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The hydrogen circulation pump (HCP), a device for recovering unconsumed
hydrogen gas in fuel cell systems to improve efficiency, is an important
equipment in fuel cell systems. Efficient calculation of the output flow rate of
the HCP is crucial for accelerating the product development process, but there is
a lack of an effective calculation formula for theworking clearance leakage. In this
paper, a series of HCP models with different working clearances are established
and calculated using an overlapping grid simulation method, verifying that the
traditional Roots blower leakage flow formula is feasible for HCP, although the
maximum calculation error reaches 10.71%. Further study the pressure
distribution law inside the HCP chamber, and revise the traditional calculation
formula accordingly, so that the average calculation error of the series models is
reduced from 5.75% to 3.82%, and the maximum error is also reduced to 7.73%.
Comparedwith the prototype test data, though the flow values obtained from the
two calculation formulas are slightly higher, the calculation error of the
correction formula is relatively smaller. The research results indicate that the
correction formula can more accurately predict the flow rate of HCP and has
important application value.
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1 Introduction

Nowadays, fuel cells are considered a renewable energy source and have been used as
power sources for many mechanical devices because they are environmentally friendly,
reliable and efficient (Chen et al., 2023a; Chen et al., 2023b; Zuo et al., 2024a; Zuo et al.,
2024b; Chen et al., 2024). The HCP is an important equipment in fuel cell systems. Its
main function is to recover unconsumed hydrogen from the anode of the fuel cell stack
and transport it back to the inlet of the stack to improve hydrogen utilization efficiency,
while optimizing the lifespan and performance of the fuel cell stack (Liu et al., 2020a;
Wilhelm et al., 2020), as shown in Figure 1. The main structural forms of HCP include
claw type and Roots type. Claw type pump is a rotary displacement pump with built-in
compression, its main advantage is its compact structure (Wang et al., 2015; Gu et al.,
2020; Gu et al., 2021), the disadvantages are that the output pressure and flow rate
fluctuate greatly, and the stability is poor (Wang and Ma, 2019). Roots type pump is a
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rotary displacement rotor pump with a pair of meshing rotors
containing slots inside, which transport gas through the rotation of
the rotors. Its characteristics are simple structure, high reliability,
low cost, and large adjustable flow range (Liu et al., 2018; Zhou
et al., 2022; Wu et al., 2023). Roots type HCP is the mainstream
structural form of current market applications and also the
research object of this article.

In addition to focusing on rotor profile design (Jia et al., 2009; Chiu-
Fan, 2015; Liu et al., 2020b; Lin et al., 2021; Huanle et al., 2022), some
scholars have also conducted research on flow characteristic simulation
calculationmethods for Roots type HCP (Yibin et al., 2020; Huanle et al.,
2023; Shuo et al., 2023; Xing et al., 2023). They find that the internal
leakage of rotor motion clearance is an important factor in reducing
pump fluid performance (Joshi et al., 2006; Zhu et al., 2022; Peng et al.,
2023). When the working clearance is smaller, the leakage loss inside the
pump is less, and the volumetric efficiency is higher, but the machining
and assembly accuracy requirements for the pump chamber and rotor are
higher, resulting in higher manufacturing costs. Xing et al. (2020)
demonstrated through experimental methods that the main factor
affecting the flow rate of a Roots pump with helical rotors is pressure
difference, while the main factor affecting volumetric efficiency and
isentropic efficiency is clearance leakage. Chen et al. (2017) studied
three rotor pump models with different radial clearances and found
that the volumetric efficiency and mass flow rate of the rotor pump
decreased with the increase of the working clearance. Among them, the
radial clearance leakage flow rate between the rotors is higher than that

FIGURE 1
Hydrogen supply system for fuel cells.

TABLE 1 Design parameters of the HCP.

Item Value

The addendum radius of cam Rm(m) 0.033

The length of the pump chamber L(m) 0.111

The height of the pump chamber D(m) 0.06

The width of the pump chamber B(m) 0.066

Rotor area utilization coefficient λ 0.511

TABLE 2 Output flow calculation for a series of HCP models.

Models δ1 (mm) δ2 (mm) Q1 (Nm3/h) Q2 (Nm3/h) QC (Nm3/h)

HCP10-0 0.10 0 30.55 0 44.55

HCP14-0 0.14 0 42.77 0 32.33

HCP18-0 0.18 0 54.98 0 20.12

HCP22-0 0.22 0 67.20 0 7.90

HCP10-10 0.10 0.10 30.55 7.21 37.35

HCP10-14 0.10 0.14 30.55 11.31 33.24

HCP10-18 0.10 0.18 30.55 15.71 28.84

HCP10-22 0.10 0.22 30.55 20.31 24.24
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between the rotor and the pump casing. Xiang and Lin (2022) analyzed
the reasons for the decrease in volumetric efficiency ofHCP caused by the
increase in radial clearance and found that as the radial clearance
increased, more high-pressure gas leaked from the exhaust chamber
to the intake chamber. This reduces the overall pressure difference
between the intake and exhaust chambers, leading to an increase in
leakage velocity at the clearance and a noticeable backflow phenomenon.
It results in a decrease in the actual exhaust flow rate of the Roots pump
and a decrease in volumetric efficiency. Qin et al. (2022) studied the effect
of radial clearance on the flow characteristics of rotor pumps. When the
radial clearance increased from 0.1 mm to 0.3 mm, the high-speed flow

area in the pump chamber expanded, the vortex intensity increased, and
the flow stability decreased. Rao and Zhong (2021) analyzed the influence
of axial clearance on the performance of cycloidal rotor pumps.When the
speed is kept constant, the volumetric efficiency of cycloidal rotor pumps
shows a significant downward trend with the increase of axial clearance,
but the amplitude of flow pulsation does not change significantly; When
the axial clearance is kept constant, the volumetric efficiency of the
cycloidal rotor pump shows a significant increasing trend with the
increase of speed. Zhengxian et al. (2007) provided a formula for
calculating the internal leakage of a high-pressure Roots blower and
compared the calculated results with the experimental values of the
blower. The results showed good agreement between the two.

Currently, there is relatively little research on the clearance leakage
characteristics of HCP. Most of the research is focused on rotor pumps
with similar structures in other industries and mainly focuses on
analyzing the impact of clearances on the flow characteristics of Roots
pumps. There is little research on the calculation formula for the leakage
flow rate of HCP. Although some scholars have studied the calculation
formula for the leakage flow rate of Roots blower, due to the significant
difference between the research object and the working environment,
their research conclusions cannot be directly applied to HCPs. Therefore,
this article will analyze and compare the traditional Roots blower leakage
flow calculation formula based on the simulation results of the HCP, and
propose further correction methods to provide theoretical guidance for
the reasonable design of the clearance size of the HCP.

2 Theoretical calculation of leakage
flow rate during work clearances

2.1 Traditional formula for calculating
internal leakage

The working clearance of the HCP includes the radial clearance
between the rotors, the radial clearance between the rotor and the
pump casing, the axial clearance between the rotor and the upper
cover plate, and the axial clearance between the rotor and the lower

FIGURE 2
Grid model of the HCP.

FIGURE 3
Velocity vector streamlines of the HCP model.
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cover plate. Usually, the numerical design of the two radial
clearances is the same, denoted as δ1, and the numerical design
of the two axial clearances is the same, denoted as δ2. Next,
according to the traditional Roots blower internal leakage
calculation formula, the output flow rate Q of the HCP will be
calculated.

(1) Theoretical flow calculation formula for HCP is Eq. 1:

Q0 � 120πRm
2 Dnλ (1)

Where, Q0— theoretical flow without considering compression,
leakage, and other factors, Nm3/h; Rm—radius of the rotor top

circle, m; D—height of pump chamber, m; n—pump speed, r/min;
λ— rotor area utilization factor.

(2) Calculation formula of radial clearance leakage is Eq. 2:

Q1 � 3600Dδ′
������
2ΔP/ρ√

(2)

Where, Q1— total leakage of radial clearances between rotors, and
between rotor and pump casing, Nm3/h; δ′— the sum of radial
clearance dimensions, m; ΔP— pressure difference between intake
and exhaust ports, Pa; ρ— density of hydrogen in standard state,
kg/m3.

FIGURE 4
Comparison between the theoretically calculated flow and the simulated flow of HCP models with different radial clearances.

FIGURE 5
Comparison between the theoretically calculated flow and the simulated flow of HCP models with different axial clearances.
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(3) The formula for calculating the axial clearance leakage is
Eq. 3:

Q2 � 3600 2Rm − d( )δ″
������
2ΔP/ρ√

�����������
4/3 + μb/δ″√ (3)

Where, Q2— total leakage of axial clearances between rotor and
upper and lower cover plates, Nm3/h; d— diameter of rotor central
shaft, m; δ″—the sum of axial clearances, m; μ— coefficient, take
μ � 0.02; b— average width of the rotor end face,
b � 0.5π(1 − λ)B/Z, m; B— Width of the pump chamber, Z � 3;
Z— number of rotor blades.

FIGURE 6
Pressure field distribution at the axial clearance of the HCP model.
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(4) Calculation formula for output flow of HCP is Eq. 4:

QC � Q0 − Q1 − Q2 (4)

2.2 Output flow calculation of HCP

The design parameters such as the length, width, and height
of the pump housing cavity remain unchanged, and different
HCP models are designed by adjusting the radial and axial
clearances. For ease of expression, the model number is
denoted as HCPXX-YY, where XX represents the radial
clearance value and YY represents the axial clearance value.

For example, when the radial clearance δ1 is 0.10 mm and the
axial clearance δ2 is 0.14 mm, the model can be expressed as
HCP10-14.

Design four HCP models with different rotor radial
clearances to study the reliability and correction method of
the traditional calculation formula for radial clearance leakage
flow rate. The four models are HCP10-0, HCP14-0, HCP18-0,
and HCP22-0, with the radial clearance δ1 is 0.10 mm, 0.14 mm,
0.18 mm, and 0.22 mm in sequence, and all axial clearances δ2
are 0. Redesign four models HCP10-10, HCP10-14, HCP10-18,
and HCP10-22 to study the reliability and correction method of
the traditional calculation formula for axial clearance leakage
flow rate, with all radial clearance δ1 are 0.10 mm, with axial

FIGURE 7
Pressure field distribution in the high-pressure and low-pressure areas inside the pump chamber.
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clearance δ2 is 0.10 mm, 0.14 mm, 0.18 mm, and 0.22 mm
in sequence.

According to the design parameters shown in Table 1, the
theoretical flow Q0 of the series of HCP models can be
calculated, Q0 = 75.1 Nm3/h. The output flow QC can be
calculated as the medium is hydrogen, the inlet and outlet
pressure difference is 10 kPa and the rotational speed is 6000 r/
min, as shown in Table 2.

According to the calculation results, it can be found that the
leakage flow of the radial clearance is higher than that of the axial
clearance with the same size, and with the increase of the clearance
size, the leakage flow difference between the radial and axial
clearance gradually increases.

3 Analysis and comparison of leakage
flow in working clearance

3.1 Meshing and simulation calculation

The model of HCP is composed of pump body, left and right
rotors, inlet, outlet, upper and lower axial clearance. To reduce the
influence of pressure loss on clearance leakage characteristics, the
inlet and outlet use large square pipes. Establish hexahedral grids for
the HCPmodel and use the overlapping grid method of STAR-CCM
software for turbulence calculation, as shown in Figure 2. The
number of overlapping grid layers at the clearance between the
pump cavity and the rotor is 5, and between the two rotors is 6,

FIGURE 8
Comparison between the correction formula and the traditional formula.

FIGURE 9
Prototype manufacturing and testing.
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which meets the requirements of the minimum overlapping grid
layers of 4 and has high reliability. The velocity vector streamline at a
certain state after turbulence calculation of HCP is shown in
Figure 3, and the reflux streamline at the clearance can be
seen clearly.

3.2 Analysis and comparison of radial
clearance leakage flow

Figure 4 shows the comparison between the simulated average flow
values and the theoretically calculated flow for the HCP models with
different radial clearances. Define the error between the theoretically

calculated value and the simulated value using the simulated result as
the standard value. The simulated average flow value of HCP10-0
model is 45.0 Nm3/h, with an error of 0.99% compared to the
theoretically calculated value; the HCP14-0 model is 31.0 Nm3/h,
with an error of 4.30%; the HCP18-0 model is 22.4 Nm3/h, with an
error of 10.20%; the HCP22-0 model is 8.8 Nm3/h, with an error of
10.27%. The results show that the output flow of the HCP decreases
linearly with the proportional increase of the radial clearance, and the
theoretically calculated results are generally close to the simulation
results, indicating that the traditional formula for calculating radial
clearance leakage flow rate is relatively reliable. However, as the increase
of radial clearance, the calculation error tends to enlarge, indicating that
the calculation formula needs further correction.

FIGURE 10
Pressure curve calculation of internal points of prototype model.

FIGURE 11
Comparison between test results and calculation results.
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3.3 Analysis and comparison of axial
clearance leakage flow

Figure 5 shows the comparison between the simulated average
flow values and the theoretically calculated flow for the HCP models
with different axial clearances. The simulated average flow value of
HCP10-10 model is 39.25 Nm3/h, with an error of 4.85% compared
to the theoretically calculated value; the HCP10-14 model is
32.41 Nm3/h, with an error of 2.56%; the HCP10-18 model is
22.40 Nm3/h, with an error of 2.13%; the HCP10-22 model is
21.90 Nm3/h, with an error of 10.71%. The results show that the
output flow of the HCP decreases linearly with the proportional
increase of the axial clearance, but the decreasing rate is smaller than
that of the radial clearance with the same size, indicating that the
leakage flow of the axial clearance is lower than that of the radial
clearance with the same size, which is consistent with the
theoretically calculated flow change trend. The theoretically
calculated results are generally close to the simulation results,
indicating that the traditional formula for calculating axial
clearance leakage flow is relatively reliable. However, there are
also large calculation errors in individual models, which need to
be further corrected.

4 Correction and verification of leakage
flow calculation formula

4.1 Correction of leakage flow
calculation formula

The maximum error of the output flow of the four models with
different radial clearances between the calculated value and the
simulated value is 10.27%, and the maximum error of the output
flow of the four models with different axial clearances is 10.71%,
which shows that the traditional calculation formula still has
shortcomings and needs to be further improved.

Firstly, the pressure difference in the traditional leakage calculation
formula refers to the pressure difference between the intake and exhaust
ports, but the actual pressure difference that affects the leakage flow of
the pump cavity clearance should be the pressure difference between the
high-pressure and low-pressure areas of the pump cavity. The two
pressure differences are not the same and are mainly affected by the size
of the inlet and outlet pipelines. When the inlet and outlet pipe size is
large, the pressure loss at the connections between the inlet pipe and the
low-pressure pump cavity area, and between the high-pressure pump
cavity area and the outlet pipe are relatively small. According to the
Bernoulli equation, the pressure difference between the low-pressure
area and the high-pressure area in the pump cavity will be slightly lower
than that between the inlet and outlet.When the inlet and outlet pipe size
is small, the pressure loss is relatively large, and the pressure difference
between the low-pressure area and the high-pressure area is significantly
higher than that between the inlet and outlet. Therefore, it is necessary to
add the differential pressure coefficient in the radial and axial clearance
leakage formulas. Its value is affected by the size of inlet and outlet pipes,
which can be determined through simulation or experimental methods.

Secondly, in the traditional formula for calculating axial
clearance leakage, (2Rm − d)δ″ can’t be expressed as the cross-
sectional area of the axial clearance. From the boundary between the

high-pressure zone and the low-pressure zone at the axial clearance
shown in Figure 6, it can be seen that the cross-sectional length of the
axial clearance is L − 2d, where L is the length of the pump chamber,
and d is the diameter of the shaft. Therefore, the second correction
measure is to adjust the section length dimension of the axial
clearance leakage formula and adjust the value of the coefficient
μ in the formula appropriately.

According to the above analysis, Eqs 2, 3 are revised as Eqs 5, 6:

Q1 � 3600Dδ′
�������
2ξΔP/ρ√

(5)

Q2 � 3600 L − 2d( )δ″
�������
2ξΔP/ρ√

�����������
4/3 + μb/δ″√ (6)

Where, ξ refers to the differential pressure coefficient, which is
determined according to the size of inlet and outlet pipes; μ is the
coefficient, taken as 0.06; The meaning and calculation method of
other parameters remain unchanged.

4.2 Verification of leakage flow
correction formula

On the one hand, the modified formula is verified based on the
simulation data of the series HCP models. Figure 7 shows the
pressure distribution in a fluctuation period inside the pump
chamber. It can be obtained that the average pressure difference
between the high-pressure area and the low-pressure area is 9.8 kPa,
which is slightly lower than the pressure difference of 10 kPa
between the inlet pipe and the outlet pipe. Therefore, the
pressure difference coefficient ξ � ΔPhigh−low

ΔPout−in � 9.8
10 � 0.98.

The calculated flow rates for HCP10-0, HCP14-0, HCP18-0,
HCP22-0, HCP10-10, HCP10-14, HCP10-18 and HCP10-22 are
44.86 Nm3/h, 32.76 Nm3/h, 20.67 Nm3/h, 8.57 Nm3/h, 37.80 Nm3/h,
33.43 Nm3/h, 28.55 Nm3/h and 23.28 Nm3/h, respectively.
Comparing the calculation error of the traditional clearance
leakage flow formula and the modified clearance leakage flow
formula, the results are shown in Figure 8. It can be seen that
the calculation error of the correction formula is better than that of
the traditional formula, and the average calculation error of the
8 models decreased from 5.75% to 3.82%.

On the other hand, the prototype is manufactured for testing, as
shown in Figure 9, and the correction formula is verified based on the
prototype test data. The radial and axial clearance of the prototype are
both 0.1mm. The rotor profile is consistent with theHCP10-10model
designed previously. The height of the pump chamber is adjusted
from 60 mm to 40 mm, and the inlet and outlet pipes transition from
square to circular. Due to the difficulty in measuring the pressure
difference between the low-pressure and high-pressure areas in the
pump chamber, the simulation method is used to obtain the pressure
curves of point A and point B while the pressure difference between
the inlet and the outlet is set to 20 kPa, resulting in a pressure
difference of 21.05 kPa, as shown in Figure 10, and then determine the
value of differential pressure coefficient ξ as 1.053.

The air medium is used to test the prototype. The inlet pipe is in
direct contact with the air, with an inlet pressure of 0 kPa. Adjust the
valve opening on the outlet pipe to 10%, set the motor speed to
2,000 r/min, 2,500 r/min, 3,000 r/min and 3,500 r/min respectively,

Frontiers in Energy Research frontiersin.org09

Zhai et al. 10.3389/fenrg.2024.1414926

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1414926


and the corresponding outlet flow (outlet pressure) is 10.38 Nm3/h
(6.2 kPa), 12.48 Nm3/h (8 kPa), 15.12 Nm3/h (12 kPa) and
18.72 Nm3/h (17 kPa). Compare the flow value with the
calculation results of the traditional formula and the correction
formula, as shown in Figure 11. The flow curves calculated by the
two formulas are generally higher than the test flow curve, but the
calculation results of the correction formula are closer to the test
results of the prototype. The calculation errors have decreased from
4.47%, 9.54%, 8.31%, and 1.69% of the traditional formula to 3.49%,
8.55%, 7.32%, and 0.75%, respectively.

5 Conclusion

Aiming at the blank of the calculation formula of leakage flow in
the working clearance of HCP, we establish a series of HCP models
with different working clearances, analyze and compare the
calculation accuracy of the traditional Roots blower leakage flow
formula by using the simulation method, revised the formula based
on the pressure distribution in the pump cavity, and verify the
calculation accuracy of the two type formulas based on the test data.
This research provides theoretical guidance for the reasonable
design of the clearance dimension of HCP. The main conclusions
are as follows:

(1) The traditional Roots blower clearance leakage flow
calculation formula is relatively reliable when applied to
the HCP. Using this formula to calculate a series of HCP
models with different working clearances, the obtained flow
values are close to the simulation results, with a minimum
error of 0.99% and a maximum error of 10.71%.

(2) The traditional Roots blower clearance leakage flow
calculation formula is revised based on the pressure
distribution law in the pump cavity. Compared with the
simulation results, the calculation error of the correction
formula is better than that of the traditional formula, and
the average calculation error of the 8 models has decreased
from 5.75% to 3.82%.

(3) The calculation accuracies of the formulas are verified and
compared through prototype testing data. The flow rate
values obtained from the formulas are higher than the test
values, but the calculation error of the correction formula is
lower than that of the traditional formula.

6 Recent developments and future
directions

In this paper, although the correction formula has higher
calculation accuracy compared to the traditional formula, there is

still a significant error between the calculated results and actual test
data. One reason is that the clearance structure of the HCP will
change due to the thermal deformation of the rotor and pump body
during actual operation, further affecting the leakage flow rate. In the
later stage, we will consider the influence of the temperature factor in
the correction process of the clearance leakage flow calculation
formula to further improve the calculation accuracy.
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