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Abstract—Hydrogen-fuel-cell air compressors operating at
high speed and pressure ratio demand both superior impeller
aerodynamics and robust flow-field stability to accommodate
the low load capacity and limited stability of gas bearings. In
this work, a coupled optimization framework combining
aerodynamic efficiency enhancement with flutter suppression is
developed using Response Surface Methodology (RSM). A
nonlinear surrogate model relating key geometric parameters
(tip-clearance ratio, leading-edge angle, trailing-edge angle) to
performance metrics (isentropic efficiency, aerodynamic work)
is  established via  systematic design-of-experiments.
Multi-objective RSM-based optimization then identifies a
balanced design that maximizes efficiency while driving overall
aerodynamic work from positive to negative, thereby reducing
aeroelastic excitation. High-fidelity simulations of the optimized
impeller demonstrate a 2.2 % increase in efficiency and a shift
to —0.00102 J aerodynamic work per blade, yielding a positive
damping coefficient of 0.00078. These results confirm that the
proposed methodology effectively enhances compressor
performance and suppresses flutter risk, offering valuable
guidance for the aeroelastic design of high-speed centrifugal
impellers.

Index Terms—Hydrogen Fuel Cell; Centrifugal Compressor;
Flutter; Response Surface Optimization

I. INTRODUCTION

W ITH the rapid development of the new energy
vehicle industry, hydrogen fuel cell systems impose
increasingly  stringent requirements on  centrifugal
compressors. These systems demand a highly stable air
supply in both pressure and mass flow rate, necessitating
compressors to operate efficiently and reliably under elevated
rotational speeds and pressure ratios[1-3]. Simultaneously,
road-induced vibrations introduce severe constraints on the
stability and load capacity of gas bearings, highlighting the
importance of rotor dynamic balance and high-precision
manufacturing[4,5]. As a result, impeller design must
simultaneously achieve high aerodynamic efficiency and
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strict manufacturing tolerances. Under extreme conditions,
complex internal flow interactions coupled with structural
vibrations may trigger flutter—a hazardous form of
aeroelastic instability that threatens compressor reliability
[6-8]. Therefore, an integrated optimization of aecrodynamic
and structural characteristics is essential to enhance
compressor performance while mitigating flutter risks.

Extensive research has been conducted globally on the
aerodynamic and flutter behavior of compressor blades.
Early methods evolved from empirical models to
high-fidelity simulations combining theoretical frameworks
and experimental validation. For instance, John[9]
experimentally identified flutter as an aeroelastic
phenomenon, linking vortex shedding on the pressure side of
blades to excitation of the first bending mode. Vedeneev [10]
and Arshad [11] employed the energy method to
quantitatively assess flutter risks, demonstrating that flutter
occurs when aerodynamic energy input exceeds the
mechanical damping capacity. These studies laid a solid
theoretical foundation for modern flutter prediction.

Meanwhile, tip clearance effects on compressor
performance have attracted considerable attention. Studies by
Lakshminarayana [12] and Xin Jian [13] identified strong
empirical correlations between tip clearance and key
performance metrics, such as efficiency, pressure ratio, and
stall margin. Guo-Rong Gao et al. [14]demonstrated that
aerodynamic performance deteriorates progressively with
increasing tip clearance. Additionally, Zhiyuan Liu [15] and
Chenkai Zhang [16] validated through experiments and
numerical simulations, respectively, that tip clearance affects
leakage flow and flow separation, emphasizing that reducing
tip clearance can help improve flow field structure, reduce
flow losses, and enhance overall performance.

In terms of flutter prediction, Micklow [17] proposed
semi-empirical and semi-theoretical models, including the
semi-actuator disk model, which simplified internal flow
details while considering inlet and outlet flow characteristics,
enabling preliminary flutter risk prediction. Kangdi Li et al.
[18]introduced an efficient fluid-structure interaction (FSI)
method combining rapid mesh deformation techniques with
dual-passage shape correction to predict blade flutter under
traveling wave modes. Yupeng Liu et al. [19]developed a
multi-physics  prediction and flutter characteristics
identification method based on deep learning for blade flutter
caused by unsteady fluid-structure interaction in compressors.
They constructed an end-to-end prediction system linking
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design variables of swept blades to three-dimensional
physical field parameters on blade surfaces and finally to
flutter characteristics. Similarly, Yuxin Gai et al
[20]proposed a time-domain method to analyze aeroelastic
stability of wind turbine blades by solving their dynamic
response over time to obtain flutter characteristics. Liping
Dai et al. [21]predicted the critical flutter wind speed of the
NREL 5 MW wind turbine during braking and operating
conditions using FAST software based on Blade Element
Momentum Theory and a nonlinear geometrically exact
beam model, analyzing both structural dynamic response and
aerodynamic performance before and after flutter onset.
Furthermore, several studies [22-25] have investigated the
influence of shock waves, leakage flows, and flow separation
near the blade leading edge on aerodynamic damping and
flutter characteristics, thus deepening the understanding of
aeroelastic instability mechanisms.

Despite the robust theoretical groundwork laid by prior
research, several critical challenges persist:

(1) Limitations of prediction methods: Existing empirical
and semi-theoretical models generally rely on extensive
experimental data, making them difficult to apply to the
design of new high-load, high-pressure-ratio compressors.
Furthermore, their descriptions of unsteady phenomena such
as shock waves, leakage flows, and localized energy transfer
remain inadequate.

(2) Lack of numerical simulation and multi-objective
optimization: Although numerical simulation techniques
have significantly advanced in recent years, achieving
coordinated optimization of multiple design variables—such
as TC/H, leading-edge bending angle (B:), and trailing-edge
bending angle (B2)—in high-speed compressor blade design
remains a major challenge. Current studies largely focus on
the local effects of individual parameters, lacking systematic
investigation into multi-parameter interactions.

To address these issues, this paper proposes an integrated
research methodology based on response surface
multi-objective optimization. First, using a traveling wave
model and the energy method, the role of inter-blade phase
angle in flutter onset is quantitatively analyzed from the
perspectives of aerodynamic work and damping. Then, by
employing a transient blade row model, high-fidelity
numerical simulations are conducted to capture shock waves
and localized unsteady effects induced by tip clearance.
Taking TC/H, Bi, and B as design variables, a nonlinear
mapping relationship and a TC/H-p1—P. design space are
constructed, enabling coordinated optimization between
compressor efficiency improvement and aerodynamic work
reduction.

II. BLADE FLUTTER PREDICTION METHODS

A. Energy Method and Damping Characteristics

Flutter is a typical manifestation of fluid—structure
interaction, arising from an energy exchange between
unsteady aerodynamic forces and structural vibrations. When
the energy imparted by the airflow exceeds the intrinsic
damping capacity of the structure, the vibration amplitude
increases progressively, potentially leading to structural
instability or failure.

In centrifugal compressors, adjacent blades often exhibit
collective vibration behavior due to aerodynamic coupling.
This phenomenon is commonly modeled using the traveling
wave (or Lane) model[26], which assumes that all blades
vibrate with the same frequency and amplitude, but with a
constant phase shift between adjacent blades. This phase shift
is referred to as the Inter-Blade Phase Angle (IBPA), a
critical parameter in flutter analysis. Depending on the wave
propagation direction relative to rotor rotation, traveling
waves are categorized into forward (0° < IBPA < 180°) and
backward (—180° < IBPA < 0°) modes.

In this study, the centrifugal impeller is designed with 20
blades. The relationship between IBPA and blade count is
defined by Equation (1):

27-N

IPBA =—-—2 (1)
B

Where: Np denotes the number of blades, and Np

represents the number of pitch wise divisions. When the
number of blades is even, 0S N, <N, / 2 . When the

number of blades is odd, 0 < N, <(N, —1)/2.

To assess flutter risk, the energy method is frequently
employed. It evaluates the net aerodynamic work WWW
done on the blade surface over one vibration cycle, as shown
in Equation (2). A positive accumulated work indicates that
the blade extracts energy from the flow, potentially causing
flutter. In contrast, a negative value reflects energy
dissipation, thereby promoting aeroelastic stability.

W = [(pi)V,ds 2)

Where: W is the acrodynamic work, p is the static pressure
on the blade surface, 71 is the unit outward normal vector at a
point on the blade surface, S is the blade surface area.

A dimensionless parameter used to quantify the influence
of airflow on blade vibration is the aerodynamic damping
ratio, defined as in Equation (3). A positive aerodynamic
damping ratio indicates that the airflow acts as a damping
force, whereas a negative value suggests that the flow excites
the blade, increasing the risk of flutter.

g= -w
pra - [(4D)aV

Where: p is the blade material density, @ is the angular

3)

frequency of blade vibration, A is the vibration amplitude ata
given point.

B. Transient Blade Row (TBR) Model

The Transient Blade Row (TBR) model is an unsteady
numerical approach designed to capture the dynamic flow
behavior around rotating blades. Unlike steady-state solvers,
the TBR method resolves the governing equations in the time
domain, enabling detailed analysis of unsteady phenomena
such as flutter, aerodynamic damping, and leakage
vortex-induced nonlinearities.

The TBR model solves governing equations in the time
domain to obtain transient distributions of flow field
parameters such as pressure and velocity. Its core
methodologies include : Transient flow field decoupling,
allowing local unsteady analysis on periodically arranged
blades to reduce computational cost ; Extraction of unsteady
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aerodynamic loads, capturing time-dependent aerodynamic
forces from blade surface pressure distributions;
Fluid—structure interaction (FSI) analysis, where blade modal
characteristics are coupled with the unsteady flow to evaluate
flutter risk.

III. NUMERICAL MODEL

A. Numerical Model of the Centrifugal Compressor

To optimize rotor dynamic performance and facilitate
manufacturing, a semi-open, single-stage centrifugal
impeller with 20 blades was selected for this study. The initial
geometric and aerodynamic design parameters are
summarized in Table I, and the corresponding
three-dimensional CAD model is presented in Fig. 1.

TABLEI
INITIAL DESIGN PARAMETERS
Symbol Parameter Value
dy Inlet hub diameter 100 mm
dg Inlet shroud diameter 180 mm
TC/H 0.05
n Design rotational speed 40000 r/min
P Design pressure ratio 4.5
] Design mass flow rate 3 kg/s

Fig. 1. Impeller 3D model

B. Mesh Generation

To balance numerical accuracy and computational
efficiency, mesh generation was carried out using ANSYS
Turbo Grid, a specialized meshing tool for turbomachinery
applications. A single flow passage was modeled under
periodic boundary conditions, which is a widely accepted
practice in rotating machinery simulation.

Turbo Grid generates high-quality structured meshes and
is well-suited for complex blade geometries. An O4H mesh
topology was adopted to ensure accurate resolution of
boundary layer effects and tip-leakage vortices. Local mesh
refinement was applied along the blade surfaces and in the tip
clearance region to capture critical flow features. The final
mesh topology is illustrated in Fig. 2.

Fig. 2. Impeller structure grid

To validate the influence of mesh density on the simulation
results, a grid independence study was conducted. The
isentropic efficiency and total pressure ratio of the impeller
were used as performance indicators to assess sensitivity to
mesh resolution. As shown in Fig. 3, when the number of grid
elements in a single flow passage exceeds 250,000, the
simulation results show minimal variation. Therefore, to
balance accuracy and computational cost, the mesh
configuration adopted in this study includes 255,891
elements and 278,372 nodes.
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C. Boundary Conditions

In numerical simulations, proper specification of boundary
conditions is essential to ensure the reliability of results. In
this study, pressure inlet and pressure outlet boundary
conditions were applied at the impeller’s inlet and outlet,
respectively. The initial total temperature and total pressure
of the incoming flow were set to 288.15 K and 101.325 kPa,
respectively. No-slip boundary conditions were imposed on
both the impeller surfaces and the tip clearance region.

The impeller rotational speed was set to 40,000 rpm, and
the Multiple Reference Frame (MRF) method was employed
to handle the coupling between the rotating and stationary
domains. The Shear Stress Transport (SST) turbulence model
was used in conjunction with the TBR model to capture
complex turbulence features and unsteady aerodynamic
loads.

IV. BLADE FLUTTER CHARACTERISTICS ANALYSIS AND
DESIGN SPACE DEFINITION

This section investigates the influence of key geometric
and operating parameters on impeller performance and
stability through modal analysis, steady-state simulations,
and unsteady aeroelastic evaluation. These results form the
basis for subsequent response surface-based design
optimization.

A. Structural Dynamics Simulation of the Blade

Structural dynamic modeling is fundamental in analyzing

blade flutter characteristics. In this study, the finite element
method (FEM) was used to establish the structural model of
the impeller blade, with titanium alloy as the material. The
material properties are listed in Table II. The mesh was
composed of Solid186 second-order tetrahedral elements,
which offer high accuracy in capturing complex 3D stress
fields.

To simplify the simulation while maintaining result
fidelity, the blade root was fully constrained, a common
conservative assumption in engineering practice. A
gravitational field was applied in the negative X-direction to
account for self-weight deformation, and a rotational load of
40,000 rpm was imposed around the negative Z-axis.

Modal frequencies were computed for the first six natural
modes under both pure centrifugal loading and combined
centrifugal-aerodynamic loading, across various tip
clearance-to-span (TC/H) ratios. The results, presented in
Table III, show that natural frequencies increase with TC/H.
Under centrifugal loads alone, frequency increases by 3.3%
to 5.0% as TC/H increases from 0.01 to 0.10, particularly in
higher modes due to their greater sensitivity to stiffness
variation and stronger bending—torsion coupling.

The introduction of aerodynamic loads causes only minor
frequency shifts, indicating limited stiffness influence.
However, torsional effects are amplified, especially in
higher-order modes, due to inter-span pressure gradients and
increased blade twist under aerodynamic forcing.

TABLEII
BLADE MATERIAL PROPERTIES
Density (kg/m?) Elastic Modulus (MPa) Poisson’s Ratio Yield Strength (MPa)
4620 96000 0.36 930
TABLE III

MODAL FREQUENCIES OF THE FIRST SIX MODES UNDER DIFFERENT TC/H RATIOS AND LOAD CONDITIONS

1st Mode 2nd Mode 3rd Mode 4th Mode 5th Mode 6th Mode
TC/H Load Type
(Hz) (Hz) (Hz) (Hz) (Hz) (Hz)
Centrifugal 2513.5 4835.2 6220.5 72543 7912.3 9016.4
0.01
Centrifugal + Aero 2511.7 4833.3 6218.6 7247.6 7900.5 9003.7
Centrifugal 2531.5 4870.2 6277.1 7322 7986.6 9113.4
0.03
Centrifugal + Aero 2531.7 48744 6282.3 7325.3 7991.8 9120.1
Centrifugal 2550.4 4909.3 6335.9 7392.6 8069.7 9216.4
0.05
Centrifugal + Aero 2550.4 4910.5 6337.6 7393.3 8069.2 9214.1
Centrifugal 2569 4944.7 6391.7 7460.6 8143.9 9314.1
0.07
Centrifugal + Aero 2568.7 4944 .4 6389.8 7458.5 8141.5 9308.5
Centrifugal 2586.7 4977.7 6448.7 7531.7 8218.7 9413.3
0.09
Centrifugal + Aero 2588.4 4983.8 6453 7539.3 8231.8 94243
Centrifugal 2597.1 4999.8 6478.3 7567.9 8259.7 9467.9
0.1
Centrifugal + Aero 2597.5 4999.9 6482 7571.3 8270.8 9475.5
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(d) 4th Mode

The blade vibration modes for various TC/H values
ranging from 0.01 to 0.1 exhibit consistent deformation
trends, with only minor differences in the vertical distribution
of the displacement amplitude. Therefore, only the
representative mode shapes for TC/H = 0.01 are illustrated in
Fig.4.As observed, the first six vibration modes progressively
transition from bending-dominated to torsion-dominated
behaviors, revealing increasing structural complexity with
mode order:

(a)1st Mode: Characterized primarily by spanwise bending,
with displacement gradually increasing from the root to the
tip and peaking at the tip. The overall deformation is
relatively simple, indicating dominant influence from
bending stiffness at low frequencies.

(b)2nd Mode: Onset of bending-torsion coupling. While
bending remains dominant, local torsional deformation
begins to emerge, suggesting increasing sensitivity to
torsional stiffness at this mode order.

(c)3rd Mode: Torsional effects become more pronounced.
Significant relative twist between blade sections indicates a
transition from bending-dominated to torsion-dominated
deformation, with torsional stiffness playing a critical role in

1430.6
12955

(e) 5th Mode
Fig. 4. The first six modal vibration shapes under TC/H=0.01

(f) 6th Mode

shaping the mode.

(d)4th Mode: Stronger bending-torsion coupling is evident.
Multiple bending nodes appear along the span, and torsional
deformation is localized in specific regions. The peak
displacement is no longer confined to the tip but distributed
across different blade heights.

(e)5th Mode: Deformation becomes increasingly complex,
with enhanced relative twist between sections and multiple
regions exhibiting concentrated torsion. Compared to the
fourth mode, the dominance of torsional stiffness becomes
more apparent.

(f)6th Mode: The deformation is now overwhelmingly
torsion-dominated. Relative angular displacement between
adjacent sections is significant, and bending effects are
substantially diminished. The mode reflects the highest
reliance on torsional stiffness under high-order vibration
conditions.

The blade has undergone various modal analyses,
including prestressed modal analysis that accounts for
aerodynamic forces. In energy-based flutter prediction
methods, the modes with potential flutter risks are typically
selected for detailed analysis—most commonly the first

Volume 33, Issue 11, November 2025, Pages 4422-4436



Engineering Letters

bending mode or a torsional mode. Therefore, the first
bending mode is selected below as the critical mode for
focused investigation.

B. Steady-State Flow Characteristics and Design Variable
Selection
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Fig. 5. Impeller characteristic curves at different ratios
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Prior to unsteady analysis, steady-state CFD simulations
were conducted to assess baseline flow field behavior and
identify sensitive design variables. Performance curves under
various TC/H ratios are plotted in Fig. 5.

When TC/H exceeds 0.07 (e.g., at TC/H = 0.09 and 0.1),
the interaction between tip leakage flow and end wall
boundary layers becomes significantly intensified, leading to
compressor stall before reaching the design pressure ratio.
Therefore, in order to accurately capture the nonlinear
influence mechanism of the clearance parameter on
compressor performance, only cases within the TC/H range
of 0.01 to 0.07 are selected for comparative analysis in the
performance curves.

As shown in Fig. 5, with TC/H increasing from 0.01 to
0.07, the flow rate under near-choking conditions gradually
decreases. This is primarily due to the enhanced leakage flow

caused by increased tip clearance, and the intensification of
tip leakage vortices leads to aggravated secondary flow
losses. Consequently, the effective flow area decreases, and
flow field distortion and separation in the main flow region
are induced. Comparative analysis reveals that cases with
TC/H = 0.03 and 0.05 exhibit superior overall performance,
with their isentropic efficiencies improved by 0.13% and
0.19%, respectively, compared to the baseline case (TC/H =
0.01).

C. Aerodynamic Damping and Flutter Sensitivity Analysis

The inter-blade phase angle (IBPA) is a key parameter
affecting the aeroelastic stability of blades. As shown in Fig.
6, for the first-order bending mode, the influence of IBPA on
the aerodynamic damping coefficient was analyzed under
different TC/H ratios. The least stable conditions are
consistently observed near IBPA = 15°. The results show that
under various clearance ratios, the aerodynamic damping
coefficient exhibits a quasi-sinusoidal variation with IBPA.
For TC/H values ranging from 0.01 to 0.09, the aecrodynamic
damping coefficients remain positive, indicating good
aerodynamic stability and effective suppression of flutter
risks within this range. However, when TC/H increases to 0.1,
negative values of the damping coefficient appear at certain
phase angles, suggesting that the blade enters an aeroelasticly
unstable regime, with a higher risk of flutter instability.

62 10
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- 8-0.03 —+-0.09
51 0.05 0.10

| Stable
Untable

Aerodynamic damping coefficient

3 L L L L L
-150 -100 -50 0 50 100 150

IPBA (%)
Fig. 6. Variation of aerodynamic damping coefficient with inter-blade
phase angle

As shown in Fig. 7, the tip clearance—to—span ratio (TC/H)
exerts a more pronounced influence on the blade’s suction
surface, particularly in the leading-edge region along the
chord. As TC/H increases, the positive peak of accumulated
work density at the suction-side leading edge rises markedly,
revealing that the aerodynamic work input from the flow
intensifies significantly. This elevation in work density
correlates directly with a heightened risk of aeroelastic
instability in this region. On the pressure surface, by contrast,
regions of elevated instability risk concentrate toward the
trailing edge. With larger clearances, the area over which the
accumulated work density is positive expands, demonstrating
that variations in TC/H adversely affect aerodynamic
stability on both blade surfaces.
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Fig. 7. Distribution of pressure and accumulated work density along the chord length at 95% blade height

Examining the static pressure distribution curves presented
in Fig. 7(a), a distinct and rapid pressure rise is observed
between 10 % and 40 % of the chord length, which is a
classical indicator of shock-induced compression in transonic
blade flows. This feature strongly suggests that, on the
suction surface of the blade, shock waves are prone to form
within the chordwise interval of 0.1-0.4. As the tip
clearance-to-vane height ratio (TC/H) increases, the foot of
the shock is found to migrate slightly downstream, implying
that larger tip clearance delays the onset of shock formation
and modifies the local loading distribution along the suction

surface. In contrast, the shock phenomena on the pressure
side appear less pronounced, as this surface predominantly
resides in a compressed flow regime and therefore
experiences weaker adverse pressure gradients. Nevertheless,
Fig. 7(b) reveals the presence of localized pressure spikes
within the same chordwise range, indicating that compressive
disturbances are still capable of inducing unsteady
aerodynamic perturbations even on the pressure surface.
When the shock propagates across the blade surface, it
generates abrupt fluctuations and even sign reversals in the
accumulated aerodynamic work density, particularly on the
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suction side. The corresponding work density distributions
clearly display strong oscillations within the 0.1-0.4 chord
region, thereby confirming that shock-related interactions
substantially amplify the local aerodynamic work exchange.
Such effects constitute a primary mechanism responsible for
the deterioration of aeroelastic stability, as they intensify
energy transfer between the unsteady flow and the vibrating
blade.

A quantitative evaluation of the aerodynamic work on the
blade surface for different TC/H values is provided in Table
IV, which reports the total aerodynamic work per blade
corresponding to each case.

TABLE IV
THE OVERALL AERODYNAMIC WORK OF THE BLADE UNDER DIFFERENT
CLEARANCE RATIOS
Tip Clearance/Blade Height Aerodynamic Work (J)
0.01 -0.000324
0.03 0.000519
0.05 0.000102
0.07 -0.00053
0.09 -0.00074
0.1 -0.00022

The results indicate that in most TC/H cases, the total
aerodynamic work on the blade is negative, meaning that
during the vibration cycle, the incoming flow does negative
work on the blade, resulting in energy dissipation that
suppresses flutter and enhances acroelastic stability.
However, for the TC/H = 0.03 and TC/H = 0.05 conditions,
the total aerodynamic work is 5.18584x10* J and
1.0209%x10* J respectively, both of which are positive. This
suggests that in these scenarios, the blade absorbs some
external energy during vibration. Such energy accumulation
may reduce the aerodynamic damping effect, thereby
lowering blade stability and increasing the risk of flutter
instability. Therefore, to minimize the flutter risk while
maintaining aerodynamic performance, further aerodynamic
optimization is needed within the TC/H = 0.03—0.05 range to
reduce the regions of positive aerodynamic work and
enhance overall blade stability.

V. OPTIMIZATION MODEL DEVELOPMENT AND VALIDATION

Building upon the critical design variables and sensitive
performance indicators identified in Chapter III, this chapter
constructs a response surface model, performs
multi-objective optimization to determine the optimal
parameter set, and visualizes the optimization landscape,
followed by validation of the prediction accuracy..

A. Response Surface Experimental Design

As indicated by the steady-state flow analysis, the impeller
demonstrates superior aerodynamic performance when the
tip clearance-to-blade height ratio (TC/H) is maintained
within the range of 0.03—0.05. While this interval enhances
overall efficiency and improves flow-field uniformity, it
simultaneously increases the susceptibility to flutter, which
poses a potential threat to aeroelastic stability and long-term
structural reliability. To address this intrinsic trade-off
between aerodynamic efficiency and flutter resistance, TC/H
is considered alongside the leading-edge bending angle (B:)
and trailing-edge bending angle (B2) as the principal design
variables for optimization, since these parameters exert a
first-order influence on leakage losses, flow incidence,
diffusion processes, and the aerodynamic load distribution
across the blade. For the optimization objectives, impeller
efficiency and aerodynamic work are selected, the former
reflecting the global energy conversion capability of the
compressor stage and the latter quantifying the
flow—structure energy exchange that directly governs
aerodynamic damping. To establish accurate correlations
between the chosen design parameters and performance
indicators, a response surface methodology (RSM) is
employed, which provides an efficient surrogate modeling
framework for capturing nonlinear interactions while
reducing computational cost. This approach enables a
systematic multi-objective optimization to identify design
configurations that reconcile high aerodynamic efficiency
with enhanced aeroelastic stability. The distribution of
sampling points in the design space and their corresponding
high-fidelity numerical simulation results, which serve as the
foundation for constructing the response surfaces, are
summarized in Table V.

TABLEV
DESIGN OF SAMPLE POINTS AND SIMULATION RESULTS FOR THE RESPONSE SURFACE
No. TC/H Leading edge bending angle (°) Trailing edge bending angle (°) Efficiency Aerodynamic Work (J)

1 0.045 40 30 0.887207 0.01345
2 0.045 45 35 0.88833 -0.00036
3 0.045 45 35 0.88833 -0.00036
4 0.03 45 30 0.881198 0.0003466
5 0.045 45 35 0.88833 -0.00036
6 0.06 45 30 0.88327 0.00146
7 0.045 40 40 0.73973 -0.00001
8 0.03 40 35 0.87693 0.00284
9 0.045 45 35 0.88833 -0.00036
10 0.06 50 35 0.74482 -0.00227
11 0.06 40 35 0.74287 0.00204
12 0.045 45 35 0.88833 -0.00036
13 0.045 50 40 0.7406 0.00407
14 0.03 45 40 0.88802 -0.00281
15 0.045 50 30 0.85656 -0.00037
16 0.06 45 40 0.66821 -0.0021
17 0.03 50 35 0.86444 -0.00259
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B. Regression Modeling and Error Evaluation

The Response Surface Methodology (RSM) utilizes
polynomial functions to approximate complex nonlinear
relationships between design variables and performance
responses within a localized design space. By relying on a
relatively limited number of high-fidelity sample points and
concise algebraic expressions, RSM provides an efficient
means of reducing computational cost while preserving
sufficient accuracy for optimization purposes. Owing to these
advantages, it has been extensively employed in aerodynamic
design and multi-objective optimization studies. In the
present work, a quadratic multivariate regression model
incorporating both linear and interaction terms is adopted to
construct the surrogate model, thereby capturing not only the
primary effects of the design variables but also their coupled
influences on the objective functions. This formulation
enables a more accurate representation of the underlying
performance trends and provides a reliable analytical
foundation for subsequent optimization:

y(x) =4, +Zai'81 + Z:Olifxi2 +Za[jx[xj 4
i=1 i=1 i=1

In the equation, 4y denotes the constant term coefficient,
while x; represents the design variables at different levels,
namely the tip clearance-to-blade height ratio (TC/H), the
blade leading-edge bending angle, and the trailing-edge
bending angle.

Using the selected design variables as inputs and the
impeller efficiency together with the aerodynamic work as
response outputs, response surface surrogate models are
constructed to approximate the behavior of the objective
functions within the defined design space. This surrogate
modeling approach enables the capture of nonlinear
relationships between the geometric parameters and
performance indicators while significantly reducing the
computational cost compared with direct high-fidelity
simulations. On the basis of the fitted response surfaces,
regression equations are derived for both impeller efficiency
and aerodynamic work, providing explicit functional
expressions that quantitatively describe the influence of the
design variables. These regression models serve as the
foundation for subsequent optimization, offering an efficient
and reliable means to explore the trade-off between
aerodynamic performance and aeroelastic stability. The

regression equations are expressed as follows:
7 =0.8883-0.05894-0.0058—-0.059C +

0.00364B -0.05554C +0.0079BC — &)

0.02854% —0.0526 B> —0.0297C*
A, =-0.0004-0.00024 —0.0024 B —0.0024C +

0.00034B8 +0.00074C +0.0045BC — (6)

0.00194% +0.0023B° +0.0023C>

Where variable A denotes the tip clearance-to-blade height
ratio (TC/H), B represents the leading-edge bending angle,
and C the trailing-edge bending angle.

As shown in Table VI, the regression equations
demonstrate excellent fitting performance, with both the
coefficient of determination (R?) and the adjusted R? values
being very close to 1. This indicates that the constructed
models are capable of accurately capturing the variation

trends in both efficiency and aerodynamic work across the
design space. Furthermore, the low standard deviation
highlights the minimal degree of data dispersion, confirming
that the simulation data are well represented by the fitted
regression surfaces. In addition, the predicted R? value is also
high, which reflects the strong capability of the models to
generalize beyond the sampled design points and reliably
predict the response behavior for unseen cases. Equally
important, the Adequate Precision values are much greater
than the critical threshold of 4, suggesting that the models
possess a high signal-to-noise ratio. This ensures that the
regression equations not only provide statistically significant
fits but also offer stable and dependable guidance for
subsequent optimization analyses.

TABLE VI
REGRESSION EQUATION ERROR STATISTICS

Statistical Index Efficiency Aerodynamic Work
Std. Dew. 0.0092 0.0001
Mean 0.8362 0.0009
C.V.% 1.10 16.28
R2 0.9934 0.9994
Adjusted R2 0.9850 0.9985
Predicted R2 0.8950 0.9898

Adep Precision 33.5241 145.8285

C. Response Surface Analysis of Impeller Efficiency and
Aerodynamic Work

The response surface plots fitted from the experimental
design data reveal the relationships between key geometric
parameters and the performance metrics. Figure 8 illustrates
the response surfaces of impeller efficiency and aerodynamic
work. Significant interaction effects are observed among the
design variables, with pronounced surface curvature
indicating strong nonlinear dependencies, underscoring the
importance of carefully balancing multiple design factors.
For impeller efficiency, Fig. 8(a) shows that efficiency
increases and then decreases with the leading-edge bending
angle (B1), reaching a maximum within 44°—46°, and further
improves with increasing TC/H. Fig. 8(b) highlights a similar
trend for TC/H, with efficiency rising more noticeably when
the trailing-edge bending angle (B-) is small but plateauing or
slightly declining when B2 exceeds 35°—40°, indicating limits
to the beneficial effect of outlet angle adjustments. Fig. 8(c)
confirms that peak efficiency occurs at f: = 44°—46°, with a
continuous increase as P grows, demonstrating the coupled
influence of inlet and outlet bending angles. The trends in
aerodynamic work, shown in Fig. 8(d)—(f), exhibit distinct
patterns: Fig. 8(d) indicates an initial increase followed by a
slight decrease with TC/H, while B: exerts a generally
negative effect on work. Fig. 8(¢) shows a maximum within
TC/H = 0.042-0.048, with non-monotonic variations along [z,
and Fig. 8(f) demonstrates that low B: and . values lead to
the highest aerodynamic work, implying that smaller inlet
and outlet angles enhance energy input but also elevate
energy dissipation. Collectively, these observations highlight
the intricate trade-offs among geometric configuration,
aerodynamic efficiency, and energy transfer, providing
insights for guiding multi-objective optimization and
improving overall impeller performance under varying
design conditions.
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Fig.8 Impeller efficiency and aerodynamic work response surface

Multi-objective optimization model:

D. Multi-Objective Optimization
max f, = U(TC/Haﬂlaﬂz)

To improve impeller efficiency while suppressing flutter,

TC/H, B1, and B2 are constrained variables. A multi-objective min /, = 4,(TC/H, B, ,)

optimization model is established, aiming to maximize 0.03<TC/H <0.06 (7
efficiency and minimize aerodynamic work (targeting 40< B, <50

negative values). Since multi-objective problems involve

. L L o 30< B3, <40

inherently conflicting goals, global optimization within ] )

specified variable ranges is necessary to achieve a balanced Where: 77 denotes impeller efficiency, 4, represents
optimal solution. aerodynamic work.
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TABLE VII
COMPARISON OF PREDICTED AND SIMULATED VALUES
Type TC/H Leading edge bending angle (°) Trailing edge bending angle (°) Efficiency Aerodynamic Work (J)
Predicted 0.039 47.284 32918 0.902 -0.0011
Simulated 0.039 47.28 32.92 0.900291 -0.00101912
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After performing response surface optimization on the
above multi-objective functions, the contour plot of the
optimization results is obtained as shown in Figure 9.
Optimization results indicate that TC/H, Bi, and B2
significantly influence both performance metrics. An
optimal combination of moderate TC/H (= 0.04), relatively
large B1 (= 47°), and appropriate P2 (= 33°) improves
efficiency and reduces flow loss. Excessively large TC/H or
B> increases energy dissipation, while increasing B: helps
reduce aerodynamic work and suppress flutter. The final
optimized parameters are TC/H=0.0391, B: =47.28°, and B
= 32.92° achieving high efficiency with minimal
aerodynamic work, contributing to improved system
stability.

To validate the optimization results, the predicted values
were compared with the simulation results. As shown in
Table VII, the CFX simulation data closely match the
predicted values, with an efficiency deviation within 0.189%
and an aerodynamic work deviation within 7.35%. This high
level of agreement confirms the predictive accuracy and
reliability of the response surface optimization method.

E. Analysis of Optimization Results

(1) Comparison of Blade Geometry Before and After
Optimization

After optimization

As illustrated in Fig. 10, the optimized impeller exhibits a
slight geometric modification, with the leading-edge
bending angle increased by 0.44° and the trailing-edge
bending angle reduced by 2.08°. These adjustments
contribute to a more favorable flow guidance and
redistribution of aerodynamic loading along the blade span.

Fig. 11 further compares the external performance
characteristics of the impeller before and after optimization.
Both models present similar overall performance trends,
where efficiency decreases gradually as the mass flow rate
increases. However, the optimized impeller demonstrates
clear performance gains, with efficiency improvements of
2.24% at TC/H=0.03 and 2.2% at TC/H = 0.05. Importantly,
these enhancements are achieved without sacrificing the
pressure ratio, which remains essentially unchanged,
thereby confirming that the optimization -effectively
enhances compressor efficiency while maintaining stable
pressure rise capability.

As shown in Fig.12, aerodynamic work is mainly
concentrated near the leading edge, indicating stronger
aerodynamic loading in this region. After optimization, the
area of positive aerodynamic work is significantly reduced,
suggesting more favorable energy characteristics.

Before optimization

Fig.10 Comparison of blades before and after optimization
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TABLE VIII
COMPARISON OF AERODYNAMIC WORK AND AERODYNAMIC DAMPING
COEFFICIENT BEFORE AND AFTER OPTIMIZATION

TCH Aerodynamic Work Aerodynamic
) damping coefficient
0.03 0.000519 0.00103
0.05 0.000102 0.00967
After optimization -0.00101912 0.0007815

As shown in Table VIII, the aecrodynamic work on the
blade surface changes from positive to negative after
optimization. The optimized impeller exhibits an
aerodynamic damping coefficient of 0.0007815 and an
aerodynamic work of -0.00101912 J. The positive damping
coefficient combined with the negative aerodynamic work
indicates that the incoming flow performs negative work on
the blade structure as a whole. According to the energy
method, a positive acrodynamic damping ratio and negative
aerodynamic work both suggest that the blade dissipates
energy during vibration, which is beneficial for suppressing
flutter and maintaining aeroelastic stability.

(3) Comparison of Mach Number Before and After
Optimization

Mach Number
1.586e+00

1.189e+00

7.929e-01

3.965e-01

1.000e-15

(a) TC/H=0.03
Mach Number
1.769e+00

1.327e+00

8.845e-01

4.422e-01

1.000e-15
(b) TC/H=0.05

(b) TC/H=0.05
Fig.12 Comparison of aerodynamic work on blade surface before and after optimization (left: suction side; right: pressure side)
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(c) After optimization
Fig.13 Optimize the Mach number of the front and rear blades

As illustrated in Fig. 13, a comparison between the TC/H
ratios of 0.03 and 0.05 reveals that an increase in TC/H leads
to more pronounced regions of high local Mach number
within the blade passage. These regions are prone to inducing
shock waves or flow separation on the suction side, thereby
increasing aerodynamic losses and load fluctuations. In
contrast, after optimization, the Mach number distribution
becomes significantly more uniform, and the peak values are
reduced. This indicates that the adverse pressure gradients
and vortex structures on the blade surface are effectively
suppressed, which not only mitigates the detrimental effects
of shock interference on impeller performance but also
improves the smoothness of flow within the passage and
enhances energy transfer efficiency.

(4) Comparison of Turbulence Eddy Dissipation Before
and After Optimization

The turbulence eddy dissipation rate on the blade surface
characterizes the rate at which turbulent kinetic energy is
transferred from larger coherent structures to smaller eddies
and eventually dissipated into thermal energy due to viscous
effects. This parameter provides critical insight into the local
turbulence intensity and mixing behavior within the
boundary layer and near-wall regions. In particular, high
dissipation zones typically coincide with regions of flow
separation, vortex shedding, and secondary flow
development, serving as indicators of elevated aerodynamic
losses and unsteady flow structures. As such, analyzing the
distribution of eddy dissipation on blade surfaces is essential
not only for evaluating aerodynamic efficiency but also for
assessing the potential onset of aeroelastic instabilities such
as flutter.

Volume 33, Issue 11, November 2025, Pages 4422-4436



Engineering Letters

Turbulence Eddy Dissipation

Contour 1 Contour 1 Contour 1
3.578e+09 4.410e+09 1.192e+10
33906+09 4.1786+09 |
3.201e+09 3.946e+09 1.073e+10
3.013e+09 3.714e+09
2.825e+09 3.482e+09 9.537e+09
2.636e+09 3.250e+09
2'4486+09 3.018e+09 8.345e+09
2.260e+09 2.786e+09
50716409 2.553e+09 7.153e+09
1.8838+09 2.321e+09

: 2.089e+09 5.960e+09
1.695e+09 1.8576+09
1.506e+09 1.625e+09 4.768e+09
1.318e+09
1.393e+09
1.130e+09 1.161e+09 3.576e+09
9.416e+08 9.285e+08
e
7.533e+08 6.964e+08 2.384e+09
5.649e+08 4.643e+08
3.766e+08 2.321e+08 1.192e+09
1.883e+08 1.926e+04
2.139e+04 [MA2 sA-3] 1.251e+04
[m”2 s*-3] [m*2 s7-3]

(a) TC/H=0.03

As illustrated in Fig. 14, the distributions of turbulence
eddy dissipation on both the suction and pressure surfaces of
the blade are compared for three cases: TC/H = 0.03, TC/H =
0.05, and the optimized configuration. The results
demonstrate significant variations in both the magnitude and
spatial extent of high-dissipation regions as the tip
clearance-to-span ratio (TC/H) changes. For TC/H = 0.05,
intense dissipation zones are primarily localized near the
blade tip and trailing edge, where increased tip leakage and
flow separation contribute to greater energy losses and
unsteady flow behavior. The enlarged tip clearance promotes
leakage vortex formation and intensifies the interaction
between primary and secondary flows, thereby amplifying
local turbulence and aerodynamic damping reduction.

In contrast, the optimized design exhibits a marked
suppression of peak dissipation levels and a more uniform
distribution of energy dissipation across the blade surface.
The extent of high dissipation regions is notably diminished,
indicating a reduction in local flow disturbances and a
mitigation of small-scale vortex activity. Particularly in the
rear section and tip region, the smoother gradients of
dissipation suggest improved boundary layer adherence and a
decrease in separated flow zones. These changes reflect a
more favorable pressure recovery process and improved flow
reattachment dynamics, resulting in enhanced internal flow
stability.

VI. CONCLUSION

This study conducts a comprehensive investigation into the
efficiency and flutter characteristics of centrifugal
compressor blades through an integrated approach combining
theoretical analysis and numerical simulation. The main
conclusions are as follows:

(1) Flutter analysis based on the traveling wave model and
energy method identifies the inter-blade phase angle (IBPA)
and aerodynamic damping ratio as critical parameters
governing blade aeroelastic stability. Numerical results show
that variations in the tip clearance-to-blade height ratio
(TC/H) significantly alter the distribution of aerodynamic
work and the location of shock waves on the blade surface.
These changes substantially influence the aerodynamic
energy transfer mechanism, providing a reliable foundation
for the quantitative evaluation of flutter risk.

(2) A multi-objective optimization framework was
developed using TC/H along with the blade inlet and outlet

Turbulence Eddy Dissipation

(b) TC/H=0.05

Turbulence Eddy Dissipation

(c) After optimization
Fig.14 Optimize the distribution of turbulent eddy dissipation rate of front and rear blades(left: suction side; right: pressure side)

metal angles (B: and PB2) as design variables, targeting both
aerodynamic efficiency and flutter suppression. The
optimized configuration indicates that a moderate TC/H, an
increased inlet metal angle, and a suitably tuned outlet angle
not only enhance overall compressor efficiency but also
reverse the aerodynamic work from positive to negative on
the blade surface. This transition effectively mitigates flutter
risk and improves the aeroelastic stability of the impeller.
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