revolution time (s)
tangential velocity (m/s)
absolute velocity (m/s)

relative velocity (m/s)

blade number (-)

sound speed (m/s)

specific heat ratio (-)

mass flow (kg/s)

impeller rotation speed (rpm)
time (s)

impeller tip velocity (m/s)
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Greek letters

o absolute flow angle (°)

B blade backsweep angle (°)
o circumferential angle (°)
n adiabatic efficiency (-)

0 circumferential angle (°)
I3 Blade stagger angle (°)
b total pressure ratio (-)
0 density (kg/m?)
o slip factor (-)
¢ inlet flow coefficient (-)
10} total pressure loss coefficient (-)
Superscripts
- low pressure area/average
* stagnation

flow rate
Subscripts
1 impeller inlet
1t impeller inlet blade tip
1r impeller inlet blade root
2 impeller outlet
av average
clean clean flow
corr corrected
k2 infinity blades outlet
low low pressure area
m meridional direction
t total
ts total to static
tt total to total

showed the influence of distortions on the compressor operation
and their interaction.

Contrary to axial compressors, centrifugal compressors are usu-
ally applied in industrial processing equipment and automotive
turbochargers [6]. In real applications, the compressors are always
connected with complex pipe systems or struts due to real-world
requirements and limited installation space; therefore, distortions
always exist at the inlet of the compressors. With the trend of high
pressure ratio, the effects of distortions coupled with internal heat
leakage [7] would become more serious. Bayomi et al. [8] used
inlet straighteners to eliminate inlet distortions for improving cen-
trifugal fan performance. Enayet et al. [9] took Laser-Doppler mea-
surements of laminar and turbulent flow in a pipe bend and
showed the development of a pair of counter-rotating vortices in
the streamwise direction. Sudo et al. [10] took the technique of
rotating a probe with an inclined hot wire and studied the turbu-
lent flow characteristics in a circular-sectioned 90-degree bend.
Lou et al. [11] used laser Doppler velocimetry to study the flow
field inside a rectangular-sectioned 90° bend and showed how a
small change in upstream geometry had an influence on the flow
patterns of the bend. When the centrifugal compressor is con-
nected to the pulse detonation combustor in the pulse detonation
turbine engine, there will exist a pressure distortion at the com-
pressor outlet. The study of Lu et al. [12] revealed that the distor-
tion would change compressor operating points and push it to the
surge line.

A gas collector is always necessary following a centrifugal com-
pressor, and the gas collector is designed asymmetrically for the
purpose of collecting and guiding gas. However, this asymmetrical
geometry also induces distortion at the outlet of an impeller which
can effect compressor performance and stability [13]. The study of
Zheng et al. [14] revealed that the variation of compressor effi-
ciency due to volute’s asymmetry could be up to 4% and the outlet
pressure distortion caused by the volute triggered some certain

passage to stall first. Reunanen et al. [15] studied different volute
geometries using a numerical method and found that the volute
tongue was a more important factor for performance, meanwhile,
it was also the source of outlet distortion for the compressor. To
weaken the distortion caused by volute, Hariharan and Govardhan
[16] designed parallel wall volutes for a centrifugal blower and
their results showed that the static pressure distribution at volute
inlet was more uniform and the overall performance improved 6%.
Yang et al. [17] used numerical method to investigate the effect of
self-recirculation-casing treatment on high pressure ratio centrifu-
gal compressor and found that it can depress the circumferential
flow distortion in the impeller. Zheng et al. [18], using an experi-
mental and numerical method, studied the asymmetric flow in a
high pressure ratio turbocharger centrifugal compressor induced
by the volute and develop a corresponding asymmetric self-
recirculation casing treatment as a flow control method to mini-
mize the asymmetric flow.

Concluding from the above research, we can see three main rel-
evant findings:(1) Inlet distortion has a great influence on both
axial and centrifugal compressors; (2) Because of upstream inlet
bends, struts, guide vanes and downstream asymmetric volute
geometry, there exits inlet and outlet distortions in centrifugal
compressors; (3) Lowering the flow parameters’ non-uniformities
can achieve better performance and stability. A special situation
should be noted that there are inlet and the outlet distortions in
centrifugal compressors, but the influence of the relationship and
interaction of the inlet and outlet distortion on the performance
and stability is not well covered in previous research.

This study was mainly focused on the matching of inlet and out-
let distortion. In this paper, two different square wave distortions
are added to the inlet and outlet of a compressor, respectively.
The circumferential position of the outlet distortion is fixed, and
the inlet distortion’s circumferential position was changed to study
the influence of the matching between the inlet and outlet



M. Zhang, X. Zheng/Applied Thermal Engineering 131 (2018) 933-946 935

distortion on compressor performance and flow field. In order to
capture the distortion’s transfer characteristics, all calculations of
this study adopt full-annular unsteady simulations. Finally, the cri-
teria of the best matching for compressor performance are pro-
posed based on the matching mechanism and validated, an
estimate formula for inlet distortion angular shift thus providing
some guidance on the integrated compression system design
including inlet pipe systems, compressors and volutes.

2. Computational model and approach
2.1. Compressor model

The compressor studied in this paper comes from an open test
case RADIVER, whose experiments were conducted in the Institute
of Jet Propulsion and Turbomachinery at RWTH Aachen, Germany.
RADIVER is a single stage centrifugal compressor with a wedge dif-
fuser, but there are some experimental data of RADIVER with a
vaneless diffuser at 0.8 nominal rotational speed. Based on the
experimental data for numerical validation, the RADIVER compres-
sor with a vaneless diffuser at 0.8 nominal rotational speed is
employed for the study of this paper. The main characteristic
parameters of this compressor are given in Table 1.

The full-annulus computational domain can be divided into
three zones by two Rotor/Stator (R/S) interfaces: the upstream

Table 1

Compressor characteristic parameters.
Parameters Values
Nominal rotation speed N 35,200 rpm
Number of blades Z 15
Blade backsweep angle f, 38°
Impeller inlet tip radius Ry, 72.9 mm
Impeller inlet root radius Ry, 30.3 mm
Impeller outlet tip radius R, 135 mm
Shroud radius at impeller inlet 72.9 mm
Hub radius at impeller inlet 30.1 mm
Tip radius at impeller outlet 135 mm
Tip clearance at impeller leading edge 0.7 mm
Tip clearance at impeller trailing edge 0.48 mm
Straight vaneless diffuser width 11.2 mm

75 l,’
NN

Wi,
W%

inlet, the centrifugal impeller, and the diffuser, as shown in
Fig. 1. Due to the asymmetric nature of the inlet and outlet distor-
tion, it is necessary for the computational domain to contain the
whole compressor stage. To reach the required mesh standard of
unsteady computation and achieve a high mesh quality, the O4H
topology structure is employed to create compressor grids. One
blade passage is divided into five blocks: the inlet block, the outlet
block, the up block, the down block and the skin block. Except for
the skin block, which adopts an O-type mesh structure, the other 4
blocks all adopt an H-type mesh structure, seen in Fig. 1.

The final total grid size was approximately 7.2 million and the
resulting Y* of solid walls, including blade surfaces, hub and casing
walls, all values within 5 in most flow regions.

2.2. Distortion model

Contrary to the uniform flow hypothesis of design procedure,
compressors in reality always operate at various distortion flow
conditions. Due to axial compressors’ common application to
aero-engines, most investigations of inlet flow distortion are con-
centrated on axial compressors. Many experiments have been
designed and many models have been developed to research the
influence of inlet distortion on the instability and performance of
axial compressors. Compared with the frequent research on axial
compressors, the concern for centrifugal compressor is much
lower. The advantages of high pressure ratio and rotation speed
result in centrifugal compressors being much more commonly
used in automotive engines. The complex piping system caused
by limited installation space, the broader operation conditions
and asymmetrical gas collecting devices lead to more severe flow
distortions at the inlet and outlet of centrifugal compressors.

Considering the distortion pattern, range and intensity in auto-
motive engine operation, the inlet and outlet distortion pattern
were ultimately determined to be circumferential 60° square
waves, where the inlet distortion is of total pressure and the outlet
distortion is of static pressure. The distortion intensity index is
8.5% for inlet distortion and 4.2% for outlet distortion [19,20].
The distortion intensity index is defined by [21]
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Fig. 1. Full-annulus computational mesh.
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where P, is the averaged pressure for one ring surface and Py, oy iS
only for the low pressure area.

1 360

Py = 360 '/0 P(0)do (2)
1 7

Poyiow = e P(0)do (3)

JO~

where 0~ is the circumferential degree of low pressure area.

In the matching study of inlet and outlet distortions, the
circumferential position of the outlet distortion is fixed, but the
circumferential position of the inlet distortion changes 60° sequen-
tially for each case. Fig. 2 shows the distributions of the inlet total
pressure and the outlet static pressure as well as the pattern and
amplitude of distortions [3,22]. For clarity and simplification, the
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Fig. 2. Distortion distribution of inlet total pressure and outlet static pressure.
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circumferential angle between inlet and outlet distortion § is
defined from the middle of outlet distortion to the middle of inlet
distortion, 0° < 6 < 360°. For example, § = 120° in the case shown
in Fig. 2.

2.3. Numerical method and validation

All simulations of this study are time-consuming but more
accuracy unsteady full-annular calculations in order to capture
the interaction characteristics between inlet and outlet distortions.
The CFD solver employed in this study is EURANUS integrated in
FINE software package of NUMECA, which is used to solve the
unsteady, compressible, Reynolds-averaged, Navier-Stokes equa-
tions on structured grids by a finite volume approach. The spatial
discretization is based on a central scheme and the time marching
is four-order Runge-Kutta scheme. The flow governing equations
are enclosed with Spalart-Allmaras, a one-equation turbulence
model. In addition to these methods, an explicit dual time-
stepping procedure is employed in the unsteady computation to
achieve an efficient and time-accurate solution and the inner iter-
ation step is set to 30. The unsteady computations with sliding
mesh at Rotor/Stator(R/S) interface No. 1 and No. 2 started from
initial solutions obtained from corresponding steady calculations.
The number of physical time steps per period was 180, so one
physical time step is corresponding to 1.18e~>s. Totally 2700
physical time steps, 15 rotation periods, are performed to obtain
a converged solution. Absolute total pressure, absolute total tem-
perature and velocity direction are imposed as the inlet condition
and the turbulent viscosity is 1e~* m?/s. The outlet condition is a
given static pressure and The wall condition is non-slip and adia-
batic. The performance line of constant rotation speed is obtained
by gradually increasing the compressor outlet static pressure, but
the distortion intensity index is always a constant.

The comparison of impeller total pressure and impeller effi-
ciency between unsteady simulation results and experiment data
[23] is shown in Fig. 3. This is conducted in clean flow (without
inlet and outlet distortions), at 0.8 N rotation speed. The abscissa
e 15 A corrected global inlet flow coefficient defined by
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Fig. 3. Impeller total pressure and efficiency comparison between unsteady simulation results and experiment data in clean flow.
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Fig. 4. Time-averaged relative velocity and meridional velocity of impeller outlet
comparison in clean flow.
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where m., is corrected mass flow, p,; is inlet total density, D, is
blade outlet tip diameter and u, is blade outlet tip speed, T, is com-
pressor inlet total temperature and P; is compressor inlet total pres-
sure. In this paper, T, is 288.15 K, P; is 101300 Pa.

Fig. 4 shows the detailed time-averaged flow field, relative
velocity W and meridional velocity V,,, of impeller outlet at
¢eorr = 0.057. Compared to experimental data which is obtained
by Laser-2-Focus measurements, numerical results have captured

¢wrr = (4)
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all of the main flow characteristics, including the low relative
velocity and meridional velocity near the shroud which are
effected by tip clearance flow. The impeller performance and flow
field comparisons, in Figs. 3 and 4, demonstrate that the compres-
sor model and the numerical method are credible.

3. Performance under different matching

The main purpose of this section is to investigate how the per-
formance varies with the different matching of inlet and outlet dis-
tortions. So unsteady numerical simulations are employed for six
cases and the results of compressor isotropic efficiency and total-
static pressure ratio under different matching are shown in
Fig. 5. It demonstrates that different matching of inlet and outlet
distortions does have evident performance differences. The effi-
ciency difference between case =0 ° and case & =60 ° at highest
efficiency points (optimum Pr, points) is 0.67%, and when the
mass flow decreases, the difference increases up to 1.69% at 1.04
optimum Pr point.

The compressor studied in this paper is composed of an impel-
ler and a vaneless diffuser. Analyzing component performance is
always a very useful tool to help one learn what occurred in a sys-
tem. Fig. 6 gives the impeller total-total isotropic efficiency and dif-
fuser total pressure loss coefficient change relative to clean flow
condition. With the decrease of mass flow, the influence of distor-
tion is becoming stronger, so the impeller efficiency change of six
cases relative to clean flow condition are all increasing. At the same
time, the effect of distortion matching is also becoming greater
with the decrease of mass flow, as shown in Fig. 6(a). With the
decrease of mass flow, the diffuser total pressure loss coefficient
has the same variation trend, except for case & = 0° whose diffuser
total pressure loss coefficient keeps almost the same as the clean
flow condition, as shown in Fig. 6(b). It proves that the matching
of case =0 ° can suppress the negative effect of distortions on
the impeller and diffuser performance and there does exist a best
matching of inlet and outlet distortions for compressor
performance.
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Fig. 5. Compressor isotropic efficiency and total-static pressure ratio comparison under different matching.



938

S
ko
D
o)
5
&
<]

=-5=60° --

©-§=120° %-6=180°

A-§=240° —+-8=300°

E I e

0.045 0.055 0.065 0.075

¢corr [—]

(a) Impeller total-total isotropic efficiency

M. Zhang, X. Zheng/Applied Thermal Engineering 131 (2018) 933-946

2.0 ; ;
C g ©-5=0° E-5=60°
- \ ©-§=120° %-§=180°
U J I . W S A-§=240° —+§=300° |
$ i
é: 0 [ NS——————, i SERCRECCEEEEEEEREEEE
5 i
é L
S i
B 0.5 i I T \\ U
3 L
< L
0.0 +
P S IS
0.045 0.055 0.065 0.075

¢cor'r [_]

(b) Diffuser total pressure loss coefficient

Fig. 6. Components performance under different matching of inlet and outlet distortions by unsteady simulations.

4. Matching mechanism and criteria
4.1. Matching effect on impeller

The boundary condition is foremost among those factors which
are related to compressor operation condition, and a good bound-
ary condition is crucially important for the impeller and diffuser
performance. For a compressor, there are three important condi-
tions. The first is the impeller inlet boundary condition, the second
is the impeller outlet (diffuser inlet) boundary condition, and the
last is the diffuser outlet boundary condition. For distortion stud-
ies, because the impeller inlet and the diffuser outlet boundary
conditions are always controlled by upstream and downstream
components, the parameter distribution at impeller outlet (diffuser

A
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(a) only existing inlet distortion

77777 Inlet distortion circumferential position
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inlet) becomes more important. It is the distortion angular shift
that leads to the performance difference under different matching
of inlet and outlet distortions. To clearly capture the angular shift
characteristics of inlet distortion and outlet distortion, Fig. 7 gives
the angular shift between impeller inlet and outlet. The distorted
pressure wave is similar to the sound wave [20], and its propaga-
tion speed is related to the local sound speed and the local fluid
flow speed. So the propagation speed of inlet distorted pressure
wave, from impeller inlet to outlet, is larger than that of outlet dis-
torted pressure wave, from impeller outlet to inlet. Fig. 7(a) shows
the angular shift of minimum static pressure from impeller inlet to
outlet at 1.04 optimum Pr; is around 65° when only inlet total
pressure distortion exists, and what should not be overlooked is
that a wave peak of static pressure, near 180°, appears at the

Outlet distortion circumferential position
zA SN \i‘ " .
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(b) only existing outlet distortion

Fig. 7. Time-averaged static pressure distributions of 50% span along circumferential direction at the impeller inlet and the impeller outlet for single distortion at 1.04

optimum Prs point (the impeller rotation direction is from 0 to 360°).
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impeller outlet at the same time (It is caused by the reduce of mass
flow in some blade passages and will be discussed in the later sec-
tion). Fig. 7(b) shows the angular shift of minimum static pressure
from impeller outlet to inlet at 1.04 optimum PRy is around 148°
(Because the perturbation wave propagates against air flow, the
angular shift is larger) when only outlet static pressure distortion
exists, and there is also a distinct wave peak, near 150°, at the
impeller outlet. Compared to the inlet pressure amplitude change
caused by the outlet distortion, the outlet pressure amplitude
change caused by the inlet distortion is much larger, so it is also
reasonable to pay more attention on outlet static pressure
distribution.

Taking angular shift into consideration, the parameter distribu-
tions at impeller outlet (diffuser inlet) appear diverse for the differ-
ent matching of inlet and outlet distortions. Fig. 8 shows the time-
averaged static pressure distribution of 50% span along circumfer-
ential direction at the impeller inlet and the outlet for the different
distortion matching. Looking at the high performance cases, such
as case §=0°, the inlet distortion transfer weakens the outlet
inherent wave peak of static pressure, making the outlet static
pressure more uniform. On the contrary, that worse performance
cases, such as case 8 =60° and case & = 240°, the inlet distortion
transfer strengthens the outlet inherent wave peak or trough of
static pressure, making the outlet static pressure more non-
uniform. For example, the two wave peaks at impeller outlet
caused by the inlet distortion transfer and the outlet distortion
respectively superpose each other in case &= 60°, while the two
wave troughs at impeller outlet caused by the inlet distortion
transfer and the outlet distortion respectively produce a wider
wave tough in case § =240°. This is responsible for the impeller
and diffuser performance differences, as shown in Fig. 6, for the dif-
ferent matching of inlet and outlet distortions.

It can be clearly seen that the pressure matching at impeller
outlet can be divided into three types. The first matching type is
that there is an interaction between the inlet distortion transfer
and the outlet distortion, and it weakens each other, so the impel-
ler efficiency is better, such as case 3 = 0 ° and & = 180 °; the second
matching type is that there is also an interaction between the inlet
distortion transfer and the outlet distortion, but it superposes each
other, so the impeller efficiency is worse, such as case & = 60° and
case & = 240°; the third matching type is that there is a weak inter-
action or no interaction between the inlet distortion transfer and
the outlet distortion, and the impeller efficiency falls in between
the first and the second matching type, such as case = 120° The
impeller efficiency is always closely related to total pressure and
total temperature, which can be proved by the efficiency definition.
Fig. 9 shows the time-averaged total pressure and total tempera-
ture distributions of 50% span along circumferential direction at
the outlet for two typical cases at 1.04 optimum Pr, point. It
demonstrates that the total parameters distribution tendency is
the same as the static parameters distribution, that is to say, when
the static pressure distribution is better or worse, the total pres-
sure and total temperature distributions are also correspondingly
better or worse, just like case §=0° and case §=60° shown in
Fig. 9 It proves that the impeller outlet static pressure matching
can be used as a criterion for impeller efficiency.

4.2. Matching effect on diffuser

It has been shown that the impeller outlet (diffuser inlet)
parameters distributions are different under the different match-
ing of inlet and outlet distortions; thus, it is inevitable that the flow
in the diffuser will have distinctive characteristics. As shown in
Fig. 6, the matching can also affect diffuser performance. To
expound the effect of distortion matching on diffuser performance,

Fig. 10 shows the time-averaged radius velocity V,/V. geq, absolute
flow angle o, and the axial component of absolute velocity curl
Curl(V)z at 50% span in the diffusers of case & =0° and case § =
60°, at 1.04 optimum Pr point.

As discussed in Figs. 8 and 9, the circumferential distributions of
static and total parameters are non-uniform and diverse. Thus, the
corresponding radius velocity in the diffuser along the circumfer-
ential direction is also non-uniform, which would deteriorate the
flow performance in the diffuser. Compared to case & = 60°, the dis-
tribution of the radius velocity of case § = 0° is much improved and
becomes more uniform, as seen in Fig. 10(a). The reason for this is
that the low energy fluid (low radius velocity) coming from the
outlet of the impeller encounters the low static pressure resulting
from the outlet distortion, then the lower reversed pressure gradi-
ent makes the low energy flow easier to pass through the diffuser,
which produces something like a suction effect.

When the mass flow decreases, the absolute flow angle at the
impeller outlet will increase. This means that the fluid will take a
longer route in the diffuser which causes more energy loss (due
to friction) and it is also easier to induce flow instability of the
whole compressor. For the mass flow non-uniform distribution at
the impeller outlet, the corresponding absolute flow angle of case
8 =60° is still asymmetric and the difference can be up to nearly
20°, as seen in Fig. 10(b), which is a threat to compressor efficiency
and flow stability. The matching of case § = 0° homogenizes the cir-
cumferential mass flow, so the absolute angle distribution is more
uniform. The outlet distortion’s suction effect of case § = 0° can also
be seen in Fig. 10(b), where the absolute flow angle is high at the
impeller outlet but immediately decreases upon encountering
the outlet distortion.

Where there is a velocity difference for fluid, there will be a vor-
ticity. Due to the distortions, the distributions of radius velocity
and tangential velocity in the diffuser are both asymmetric, which
would lead to different vorticities, as shown in Fig. 10(c). The pos-
itive curl value means the vorticity rotational direction is the same
as the impeller, while the negative curl value means that it is con-
trary to impeller. The vorticity is a form of energy dissipation and
would disturb the normal flow. Nevertheless, there are a wide
range of vorticities in the diffuser of case & =60°, which should
be responsible for its performance deterioration.

4.3. Matching effect on transient mass flow

Because of the inlet total pressure distortion, the inlet static
pressure and mass flux distribution along the circumferential
direction all become asymmetric. Limited by centrifugal compres-
sor geometry and current measurement technology, it is still very
difficult to monitor the internal mass flow of turbomachinery by
experiment methods, though the situation has been eased by vir-
tue of 3-D unsteady simulation. Even so, an interesting phe-
nomenon is observed with the help of 3-D unsteady simulation.
Owing to the asymmetric distribution of the inlet mass flow and
the fluid inertia, the inlet mass flow and the outlet mass flow of
one blade passage are unequal and the unequal distribution varies
with the revolution of the one passage.

Fig. 11 shows the transient inlet and outlet mass flow fluctua-
tions of one blade passage in a rotation period of cases & = 0° and
5 =60°, where the “+” sign means blade passage mass flow
increased, i.e., inlet mass flow is larger than outlet, and the “~" sign
means blade passage mass flow decreased, i.e., inlet mass flow is
smaller than outlet. When the blade passage inlet rotates into
the inlet total pressure distortion area, the inlet mass flow will
immediately drop, while the outlet mass flow cannot respond to
the variation of the inlet immediately due to flow inertia. Then,
the blade passage inlet leaves the inlet distortion area and inlet
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Fig. 8. Time-averaged static pressure distributions of 50% span along circumferential direction at the impeller inlet and the impeller outlet for different matching at 1.04
optimum Pr point (the impeller rotation direction is from 0 to 360°).

mass flow also recovers from distortion. The outlet mass flow does decrease of flow mass in one blade passage. This would make blade
not drop until this moment. The asynchronous variation of the work input unsteady and cause blade work input loss. When a
inlet and outlet mass flow leads to the periodic increase and compressor is working at near the surge point, this phenomenon
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would become very harmful to the compressor flow stability
because it could induce backflow in several blade passages in
advance. The match of case § = 0° limits the mass flow fluctuation
amplitude and range to an acceptable range. Except for the inlet
distortion area, the inlet and outlet mass flow are nearly identical
at other circumferential positions. Nevertheless, the mass flow
fluctuation of case &=60° exists in the whole rotation period,
and the amplitude is much larger than that of case & = 0°.

4.4. Matching criteria and validation

Through the discussion above, it is clear that the matching of
the inlet and outlet distortion has a large influence on the perfor-
mance of centrifugal compressors. The flow parameters distribu-
tion of impeller outlet (diffuser inlet) boundary is very important
because it is directly related to the impeller and the diffuser perfor-
mance. The inlet pipe systems always cause a total pressure distor-
tion at the compressor inlet, and the gas collectors, such as volutes,
would cause a static pressure distortion at the compressor outlet
which leads to a static pressure decrease at the impeller outlet.
For the inlet distortion, there is no apparent angular shift before
impeller inlet. Similarly, the angular shift for the outlet distortion
from diffuser outlet to diffuser inlet (impeller outlet) is also not
apparent. The angular shift mainly occurs in the impeller, due to
the impeller rotation. Considering that the transfer characteristics
and the angular shift of inlet and outlet distortions, there exists the
best matching, where the distortions have an interaction to neu-
tralize each other (peak and trough superpose) and limit the dis-
tortion region to a minimum at impeller outlet (diffuser outlet),
so it is an expected matching. This can be used as the matching cri-
teria for inlet and outlet distortions. The avoided matching is that
the distortions have an interaction to superpose each other (peaks
or troughs superpose) and lead to a large fluctuating parameter
distribution at impeller outlet (diffuser inlet). The mediocre match-
ing is that the distortions have no interference and the compressor
performance of this matching falls in between the best matching
and the avoid matching. The sketch map of different matching
types is shown in Fig. 12 Of course, the relative phase between
the inlet and the outlet distortions for the best matching is not
fixed, and it related to the characteristic length of impeller passage
in streamwise direction, the impeller rotation speed, the circum-
ferential width of inlet and outlet distortions, but the physical

mechanism for the matching criteria that limiting the distortion
amplitude and region to a minimum is the same.

In order to validate the matching criteria, the compressor per-
formance for different matching at nominal rotation speed (N)
was also studied. Fig. 13 gives two typical cases (5 =60° and & =
345°) performance comparison. The difference of highest efficiency
between case & = 60° and case & = 345° is 1.16%, and the instability
point of case § = 60° has been reached around ¢,,,, = 0.069. This can
be understood that the influence of distortion matching is becom-
ing stronger with compressor rotation speed increase.

Time-averaged static pressure distributions of 50% span along
circumferential direction at the impeller inlet and the impeller out-
let for different matching at nominal rotation speed are also given
in Fig. 14 Two peaks superposition is still be observed in case & =
60° and the interaction between inlet distortion transfer and outlet
distortion to neutralize each other is also observed in case & = 345°.
The results demonstrate the matching criteria shown in Fig. 12 is
credible.

The key to understand the matching of inlet and outlet distor-
tions is to grasp how the distortions transfer in the impeller and
the critical factor of how can we get the best matching is to know
the angular shift of inlet distortion. It can be noticed that the angu-
lar shift of inlet distortion is not fix, the angular shift A0 is 65° at
0.8 nominal rotation speed but is 85° at nominal rotation speed.
To get the best matching or at least avoid the worst matching, here
an estimate formula for A0 is given. Although the formula is simple
and rough, it can speedily give a right direction. The distorted pres-
sure wave is similar to the sound wave [20], and its propagation
speed is related to the local sound speed and the local fluid flow
speed. So the angular shift A0 (degree) can be calculated by

L

VW(I ve.avg

<« L 360

A0 60

(6)
where n is the impeller rotational speed, L is the characteristic
length of impeller passage, Vwareass is related to local sound speed
and local fluid flow speed.

The highest efficiency point is always most concerned, so the
parameters for estimate A0 all come from clean flow compressor
highest efficiency point. When the pressure wave passing through
the blade passage, the sound reflection will occur. In addition,
because the blade passage is curved and expansive, the sound inci-
dence angle i from impeller inlet to outlet is increasing. On the con-
trary, the sound incidence angle i from impeller outlet to inlet is
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decreasing, so some outlet distortion pressure waves are reflected which depends on the local density and temperature. Here is only
totally and cannot reach the impeller inlet, like shown in sketch a sketch and assume that the pressure wave is a plane wave, but it
map Fig. 15 (the real pressure wave propagation is not straight, is proper to understand the process). It's one of the reasons why
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the amplitude of outlet distortion become much smaller when it
reaches impeller inlet, while the amplitude of inlet distortion
almost the same when it reaches impeller outlet, shown in Fig.7.
Considering the sound reflection and blade passage geometry char-
acteristics, the averaged wave speed is defined by

a;+a Wi+ W, .
Vwave.avg = (( ! 2 2) + ( ! 2 2>) X COS(Q) (7)
a = kRT] (8)
a; = kRTz (9)

where a; and a, are impeller inlet and outlet sound speed,
respectively. W; and W, are impeller inlet and outlet relative flow
speed, respectively. ¢ is blade stagger angle and cos(¢) is used as a

correction to embody the effect of sound reflection.To estimate
impeller outlet static temperature T,, the impeller work input
(T3) is needed.

T, =Ty = 1)/n+T; (10)
. Vi
T,=T; - 20 (11)

When to estimate impeller outlet absolute flow speed V,, the slip
factor o [24] is considered.

Vi = 11/(p,A1) (12)

Uy =1/60 x 27 X Ry ayg (13)

Wy =V, +U? (14)
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W, =0.7W;
Viz = W3 x cos fi,

\/ €0S Bia/Z%

_ -
1 — 322 tan fi,

Uy

o=

n
UzZEXZTCXRQ

Viz = 6 x (Uy — Wy x sin(By,))

Vy=4/V2, + V2,

(19)

(20)

The results of estimate formula and unsteady full-annular sim-
ulation are compared at 0.6, 0.8, 1.0 and 1.2 nominal rotation speed
in Fig. 16 It demonstrates that the estimate formula is useful in
predicting inlet distortion angular shift and can be used to get
the best matching of inlet and outlet distortions.
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5. Conclusions

Through adding square wave distortions to the compressor
inlet and outlet to simulate the distortions induced by upstream
inlet bend pipes, struts and downstream volute, this paper inves-
tigates the matching of inlet and outlet distortions in centrifugal
compressors using full-annular unsteady simulations in effi-
ciency terms. Except for the compressor distorted inlet and out-
let boundary condition which are determined by upstream and
downstream components, the parameter distributions at impeller
outlet (diffuser inlet) appear diverse for the different matching of

inlet and outlet distortions. Some conclusions are drawn as
follows:

(1). The matching of inlet and outlet distortions does have a
large influence on the compressor performance. When the
mass flow decreases, the efficiency difference becomes lar-
ger. For the cases studied in this paper, the highest efficiency
difference is 0.67% at 0.8 nominal rotation speed and 1.16%
at nominal rotation speed.

(2). The matching can be divided into three types. One is the best
matching, where the distortions have an interaction to neu-
tralize each other (peak and trough superpose) and limit the
distortion region to a minimum at impeller outlet (diffuser
outlet), so it is an expected matching. The other is the
avoided matching, where the distortions have an interaction
to superpose each other (peaks or troughs superpose) and
lead to a large fluctuating parameter distribution at impeller
outlet (diffuser inlet). The last is the mediocre matching,
where the distortions have no interference and the compres-
sor performance of this matching falls in between the best
matching and the avoid matching. This can be used as the
matching criteria for inlet and outlet distortions.

(3). The critical factor of how can we get the best matching is to
know the angular shift of inlet distortion. But the angular
shift is not fixed and it will change with impeller rotation
speed. According to the sound wave theory, an estimate for-
mula is established to provide useful guidance for the
matching of inlet and outlet distortions.
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