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Abstract: The aerodynamic performance improvement of radial impellers is of positive significance
to improve the overall performance of hydrogen fuel cell systems (FCS). Our team proposes a multi-
degree-of-freedom (MDOF) surface parameterization method for the global automatic optimization
of radial impeller aerodynamics. The MDOF surface parameterization is characterized by fewer
variables, construction ease, smoothness, good flexibility, and blade strength maintenance. In this
paper, a radial impeller for a 100-kW fuel cell stack is optimized, showing the isentropic efficiency
increase of 0.7%, the flow rate increase of 3.77%, and the total pressure ratio increase of 0.37%.
The results revealed that the performance of the optimized radial impeller significantly improved,
verifying the validity and reliability of the proposed novel design optimization method and providing
technical support and methodological research of radial impeller aerodynamic optimization for
hydrogen FCS.

Keywords: radial impeller; aerodynamic optimization; three-dimensional surface parameterization;
fuel cell

1. Introduction

Thanks to the advantages of fast energy replenishment, low emission, smooth opera-
tion, and high energy conversion efficiency, vehicular hydrogen fuel cell systems are being
developed in various countries [1–3], despite their main drawback of high costs affecting
their practical application. A hydrogen-based proton exchange membrane (PEM) FCS
consists of a fuel cell stack, air supply system, hydrogen storage, thermal management
system, and water management system [4], as shown in Figure 1. An electric motor drives
an air compressor to pressurize and humidify the filtered air that is then provided to the
fuel cell reactor where hydrogen and oxygen (in the pressurized) air undergo a chemi-
cal reaction that outputs electrical energy to supply the motor and air compressor. The
exclusive compressors used in FCSs form one of the core components of the air supply
system [5] and account for up to 16.89% of the entire cost—the second-highest total cost of
the FCS next to the cost of fuel stack [4,6]. Importantly, the aerodynamic performance of
the compressors directly determines the comprehensive performance of the FCS [7], which
in turn has an impact on the overall performance and cost of the vehicle.

The most commonly used compressors in vehicular hydrogen fuel cells (HFC) are the
screw, scroll, slide, roots, and radial compressors. They each have unique advantages [8,9].
For the screw, radial, and roots compressors, a large flow rate, for instance, more than
90 g/s, is easy to achieve. Of these, high pressure can be easily realized for the screw and
radial-type compressors [10]. The scroll, screw, and slide compressors are all in the type of
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positive displacement [10–15], which can boost the pressure through the shrinkage of inner
chambers. In contrast, radial compressors inhale the gas and elevate the kinetic energy
through a rotating impeller at high speed to boost the pressure of air. Eaton [16] improved
the R340 TVS series of roots compressors by a P-Series Roots positive displacement design
and shifted the peak efficiency suit to an 80 kW PEM stack. Yuehua Li [17] highlights screw
and radial compressors as a good choice for FCSs due to their relatively low weight and
high pressure. Of these, radial compressors are recognized for their high reliability and
efficiency, especially those equipped with air bearings, which promotes pressure, rotating
speed, and efficiency significantly.
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a: Without motor and controller; b: With motor and controller; c: Including noise cover, intercooler mufflers. 

Figure 1. Schematic diagram of hydrogen FCS.

Table 1 [4,13] is a compilation of data obtained from the US Department of Energy
(DOE) comparing the performance of different types of compressors used in fuel cell
vehicles (FCVs). Here, it is revealed that radial compressors have obvious advantages
among them. As a result, the use of high-speed radial compressors as vehicular gas supply
devices has become an international trend.

Since the application of fuel cells in vehicles is still in the exploratory phase from
theory to practice, it is of great significance to improve the aerodynamic performance of
radial compressors for FCSs, which has emerged as a crucial topic in this field.

The radial compressor required for FCVs has characteristics of a small flow rate and
high total pressure ratio (up to 2.0–4.0) in a single stage, which has a narrow working area
and tends to work along the surge boundary. By properly increasing the gas supply flow
rate and gas supply pressure [3,4,18], both the power density and efficiency of the FCS
can be improved, as well as reduce the cost of the whole vehicle. Excessive gas supply
pressures, however, can increase the power consumption and lower the output efficiency of
the FCS. According to current research [19], the FCSs consumption can be further reduced
via isentropic efficiency promotion, which can be realized through the optimal design of
the radial impeller or blade.
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Table 1. Performance comparison of different types of compressors.

Scroll Screw Variable
Delivery Piston Roots Radial

FCS Net Power (kW) 50 80 50 80 80

Net input power (kW) at
full flow

5.2 (with
expander)

9.1 (with
expander)

5.4 (with
expander)

15.5 (with
expander)

15.7 (with
expander)

Input power vs. FCS Net
power (%)

10.4 (with
expander)

11.4 (with
expander)

10.8 (with
expander)

19.4 (with
expander)

19.6 (with
expander)

Pressure ratio at full load 3.2 2.9 3.2 2.5 2.5

Mass flow at full load (g/s) 76 90–100 76 92 92

Weight (kg) 36 a 39 c 27 b 23.5 22 b

Volume (liters) 27 a 52 c 48–65 b 12 15 b

a: Without motor and controller; b: With motor and controller; c: Including noise cover, intercooler mufflers.

In the past 40 years, in the three-dimensional (3D) field, optimization of the blade
design has focused mainly on two aspects: the optimization algorithm and the parametric
optimization method. In terms of optimization algorithms, it has gone through the process
from local optimization [20] to global optimization. Omidi et al. [21] used a hybrid method,
comprising a genetic algorithm and a simulation package to realize the global optimization,
simulate the function of a radial com impeller pressor, and evaluate the effects of losses in
the impeller. In terms of the parametric optimization, blade parameterization methods are
mainly divided into two categories: one is to fix the shape of each section and only change
the position of the stacking line; the other is to reshape the geometry of each section, i.e.,
deform the pressure and suction surfaces, or directly change the mid-arc and thickness
distribution [22,23]. Hehn et al. [24] used three independently designed camber curves
instead of ruled surfaces to optimize the blade geometry and aerodynamic analysis, which
required 156 optimization variables. The combined geometric and aerodynamic analysis
revealed that a forward-swept leading edge and a concave suction side at the tip of the lead-
ing edge are effective design features for reducing the shock wave strength and blade shape
of the optimized compressor impeller and enable favorable impeller outlet flow. Hilde-
brandt et al. [25] used 545 geometry parameters with the help of 3D-CFD and statistical
correlations based on the linear Pearson and the ranked Spearman coefficients to evaluate
the numerical aerodynamic analysis for the pressure slope optimization of a radial com-
pressor impeller. Li et al. [26] presented a 3-D multi-objective aerodynamic optimization
method by integrating a self-adaptive, multi-objective differential evolutionary algorithm,
3-D blade parameterization method, and RANS. Control points on blade hub and shroud
contours were selected as design variables. The total pressure ratio and isentropic efficiency
were increased by 1.26% and 3.06%, respectively. Liu et al. [27] redesigned a transonic
radial compressor impeller by a multi-point, multi-objective optimization method. Camber
curves of the blades and profiles at the tip and root sections of both main and splitter
blades were parametrized. A genetic algorithm was used as the optimization method. The
overall performances of baseline and optimum impellers were compared. Improvements
in the total pressure ratio (by 5.3%) and isentropic efficiency (by 1.9%) were captured.
Khalil Ekradi and Ali Madadi [28] present a procedure for three-dimensional optimization
of a transonic radial compressor impeller with splitter blades by integrating a 3D blade
parameterization method, a genetic algorithm (GA), an artificial neural network, and a
CFD solver. The isentropic efficiency is increased by 0.97% at the design point, and the total
pressure ratio and mass flow rate are increased by 0.74% and 0.65%, respectively. These
methods can alter the shape of the blade surface and achieve good design optimization
results for the radial impeller. Still, the author believes they cannot be considered surface
optimization methods due to the control variables based on curves rather than surfaces.
In such methods, surface generation is dependent on the skinning process built into the
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mesh generation software, causing many design optimization variable problems and low
optimization efficiency, or the surface is an inflexibility ruled blade.

Burguburu [29] first proposed a semi-blade Bezier surface parameterization method
that works with fewer control parameters and can attain high efficiency, surface smooth-
ness, and better intuition, thus providing a new parameterization direction in the design
optimization of axial flow compressor impeller. Cheng [30] applied this method to opti-
mize a single row rotor and single-stage transonic axial compressor impeller and achieved
ideal optimization results. Huang et al. [31] developed and proposed a full-blade surface
parameterization method of an axial flow compressor impeller to compensate for the low
degree of freedom of the semi-blade surface parameterization reformulation. The essence
of these surface parameterization methods is to modify the original blade surface by the
superposition of Bezier surfaces, which has a good construction convenience. However,
the spatial morphology of radial compressor impeller blades with non-ruled surfaces is
more distorted (greater inclination of the impeller inlet) compared with the shape of axial
compressor blades. Furthermore, the flow inside of a turbomachine is viscous and com-
pressible. These characters together with the complicated geometry of blades complicate
the flow study. Therefore, the application of traditional parameterization methods based
on surface superposition on radial compressor impeller blades is difficult.

In this paper, an improved MDOF surface parameterization method for the radial
impeller is proposed and an effective automated aerodynamic optimization system for radial
impeller blades is developed. The main blade and a splitter blade of the radial impeller
blade are parametrically reshaped using the MDOF surface parameterization method, and
the global optimization is carried out by using MIGA and the 3D CFD solver to explore the
optimization performance after using the new approaches for the vehicle-mounted radial
impeller, which is completely different from traditional parameterization methods.

2. MDOF Surface Parameterization Method for Radial Impeller Blades

Although computing power has developed rapidly in recent years, the current com-
puting power is still not sufficient for many engineering applications in optimization. The
“curse-of-dimensionality” problem is very difficult in the design optimization process that
has to be solved due to the lack of computational power. In the design optimization of
blades using the traditional parametric approach [22–25], the number of design variables
increases geometrically with the number of blade rows, and the design space increases ex-
ponentially, making it difficult to obtain an optimized solution within a limited engineering
time frame.

In recent years, Huang [31] proposed a full-blade surface parameterization method,
which considers the pressure and suction surface of the original blade as a whole, and then
the variable value of each point on a Bezier surface is superimposed on the circumferential
direction of the corresponding point of the original blade to form a new blade. Although
this method can achieve the purpose of dimensionality reduction, it is not flexible to modify
blade shape, and the blade optimization can often lead to blade thinning or even deformation
to weak-strength blades. In particular, the surface superposition direction of the full-blade
surface parameterization is circumferential, and the blade inclination at the inlet of the radial
impeller is relatively large, so the modified impeller is easily unable to intersect with the
casing line, thus making mesh generation and flow field calculation impossible.

In order to remedy this deficiency, this paper proposes the MDOF surface parameter-
ization method, shown in Figure 2, which is a parametric mapping and dimensionality
reduction method that includes the following characteristics: firstly, it does well in main-
taining the low-dimensional characteristics of the surface parameterization; secondly, it
improves the flexibility and smoothness of the pressure and suction surface reshaping;
thirdly, it maintains the blade thickness and mechanical strength in the process of opti-
mization; finally, it superimposes Bezier surfaces on the suction and pressure surfaces of
the original blade along their normal direction, respectively, and utilize the change in opti-
mization variables in a one-dimensional direction to realize the 3D geometric deformation
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of blade profiles. The high order continuity of the Bezier surface [32] can ensure that the
surface smoothness of the optimized blade is not lower than that of the original blade, thus
reducing the flow loss caused by the surface roughness and improving the quality and
efficiency during blade manufacturing and processing [33–36].
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Figure 2. Schematic diagram of the MDOF surface parameterization method.

In this paper, the fixed geometric parameters include the hub geometry data, inlet
diameter, outlet diameter, blade axial length, blade radial height, and blade thickness. The
variable geometry is the full 3D deformation of the main blade and splitter blade by the
MDOF method. The process of the MDOF surface parameterization method is shown in
Figure 3, which can be described by the following steps:

1. Determination of the leading edge (L.E.) and trailing edge (T.E.) points of the blade
by the monotonicity of transverse coordinates of the blade;

2. Encrypting the points of each cross-section by means of lateral interpolation;
3. Parameterizing the chord length of each section of the original blade. Since the Bezier

surface is a unit mapping surface in the computational domain, to make each point of
the original blade correspond to the Bezier surface it is necessary to parameterize the
chord length of each section of the original blade. The parameterization method is
expressed by Equations (1) and (2):

ξi,j =
∑i

c=1 lc
Lj

(1)

ηi,j =
∑

j
r=1 lr
Li

(2)

where ξi,j and ηi,j are the horizontal and vertical coordinates of the chord length
parameterized, respectively, I ∈ (1, Np) and Np refers to the number of points of each
radial section, j ∈ (1, Ns) and Ns refers to the total number of radial sections, lc refers
to the length of the cth segment of the chord length of the jth section in the radial
direction, Lj is the sum of the chord lengths of the jth section in the radial direction, lr
refers to the length of the rth segment of the radial length of the ith section in chord
direction, and Li is the sum of the radial lengths of the segments of the ith section in
chord direction.
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1. Generating the Bezier surface where the Bezier surface is defined by Equations (3)–(7).

S = ∑n
k=0

{
∑m

l=0 Pk,l Nm
l (v)

}
Nn

k (u) (3)

Nm
l (v) = Cm

l vl(1− v)m−l (4)

Nn
k (u) = Cn

k uk(1− u)n−k (5)

Cm
l =

{
m!

(m−l)!l! i f 0 ≤ l ≤ m

0 i f not
(6)

Cn
k =

{
n!

(n−k)!k! i f 0 ≤ k ≤ n

0 i f not
(7)

In Equation (3), S is the coordinate value of each point on the Bezier surface where
S = (Sx, Sy, Sz), Sx = ξi, j, Sy = ηi, j), Pk, l are the control vertexes of the Bezier
surface, for which there are a total of (m + 1) × (n + 1) control vertexes as variables,
Nn

k (u) and Nm
l (v) are Bernstein basis functions calculated from Equations (4) and (5)

(where v and u are two independent variables of the Bezier surface varying in the
range [0,1]), Cm

l is calculated by Equation (6), and Cn
k is calculated by Equation (7);

2. Setting the variable value of the control vertexes of the Bezier surface and then
calculating the variable value of each point on the Bezier surface and the original
blade surface;

3. Calculating the unit normal vector of each point on the original blade surface;
4. Superimposing the optimized variable, SZ, on the normal direction of the pressure

surface, with the magnitude and direction change in the suction surface consistent
with the pressure surface to finally generate a new blade as shown in Figure 2.

Figure 4 shows the distribution of control vertexes for the MDOF surface parame-
terization method. The suction and pressure surfaces have the same number of control
vertexes and distribution positions, i.e., ξ = ξ ′ with m + 1 points in the ξ direction and
n + 1 points in the η direction. The number of distribution points in the ξ and η directions
should be moderate. Excessive points will lead to an increase in the dimensionality of the
optimization variables and mutual interference of different control vertexes on the aerody-
namic performance due to the global support characteristic of the Bezier surface, which
will reduce the optimization efficiency. In contrast, few points will result in insufficient
optimization space and lead to poor optimization results.
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Figure 4. Distribution of the parameterized control vertexes.

The position of the red points of the leading edge of the pressure and suction surfaces
are fixed to ensure first-order continuity of the leading-edge connection. The pressure
surface control vertexes (green) are free moving points and the suction surface control
vertexes (blue) follow the moving points. In order to ensure the mechanical strength of the
blade and prevent it from being thinner or of wrong geometry, the following constraint is
implemented in the optimization process: the variable value of the points on the suction
surface must be consistent with the pressure surface, which enables a significant reduction
in the number of optimization variables whilst maintaining relatively good flexibility in
the modification.

Compared with traditional parameterization methods [22–31], which, for a single
blade, can require hundreds of variables and full 3D optimization surfaces that are difficult
to construct, the number of variables in the MDOF surface parameterization method is
effectively reduced to 20, which successfully achieves dimensionality reduction in the pa-
rameterization method and easy construction of the surface. At the same time, the method
can achieve better flexibility of reshaping, it takes into account the changes in pressure
surface and suction surface, maintains the smoothness of the blade profile, increases the
design optimization space, and provides a parametric basis for the flexible design of radial
compressor impeller blades.

3. Global Aerodynamic Optimization of Radial Compressor Impeller
3.1. Optimization Object

In this paper, a single-stage high-speed radial compressor in FCVs with a rated output
power of 100 kW is used as the optimization object. The 3D structure is shown in Figure 5
and aerodynamic performance is shown in Figure 6 and Table 2.
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Table 2. Aerodynamic and geometric parameters of the radial compressor.

Parameter Value

Rated output power of FCS (kw) 100
Rotation speed (rpm.) 60–100 k
Total pressure ratio 1.4–2.7
Design point Rotation speed (rpm) 100 k
Design point Mass flow (kg/s) 0.118
Design point Total pressure ratio 2.7
Design point Isentropic efficiency 83.5%
Non-dimensional speed coefficient 0.577
Blade numbers 16 (8 + 8)
Blade thickness(mm) 1
Relative tip clearance 2%
Radial exit angle (◦) 85

3.2. Numerical Methods and Validation

The capability of the CFD widely used for investigating the internal flow of radial com-
pressor impeller has been reported previously [37–39]. The EURANUS solver in NUMECA
Fine/Turbo software package is used to solve the 3D steady Reynolds averaged Navier–
Stokes equations. The S–A model with good robustness is adopted for the turbulence
model, and the fourth-order explicit Runge–Kutta model is used for the time marching.
The finite volume central difference scheme with second- and fourth-order artificial viscous
terms is used to control the pseudo-numerical oscillation in space discretization. The
convergence is accelerated by using multigrid, local time step, and implicit residual.
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The mesh is generated using the Autogrid5 module in NUMECA software. The mesh
details are shown in Figure 7 where HOH topology is used for the blade surface mesh,
4OH topology is used for the tip and hub gap meshes, and the thickness of the first mesh
layer near the wall is 1× 10−6 m to ensure Y+ ≤ 1. The same mesh settings are used for all
cases in the sample space during optimization to ensure comparable results.
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In order to ensure the mesh quality during the flow field calculation, the mesh irrel-
evance of the single channel of the main blade and the splitter blade are verified at the
same time. The mesh division numbers are 0.64 million, 0.85 million, 1.03 million, and
1.25 million, respectively, and their aerodynamic performances are shown in Figure 8. The
results show that when the mesh number reaches 1.03 million, the mesh independence
requirement can be satisfied, so the subsequent optimization process selects 1.03 million as
the set of mesh templates for calculation.

The fluid medium of the radial impeller (the research object) is compressible air.
The boundary conditions for numerical calculations are set as follows: the total inlet
temperature and total pressure of the compressor are 293 K and 101,325 Pa, respectively, the
inlet direction is axial, and the outlet is given as the average static pressure. The calculation
advances from the blockage point to the near-surge point by gradually increasing the
back-pressure, and the previous convergence point of the first divergence point is the
near-surge point. The blade surface and end wall are set to no-slip conditions.

In this paper, the Krain impeller (i.e., a high-performance radial impeller designed,
manufactured, and tested by the Krain team) was used as a reference to verify the valid-
ity of the numerical simulation [40,41]. The detailed geometric and experimental data
allows many researchers to use it as an arithmetic example for numerical verification
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and design reference. Figure 9 provides a comparison of the numerical simulation and
experimental data.
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From Figure 9, it can be seen that the numerical calculation of the isentropic efficiency
and the test data are close, with the overall value of the total pressure ratio being higher
than the reference value (a relative error of 15%). The numerical results are consistent with
those of Krain [42] and other researchers [28,43–45]. The error may be due to the following
three reasons:

1. The CFD calculation gives the outlet pressure as the average static pressure, while the
outlet during the test measurement is not the average static pressure;

2. Although Krain had published the impeller data and the experimental results, the
experiments gave the whole-stage performance curve of the compressor. Since the
geometric data of the vaneless diffuser used in the experiments were not published
publicly, the vaneless diffuser used in the numerical simulations in this paper is not
consistent with the diffuser used in the published experiments;

3. Deviation from the test in the blade inlet rounding treatment.

Some deviations exist between the numerical simulation and experimental results.
Still, the two are in good agreement concerning the trend of the performance curve. In gen-
eral, the numerical method could provide an accurate qualitative analysis of aerodynamic



Energies 2021, 14, 2716 11 of 25

performance variations before and after impeller optimization [45]. Moreover, similar
numerical experimental validation of fuel cell radial compressor impeller was published
by a collaborative team [46].

3.3. Optimization Process

From the above MDOF surface parameterization method, it can be seen that the
optimization scheme of the vehicle-mounted high-speed radial compressor impeller adopts
two 6 × 3 order Bezier surfaces to parameterize the main blade and splitter blade profiles
as shown in Figure 4. Each surface is set with seven control vertexes in the ξ direction
(0, 0.1, 0.3, 0.5, 0.7, 0.9, 1.0) and four points in the η direction (0, 0.4, 0.7, 1.0). In order to
ensure the first-order continuity at the leading edge, ξ1 and ξ2 need to be kept inactive. At
the same time, to ensure the physical significance of the blade geometry and ensure the
blade thickness does not become thinner during the optimization process, the variations
in the control vertexes in the suction surface need to be consistent with variations in the
corresponding control vertexes in the pressure surface. Ultimately, a pair of main blade
and splitter blade shape optimizations only requires 2 × 4 × 5 = 40 optimization variables.
If, however, the control vertexes are not limited, it requires 2 × 13 × 4 = 104 optimization
variables. This shows that, although the constraints on the simultaneous changes in the
suction and pressure surfaces reduce the design space, it ensures the physical significance
of the blade geometry and greatly improves the time efficiency of the optimization search.
As the distance between the adjacent main blades near the leading and trailing edges is
relatively long, the splitter blade is centered in between, reducing the adjacent distance
and causing the corresponding change range to become smaller (ξ6). By trial and error, the
variable ranges for control vertexes are set as shown in Tables 3 and 4.

Table 3. Range of variation in each control vertex for main blade.

Main
Blade/mm ξ3 ξ4 ξ5 ξ6 ξ7

η1 [−2.0, 0.5] [−2.0, 0.5] [−2.0, 0.5] [−1.0, 0.5] [−0.5, 0.5]
η2 [−2.0, 2.0] [−2.0, 2.0] [−2.0, 2.0] [−1.0, 1.0] [−0.5, 0.5]
η3 [−2.0, 2.0] [−2.0, 2.0] [−2.0, 2.0] [−1.0, 1.0] [−0.5, 0.5]
η4 [−0.3, 2.0] [−0.3, 2.0] [−0.3, 2.0] [−0.3, 1.0] [−0.5, 0.5]

Table 4. Range of variation in each control vertex for splitter blade.

Splitter
Blade/mm ξ3 ξ4 ξ5 ξ6 ξ7

η1 [−2.0, 0.5] [−2.0, 0.5] [−2.0, 0.5] [−1.0, 0.5] [−0.5, 0.5]
η2 [−2.0, 2.0] [−2.0, 2.0] [−2.0, 2.0] [−1.0, 1.0] [−0.5, 0.5]
η3 [−2.0, 2.0] [−2.0, 2.0] [−2.0, 2.0] [−1.0, 1.0] [−0.5, 0.5]
η4 [−0.3, 2.0] [−0.3, 2.0] [−0.3, 2.0] [−0.3, 1.0] [−0.5, 0.5]

MIGA [47] is the most popular and widely used evolutionary algorithm, which
simulates the selection, crossover, mutation, and genetic evolution process of biological
populations, and is a global optimization algorithm. Due to its good robustness and
adaptability, it is widely used in machine learning, engineering optimization, and other
fields. In this paper, MIGA is adopted for numerical optimization, which adds many islands
on the basis of the genetic algorithm. Because each individual can migrate among these
islands, this algorithm can effectively reduce the number of generations. The parameters
are set as shown in Table 5.
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Table 5. Parameter settings of MIGA.

Option Value

Sub-Population Size 10
Number of Islands 10
Number of Generations 20
Rate of Crossover 0.98
Rate of Mutation 0.01
Rate of Migration 0.01
Interval of Migration 5

Generally, FCS operates at 2 to 4 atm [3,4,8,10] and the power consumption by the
motor and compressor can be as high as 25% of the FCS total electrical output. Because of
the maximum power consumption at full load operation, the maximum rotational speed
(100 krpm) is selected as the design working condition. Moreover, for the radial compressor
of FCS with a narrow range of operating conditions, the isentropic efficiency of the off-
design point is positively related to the isentropic efficiency of the design point. This means
that the performance of the off-design points cannot be sacrificed when the performance
of the design point is improved [48]. In addition, both flow rate and total pressure ratio
increases are favorable for FCS cost reduction. In order to improve the optimization
efficiency, the single design point (chosen to be near the maximum efficiency) optimization
method is adopted. The isentropic efficiency maximization is set as the optimization
objective, with the mass flow rate and total pressure ratio as strong constraints, requiring
them not to decrease. The mathematical expressions are as follows:

Objective function:
max f = effd (8)

Constraint function:
mass ≥ massd_ori (9)

TPR ≥ TPRd_ori (10)

xL
i ≤ xi ≤ xU

i (11)

where effd is the isentropic efficiency at the design point, massd_Ori is the original mass flow
rate at the design point, mass is the mass flow rate at the design point of the new blade,
TPRd_Ori is the total pressure ratio at the design point of the original blade, TPR is the total
pressure ratio at the design point of the new blade, xi is the design variable, xL

i is the lower
limit of the variable, and xU

i is the upper limit of the variable.
The optimization process is shown in Figure 10. Firstly, the variation amount of the

control vertexes of the Bezier surface is read-in and the variation amount of the corre-
sponding original blade is calculated. The new blade geometry data are then formed by
surface superposition. Secondly, the flow field calculation is carried out to obtain the
aerodynamic performance of the new blade. If the aerodynamic performance does not
meet the requirements, the new variations in the control vertexes are given by the MIGA
until convergence or exit of the cycle when the upper limit of the number of iterations is
reached. The new geometric blade with the best performance is then the output.

3.4. Optimization Results and Analysis
3.4.1. Comparison of Blade Geometry

Figure 11 shows the comparison of blade geometry before and after optimization,
Figure 12 shows the comparison of Bezier surface change contour before and after opti-
mization, and Figure 13 shows the comparison of geometry at the hub, middle section, and
tip of the main and splitter blades before and after optimization.
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As for the main blade along in the span-wise direction, the deformation at the hub
bending to the pressure surface is the largest, while the middle section is essentially un-
changed, and the tip of the blade deformation bending to the suction surface is smaller.
Along the chord length direction, the deformation at the leading edge is basically un-
changed, while the deformation at the middle section bending to the pressure surface is
the largest (occurring mainly at the hub), and the deformation at the trailing edge bending
to the suction surface is smaller (occurring mainly at the tip). Therefore, the change in the
main blade causes the largest deformation at the middle of the hub bending to the pressure
surface, which gradually transits to a small deformation at the middle of the tip bending to
the suction surface.

As for the splitter blade along the spanwise direction, the deformation at the hub and
middle sections bending to the pressure surface are both small, while the deformation
at the tip bending to the suction surface is the largest. Along the chord length direction,
the leading edge is unchanged, while the deformation at the middle section bending to
the suction surface is the largest (occurring mainly at the tip), and the deformation at
the trailing edge bending to the suction surface is small (occurring mainly at the hub).
Therefore, the change in the splitter blade causes small deformation at the middle of the
hub bending to the pressure surface, which gradually transits to the largest at the middle
of the tip bending to the suction surface.

To sum up, the optimized flow channel area between the suction surface of the main
blade and the pressure surface of the splitter blade becomes wider, while the flow channel
area between the suction surface of the splitter blade and the pressure surface of the main
blade becomes narrower. The geometrical changes of the blade shape and flow channel
area inevitably leads to changes in the flow field structure.
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3.4.2. Comparison of Performance before and after Optimization

Table 6 shows the performance comparison of radial compressor impeller at the design
point before and after optimization. The flow rate of the optimized blade is increased by 3.77%
at the design point, the total pressure ratio is increased by 0.37%, the isentropic efficiency is
increased by 0.7%, and the comprehensive surge margin is increased by 2.7%, indicating that
the aerodynamic performance of the compressor has been significantly improved.

Table 6. Comparison of the performance at the design point before and after optimization.

Mass Flow (g/s) Total Pressure
Ratio

Isentropic
Efficiency

Comprehensive
Surge Margin 1

Original 118.33 2.70 83.5% 12.4%
Optimization 122.97 2.71 84.2% 15.7%

Relative change +3.77% +0.37% +0.7% +2.7%
1 Comprehensive surge margin =

(
Ps·Md
Pd·Ms − 1

)
× 100%. Ps: Total pressure at the surge point; Pd: Total pressure

at design point; Ms: Mass flow at the surge point; Md: Mass flow at design point.

Figure 14 shows the comparison of compressor characteristic lines before and after
optimization at the design speed. In the full flow rate range, the isentropic efficiency
characteristic line of the optimized compressor blade shifts upward as a whole with the
total pressure ratio basically unchanged in the flow rate range of 0.15 kg/s to 0.17 kg/s
and higher outside of this range. Therefore, it can be concluded that the optimized blade
improves the aerodynamic performance significantly in the full flow rate range.
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Figure 15 shows a comparison of the aerodynamic performance at different con-
ditions before and after optimization. The performance of the full-power condition is
improved without sacrificing the performance of the off-design condition. At 60% and
80% of full-power conditions, the performance is also improved to a certain extent, which
can achieve the purpose of this experiment. These results further verify that there is a
positive correlation between the design point and the off-design efficiency of the fuel cell
radial compressor.
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3.4.3. Flow field Analysis

Figure 16 shows the comparison of the entropy contour of the meridional surface
before and after optimization. After optimization, the low entropy region at the tip of the
inlet blade is increased, indicating that the backflow phenomenon at the corner of the inlet
is weakened, which is conducive to improving the flow field downstream, and increases
the low entropy region at the hub of the outlet thereby reducing losses. Figure 17 shows
the entropy contour of the S3 cross-section, from which it can be seen that the high entropy
region at the inlet A of I channel is significantly reduced after optimization. The entropy of
the B and C regions are slightly increased, and the high entropy regions at D and E of the
II channels are significantly reduced. After optimization, the inlet loss of the I channel is
reduced due to better matching with the inlet incidence angle, and the loss at the tip of the
II channel is reduced due to the geometric changes in the splitter blade tip that leads to
the reduction in the channel expansion angle and the corresponding reduction in the static
pressure expansion loss.
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Figure 18 shows the isentropic efficiency distribution of the downstream outlet along
the span-wise direction before and after optimization, which indicates that the efficiency
improvement mainly arises from the two regions (0.05, 0.2, and 0.7, 0.85) in the span-wise
direction. Figure 19 shows the distribution of the total pressure ratio at the downstream
exit of the impeller along the span-wise direction before and after optimization. The trade-
off between the total pressure ratio and efficiency in the high-efficiency region and the
efficiency is usually improved at the cost of lowering the total pressure ratio [43]. Although
the total pressure ratio at the hub is reduced after optimization, the inverse pressure
gradient in the flow path is also reduced, which improves the efficiency of the automotive
low-flow impeller. From Figures 11–13, it can be seen that the back curved angle of the
optimized splitter blade is increased, while the flange work and the load at the hub of the
blade are both decreased, accounting for the efficiency improvement and reduction in total
pressure at the blade hub. Figure 20 shows the entropy contour of the S3 cross-section at
the downstream outlet of the flow channel, showing the area of entropy reduction (in the
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dashed box) concentrated in the regions 0.05, 0.2, and 0.7, 0.85. The main reason for the
improved efficiency after optimization is the subsequent optimization of the flow field
structure due to the blade geometric deformation, explained in further detail later.
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From Figure 18, it can be seen that the most significant efficiency improvement is
roughly in the area of 10% and 80% in the span-wise direction. As such, the blade-to-blade
(B2B) surfaces of these two sections of the impeller are selected for flow-field analysis.

Figure 21 shows the relative Mach number contour on the B2B surface at 10% height of
the impeller blade, and Figure 22 shows the static pressure distribution at 10% height of the
blade. It is clear that the relative Mach number in the five areas of A, B, C, D, and E in the
optimized blade channel increases while the low-speed area decreases, which is conducive
to reducing the backflow loss. After optimization, the static pressure load along the surface
of the main blade and splitter blade is significantly reduced while the rising slope becomes
gentler, which can effectively reduce the low-speed area in the flow channel and delay
the separation position. Figure 23 is a comparison of the entropy contour of B2B at 10%
height of the blade, from which it is shown that the entropy values of regions G1 and G2
at the downstream exit of the suction surface of the optimized splitter blade are reduced,
while the entropy values of the F region at the downstream exit of the pressure surface of
the splitter blade are slightly increased. This is consistent with the entropy distribution at
10% radial region shown in Figure 20. After optimization, the pressure surface of the main
blade is close to the suction surface of the splitter blade and the blade channel expansion
angle is reduced, effectively reducing the loss caused by the inverse pressure gradient in
the channel. The pressure surface of the splitter blade is far from the suction surface of
the main blade, which increases the secondary flow loss caused by the lateral migration
of the boundary layer, though the loss is relatively smaller and does not affect the overall
efficiency improvement. Therefore, the efficiency improvement of the B2B flow surface at
10% height of the blade mainly depends on the reduction in the low-speed backflow area
in the blade channel, the reduction in the diffusion loss caused by the main blade pressure
surface being close to the suction surface of splitter blade, as well as the increase in the
back curved angle of the splitter blade.
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Figure 24 shows the relative Mach number cloud of the B2B surface at 80% height of
the blade, and Figure 25 shows the static pressure distribution at 80% height of the blade.
After optimization, the positive incidence angle is reduced, the matching of air-flow is
improved, and the high-value area and maximum value of the relative Mach number at
the leading edge of the suction surface are both reduced such that the shock wave loss at
the inlet is reduced. This can be verified from area A in Figure 17 and the entropy contour
of the inlet before and after optimization in Figure 16. The static pressure at the suction
surface of the optimized splitter blade rises more slowly and bears less load, which can
effectively reduce the low-speed area in the channel and delay separation position, thus
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reducing the flow loss at the outlet. Figure 26 shows the entropy contour of the B2B surface
at 80% height of the blade. After optimization, the high entropy area in the H1 and H2
regions at the downstream exit of the suction surface of the splitter blade is reduced, which
is consistent with the entropy distribution of regions D and E in Figure 17 and the region at
80% height at the exit shown in Figure 20. Furthermore, the suction surface of the splitter
blade is close to the pressure surface of the main blade, which effectively reduces the losses
caused by the inverse pressure gradient in the channel and the secondary flow caused by
the lateral migration of the boundary layer. Therefore, the efficiency improvement of the
B2B flow surface at 80% height mainly relies on the reduction in inlet positive incidence
angle, the matching improvement of the airflow angle, and the reduction in transverse
secondary flow loss and pressure expansion loss brought by the suction surface of the
splitter blade close to the pressure surface of the main blade.

Energies 2021, 14, x FOR PEER REVIEW 20 of 26 
 

pressure gradient in the channel. The pressure surface of the splitter blade is far from the 
suction surface of the main blade, which increases the secondary flow loss caused by the 
lateral migration of the boundary layer, though the loss is relatively smaller and does not 
affect the overall efficiency improvement. Therefore, the efficiency improvement of the 
B2B flow surface at 10% height of the blade mainly depends on the reduction in the low-
speed backflow area in the blade channel, the reduction in the diffusion loss caused by the 
main blade pressure surface being close to the suction surface of splitter blade, as well as 
the increase in the back curved angle of the splitter blade. 

 

  
 (a) Original (b) Optimized 

Figure 21. Comparison of Relative Mach number contour of the B2B surface at 10% height before and after optimization. 

  
Figure 22. Comparison of the static pressure distribution of the B2B surface at 10% height before and after optimization. Figure 22. Comparison of the static pressure distribution of the B2B surface at 10% height before and after optimization.

Energies 2021, 14, x FOR PEER REVIEW 21 of 26 
 

 

  
 (a) Original (b) Optimized 

Figure 23. Comparison of the entropy contour of B2B surface at 10% height before and after optimization. 

Figure 24 shows the relative Mach number cloud of the B2B surface at 80% height of 
the blade, and Figure 25 shows the static pressure distribution at 80% height of the blade. 
After optimization, the positive incidence angle is reduced, the matching of air-flow is 
improved, and the high-value area and maximum value of the relative Mach number at 
the leading edge of the suction surface are both reduced such that the shock wave loss at 
the inlet is reduced. This can be verified from area A in Figure 17 and the entropy contour 
of the inlet before and after optimization in Figure 16. The static pressure at the suction 
surface of the optimized splitter blade rises more slowly and bears less load, which can 
effectively reduce the low-speed area in the channel and delay separation position, thus 
reducing the flow loss at the outlet. Figure 26 shows the entropy contour of the B2B surface 
at 80% height of the blade. After optimization, the high entropy area in the H1 and H2 
regions at the downstream exit of the suction surface of the splitter blade is reduced, 
which is consistent with the entropy distribution of regions D and E in Figure 17 and the 
region at 80% height at the exit shown in Figure 20. Furthermore, the suction surface of 
the splitter blade is close to the pressure surface of the main blade, which effectively re-
duces the losses caused by the inverse pressure gradient in the channel and the secondary 
flow caused by the lateral migration of the boundary layer. Therefore, the efficiency im-
provement of the B2B flow surface at 80% height mainly relies on the reduction in inlet 
positive incidence angle, the matching improvement of the airflow angle, and the reduc-
tion in transverse secondary flow loss and pressure expansion loss brought by the suction 
surface of the splitter blade close to the pressure surface of the main blade. 

  

Figure 23. Comparison of the entropy contour of B2B surface at 10% height before and after optimization.



Energies 2021, 14, 2716 21 of 25Energies 2021, 14, x FOR PEER REVIEW 22 of 26 
 

 

  
 (a) Original (b) Optimized 

Figure 24. Comparison of the relative Mach number contour of the B2B surface at 80% height before and after optimization. 

  

Figure 25. Comparison of the static pressure curve of the B2B surface at 80% height before and after optimization. 

 

  
(a) Original (b) Optimized 

Figure 26. Comparison of the entropy contour of the B2B surface at 80% height before and after optimization. 

4. Conclusions 

Figure 24. Comparison of the relative Mach number contour of the B2B surface at 80% height before and after optimization.

Energies 2021, 14, x FOR PEER REVIEW 22 of 26 
 

 

  
 (a) Original (b) Optimized 

Figure 24. Comparison of the relative Mach number contour of the B2B surface at 80% height before and after optimization. 

  

Figure 25. Comparison of the static pressure curve of the B2B surface at 80% height before and after optimization. 

 

  
(a) Original (b) Optimized 

Figure 26. Comparison of the entropy contour of the B2B surface at 80% height before and after optimization. 

4. Conclusions 

Figure 25. Comparison of the static pressure curve of the B2B surface at 80% height before and after optimization.

Energies 2021, 14, x FOR PEER REVIEW 22 of 26 
 

 

  
 (a) Original (b) Optimized 

Figure 24. Comparison of the relative Mach number contour of the B2B surface at 80% height before and after optimization. 

  

Figure 25. Comparison of the static pressure curve of the B2B surface at 80% height before and after optimization. 

 

  
(a) Original (b) Optimized 

Figure 26. Comparison of the entropy contour of the B2B surface at 80% height before and after optimization. 

4. Conclusions 

Figure 26. Comparison of the entropy contour of the B2B surface at 80% height before and after
optimization.



Energies 2021, 14, 2716 22 of 25

4. Conclusions

This study was conducted to solve the black-box problem in the parameter optimiza-
tion of radial impeller aerodynamic. MDOF surface parameterization, MIGA, and CFD
flow field analysis are combined to construct an automated optimization system for op-
timizing the performance of radial impeller used in vehicular HFCs. The optimization
objective was to maximize the radial impeller aerodynamic efficiency, with no reduction in
the flow rate and total pressure ratio as the constraints. The conclusions of the experiment
are as follows:

1. After optimization, in the hub region of the radial impeller blade, the pressure surface
of the main blade bends toward the suction surface of the splitter blade, whilst in
the tip region of the blade, the suction surface of the splitter blade bends toward the
pressure surface of the main blade. The relative Mach number in the blade channel
increases, the static pressure load on the blade surface decreases, and the rising slope
of static pressure becomes slower. In 0.05, 0.2, and 0.7, 0.85, the variation range along
the span-wise direction and the efficiency improvement of the impeller are most
obvious. The efficiency improvement at the design point is mainly due to (i) reduction
in the low-speed zone in the blade channel at the hub, (ii) the increase in the back
curved angle at the hub of the splitter blade, (iii) the reduction in the inlet positive
incidence angle at the tip of the blade, and (iv) the reduction in secondary flow loss
and pressure expansion loss brought by the pressure surface of the main blade near
the suction surface of the splitter blade;

2. The MDOF surface parameterization method has the advantages of remarkable low-
dimensional characteristics, better flexibility of modification, surface smoothness, and
ease of construction. The number of design variables can be controlled to be no more
than 40 for two blade rows in the optimization process, which successfully achieves
the purpose of dimensionality reduction in the parameterization method. At the same
time, due to the simultaneous change in the suction and pressure surfaces, the blade
thickness and strength can be better maintained and the generation of wrong blades
can be avoided;

3. A global optimization-seeking method based on MDF surface parameterization can
be successfully used for the aerodynamic optimization of vehicular HFCs radial im-
peller blades. The optimized design operation performance is greatly improved, and
verifying that the design operation is optimized without sacrificing the performance
of the off-design operation. The proposed novel method provides technical support
and a way of theoretical exploration for exploring the aerodynamic optimization of
the radial compressor for vehicular HFCs.
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Nomenclature

Abbreviations

MDOF multi-degree-of-freedom
PEM proton exchange membrane
FCS fuel cell systems
FCVs fuel cell vehicles
L.E. leading edge
Ori Original
CFD Computational Fluid Dynamics
MIGA multi-island genetic algorithm
HFC hydrogen fuel cells
3D three-dimensional
T.E. trailing edge
Opt Optimized
DOE Department of Energy

Symbol

Ps Total pressure at the surge point
Ms Mass flow at the surge point
d_ori design point original
mass mass flow
ηi,j vertical coordinates of the chord length parameterized
1, Np number of points of each radial section
lc length of the cth segment of the chord length of the jth section in the radial direction
Lj the sum of the chord lengths of the jth section in the radial direction
S =

(
Sx, Sy, Sz

)
the coordinate value of each point on the Bezier surface es

v, u independent variables of the Bezier surface
rpm revolutions Per Minute
Pd Total pressure at design point
Md Mass flow at design point
eff Efficiency
TRP total pressure ratio
ξi,j horizontal coordinates of the chord length parameterized
1, Ns total number of radial sections
lr length of the rth segment of the radial length of the ith section in chord direction
Li sum of the radial lengths of the segments of the ith section in chord direction
Pk,l the control vertexes of the Bezier surface for which there are a total
Nn

k (u), Nm
l (v) Bernstein basis functions
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