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Original Article

Performance improvement of transonic
centrifugal compressors by optimization
of complex three-dimensional features

Xiao He and Xinqian Zheng

Abstract

Transonic centrifugal compressors with high efficiency and wide stable flow range are required in modern gas turbine

engines. Blade design with complex three-dimensional features is one of the promising methods to further improve the

performance of such cases. Aiming to increase the efficiency while maintaining similar level of the stable flow range, this

article investigates aerodynamic potentials of complex three-dimensional features in a transonic centrifugal compressor

by multi-point and multi-objective optimizations, in which the camber curves, the sweep feature, and the lean feature

have been optimized. During the first round of optimizations, the aforementioned three groups of variables are opti-

mized individually, and their sensitivities to the performance have been analyzed. When optimizing the camber curves,

the best result shows an end-bend feature at the front of the hub section, and the efficiency is improved by 1.0% due to

the lowered shock strength. When optimizing the sweep feature, the best result presents an S-shape leading edge and a

forward sweep feature. The efficiency is increased by 0.5% because of the reduced wake region. The optimized lean

feature only improves the efficiency by 0.2%, which shows its relatively low potential. The final round of optimizations

couples both the camber curves and the sweep feature, and the best geometry combines both the end-bend and S-shape

leading edge patterns. The peak efficiency and the choke mass flow rate have been increased by 2.2% and 8.1%,

respectively, which is owing to the combination of the lowered shock strength by optimized camber curves and the

reduced wake region by optimized sweep feature. The result indicates significant potential of complex three-dimensional

features to improve the performance of transonic centrifugal compressors.
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Introduction

Centrifugal compressors are extensively applied to gas
turbine engines and turbochargers. In the aviation
industry, transonic centrifugal compressors with
high pressure ratios are especially preferred for reduc-
tion of manufacturing cost and engine weight.1

However, due to the rapid drop of stable flow range
(SFR)2 and efficiency3 with increasing pressure ratio,
the application of such compressors is still limited.
For the past 20 years, plenty of researches have
been conducted on designing high performance tran-
sonic centrifugal compressors4 as well as understand-
ing their flow phenomena under transonic inlet
conditions.5 It is generally found that strong shocks
will exist on the shroud section of the impeller, and
the interaction between the shock wave, the boundary
layer, and the tip leakage vortex will deteriorate the
complex flow field and the performance of transonic
centrifugal impellers.

To reach the demanding performance goal of tran-
sonic centrifugal compressors, one of the most pro-
mising methods is to apply complex three-dimensional
features to impellers. There are three groups of key
variables defining the complex three-dimensional fea-
tures: the shape of the blade camber curves, the sweep
feature, and the lean feature.

The shape of the blade camber curves near the
leading edge is crucial to control shock waves and
flow separations. According to the theoretical deduc-
tion from Lohmberg et al.,6 the shroud camber curve
with low curvature at the tip near the leading edge is
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advantageous to decrease the pre-shock Mach
number, and thus the related loss. Eisenlohr et al.7

demonstrated that an adjustment on the front part
of hub camber curve could eliminate the high
incidence and decrease the corresponding loss. By
re-cambering at the front part of both hub and
shroud sections together, it was demonstrated in
multi-stage axial compressors that the overall effi-
ciency could be improved by 0.4%, where the blade
near endwall regions presents an end-bend feature.8

However for centrifugal compressors, limited
researches on exploring the aerodynamic potential
of applying end-bend feature have been reported.

Sweep is a degree of freedom of the blade stacking
style. When the shroud section of the blade extends
upstream in the chord line direction (or axial direc-
tion), it is defined as forward sweep. The opposite is
regarded as aft-sweep. For axial cases, swept blade
design has been extensively studied in compressor
rotors9 and fans.10 It is generally found that the stall
margin was improved by forward sweep, and most
forward swept cases showed better efficiency than
that of the unswept or the aft-swept ones.
Mechanisms of sweep on the flow field can be sum-
marized as redistributing the front loading, control-
ling the shock structure, and controlling the radial
migration of high-loss fluid. For centrifugal cases,
swept blades have relatively seldom been reported.
Hazby and Xu11 confirmed the aforementioned flow
mechanisms of sweep in a turbocharger impeller case.
However, the aerodynamic potential of optimizing
sweep feature remains uncertain.

Lean is also a degree of freedom of the blade stack-
ing style. It is defined as moving the shroud section of
the blade relative to the tangential direction or per-
pendicular to the chord direction. When the moving
direction is in consistence with the rotating direction,
it is defined as positive lean. Otherwise it is regarded
as negative lean. For axial cases, blade lean design has
been widely applied in axial compressors and tur-
bines, and its aerodynamic effects on axial turboma-
chines were reviewed by Denton and Xu.12 The direct
effect of blade lean is to introduce a radial blade force,
which leads to the change in streamline curvature and
the change in radial pressure gradient. The ratio of
these two changes is deduced to be positively related
to the aspect ratio. For high aspect ratio axial cases,
the induced lean feature mainly affects the streamline
curvature and its application is to control the root
reaction.13 While for low aspect ratio axial cases, the
induced lean feature mainly changes the radial pres-
sure gradient and it is adopted to control the spanwise
loading distribution.14 For centrifugal cases, relatively
less researches about blade lean have been reported.
He and Zheng15 investigated mechanisms of lean fea-
ture on the performance of a transonic centrifugal
compressor. Although little efficiency increment was
obtained, lean showed the potential to control the
shock structure and suppress the wake region.

Therefore, the aerodynamic potential of optimizing
lean feature is still worth digging.

With the rapid development of optimization meth-
ods, evaluation of the aerodynamic potential by com-
plex three-dimensional blade design is now technically
possible. One of the most effective optimization meth-
ods is the combination of a genetic algorithm, an arti-
ficial neural network functioning as the surrogate
model, and a computational fluid dynamics (CFD)
solver.16 There are plenty of applications of this
method to both axial and radial compressors in pre-
vious research. Okui et al.17 adopted the method to
optimize the sweep and the chord length of an axial
rotor, and the efficiency was successfully increased by
0.7% without losing the surge margin. Sweep and lean
of the stators of a five-stage axial compressor were
optimized by Lu et al.18 through the same method,
and an increase of 0.22% in the efficiency of the
whole compressor was obtained when sweep and
lean were optimized in the first stator stage. The
method with a finite element stress analysis solver
was applied by Verstraete et al.,19 and stresses of the
investigated centrifugal compressor were successfully
reduced with only a small drop in efficiency. Ju et al.20

performed a multi-objective optimization through this
method on an impeller, in which the operating range
has been extended with maintained peak efficiency. In
general, this method is effective and mature and it is
therefore chosen in the current study.

The motivation of this article is to evaluate the aero-
dynamic potential of different geometric variable groups
of complex three-dimensional features, which is crucial
for future designs of high performance transonic centri-
fugal compressors. A multi-point and multi-objective
optimization has been performed on the complex three-
dimensional features design of a transonic centrifugal
compressor. The optimization method includes a genetic
algorithm, an artificial neural network, and a CFD
solver. The blade camber curves, the sweep feature, and
the lean feature have been optimized to obtain the three-
dimensional design. In the first round of optimizations,
three groups of variables have been optimized individu-
ally in order to analyze the sensitivity of different variable
groups. In the second round, the most potential variable
groups have been considered together in the optimization
to obtain the final optimized design. Comparisons
between the datum and the optimized cases in geometry
and performances have been made. The aerodynamic
mechanisms of optimized cases on performances and
flow fields have been discussed in detail.

Case description

The investigated transonic centrifugal impeller SRV2-O
is an open test case from DLR, whose specification is
given in Table 1. [AQ1] The three-dimensional geometry
of the impeller blade is generated by a linear connection
between points of hub and shroud sections, which
allows it to be manufactured by flank milling.
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The leading edges of main blades and splitters are radial
stacked, and the trailing edges of all blades are axial
stacked. A vaneless diffuser is attached to the impeller
downstream. The open test case has been subjected to
both rig tests and laser-two-focus measurements, which
will be referred to in the validation of the numerical
method.

Optimization method

The optimization kernel adopted in this article is
Design3D21 that combines a genetic algorithm, an

artificial neural network, and a CFD solver. It
begins with the geometry parameterization that pro-
vides the design variables. The design of experiment is
then carried out to generate a representative initial
sample database of design variables, whose aero-
dynamic performances will be later predicted by the
CFD solver. Based on the knowledge of the perform-
ance database, the artificial neural network is con-
structed as the surrogate model of the CFD solver
to give a quicker performance prediction. During
each reproduction loops, the performances of the gen-
erated population by the genetic algorithm are pre-
dicted by the artificial neural network. After several
generations of competence and selection, the repro-
duction loop converges, and the performance of the
best result will be verified by the CFD solver and be
updated in the database. A new artificial neural net-
work is then built based on the updated database, and
the next iteration of the optimization begins. The
flowchart of the optimization process is given in
Figure 1.

Geometry parameterization

The geometry of the impeller is parameterized by the
meridional contours of hub and casing, blade camber
curves at hub and shroud sections, blade thickness
distribution normal to the camber curve, leading

Table 1. Design specification of SRV2-O impeller.7

Parameters Symbols Values

Shaft speed n 50,000 r/min

Mass flow rate m 2.55 kg/s

Pressure ratio p12 6.1

Number of blades Z 13þ 13

Leading edge hub radius r1h 30 mm

Leading edge tip radius r1t 78 mm

Blade angle leading edge tip b1t 26.5 deg

Impeller tip radius r2 112 mm

Exit blade height b2 10.2 mm

Blade angle trailing edge b2 52 deg

Figure 1. Flowchart of the integrated optimization design system.
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edge and trailing edge traces, and the number of
blades. The camber curve of the main blade is trun-
cated to define the splitters with respect to the con-
stant relative meridional position of the splitter
leading edge. Therefore, when modifications are
made on main blades, splitters will be changed in simi-
lar fashion.

Camber curves of the main blade are constructed in
the (m0, y) plane. Each of the curves is defined by a
Bezier curve with eight control points, whose merid-
ional distribution follows the stretching factor of 1.1
from the leading edge to the trailing edge. The theta
angle of front three control points at hub (T1H to
T3H) and shroud (T1S to T3S) sections are chosen
as design variables, while others are remained
unchanged. Schematics of camber curves definition
is illustrated in Figure 2(a) and (b).

Sweep is the feature that describes the leading edge
shape in the meridional direction. It is defined by a
Bezier curve with four control points, as illustrated in
Figure 2(c). The axial position of the top control point
is often quantitatively defined by the sweep angle

(SA), which is the angle between the radial direction
and the leading edge direction that goes through the
top and the bottom point of the leading edge. A posi-
tive value of SA represents forward sweep and the
opposite is aft-sweep. The curved shape of the leading
edge is determined by the other three control points in
the middle. They are uniformly distributed along the
leading edge direction, and their distances perpendicu-
lar away from this direction are variables namely S1
to S3. It should be noted that the sweep definition is
independent of the unchanged trailing edge radius,
and thus the application of sweep will change the
blade chord length at all spans. In this study, the
SA as well as S1, S2, and S3 are chosen as design
variables to define the sweep feature.

Lean is the feature that describes the leading edge
shape in the tangential direction. It is also defined by a
Bezier curve with four control points, as illustrated in
Figure 2(d). When the top control point L4 moves to
the rotating direction or has a positive theta angle in
this case, it is generally regarded as positive lean. The
middle control points determine the curved shape of

Figure 2. Schematic of variables definition: (a) hub camber curve, (b) shroud camber curve, (c) sweep, and (d) lean.
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the leading edge. They are uniformly distributed along
the spanwise direction, and their tangential positions
are variables namely L1 to L3. It should be noted that
lean can be viewed as moving the blade profiles at
different spans relative to the tangential direction.
Therefore, lean is independent of the blade profiles,
and it changes the geometry not only in the front part
but also in the rear part of the impeller. In this study,
L1, L2, L3, and L4 are chosen as design variables to
define the lean feature.

Variation range of all design variables are given in
Table 2, where the values of S1 to S3 are normalized
by the distance between the top and the bottom point
of the leading edge. Because a wider variation range
of each variable group will result in too many invalid
samples that are too odd in geometry to be meshed,
the current range is therefore considered appropriate
for optimization.

Initial database sampling method

To explore the variable design space efficiently and
effectively, an initial database with a limited number
of representative samples is needed. One of the most
effective sampling methods for multidimensional

design variables is Latin hypercube sampling. When
sampling M sample points in an N-dimensional vari-
able space, the method divides the design range of
each variable into M equally probable intervals, and
sample points are then distributed in the way that
each interval of all variables only contains one
sample point. Through this method, about 50 valid
samples are obtained as the initial database during
each optimization rounds, which is over five times
of the number of design variables.

Mesh generation

A multi-block structured grid is built to mesh the
impeller, as shown in Figure 3. For the O4H topology
of the impeller, the final grid of the datum compressor
has 1.4 million cells for single pitch, which consists of
117, 69, and 43 nodes in the streamwise, spanwise,
and pitchwise direction, respectively. The tip clear-
ances of all blades are linearly varying from 0.5mm
at the impeller inlet to 0.3mm at the impeller exit. To
predict a boundary layer resolution sufficiently fine
for the Spalart–Allamaras model, a value of
0.005mm is found appropriate for the first layer
wall distance of the near-wall grid. Because the
scalar averaged yþ value is around 3.6, most part of
the near-wall grid locates within the viscous sublayer
that has an upper yþ bound of 5. For other parts of
the near-wall grid, the local maximum value of yþ is
kept below 10, which is an acceptable approximation
for design conditions as suggested by the solver pro-
vider.22 The same mesh topology and mesh size have
been adopted during optimization loops.

The accuracy of the simulation results is related to
the grid size. Seven different mesh sizes have been
investigated, whose number of nodes varies from 0.9

Table 2. Variation range of design variables. [AQ2]

Variables Range

Theta T1H–T3H �5�

T1S–T3S

Sweep SA �10�

S1–S3 �2%

Lean L1–L4 �2�

Figure 3. Created computational mesh in detail.
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million up to 1.6 million. The resulting performance
of all meshes near peak efficiency condition at design
speed is plotted in Figure 4, where all cases share the
same mass flow rate. It is illustrated that the CFD
simulation produces consistent results when the
mesh nodes surpass 1.1 million. Therefore, the final
grid with 1.4 million nodes is considered to be inde-
pendent of the mesh resolution.

CFD solver

The simulation by CFD is done with the solver
EURANUS22 based on a three-dimensional steady,
compressible, finite volume scheme to solve the
Reynolds-averaged Navier–Stokes equations in the
conservative formulation. To receive a credible viscos-
ity resolution, spatial discretization is achieved with
modified Jameson central difference scheme. The
fourth-order Runge–Kutta scheme is applied for tem-
poral discretization. The convergence of the solver is
accelerated by the multigrid procedure. After evalu-
ation of several turbulence models in Table 3, the
Spalart–Allamaras one-equation model23 has been
adopted because its predicted performances are clo-
sest to experiments and the computation time needed
is the least.

Total pressure, total temperature, and velocity
components are imposed at the inlet, and an average
static pressure is imposed at the exit. The blades and

casing surface are defined as the rotational nonslip
solid boundary and the static nonslip solid boundary,
respectively. For each rotation speed, the initial solu-
tion of the first simulation case is defined by estima-
tion of velocity components, static pressure, and
temperature for the whole domain. The former con-
verged result is then used as the initial solution for the
next case with higher backpressure. The step rise in
backpressure at the near-surge condition is kept as
1 kPa. If no signs of numerical instabilities occurred
after 10,000 iterations, the solution is considered to
have reached convergence. The convergence history of
the CFD simulation at peak efficiency condition of the
datum compressor has been illustrated in Figure 5.

Figure 6 compares the predicted performance map
with experiment results.24 The satisfactory agreement
is obtained at low speeds. However, when the speed

Figure 4. Performance near peak efficiency condition at

design speed with different grid size.

Table 3. Effect of turbulence models on performance

prediction.

Models Equation numbers p14 (m/mc¼ 0.89) mc (kg/s)

Experiment – 5.65 2.87

SA 1 6.01 3.07

k-" 2 6.03 3.07

SST 2 6.16 3.08

Figure 5. Convergence history of the CFD simulation.

Figure 6. Comparison of performance map between

experiment and CFD result.
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increases, the predicted choking mass flow rate and the
pressure ratio are gradually growing higher than that
of the experiment results where such differences peak at
design speed by þ7.2% and þ5.3%, respectively. The
inconsistency not only occurs in the current research,
but was also reported by former researchers.25,26 It is
also noticed in Figure 6 that inconsistency also exists
for the surge point prediction. In this steady case, the
surge point is defined as the converged point with the
highest backpressure. However, it is misleading to
deduce the time-dependent system oscillations from
numerical steady-state instabilities. It can be viewed
as a systematic error due to the limitation of the
steady simulations.

Except for the possible geometric difference
between the experiment and the simulation, some of
the factors that may lead to the inconsistency between
the experiment and CFD at nonsurge conditions are
listed as follows.

1. Fillet at the root of blades are ignored in simula-
tions. According to the results from Yi et al.,25 a
fillet radius of 6.3% of the inlet blade height in the
same case would lead to a �1.4% change in the
predicted pressure ratio.

2. Applications of different turbulence models are
expected to have different results in global per-
formance. Referring to the former part of turbu-
lence models evaluation, applications of different
turbulence models resulted in a change in pressure
ratio as much as þ2.6% compared to the SA
model. Mangani et al.26 applied the AWT model
on the same compressor, and a �0.9% change in
pressure ratio compared to the current results by
the SA model was obtained.

3. The blade deformation is ignored in simulations.
Under running conditions, the blade of centrifugal
compressors tends to deform with a lower radial
tip gap size and a positive lean feature. The larger
the operating speed, the stronger its effects on the
performance. Hazby et al.27 evaluated the deform-
ation effects in a transonic mixed flow compressor,
and the pressure ratio of the deformed case was
increased by þ1.4% mainly due to the decreased
tip gap size.

4. The backside cavity is not considered in simula-
tions. Sun et al.28 found that the pressure ratio was
changed by �0.9% when considering the backside
cavity and a leakage flow rate of about 1% of the
design mass flow. At high pressure ratio condi-
tions, the leakage flow rate is expected to increase
and thus its effects on the performance are
expected to be more severe.

5. The internal heat transfer from the hot down-
stream part to the cool upstream part through
the solid impeller and casing is ignored in simula-
tions. As reported by Gu et al.,29 the predicted
pressure ratio of a centrifugal compressor was
varied by �1.3% after considering internal heat

transfer. Similar works are still needed in high
pressure ratio centrifugal compressors in future
research.

6. The unsteady effect is missed in steady simula-
tions. Benichou and Trebinjac30 compared the
steady and unsteady simulation results of a tran-
sonic centrifugal compressor with a vaned diffuser.
It was found that the pressure ration predicted by
unsteady simulations is slightly changed by
�1.4% at peak efficiency condition, and the inter-
nal flow structure of the vaned diffuser is signifi-
cantly different to that of the steady case. The
reported differences are mainly due to the applica-
tion of the mixing plane model between the rotat-
ing impeller and the stationary vaned diffuser in
steady simulations. For the current case with a
vaneless diffuser, since no mixing plane model is
needed in steady simulations, the unsteady effect
on predicting the pressure ratio is believed to be
less significant.

To sum up the above discussion, influence of above
factors on predicting the pressure ratio is summarized
in Table 4. The high fidelity CFD simulation on high
pressure ratio transonic centrifugal compressors is still
an open topic for future research, and it is meaningful
to evaluate effects of above factors in a same compres-
sor. For the current research, the difference between
experiments and CFD can be regarded as the system-
atic error due to the simplification of the numerical
model, which can be avoided by comparing perform-
ances between the datum and the optimized case with
valid mechanisms from the flow field.

To validate the capability of the numerical method
of predicting the detailed flow field, comparison has
been made between the CFD and the measurement
results by Krain.24 The compared working condition
is m/mc¼ 0.89 at design speed, where a strong shock
wave occurs at the leading edge of the main blade.
Figure 7 presents the comparison of relative Mach
number near the inlet and the exit, respectively. It is
illustrated in Figure 7(a) that the shock position and
the shock strength have been well captured at the tip
section. In Figure 7(b), the jet-wake pattern in both
passages has been well predicted as well. The numer-
ical method is therefore considered capable of

Table 4. Influence of factors on predicting the pressure ratio.

Factors 4p/pd pd

Fillet25
�1.4% 5.7

Turbulence model26
�0.9% to þ2.6% 5.7

Blade deformation27
þ1.4% 2.8

Backside cavity28
�0.9% 4.4

Internal heat transfer29
�1.3% 3.6

Unsteady effect30
�1.4% —
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predicting the flow details, especially for the shock
wave and jet-wake pattern.

Surrogate model

Because the genetic algorithm demands tremendous
amount of computation resources for the required
population size and generation size, a surrogate
model of the time-consuming CFD solver is preferred.
In this article, an artificial neural network is con-
structed as the surrogate model to give a quicker per-
formance prediction.

The configuration of the network has one input
layer, two hidden layers, and one output layer, as
shown in Figure 8. The number of nodes in the input
layer equals the number of design variables, and that of
each hidden layers is set as 18. Each optimization
objectives or constrains has its own artificial neural
network, and it serves as the output node in the
output layer. Nodes from the current layer form an
input vector, which are connected to the next layer
through a connection weight matrix. Nodes from the
next layer then perform the summation of the weighted
inputs and bias to form a scalar output. The learning
process of the artificial neural network is driven by the
back-propagation algorithm. It is able to find the best
connection weight matrices and biases that produce the
most accurate prediction results regarding the perform-
ance database within 100,000 iterations.

Optimization requirements

The optimization requirements for high performance
transonic centrifugal compressors are increasing the
compressor efficiency at the design speed while main-
taining similar level of the operating range. Therefore,
a multi-point optimization regarding the near surge,
peak efficiency, and near choke points of the datum

Figure 7. Comparison of relative Mach number of SRV2-O between experiments and CFD near (a) the inlet and (b) the exit.

Figure 8. Schematics of the artificial neural network.

Figure 9. Optimized multi-point illustration.
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compressor is needed, as illustrated in Figure 9.
During optimization loops, backpressures of the
investigated points are kept the same as that of the
datum case for CFD predictions.

Objectives and constrains of the optimization are
listed as follows:

Objective 1: to maximize the isentropic efficiency at
peak efficiency point.

Max �p ð1Þ

Objective 2: to maximize the isentropic efficiency at
near surge efficiency point.

Max �s ð2Þ

Constraint 1: to penalize a significant reduction in
the choke mass.

mc50:99mc,dat ð3Þ

Through objective 1 and 2, the optimized design is
expected to have higher efficiency at broad range of
the design speed. The demand for maintaining simi-
lar level of the operating range can be reached by
objective 2 and constraint 1. On the one hand,
because cases that cannot reach convergence at the
near surge condition will be removed from the data-
base, the final optimized design will still stably oper-
ate at the datum near surge condition and thus no
significant reduction in the surge margin is expected.
On the other hand, when constraining the lower
bound of the choke mass flow rate by 99% of that
of the datum case, no significant reduction of the
choke mass flow rate will occur as well. Therefore,
the optimized design will have a similar or even
broader operating range compared to that of the
datum case.

Genetic algorithm

The genetic algorithm mimics the biological evolu-
tion to produce an optimized solution to a given prob-
lem. At first, an initial population is generated and
their performances are predicted by the surrogate
model. After competition based on the performance,
weak individuals will die out and stronger ones sur-
vive to bear offspring through crossover and muta-
tion. In particular, the best individual of each
generation will be directly transmitted to the next gen-
eration. After several generations of competence and
selection, the reproduction loop converges, and the
performance of the best result will be verified by the
CFD solver and be updated in the database. In this
article, the population size of each generation is set to
be 50 and the generation size is set to be 100. The
optimization loop is considered to be converged
when it produces consistent results for over 20
iterations.

Sensitivity analysis

Comparison between camber curves,
sweep, and lean

The first round of optimization investigates the blade
camber curves, the sweep feature, and the lean feature
individually. Sensitivity of different variable groups to
objectives and constraints has been discussed first to
guide the second optimization round that generates
the truly optimized design.

Figure 10 presents performances of all design cases
whose performance are predicted by CFD. The ordin-
ate and the abscissa are defined as follows

�� ¼
1

2
�p,opt � �p,dat þ �s,opt � �s,dat ð4Þ

�mc ¼ mc,opt �mc,dat ð5Þ

The variation range of performance is summarized
in Table 5. For the variable group of camber curve
theta angles, it has the largest potential in efficiency
improvement by 1.1%, and the best efficiency case has
nearly the same choke mass flow rate with the datum

Figure 10. Comparison of effects of camber curves, sweep,

and lean on the performance.

Table 5. Variation range of the performance.

Variables 4� range 4mc/mc range

Theta �1.3% to þ1.1% �10.8% to þ0.1%

Sweep �3.2% to þ0.7% �15.6% to þ8.6%

Lean �2.5% to þ0.2% �0.2% to þ0.3%

Sweep&theta 0% to þ2.2% �2.4% to þ9.6%
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one. For the variable group of sweep, it has the largest
variation range in both the efficiency and the choke
mass flow rate. The best case of group sweep increases
the efficiency by 0.7%, which also has higher choke
mass flow than the datum design. For the variable
group of lean, it has comparatively limited effect on
the efficiency improvement and the choke mass flow
rate, which is within 0.2% and 0.5%, respectively.
Although little efficiency gain was obtained by opti-
mizing lean feature, it still has the potential to reduce
impeller stress levels by redistributing stresses on both
pressure side and suction side of blades. Such poten-
tials can be evaluated through multidisciplinary opti-
mizations in future researches.

In the second round of optimization, the most poten-
tial variable groups, namely camber curve theta angles
and sweep, have been considered together to achieve a
truly optimized design. Parameters of the best case in
former optimizations have been combined together as
the optimization base case, and the variation range of all
variables has been kept the same as shown in Table 2.
Performances of all cases in the second round design
cases have also been shown in Figure 10 and Table 5.
It is surprising to find that the efficiency improvement
by camber curves and sweep can be added up, and the
best case increases the efficiency by 2.2% with an
increased choke mass flow rate. Such result indicates
that the mechanisms of the efficiency improvement for
the two variable groups may be different.

Parametric study of camber curves

To investigate the effect of each design variables of
blade camber curves, their Pareto fronts are presented

in Figure 11. From Figure 11(a), it is generally con-
cluded that the efficiency front of the upstream con-
trol point at shroud is steeper than that of the
downstream control point at hub, which indicates
the efficiency is more sensitive to the front part of
the shroud section. In Figure 11(b), the choke mass
flow rate fronts of all cases are much similar to each
other, which is because all design variables have equal
influence to the throat area and thus the choke mass
flow rate.

Parametric study of sweep

Pareto fronts of sweep variables are presented in
Figure 12. In Figure 12(a), it can be seen that the
control points near endwalls (SA and S1) are more
influential than that near mid-span (S2 and S3),
where the efficiency fronts are much steeper. The effi-
ciency is found to increase with the enlarged forward
sweep in the variation range, and the best case occurs
near 8 degrees. For the choke mass flow rate pre-
sented in Figure 12(b), SA and S1 also show higher
influence. When enlarging the forward sweep, the
throat area increases by turning the throat more
normal to the axial direction, which results in the
increased choke mass flow rate.

Parametric study of lean

Pareto fronts of lean variables are presented in
Figure 13. From the efficiency fronts in Figure 13(a),
it is illustrated that control points near endwalls (L1
and L4) are more influential in changing the efficiency
than that near mid-span (L2 and L3). In Figure 13(b),

Figure 11. Pareto fronts of camber curves variables.
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although lean has relatively low influence on the choke
mass flow rate compared to other variable groups, a
linear trend can be observed in the result of L3 and
L4. When leaning the blade to the rotating direction,
the choke mass flow rate tends to be decreased by
about 0.1% of the datum value per degree of leaning
angle, which is in consistence with the result in another
transonic centrifugal compressor case.15

Analysis of optimized cases

In this section, the optimized theta angles of camber
curves case, the optimized sweep case, and the

optimized sweep and theta angles case will be ana-
lyzed in detail. The aforementioned three cases will
be abbreviated as the theta case, the sweep case, and
the sweep&theta case, respectively for convenience.

Geometry comparison

Comparison of the geometries between the datum and
optimized cases is presented in Figure 14. For the
sweep case, it is generally forward swept with an
S-shape leading edge. For the theta case, the main
difference occurs at the pressure surface of the hub
section, where an end-bend feature can be captured.

Figure 12. Pareto fronts of sweep variables.

Figure 13. Pareto fronts of lean variables.
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When combining both the sweep and camber curves
into optimization, the best geometry presents a com-
bination of both the S-shape leading edge and the
end-bend feature with only small modifications in
both features. Since geometry changes by varying
sweep and camber curves focus on the front part of
the impeller, no obvious change is obtained near the
impeller trailing edge.

Performance comparison

Comparison of the design speed performances
between the datum and optimized cases is presented

in Figure 15. From Figure 15(a), it is noticed that all
optimized cases have a higher pressure ratio at the
whole operating range than the datum case, and the
increase in the peak pressure ratio of the theta case,
the sweep case, and the sweep&theta case is 3.6%,
1.2%, and 4.6%, respectively. The pressure ratio is
decided by the isentropic efficiency and the work
input, as follows

� ¼
T04

T01
� 1

� �
�þ 1

� � �
��1

ð6Þ

Figure 14. Geometry comparison between datum and optimized cases.

Figure 15. Performance comparison at design speed between datum and optimized cases: (a) total pressure ratio and (b) isentropic

efficiency.
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Because modifications of optimized cases mainly
occur in the front part of the impeller, the change of
the work input through a change in the exit blade
angle or the slip factor is limited. Therefore, the
increase in isentropic efficiency is believed to be the
main cause for the pressure ratio increase. It is con-
firmed in Figure 15(b) that all optimized cases also
show higher isentropic efficiency at the whole operat-
ing range, and the increase in the peak efficiency is
1.0%, 0.5%, and 2.2% for the theta case, the sweep
case, and the sweep&theta, respectively.

Considering the constraints on choke mass flow
rate, it can be seen in Figure 15 that the choke mass
flow rate of the theta case, the sweep case, and the
sweep&theta case has been varied by �1.0%, þ4.3%,
and þ8.1%, respectively, which agrees with the opti-
mization requirement. The surge mass flow rate has
also been changed in a similar trend to that of the
choke mass flow rate. Considering the definition of
the SFR

SFR ¼ 1�
ms

mc

� �
� 100% ð7Þ

The SFR of the aforementioned optimized cases is
calculated to be 13.2%, 15.5%, and 13.2%, respect-
ively, which share the similar level of 13.0% of the
datum case.

For the purpose of understanding the efficiency
improvement in detail, the parameter efficiency devi-
ation (��) is applied to investigate the loss reduction
process, as defined as follows

��ðMÞ ¼
T02�sðMÞ

�h02

� �
dat
opt

��� ð8Þ

��ðNÞ ¼
T02�sðNÞ

�h02

� �
dat
opt

��� ð9Þ

where M and N is corrected streamwise and spanwise
coordinate from 0 to 1 (inlet to exit and hub to
shroud) respectively, �s(M) is mass-averaged
entropy rise of a cross-section cut at certain stream-
wise position, and �s(N) is pitch-averaged entropy
rise at a certain spanwise position of a cross-section
cut. The increase of �� along the M direction repre-
sents loss reduction at corresponding location, and a
positive value of �� along spanwise direction repre-
sents a higher efficiency at corresponding location.

The �� distribution of optimized cases along
streamwise direction is shown in Figure 16. It is obvi-
ously seen that the effect of optimized theta angles on
the loss reduction mainly occurs at the front part
before Section I, which locates near the leading edge
of splitters. On the contrary, the performance of the
sweep case gets worse at first before Section I, and
then gradually recovers before impeller exit. At the
vaneless diffuser downstream impeller exit, its per-
formance has also been improved. For the

sweep&theta case, it is surprising to find that its loss
reduction pattern combines both of the theta case and
the sweep case. Because the performance improve-
ment of the theta case and the sweep case occurs at
different regions, such improvements can be added up
when optimizing both theta angles of camber curves
and the sweep feature.

The pitch-averaged �� distribution of optimized
cases along spanwise direction at impeller exit is illu-
strated in Figure 17. The theta case shows perform-
ance improvement mainly from mid to upper spans,
while the sweep case increases efficiency near hub and
shroud spans. The sweep&theta case combines both

Figure 16. Efficiency deviation distribution along streamwise

direction at peak efficiency point.

Figure 17. Efficiency deviation distribution along spanwise

direction at impeller exit at peak efficiency point.
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the theta case and the sweep case together, resulting in
the performance improvement at all spans.

Flow mechanisms

To find the flow mechanisms behind the performance
improvement of optimized cases, the shock wave near
impeller leading edges and the jet-wake pattern near
impeller trailing edges have been examined.

To exam the change in shock waves, Figure 18 pre-
sents the relative Mach number contour of the main
blade and the splitter suction surface, respectively.
For the theta case, it is obvious that the strength of
the shock wave from mid to upper spans of the main
blade has been significantly weakened, where the local
relative Mach number is much lower than the datum
case. The decreased shock strength will lead to a
reduction in shock losses, which corresponds to the
improved efficiency at Section I in Figure 16. It is also
noticed that the high Mach number region near the
tip of the splitter suction surface has been suppressed,
which relieves the unnecessary accelerating-decelerat-
ing process and contributes to less loss. For the sweep
case, the shock strength of the main blade slightly
increases and thus leads to the increased shock loss.
Moreover, the tip shock front has been moved more
upstream, which will result in a much severe shock-
boundary layer interaction and thus higher loss. As a
result, the efficiency drops at Section I in Figure 16. In
the middle part of the passage, the sweep case not
only blends the two separated high Mach region
near the main blade into a same region, but also

suppresses the high Mach region at suction surface
of the splitter. These effects contribute to the higher
efficiency of sweep between Section I and impeller exit
due to the relief of the unnecessary accelerating-
decelerating process, as shown in Figure 16.
The sweep&theta case basically combines both effects
of the theta case and the sweep case together.
Therefore, the decreased shock strength and the for-
ward-swept shock front lead to nearly no change in
efficiency at Section I, while the blended high Mach
region of the main blade and the reduced high Mach
region of the splitter result in the efficiency increase
between Section I and impeller exit, as presented in
Figure 16.

Figure 19 presents the relative Mach number con-
tour at Section II, which compares the change in the
jet-wake pattern between the datum and optimized
cases. In all optimized cases, it is generally seen that
the wake region in the channel between the main
blade pressure surface and the splitter suction surface
(right channel in Figure 19) has been significantly sup-
pressed, but the wake region in the other channel has
been slightly enhanced. The reduced wake region will
not only decrease the wake friction loss inside the
blade passage between Section I and impeller exit,
but also lead to an improved flow uniformity and
thus a reduction in mixing loss downstream impeller
exit. Because the sweep&theta case has the most
reduced wake region regarding both channels, its effi-
ciency increases the most between Section I and
impeller exit and downstream impeller exit in
Figure 16. The increased efficiency by suppressed

Figure 18. Relative Mach number contour of the (a) main blade and (b) splitter suction surface at peak efficiency point.
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wake region occurs from mid to upper spans, which
also corresponds to the results in Figure 17.

Concluding remarks

In this article, evaluation of the aerodynamic poten-
tial of three-dimensional features in a transonic cen-
trifugal compressor has been made. The blade camber
curves, the sweep feature, and the lean feature have
been optimized through a multi-point and multi-
objective optimization system, aiming to improve
the efficiency while maintaining similar level of the
SFR. Several conclusions can be drawn as follows:

1. Complex three-dimensional features have signifi-
cant potential to improve the performance of tran-
sonic centrifugal compressors. The blade camber
curves and the sweep feature have great influences
in increasing the impeller efficiency and its flow
capacity, while the lean feature shows limited
aerodynamic potentials. Because the loss reduc-
tion mechanisms of optimizing camber curves
and sweep are different, the efficiency improve-
ment by both variable groups can be added up.
The best result of optimizing both camber curves
and sweep shows end-bend and S-shape leading
edge patterns, and its peak efficiency and choke
mass flow rate has been increased by 2.2% and
8.1%, respectively.

2. When optimizing the camber curves, the best
result shows an end-bend feature at the front of
the hub section, and the efficiency has been
improved by 1.0% due to the lowered shock
strength. The design at front part of the shroud
section is most sensitive to impeller performances.

3. When optimizing the sweep feature, the best result
presents an S-shape leading edge and a forward
sweep feature. The efficiency increases by 0.5%
because of the reduced wake region. The sweep
design near endwalls is most important to impeller
performances.

4. When optimizing the lean feature, the optimized
lean feature only improves the efficiency by 0.2%,
which shows its relatively low potential. The lean
design near endwall is most influential to impeller
performances. In future research, multidisciplin-
ary optimizations are needed to evaluate its poten-
tial in decreasing impeller stress levels without
significant loss in aerodynamic performances.
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Appendix

Notation

b blade height
h enthalpy
L1–L3 control points of lean
m mass flow rate
m0 normalized distance along the meridio-

nal curve
M corrected distance in the streamwise

direction
n shaft speed
N corrected distance in the spanwise

direction
r radius
s entropy
SA sweep angle
SFR stable flow range
S1–S3 control points of sweep
T0 total temperature
T1H–T3H control points of hub camber curve
T1S–T3S control points of shroud camber curve
yþ normalized wall distance
Z number of blades

� blade angle
� ratio of specific heat capacities
� isentropic efficiency
� theta angle
� total-to-total pressure ratio

Subscripts

1 impeller inlet
2 impeller exit
4 diffuser exit
c near choke condition
d design condition
dat datum case
h hub section
opt case generated in optimization
p peak efficiency condition
s near surge condition
t tip section
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