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Abstract: The compact structure and stable performance of regenerative blowers at small flow
rates render them attractive for the development of hydrogen recirculation devices for fuel cells.
However, its optimization of structural parameters has not been yet reported in the literature. Along
these lines, in this work, a mechanistic study was carried out in terms of examining the role of the
flow channel structure on the performance of a regenerative-type hydrogen recirculation blower
for the fabrication of automotive fuel cells. A three-dimensional computational fluid dynamics
(CFDs) model of the regenerative blower was established, and the accuracy of the proposed model
was verified through experimental data. The impact of structural parameter interactions on the
performance of the regenerative blower was investigated using CFD technology, response surface
methodology (RSM), and genetic algorithm (GA). First, the range of the structural parameters was
selected according to the actual operation, and the influence of a single geometric factor on the
efficiency was thoroughly investigated using CFD simulation. Then, a second-order regression
model was successfully established using RSM. The response surface model was solved using GA to
obtain the optimized geometric parameters and the reliability of the GA optimization was verified by
performing CFD simulations. From our analysis, it was demonstrated that the interaction of the blade
angle and impeller inner diameter has a significant impact on efficiency. The entropy generation
analysis showed also that the internal flow loss of the optimized regenerative blower was significantly
reduced, and the design point efficiency reached 51.7%, which was significantly improved. Our
work provides a novel solution for the design of a recirculation blower and offers a reference for the
optimization of regenerative-type hydrogen blowers.

Keywords: hydrogen recirculation; regenerative blower; interaction of parameters; response surface
methodology; entropy generation

1. Introduction

The growth rate in the number of automobiles globally has raised concerns about the
growing environmental pollution and energy crisis [1]. To this end, in view of the large
demand for fossil fuels in conventional internal combustion engine vehicles, as well as the
problems of atmospheric pollution and the greenhouse effect [2], some countries have taken
action to reduce carbon emissions for realizing global energy sustainability [3]. As a result,
there is an urgent need for the exploitation of other alternative sustainable energy sources.
A promising alternative to future fossil fuel-based energy systems appears to be hydrogen
energy [4]; hydrogen has a high energy density and its oxidation product consists of pure
water, which is a sustainable green energy source with abundant reserves [5–7]. Moreover,
hydrogen energy is also a widely discussed source of renewable energy with strong links
to sustainability; it can be used as a clean energy source, and by using renewable energy
sources, such as solar or wind, to generate hydrogen, dependence on conventional energy
sources can be reduced. Thereby, hydrogen energy can reduce greenhouse gas emission
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to advance sustainability, and as a result, it plays an increasingly important role on the
world energy stage [8]. Some scholars have called it “the ultimate energy source of the 21st
century” [9].

As one of the main ways to utilize hydrogen energy, proton exchange membrane
fuel cells (PEMFCs) are ideally suited for vehicles and are considered a clean energy
technology with strong links to sustainability. Due to their high energy density, high
efficiency, fast start up, zero emission, and low maintenance and noise, they are viewed as
the most promising green energy converters to replace conventional internal combustion
engines [5,10,11]. Compared to renewable energy sources such as solar and wind turbines,
hydrogen fuel cells are not affected by environmental factors such as temperature, seasons,
and geology [12]. Recently, PEMFCs have attracted many companies and institutes to
participate in the development of their technology [13].

The core of a hydrogen fuel cell vehicle is the PEMFC [14], where in practice, to
avoid the risk of fuel shortage, the anode inlet of the PEMFC always passes into the
excess hydrogen [15–17]. Alarmingly, if the unreacted hydrogen inside the stack is directly
discharged from the anode outlet, it will not only reduce the efficiency of the PEMFC, but
there is also a safety hazard. To ensure the reliable and high-efficiency operation of the
PEMFC and enhance the hydrogen utilization rate, hydrogen recirculation devices are
generally used to re-pressurize the anode outlet and send it back to the hydrogen supply
line. Then, the gas re-mixed with the fresh hydrogen from the gas cylinder enters the stack
to perform an electrochemical reaction; a simplified anodic hydrogen recirculation system is
shown in Figure 1. Additionally, during the operation of the hydrogen recirculation device,
excess water can be also brought out by recirculating the excess hydrogen, effectively
preventing flooding of the stack.
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Currently, the main hydrogen recirculation devices for automotive fuel cells are ejec-
tors, blowers, and their combinations. Ejectors are characterized by a compact structure,
reliable operation, no moving elements, no parasitic power, and no pollution [18]. The
high-pressure hydrogen from the vehicle cylinder flows into the ejector as the primary flow,
its velocity increases, and the pressure decreases after passing through the nozzle. The un-
reacted hydrogen and water vapour from the stack anode outlet are called secondary flow,
which is sucked into the secondary inflow port under the impact of pressure difference.
Subsequently, these two fluids flow into the mixing chamber together, inside the mixing
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chamber, where they mix with each other and their velocities are balanced correspondingly.
At the mixing chamber outlet, the velocity of the mixed fluid is almost uniform. Then, the
mixed fluid flows into the diffuser, and under the impact of diffusion, the static pressure
increases and the velocity decreases. The mixed fluid pressure at the outlet of the ejector
is higher than the anode exhaust, and the increased pressure of the mixed fluid meets the
inlet requirements of the anode of the stack. Finally, the fluid runs into the anode inlet to
complete the process of recirculation [14]. The properties of ejectors have been extensively
examined in the literature, including their design [19–23] and optimization [1,5,15,24–30].
However, neither single ejectors [31], variable cross-section ejectors [23], multi-nozzle ejec-
tors [32], nor dual-ejector combinations [33] can fully satisfy the entire range of fuel cell
operations. On top of that, ejectors are particularly unable to reach a high entrainment ratio
in the case of small power operations.

Mechanical blowers driven by motors can also realize hydrogen recirculation, and
recirculation blowers are easy to control and have superior performance at non-designed
points, which have been broadly used as hydrogen circulation devices, particularly for
automotive applications [34]. However, if a recirculation blower is used alone to realize
hydrogen recirculation under the whole condition of the cell, the motor will inevitably
consume too much extra power of the electric stack. Therefore, future development schemes
of hydrogen recirculation devices should include the utilization of the ejector in parallel
with a recirculation blower [14], where the ejector can realize hydrogen recirculation under
medium- and high-power operation, and the blower operates at the small power point of
the electric stack, which will not consume too much electric power.

Currently, the mechanical blowers applied in the hydrogen recirculation field are
mainly volumetric and vane-type blowers. In terms of positive displacement blowers, claw
blowers are characterized by a simple and compact structure, high reliability, and the ability
to run without oil [35]. Hydrogen molecules are particularly small and very easy to leak.
Therefore, the claw blower requires a precise fit between its components, which increases
its manufacturing cost accordingly. Furthermore, the clearance between the two claws, as
well as between the claws and the housing, is particularly narrow, which could also cause
severe component wear problems. Meanwhile, with the rising internal pressure during
operation, the saturated water vapour in the anode exhaust gas of the stack will cross the
saturation line to produce liquid water. Under the action of surface tension, the liquid water
will gather in the internal gap of the blower and condense into liquid droplets. Because of
the cold weather in the winter in northern areas, the condensed liquid droplets inside the
blower will freeze, resulting in the inability of the claw blower to operate, which seriously
impedes its use. It is clear from the above-mentioned analysis that the severe wear, short
life, and icing problems of claw blowers limit their use in hydrogen recirculation systems.
Roots blowers have the characteristics of relatively low compression efficiency and high
electricity consumption, and operate without built-in compression [34], while similar to
claw blowers, Roots blowers also require a high machined fit of the rotor. In addition, high
vibration and noise vibration limit their use in PEMFC vehicles [36]. Additionally, with
the increasing power of fuel cells, the required pressure rise of anodes is also increasing;
however, the structural limitations of the Roots blower and its low energy efficiency at high
discharge pressure ratio conditions [37,38] limit its wide implementation. Compared with
the above blowers, scroll blowers have the advantages of small size and light weight [39],
but their outlet pressure fluctuates greatly, which adversely affects the proton exchange
membrane inside the stacks. Meanwhile, the machining of the scroll compression surface
and its inspection are very complex, requiring high-precision manufacturing and precise
centring assembly techniques, which increase the manufacturing costs. The sealing between
the two scroll disks also increases the wear of the end faces, and if a certain motion gap
is maintained, it leads to increased leakage and reduced performance [14]. Diaphragm
pumps can operate without oil conditions, and for compressed hydrogen, no leakage can
be generated, which can ensure the purity of the gas [40]. Nonetheless, frequent diaphragm
failures are a fatal disadvantage of diaphragm blowers [41], and therefore, diaphragm life
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must be ensured before being applied to large-scale applications [41,42]. For vane-type
blowers, centrifugal blowers have the characteristics of compact structure, highly efficient
operation [43], and low noise and wear; these advantages are particularly necessary for
vehicles. However, some works in the literature have argued that the centrifugal blower’s
speed must reach hundreds of thousands of revolutions so that the pressure rise can meet
the fuel cell anode recirculation, but such high speeds pose significant challenges for the
motor and bearing [44]. In addition, flow instabilities, such as surge and stall, are one of the
major drawbacks of centrifugal blowers [45]. As far as the head is concerned, regenerative
blowers have good performance and can operate without oil, while their simple and
compact structure leads to low manufacturing costs [46], and high operational stability
even at small flow rates [47]. Currently, in the field of hydrogen recirculation devices
for automotive PEMFCs, regenerative blowers with small fluctuations in outlet pressure
are considered to be the most likely alternative to positive displacement blowers [48,49].
However, the only drawback of the regenerative blower is its low operation efficiency,
which can be attributed to the internal gas gain energy from the impeller due to multiple
collisions inside the blower, resulting in relatively high flow losses and efficiencies usually
lower than 45–50% [46].

In summary, volumetric blowers need high-precision machining. Additionally, the
different degrees of wear seriously reduce their service life. In particular, for vane-type
blowers, the centrifugal blower needs to reach hundreds of thousands of RPM; as a result,
such high speed not only causes a great deal of trouble in the selection and design of the
motor and bearings, but liquid strike on the impellers will be also aggravated, its operation
lifespan will be shortened, and at the same time, stalling and surging also limit its use.
The regenerative blower possesses the following comparative advantages: (1) small flow
conditions can be realized under stable operation, (2) it does not require high-precision
machining nor experience wear and tear similar to the volumetric blower; and (3) it does
not need to achieve hundreds of thousands of RPM to meet the fuel cell anode pressure
rise demand. However, its only drawback is low efficiency. As was previously analysed,
the future development trend of hydrogen recirculation devices is ejectors in parallel
with blowers. The ejector can realize the hydrogen recirculation in the fuel cell in the
middle- and high-power conditions, and the small power operating conditions can be
compensated for by a mechanical blower. When the regenerative blower is connected in
parallel with the ejector, the ejector is used to realize hydrogen recirculation under the
middle- and high-power conditions of the stack. The regenerative blower can stably run in
low-power operation mode under a small flow rate, and despite the low efficiency of the
single regenerative blower, the whole recirculation system does not suffer from too high
energy consumption.

Research on the use of regenerative blowers in fuel cell hydrogen recirculation is
very slight. Kim et al. [48] used a CFD method to study the characteristic of a hydrogen
regenerative blower and improved the accuracy of the performance prediction by correcting
the loss model. Badami et al. [49] established a one-dimensional model of a hydrogen
recirculation regenerative blower for an automotive PEMFC by simply modifying the
one-dimensional model. The theoretical model was experimentally validated and the
performance of the blower was predicted reasonably and accurately. The authors also
provided a substantial contribution to the rapid design of this type of blower. After that,
Badami et al. [50] investigated the impact of leakage for an automotive PEMFC regenerative-
type hydrogen delivery blower, indicating that the performance of the blower rapidly
decreased with the increase in the gap. Three-dimensional CFD analyses were also carried
out by Badami [51], which not only provided a better understanding of the regenerative
blower’s internal fluid dynamics, but the CFD analysis results can also be compared
with the one-dimensional theory to analyse the assumptions made in the previous one-
dimensional model. Although the optimization of the hydrogen regenerative blower is
especially important because of its low efficiency, the optimization of the flow path of the
hydrogen regenerative blower has not been yet reported in the literature. The response
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surface methodology (RSM) is a proven method to research the interaction between different
factors, and it is capable of determining the relationship between different variables [52].
The RSM, in combination with the CFD simulation and genetic algorithm (GA), has been
used to perform geometrical–structural interaction analysis and the geometrical parameter
optimization [53–58]. Under this perspective, the aim of this work is to improve the
efficiency of a hydrogen regenerative blower by performing geometrical optimization
and reveal the influence of geometric parameters on the performance of the regenerative
blower. In this work, a three-dimensional CFD model of the regenerative blower was first
established and experiments were conducted to verify the accuracy of the model. The range
of the dimensional parameters was selected according to the actual application, and the
impact of single-factor geometrical parameters on the performance was first analysed. After
that, the interactions between the different geometrical factors were researched using the
central composite design (CCD) and the RSM methods. Additionally, a regression model
was developed by means of the RSM results, and the regression model was solved using a
genetic algorithm (GA), as a result, a globally optimal solution for the geometrical sizes of
the hydrogen regenerative blower is obtained. The effectiveness of the optimized results
was validated by carrying out CFD solutions, and the entropy generation distributions in
the internal flow field of the original design and the optimized design were compared and
analysed. Finally, it was found that the efficiency of the optimized regenerative blower was
significantly improved under different operating conditions.

2. Methods

As can be seen in Figure 2, a regenerative blower generally consists of an impeller and
a casing. The former contains vanes around the impeller, and the latter has a machined
side channel with the inlet and outlet ends separated by a septum. In the past, two theories
have mainly developed to analyse the principle of the regenerative blower: namely, the
turbulent theory and the momentum exchange theory. Later, based on a large number of
experimental studies, it was found that the momentum exchange theory is more accurate.
More specifically, as the fluid flows from the inlet to the outlet ports, it will undergo
the impact of meridional circulatory motion generated by the centrifugal field of the
impeller. Therefore, the fluid goes into the vane grooves several times to increase its
angular momentum. When the fluid enters the side channel, it will be mixed with the fluid
inside the channel, and as a result, the pressure of the fluid inside will be increased [59].
As shown in Figure 3, the fluid motion inside the regenerative blower can be described
by two components: the tangential component of the flow determines the effective flow
rate Q and the meridional component determines the recirculation flow rate Qm. Table 1
lists the anode pressure drop and flow rate parameters of the fuel cell stack, and Case 5
is the design point. According to the design point operating conditions, a radial vane
hydrogen recirculation regenerative blower for automotive fuel cells was designed based
on the momentum exchange theory, and its main geometrical parameters and schematic
diagrams are depicted in Figure 4 and Table 2.

Table 1. PEMFC anode pressure and flow conditions.

Case
Anode Inlet

Gauge Pressure
(kPa)

Anode Outlet
Gauge Pressure

(kPa)

Pressure Drop
(kPa)

Anode Outlet
Flow (g s−1)

1 95 86 9 1.8
2 115 106 9 2.17
3 125 116 9 2.53
4 125 114 11 2.89
5 135 120 15 3.24
6 141 124 17 3.61
7 145 126 19 3.97
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Table 2. Main characteristics of the initial regenerative blower.

Parameters Unit Value

External radius of the impeller, r mm 60
Inner radius of the impeller, ri mm 35
Number of vanes, z / 40
Thickness of the vanes, t mm 1.5
Angle of the vanes, θ ◦ 90
Height of the vanes, h mm 25
Width of the vanes, w mm 12.5
Height of the side channel, hc mm 25
Width of the side channel, wc mm 12.5
Angle of the septum, θs

◦ 30
Axial clearance, G mm 0.2
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2.1. CFD Numerical Models

A three-dimensional CFD model of the PEMFC regenerative blower was developed
by means of ANSYS Fluent 2021R1. Since the present analysis only focuses on steady-
state results, the “Multiple-Reference-Frame (MRF)” technique was considered the most
appropriate because more satisfactory results on the mechanical properties of the impeller
can be obtained, with high stability and a short computational time, in terms of pressure
ratios, mass flow rates, and efficiencies. In dealing with the flow from the rotating domain
to the stationary domain (or vice versa), the MRF model was realized by changing the
reference system while maintaining the relative positions of these fluid domains. This
method is characterized by high stability and uses less computational resources compared
to other methods [60].

2.1.1. Simulation Assumptions

To simulate the flow inside the hydrogen regenerative blower of the PEMFCs, the
following assumptions were made:

1. The fuel cell anode exhaust is regarded as an ideal gas and its state parameters satisfy
the ideal gas equation:

P = ρRT (1)

where P is the absolute pressure, ρ denotes the density, R refers to the specific gas constant,
and T represents the temperature.

2. The condensation of the water vapour inside the regenerative blower was ignored, so
the internal flow in the blower is in a single phase.

3. The internal flow rate inside the regenerative blower is very fast, and the fluid does
not have time to heat transfer, so it was assumed that the internal walls are adiabatic.

4. The gravity of gas molecules from the anode outlet was ignored.

2.1.2. Governing Equations

The steady turbulent flow was used to describe the internal flow of the regenerative
blower, and the high-speed internal flow was compressible. Several conservation equations
are listed below:

Mass conservation:
∇
(
ρ
→
u
)
= 0, (2)
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Momentum conservation:

∇
(
ρui

→
u
)
= − ∂P

∂xi
+

(
∂τii
∂xi

+
∂τji

∂xj
+

∂τki
∂xk

)
+ ρ fi, (3)

Energy conservation:

∇
(→

u (ρE + P)
)
= ∇

[
ke f f∇T − ∑

c
hc Jc +

(
τ·→u

)]
, (4)

Species transport equation:

∇
(
ρ
→
uYc

)
= −∇

→
Jc , (5)

where
→
u is the velocity vector; i, j, and k stand for the directions; τ is the stress tensor; E is

total energy; f is the mass force; ke f f refers to the effective thermal conductivity; hc is the
enthalpy of species c; Jc represents the diffusive flux of species c; and Yc denotes the mass
fraction of species c.

The turbulence model is an additional equation to solve the Navier–Stokes equation.
The shear stress transport (SST) k-ω turbulence model was adopted, which shows satisfac-
tory accuracy in the simulation calculation of other types of regenerative blowers [51,61–63].
The governing equations are as follows:

∂

∂xi
(ρkvi) =

∂

∂xj

(
Γk

∂k
∂xj

)
+ Gk − Yk (6)

∂

∂xJ
(ρωvi) =

∂

∂xj

(
Γω

∂ω

∂xj

)
+ Gω − Yω + Dω (7)

where Γk and Γω refer to the effective diffusivities of k and ω, respectively; Gk and Gω

stand for the production rates of k and ω, respectively; Yk and Yω represent the diffusivities
of k and ω, respectively; and Dω is the transverse diffusion term of ω.

The above control equations were solved using a pressure-based coupled solver, and
the discretization of momentum, components of species transport, turbulent kinetic energy,
and turbulent dissipation rate were all in a second-order scheme.

2.1.3. Boundary Conditions

The PEMFC anode outlet is located at the inlet of the hydrogen regenerative blower,
and the components and proportions of the mixed gas in the anode exhaust are presented
in Table 3. The inlet boundary condition adopts the pressure inlet and the outlet boundary
condition adopts the mass flow outlet, and the boundary condition settings are shown in
Table 4. The target pressure rise of the blower was 15 kPa, and the user-defined function
(UDF) was used to automatically adjust the speed until the pressure difference between the
inlet and outlet was stabilized at 15 kPa.

Table 3. Components and proportions of the mixed gas.

Components of the Mixed Gas Mole Fraction

Hydrogen 0.78
Water vapour 0.15

Nitrogen 0.07
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Table 4. Boundary conditions.

Boundary Type Values

Inlet
Pressure inlet (gauge pressure) (kPa) 120
Inlet temperature (k) 338.15

Outlet Mass flow outlet (g s−1) 3.24

2.1.4. Model Validation

The experimental testing of the regenerative blower was carried out in the Kaigrisen
laboratory using a rig, as shown in Figure 5, and a schematic diagram of the rig is as displayed
in Figure 6. The basic procedure of Figure 6 can be described as follows: First, the operator
should open the manual valve. Then, the air compressor should be started so that the air
enters into the main line. The compressed air after the filter moves in two directions. One way
is through the pressure-reducing valve as the control air source of a pneumatic backpressure
valve. The other way is through the pressure-reducing valve, the pressure gauge, the safety
valve, and the solenoid valve in sequence. At last, the air source is regarded as a test gas of
the recirculation blower to measure the external characteristics. The pressure rise and mass
flow characteristics of the regenerative blower at different rotational speeds can be obtained
from the bench. The rotational speed was regulated by a computerized direct control motor
controller. Both the inlet and outlet gauge pressure can be measured by capacitive absolute
pressure transmitters; the measurement range of the pressure transmitters was 0–500 kPa,
and the maximum permissible error was ±0.5%; the import and export temperatures were
measured by using a resistance temperature detector (RTD) temperature sensor, where the
measurement range was 0–120 ◦C, and the maximum permissible error was ±1 ◦C; the mass
flow rate was obtained from the ultrasonic flowmeter (F), where the measurement range was
15–1500 SLPM, and the maximum permissible error was ±0.1%.
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To verify the accuracy of the CFD model, experiments with compressed air were
carried out. The experiments were conducted by measuring the inlet and the outlet
pressure rise at different speeds (9000–17,000 RPM) and flow rates (511.3–1143 SLPM) and
comparing them with the results obtained by performing CFD simulations under the same
conditions, as shown in Figure 7. The results showed that the average error between the
simulation and the experiment was 3.4155%, and the maximum error did not exceed 7%.
These errors can be attributed to the experimental and processing errors of the regenerative
blower. Therefore, the accuracy of the established CFD model is acceptable.
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2.2. Response Surface Methodology (RSM)

Although the hydrogen regenerative blower has a simple structure, its internal flow
is very complicated, and the RSM is a reliable way to obtain a regression model between
the geometrical sizes and the performance of the regenerative blower. First, the factors
and levels of RSM should be determined, followed by conducting a design of experiments
(DOE). As the most commonly used DOE method in RSM [52], the central composite
design is adopted in this paper. Considering the compactness requirement of the fuel cell
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system, the maximum outer radius of the impeller of the regenerative blower was selected
to be 60 mm. When the pressure rise is the same, a larger outer diameter of the impeller
corresponds to a smaller rotational speed [64]. In practice, to improve the reliability and
life of the motor, it should be run at the lowest possible rotational speed, so the outer radius
of the impeller of the regenerative blower was fixed at 60 mm. According to the operation
principle of the regenerative blower described above, the internal recirculation flow runs in
a spiral-shaped pattern between the impeller groove and the side channel. For this reason,
the size of the vane height was set the same as the side channel height, which ensures that
the coherence of the flow was increased and resistance was reduced. Therefore, in this
work, six factors, namely, number of blades (X1), blade thickness (X2), blade inclination
(X3), blade height (X4), septum angle (X5), and impeller inner radius (X6) were selected
as the independent variables, and the experimental points were generated by using the
face-centred composite design method, which can meet the requirements of establishing
a response surface model but has the advantages of fewer runs and less computation
time [49]. All independent variables were investigated at the levels of −1, 0, and 1. The
software JMP Pro V16.0 was applied for the six-factor, three-level CCD experimental design
to generate 46 groups.

The efficiency of the regenerative blower is the ratio of the output work to the input
work, the output work can be calculated from the inlet and the outlet differential pres-
sure and flow rate, and the input work can be calculated from the rotational speed and
torque [64] as shown in Equation (8). The objective of this work was to maximize the
efficiency of the regenerative blower to minimize the power consumption of the hydrogen
recirculation unit, so the efficiency was chosen as the response variable (Y) in this work.

η =
Poutput

Pinput
=

Q ∗ Pdi f f

N ∗ RPM ∗ 3.14 ∗ 2
60

(8)

The corresponding 46 sets of test conditions were calculated using CFDs. The 46 sets
of independent variables, as well as their response variables, were written into a table, and
JMP Pro V16.0 was applied to perform an analysis of variance (ANOVA) and fit a second-
order model with the simulated data. The second-order polynomial response surface model
is depicted in Equation (9).

Y = β0 +
6

∑
i=1

βiXi + ∑ ∑
i<j

βijXij +
6

∑
i=1

βiiXii (9)

where X is the independent variable, Y refers to the response variable, and β0, βi, βij,
and βii represent the coefficients of the intercept, linear, interaction, and quadratic terms,
respectively [65].

To achieve the maximum value of the above established response surface model
and the optimal configuration of the geometric variables, a genetic algorithm was used
to solve the model. The genetic algorithm can be described as a random search and
global optimization method, and it is generally used to solve multivariate optimization
problems. The agent model function of the genetic algorithm of this work was an empirical
regression model generated by RSM. The optimal geometric parameters and maximum
blower efficiency acquired by the genetic algorithm were verified by performing CFD
simulations. The reliability of the RSM and the genetic algorithm optimization is acceptable
if the difference between the genetic algorithm results and the CFD results is less than 5%,
and the error is defined as shown in Equation (10). The whole RSM and GA optimization
flowchart is illustrated in Figure 8.

δ =
ηGA − ηCFD

ηCFD
× 100% (10)
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3. Results and Discussion
3.1. Single-Factor Analysis of the Geometry Parameters

The rated operating point of the fuel cell stack is Case 5 in Table 2, and the initial geom-
etry of the regenerative blower was designed based on the rated operating point. Therefore,
this point was used for a one-factor analysis. The other geometric parameters were fixed to
maintain the preliminary design geometry when conducting the single-factor analysis.

3.1.1. Impact of the Vane Number

According to Streekanth’s study [64], the majority of the reported works in the liter-
ature use a vane number range of 30–50 and the number of vanes in the initial geometry
was 40. Thereby, the vane number range of 30–50 was also selected in this work. As shown
in Figure 9, the efficiency of the regenerative blower decreased as the number of vanes
increased from 30 to 50.

The existence of a higher number of vanes leads to a reduction in the slip coefficient,
which results in a regenerative blower performance closer to its design point. However, a
higher number of vanes increases the contact area between the fluid and the wall, which
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will cause excessive friction losses. Therefore, the vane number must be appropriately
obtained. In addition, the fluid inside the blower repeatedly enters and leaves the vane
groove many times; due to the shear characteristics of the flow inside the regenerative
blower, the increase in the number of vanes will reduce the volume of the vane groove and
create greater resistance.
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3.1.2. Impact of the Blade Thickness

Considering the actual processing and blade strength, the minimum blade thickness
that can be realized is 1.2 mm and the initial design of the blade thickness is 1.5 mm, so
the selected blade thickness range is 1.2–1.8 mm. With the increase in the blade thickness,
not only does the impeller groove volume decrease, but also the effective meridian area
of the side channel is reduced, and less circulatory flow rate transfers momentum to the
gas inside the side channel, resulting in the reduced performance and efficiency of the
regenerative blower, as can be seen from Figure 10. Therefore, during the actual operation,
the vane thickness should be as small as possible.
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3.1.3. Impact of the Blade Angle

The preliminary design uses radial blades with 90◦, and according to Badami’s
study [44], the blade inclination range of 65–115◦ was selected in this work. The ve-
locity cloud of the middle-height section of the blade is shown in Figure 11. Under the
condition that the rotational speed, impeller radius, and flow rate are all the same, the
average velocity of the middle section of the impeller of the forward-curved blade (65◦),
radial blade (90◦), and backward-curved blade (115◦) gradually decreases. Moreover, the
absolute velocity of the forward-curved impeller is higher than that of the backward-curved
one, while the flow loss is directly proportional to the square of the velocity, so that the
forward-curved blade is the most inefficient. According to Badami’s study [46], the recircu-
lation flow from near the inner diameter of the impeller to the outer diameter produces a
similar helix vortex flow. If the blade’s backward-bending angle is too large, it will lead to
a reduction in the flow area near the inner diameter of the impeller. Consequently, the flow
area at the outer diameter of the impeller will be increased, and the flow losses will be also
increased due to the area imbalance induced by the entrance and exit of the vane grooves of
the circulatory flow rate. Therefore, as shown in Figure 12, when the blade bending angle
is 102.5◦, the blade efficiency is the highest instead of 115◦.
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3.1.4. Impact of the Blade Height

If the height of the blade is too large, it cannot meet the compactness requirements
of the fuel cell system. On the contrary, if the blade height is too small, the internal flow
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path will be reduced, resulting in a large flow velocity and high motor speed. A high flow
velocity will induce a large flow loss because it is proportional to the quadratic of velocity.
In the meantime, a too-high speed has an adverse effect on the design and operation of the
motor and bearings, and the initial design size of the blade height is 12.5 mm; considering
the above, the selected blade height range is 6–19 mm. With the increase in the blade
height, the recirculation is increased in the flow path, which not only induces a route loss
along with the path growth, but also the recirculation flow inside the impeller groove
cannot transfer the momentum to the gas in the side channel faster. In addition, the
recirculation flow inside the side channel cannot flow into the impeller groove in time to
obtain the momentum of the impeller. Therefore, as shown in Figure 13, the efficiency of
the regenerative blower gradually decreased when the height of the impeller increased
from 6 mm to 19 mm.
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3.1.5. Impact of the Septum Angle

If the septum angle is too small, the processing and manufacturing of the inlet and
outlet ports is hindered. On the contrary, if the angle is too large, the effective momentum
exchange area of the regenerative blower will be also reduced, and the initial geometry of
the septum angle will be 30. Given the above-mentioned analysis, the selected septum angle
range is 20–40◦. Usually, a smaller septum angle leads to a greater effective meridian area
of the regenerative blower, and a stronger momentum exchange between the circulatory
flow and the flow inside the side channel, which will make the efficiency of the regenerative
blower continue to improve. However, the hydrogen molecules are very easy to leak, and
the smaller septum angle will lead to a shorter leak path between the inlet and the outlet
caused by the axial gap. As a result, the leakage will be more serious, and the performance
of the pump will also decline. Therefore, as shown in Figure 14, when the septum angle
ranges within 20–40◦, the efficiency of the regenerative blower is almost unchanged. Thus,
it can be considered that the impact of the meridian area’s change and the leakage between
the inlet and the outlet is balanced.
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3.1.6. Impact of the Impeller Inner Radius

In practice, the motor magnetic cylinder is located in the middle of the regenerative
blower. If the impeller’s inner radius is too small, the middle of the blower volume will also
be too small and the magnetic cylinder cannot be installed; if the size is too large, because
the outer diameter size is fixed due to the fuel cell system compactness requirements, the
internal flow channel will be smaller, resulting in a large loss of the high flow velocity of the
fluid. The initial design size of the inner radius is 35 mm, and the selected impeller inner
diameter range is 25–45 mm after comprehensive consideration. When the outer radius
and the other parameters remain unchanged, the existence of a larger inner radius of the
impeller not only induces the circulatory flow to enter and leave the impeller groove cross-
section more uniform, but also shortens the spiral flow of the path. A smaller flow loss, at
the same time, induces also a smaller leakage area caused by the axial clearance between
the inlet and the outlet clearance. Hence, the leakage rate will be also reduced, which will
increase the efficiency of the regenerative blower. However, when the inner radius increases
to a certain extent, the overall structure of the blower and the internal flow path will become
smaller. Taking into account that the import and export flux are constant, it will lead to
an increase in both the internal flow velocity and the loss. At the same time, the entire
volume of the impeller grooves will decrease, resulting in a reduction in the momentum
acquired by the recirculation flow from the blade. Then, the momentum transferred by the
recirculation flow to the fluid inside the side channel will also consequentially decrease.
Therefore, as depicted in Figure 15, when the inner radius of the impeller is increased from
25 mm to 40 mm, the efficiency of the regenerative blower shows a trend of increasing and
then decreasing. As shown in Figure 16, the velocity direction in the lower left part of the
middle impeller groove in (a) is particularly messy, which means that the fluid inside the
impeller is subjected to a large energy loss and cannot transfer the momentum to the fluid
in the side channel efficiently. In (b), the velocity direction of the fluid in the side channel
near the parting interface is significantly deviated, and cannot go into the impeller groove
to obtain better momentum. The vortex area in the middle of the impeller groove of (c) is
too large, and the flow loss is also large. In image (e), the fluid reflux is more intense in
the middle impeller groove and the side channel, and the area of momentum exchange
at the interface is small, resulting in low momentum conversion efficiency. Therefore, the
efficiency of the impeller with an inner radius of 40 mm, namely (d), is the highest.
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3.2. Response Surface Analysis
3.2.1. Response Surface Regression Model and ANOVA

The initial values of the geometric parameters of the regenerative blower designed based
on the momentum exchange theory were taken as the centre levels as follows: the number
of blades was 40, the thickness of the blades was 1.5 mm, the inclination angle of the blades
was 90◦, the height of the blades was 12.5 mm, the angle of the septum was 30◦, and the inner
radius of the impeller was 35 mm. The ranges of the six geometric factors according to the
previous analysis of the single-factor size selection are presented in Table 5. A total of 46 sets
of CCD experimental data were formed by means of JMP Pro V16.0, and the corresponding
efficiencies were obtained by CFD. The acquired results are shown in Table 6.

Table 5. Factors and levels of CCD.

Factors
Levels

Minimum Center Maximum

X1—blade number 30 40 50
X2—blade thickness (mm) 1.2 1.5 1.8
X3—blade angle (◦) 65 90 115
X4—blade height (mm) 6 12.5 19
X5—septum angle (◦) 20 30 40
X6—impeller inner radius (mm) 25 35 45
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Table 6. CCD experimental data and simulated efficiency.

Run
No.

X1 X2
(mm)

X3
(◦)

X4
(mm)

X5
(◦)

X6
(mm) Efficiency

1 30 1.2 65 6 20 45 0.40928579
2 30 1.2 65 6 40 25 0.200770184
3 30 1.2 65 19 20 25 0.120497948
4 30 1.2 65 19 40 45 0.246498134
5 30 1.2 115 6 20 25 0.341640751
6 30 1.2 115 6 40 45 0.458714092
7 30 1.2 115 19 20 45 0.15887235
8 30 1.2 115 19 40 25 0.173147889
9 30 1.5 90 12.5 30 35 0.348244397
10 30 1.8 65 6 20 25 0.191898097
11 30 1.8 65 6 40 45 0.396547499
12 30 1.8 65 19 20 45 0.243721755
13 30 1.8 65 19 40 25 0.107089095
14 30 1.8 115 6 20 45 0.435775139
15 30 1.8 115 6 40 25 0.363056597
16 30 1.8 115 19 20 25 0.166561326
17 30 1.8 115 19 40 45 0.152661839
18 40 1.2 90 12.5 30 35 0.350472998
19 40 1.5 65 12.5 30 35 0.273482662
20 40 1.5 90 6 30 35 0.441897407
21 40 1.5 90 12.5 20 35 0.348708564
22 40 1.5 90 12.5 30 25 0.25003547
23 40 1.5 90 12.5 30 35 0.34650808
24 40 1.5 90 12.5 30 35 0.34650808
25 40 1.5 90 12.5 30 45 0.361969866
26 40 1.5 90 12.5 40 35 0.352848489
27 40 1.5 90 19 30 35 0.248057191
28 40 1.5 115 12.5 30 35 0.323974013
29 40 1.8 90 12.5 30 35 0.33798766
30 50 1.2 65 6 20 25 0.199783815
31 50 1.2 65 6 40 45 0.445831944
32 50 1.2 65 19 20 45 0.246366933
33 50 1.2 65 19 40 25 0.103496536
34 50 1.2 115 6 20 45 0.479062563
35 50 1.2 115 6 40 25 0.400106285
36 50 1.2 115 19 20 25 0.156971746
37 50 1.2 115 19 40 45 0.184470987
38 50 1.5 90 12.5 30 35 0.355606491
39 50 1.8 65 6 20 45 0.419167978
40 50 1.8 65 6 40 25 0.1893035
41 50 1.8 65 19 20 25 0.09318496
42 50 1.8 65 19 40 45 0.208260261
43 50 1.8 115 6 20 25 0.369632136
44 50 1.8 115 6 40 45 0.475780591
45 50 1.8 115 19 20 45 0.160092546
46 50 1.8 115 19 40 25 0.153019213

The 46 groups of the geometric variables and corresponding efficiency values in
Table 6 were then adopted to fit a second-order regression model using JMP Pro V16.0.
The significant effects were screened using ANOVA, and a significance level of p < 0.05
standing for a 95% confidence level was adopted for all data. Table 7 shows the conclusions
of ANOVA, where the existence of a larger F-value and a smaller p-value indicate that
the effect on the response variable is more significant [66]. It was found that the blade
angle (X3), blade height (X4), and inner radius of the impeller (X6) had a significant impact,
whereas the effect of blade height was the most significant. Although the main effect of
blade number (X1) was not significant, its interaction effects, including X1 and X4, were
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statistically different. Therefore, the main effect of X1 should be also considered in the final
model. In addition, as can be seen from Table 7, the p-values of the quadratic effects of X2

3
and X2

6 and the interaction effects of X1 × X4, X3 × X4, X3 × X6, and X4 × X6 were all <0.05,
indicating their significant impact and the fact that they should be included in the ultimate
model. After gradually removing the insignificant effects, the obtained response surface
regression model is shown in Equation (11), and the coefficients of the model are presented
in Table 8.

Y = β0 + β1 ∗ X1 + β3 ∗ X3 + β4 ∗ X4 + β6 ∗ X6 + β33 ∗ X2
3 + β66 ∗ X2

6 + β14 ∗ X1
∗X4 + β34 ∗ X3 ∗ X4 + β36 ∗ X3 ∗ X6 + β46 ∗ X4 ∗ X6

(11)

Table 7. ANOVA of the efficiency.

Source Sum of Squares F Ratio p-Value

Main effect
X1 0.00046070 1.2295 0.2821 ˆ
X2 0.00132501 3.5360 0.0763
X3 0.02166970 57.8297 <0.0001 *
X4 0.31937925 852.3246 <0.0001 *
X5 0.00014568 0.3888 0.5408
X6 0.10649912 284.2133 <0.0001 *
Quadratic effect
X1

2 0.00006979 0.1862 0.6712
X2

2 0.00001234 0.0329 0.8580
X3

2 0.00542872 14.4876 0.0013 *
X4

2 0.00000557 0.0149 0.9043
X5

2 0.00004337 0.1157 0.7376
X6

2 0.00390154 10.4120 0.0047 *
Interaction effect
X1 × X2 0.00028521 0.7611 0.3945
X1 × X3 0.00060917 1.6257 0.2185
X2 × X3 0.00006889 0.1838 0.6732
X1 × X4 0.00186306 4.9719 0.0387 *
X2 × X4 0.00000428 0.0114 0.9161
X3 × X4 0.02729015 72.8290 <0.0001 *
X1 × X5 0.00000104 0.0028 0.9585
X2 × X5 0.00056843 1.5170 0.2339
X3 × X5 0.00043852 1.1703 0.2936
X4 × X5 0.00032188 0.8590 0.3663
X1 × X6 0.00042138 1.1245 0.3030
X2 × X6 0.00017310 0.4619 0.5054
X3 × X6 0.03304776 88.1943 <0.0001 *
X4 × X6 0.01697395 45.2982 <0.0001 *
X5 × X6 0.00003486 0.0930 0.7639

ˆ indicates that the main effect is not statistically significant, but a quadratic effect or an interaction effect containing
the main effect is statistically significant. * means the effect was significant.

Table 8. Coefficients of the simplified response surface model.

Coefficients Values Coefficients Values

β0 −1.63152610063982 β66 −0.000405054122967807
β1 −0.00390063332551235 β14 −0.000117388373557692
β3 0.0200801062130153 β34 −0.000179710975576923
β4 0.0210109275408922 β36 −0.000128545249375
β6 0.0499731432023873 β46 −0.000354326028365385
β33 −0.0000764475884748491
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The results of ANOVA also showed that the established model was statistically signifi-
cant because the p-value is less than 0.0001. The comparison between the efficiency value
calculated by CFD and that predicted by the regression model is depicted in Figure 17.
The R2 of the response surface model was 0.989, the value of adjusted R2 was 0.972, and
the root-mean-square error (RSME) of CFD calculation efficiency and prediction efficiency
was 0.0137. When the value of R2 is closer to 1 and the value of the RMSE is smaller, the
model can fit the data better. In other words, the response surface fitting model has good
goodness-of-fit on the efficiency of the regenerative blower, and the model can well show
the impact of the researched factors on the efficiency, which can be used for the subsequent
optimization and evaluation of the regenerative blower.
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3.2.2. Interaction Effects in Response Surface Figures

Response surface plots can reveal the interaction influence of geometrical parameters
on the efficiency. These plots were made by varying two variables while keeping the other
independent factors fixed at their initial values. Figure 18a displays the impact of changing
the number of blades and blade height on the efficiency. As can be seen, the change in
blade height has a greater impact on the efficiency compared to changing the number of
blades, while the response surface plots exhibit a relatively small curvature, which suggests
that the interaction effect between the two of them is weak. Similarly, as can be observed in
Figure 18d, the interaction effect of the blade height and impeller inner diameter is also
small, and the efficiency is more sensitive to the change of blade height than the impeller
inner radius. However, in Figure 18b,c, the response surface plots have obvious curved
characteristics, and the efficiency of the regenerative blower predicted by the regression
model increases and then decreases with the increase in the blade angle and the inner
radius of the impeller, and the efficiency increases with the decrease in the blade thickness.
The convex pattern of the three-dimensional surface indicates that there exists a maximum
value of the regression model. This value will be searched in the following section by a
genetic algorithm.
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3.3. Genetic Algorithm, CFD Verification, and Entropy generation Rate Analysis
3.3.1. Genetic Algorithm Optimization

The optimal efficiency of the response surface model was acquired by solving the GA.
The GA can only obtain the minimum value of the fitted function. For convenience, the
fitting function of the RSM regression model was replaced to be negative. Therefore, the
maximum efficiency is the absolute value of the GA optimization result. The MATLAB
2019b GA toolbox [67] was used for carrying out GA optimization.

The GA optimization ended when the average variation in the fitness value was less
than the specified functional tolerance 1 × 10−10. The maximum efficiency obtained by GA
was 0.527, and the corresponding geometric values of the blade number, blade thickness,
blade angle, blade height, septum angle, and impeller inner radius of the regenerative
blower were 50, 1.2 mm, 98.38◦, 6 mm, 40◦, and 44.03 mm, respectively. The optimized
values of the six geometric variables were all within their selected range, indicating that
the optimization results of GA are reliable.

3.3.2. CFD Verification and Entropy Generation Rate Analysis

To validate that the results obtained by the above RSM and GA could obtain optimal
efficiency, it was required to carry out CFD simulations using the optimized parameters
and verify the accuracy of the GA method. The efficiency calculated by CFD was 0.517, and
the optimized efficiency calculated by the GA was 0.527. The difference between the CFD
calculation and the maximal efficiency acquired by the GA was 1.93%, which is very small
and less than 5%. Additionally, the maximum efficiency values after the optimization were
all greater than the efficiencies of Table 6, which verifies the effectiveness and correctness
of both the RSM and GA methods.

To further study the flow mechanism of the blower and prove the effectiveness of the
optimization, the entropy production theory was used to analyse the flow loss distribution
inside the impeller. Neglecting the entropy generation of the internal heat transfer because
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the velocity inside the blower is very fast, i.e., the internal entropy production of the regen-
erative blower is mainly generated by viscous dissipation, according to Kock’s study [68],
the entropy of the viscous dissipation can be divided into average and pulsation terms by
using the time-averaged method.

Sgen = Svis = Sgen,D + Sgen,D′

Sgen,D =
2µ

T
(
SijSij

)
(12)

Sgen,D′ =
2µ

T

(
S′

ijS
′
ij

)
where Sgen,D is the entropy generation rate due to direct dissipation, Sgen,D′ refers to the
entropy generation rate due to turbulence dissipation, µ denotes the dynamic viscosity,
T stands for the temperature, Sij is the strain rate tensor, and S′

ij represents the pulsation
strain rate tensor. Sgen,D can be directly calculated from the time-averaged quantities in the
Reynolds-averaged Navier–Stokes model. Since TSgen,D′/ρ is the dissipation term of the
turbulent kinetic energy transport equation, for the turbulence model used in this work,
Sgen,D′ was calculated as shown in Equation (13):

Sgen,D′ =
ρβ∗kω

T
(13)

where β∗ = 0.09, k is the turbulent kinetic energy, and ω states the turbulent eddy frequency.
Figure 19 shows the contour view of the entropy generation rate on the internal wall

of the blades, with the initial structure on the left and the optimized structure on the right.
As can be seen, the entropy production rate inside the optimized blower was significantly
smaller than the initial structure, indicating that the flow loss in the optimized flow channel
was reduced. Meanwhile, it can be found from Figure 19a that the loss in the middle part
of the vane groove was very large, which can be explained by Figure 20, in which the
optimized geometry greatly reduces the internal vortex flow, with a corresponding increase
in efficiency due to lower losses. From Figure 19b, we can conclude that the flow loss
near the outlet of the impeller surface was particularly large, as shown in the red dotted
box. Therefore, further research should be carried out to optimize the outlet port of the
regenerative blower.
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3.4. Regenerative Blower Efficiency Improvement

The seven Cases from Table 1 were used to validate the increase in the efficiency of
the optimized regenerative blower at various operating conditions. Figure 21 illustrates
the comparison of the efficiency of the initial and optimized regenerative blowers under
different operating conditions. As can be ascertained, the average efficiency of the initial
regenerative blower was 34.07%. Such a low efficiency of the initial regenerative blower is
due to the excessive internal flow loss caused by the initial structural parameters. On the
contrary, the average efficiency of the optimized regenerative blower was 51.61%, which
was an improvement of 17.54% compared with the efficiency before optimization, and
meanwhile, the efficiency of the optimized regenerative blower at the design point reached
51.7%, which indicates an improvement of 16.95%.
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4. Conclusions

In this work, Computational Fluid Dynamics (CFD) techniques, Response Surface
Methodology (RSM), and Genetic Algorithm (GA) were well applied to reveal the nonlinear
relationship between the performance and the geometric parameters of a hydrogen regen-
erative blower for PEMFCs, and the structure was optimized. The preliminary dimensions
of the regenerative blower were given according to the momentum exchange theory, and
a three-dimensional CFD model of the blower was established, the accuracy of which
was verified by the collected experimental data. Considering the practical application
constraints and similar studies, the six-factor, three-level central composite design (CCD)
was determined. After that, the impact of a single geometric parameter on the efficiency
was first analysed, and then the interaction between the different geometric parameters
was researched by means of RSM and ANOVA. Moreover, a second-order regression model
with significant factors was built. Finally, GA was used to seek a solution to the model
and obtain the fully optimized geometric dimensions, whereas the reliability of the genetic
algorithm results was verified by performing CFD simulations.

The single-geometric analysis showed that the efficiency of the regenerative blower
increased and then decreased with the increase in the blade inclination angle and the inner
radius of the impeller. From the ANOVA, it was revealed that the impact of blade inclination
(X3), blade height (X4), and impeller inner diameter (X6) were significant, with the blade
height exhibiting the most significant effect, and the quadratic effects of blade inclination and
impeller inner radius were also significant. In addition, the interaction effects of the number
of blades with blade height, blade inclination and blade height, blade inclination and impeller
inner radius, and blade height and impeller inner radius were all significant. According to the
bending characteristics of the three-dimensional response surface plots, it was found that the
interaction effects of the number of blades and blade height, and blade height and impeller
inner radius, are weaker, blade inclination and blade height were slightly stronger, and blade
inclination and impeller inner radius had the strongest interaction effects.

The optimum values for the number of blades, blade thickness, blade Inclination,
blade height, septum angle, and impeller inner radius were 50, 1.2 mm, 98.38◦, 6 mm,
40◦, and 44.03 mm, respectively. The entropy generation analysis of the CFD simulation
results concluded that the optimized regenerative blower significantly reduced the internal
flow losses and greatly improved its efficiency, which was higher than the cases of the
central composite design table, clearly indicating the effectiveness of the RSM and the GA.
However, the optimized regenerative blower has large flow losses with a high entropy
production rate near the outlet, which should be further studied in the future. Finally, the
performance of the optimized blower was improved under different operating conditions of
the stack, and the design point efficiency reached 51.7%, which is a significant improvement,
and the average efficiency was also increased by 17.54%.
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Nomenclature

PEMFC Proton exchange membrane fuel cell ω
Turbulent eddy
frequency (s−1)

RPM Revolutions per min (r min−1) Γk Diffusivity of k
CFD Computational fluid dynamics Γω Diffusivity of ω
RSM Response surface methodology Gk Production rates of k
CCD Center composite design Gω Production rates of ω
GA Genetic algorithm Yk Diffusivity of k
Q Volumetric flow rate Yω Diffusivity of ω

Qm Volumetric circulatory flow rate Dω
Transverse diffusion term
of ω

r External radius of the impeller (mm) UDF User-defined function

ri Inner radius of the impeller (mm) RTD
Resistance temperature
detector

z Number of vanes SLPM Standard liter per minute
θ Angle of the vanes (◦) DOE Design of experiments
h Height of the vanes (mm) X Independent variable of RSM
w Width of the vanes (mm) Y Response variable of RSM
hc Height of the side channel (mm) η Efficiency
wc Width of the side channel (◦) Poutput Output work (W)
θs Angle of the septum (◦) Pinput Input work (W)
Axial

Axial clearance (mm) V Volume flow rate (m3 s−1)
clearance
MRF Multiple reference frame Pdi f f Pressure difference (Pa)
P Pressure (kPa) N Torque (N m)
ρ Density (kg m−3) β Regression coefficient of RSM
R Specific gas constant δ Error
T Temperature (k) ηGA Efficiency calculated by GA
→
u Velocity vector (m s−1) ηCFD Efficiency calculated by CFD
i,j and k Directions ANOVA Analysis of variance
τ Stress tensor RSME Root-mean-square error

E Total energy (J kg−1) Sgen
Total entropy generation
rate (W m−3 k−1)

f Mass force (N) Svis

Entropy generation rate
of viscous dissipation
(W m−3 k−1)

ke f f Effective thermal conductivity (W m−1 K−1) Sgen,D

Entropy generation rate
of viscous dissipation
average term (W m−3 k−1)

hc Enthalpy of species c (J) Sgen,D′

Entropy generation rate
of viscous dissipation
pulsation term (W m−3 k−1)

Jc Diffusive flux of species c (kg m−2 s−1) µ Dynamic viscosity (N s m−2)
Yc Mass fraction of species c Sij Strain rate tensor
SST Shear stress transport S′

ij Pulsation strain rate tensor
k Turbulent kinetic energy (m2 s−2)
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