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In response to the issues of high heat dissipation density, large heat generation, 
and low heat dissipation efficiency of proton exchange membrane fuel cells, this 
paper develops a vehicle fuel cell heat dissipation performance test bench. The 
bench employs HFE-7100 phase change cooling fluid and utilizes three distinct 
configurations of heat exchangers under ambient conditions of 35  °C. The heat 
dissipation characteristics of the system are then analyzed under varying working 
fluid-flow rates and fan speeds. The results demonstrate that, when subjected to 
the same fan speed and working fluid-flow rate, the system with three-process 
heat exchangers exhibits the most optimal heat dissipation performance. The heat 
dissipation of the system is observed to be 7% to 16.7% higher than that of the 
two-process configuration, and 5.1% to 7.2% higher than that of the four-process 
configuration. Moreover, the energy efficiency ratio of the system ranges from 
18.58 to 26.62, indicating a notable reduction in energy consumption when com-
pared to the two-process (3.9% to 10.3% improvement) and the four-process 
(7.4% to 12.7% improvement).  
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Introduction 

As the global economy continues to develop at a rapid pace, energy crises [1] and 

environmental pollution [2] have become increasingly prominent concerns for countries 

around the world. Achieving low-carbon development and enhancing the utilization of clean 

energy [3, 4] have emerged as a global consensus, reflecting the growing recognition of the 

need to address these challenges. In the context of the global energy transition to clean, low-

carbon sources, hydrogen energy has emerged as a crucial development opportunity as a clean 

energy source. The most feasible application of hydrogen energy is in transportation, particu-

larly in vehicles, where it can be converted into clean electric power through fuel cells to 

serve as a power source. Consequently, in response to both policy and market forces, China 

has witnessed a surge in the production and sale of new energy vehicles. Hydrogen fuel cells, 

in particular proton exchange membrane fuel cells (PEMFC) [5], exhibit high energy conver-

sion efficiency, a wide operating range, convenient and rapid fuel replenishment, and pollu-
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tion-free emissions. These are devices for the direct conversion of chemical energy into elec-

tric energy through electrochemical reactions. In comparison to traditional fuel vehicles, fuel 

cells possess several advantages, including high energy density, rapid charging, and a wide 

operating range [6, 7]. These attributes position them as a crucial element in the future of sus-

tainable automotive development [8]. During operation, fuel cells convert approximately 40% 

to 60% of the chemical energy in the fuel and oxidant into electricity, with the majority of the 

remaining energy being converted into heat [9]. In the event that the heat is not effectively 

managed in a timely manner, the internal temperature of the cell will significantly increase, 

resulting in a pronounced decline in the performance of the stack. Temperature is a crucial 

factor influencing the performance of fuel cells. It affects not only the transport characteristics 

of gases, the management of water, and the electrochemical reaction activity, but also the effi-

ciency and stability of the stack [10]. 

The fuel cell cooling system has been a subject of significant interest among schol-

ars both domestically and internationally. Tong, et al. [11] constructed a test platform for a 

36 kW fuel cell engine cooling system and developed a set of 3-D fuzzy control rules. The 

results indicate that the system can ensure the fuel cell operates within the optimal tempera-

ture range, with temperature control errors meeting design requirements, and the cooling ef-

ficiency satisfying the system cooling needs. Zhao [12] employed a high-efficiency heat ex-

changer with an isothermal plate for air cooling in PEMFC, which resulted in a significant 

improvement in temperature uniformity within the cell stack, with a maximum internal tem-

perature difference of only 5.3 ℃. This verifies the viability of implementing isothermal 

plates in compact air-cooled PEMFC cooling systems. Zheng et al. [13] developed a 1-D 

simulation model for the thermal management system of a vehicle-mounted fuel cell. A sen-

sitivity analysis was conducted on the air-flow rate and outlet water temperature of the cell 

stack. The results indicate the ability to accurately analyze the outlet water temperature of 

the cell stack under different operating conditions, enabling precise assessment of the outlet 

water temperature of the cell stack under various operating conditions. Ding et al. [14] de-

veloped a computational model for the heat transfer and flow resistance characteristics of 

radiators using MATLAB. The model was validated through experiments and its cooling ef-

fectiveness was compared under different operating conditions for fuel cell system radiators. 

Tao, et al. [15] developed a mathematical model for the auxiliary cooling system of vehicle-

mounted PEMFC. The results indicated that when the pump output was 30 Lpm (200 kPa), 

the three-parallel scheme reduced the pipeline flow resistance by 40.7% compared to the 

two-parallel scheme. Furthermore, it was found that the addition of a third parallel scheme 

to the system resulted in a 40.7% reduction in pipeline flow resistance compared to the two-

parallel scheme. 

A review of the literature on fuel cell cooling systems revealed a paucity of exper-

imental studies on phase-change cooling. In order to address the challenges of high thermal 

load and high temperature precision requirements in fuel cells, this paper proposes a two-

phase cooling method. A compact and high performance parallel flow heat exchanger is se-

lected based on the separated heat pipe technology. A test platform for automotive fuel cell 

cooling performance was constructed using HFE-7100 as the phase-change working fluid. 

Phase-change cooling experiments were conducted under three different flow heat exchang-

ers to analyze the cooling characteristics under varying fan speeds and working fluid-flow 

rates. 
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Experimental system and working condition 

Introduction of experimental equipment 

This paper presents the design of an experimental platform for automotive proton 

exchange membrane fuel cell cooling systems, with a heat dissipation requirement of 15 kW. 

The schematic diagram of the experimental system circulation is presented in fig. 1. The pa-

rameters of each piece of equipment are presented in tab. 1. The layout of the flow channels 

for the parallel flow heat exchanger is illustrated in tab. 2. 

Figure 1. Schematic diagram of heat dissipation 
system for automotive fuel cell;  

1 – two flow processes condenser,  
2 – three flow processes condenser,  

3 – four [kJkg–1K–1] flow processes condenser;  
4, 5, 6 – ball valves, 7, 8 – sight glasses,  

9 – liquid storage tank, 10 – mass-flow meter,  
11 – water pump, 12 – temperature control box,  

13 – electric heating wire, 14 – constant temperature 
water bath, 15, 16 – temperature sensors,  

and 17, 18 – pressure sensors 

 

Table 1. Parameters of each device 

Device Parameter 

Condenser 
Parallel-flow condenser dimensions:  

400 × 352 mm, flat tube height 26 mm, flat tube thickness 1.8 mm 

Pump 
Model: NP190; motor model: LG8056; 

nominal flow rate: 1.9 mL/rev, rated flow rate: 5.4 Lpm at 3000 rpm 
rated head: 15 m, motor power: 800 W, dimensions: 80 × 118 mm 

Air blower 
WSLNF-261WX-5-10; fan speed: 3150 rpm,  

air volume: 2500 m³/h, power: 150 W 

Temperature sensor Model: XMTG-6000, measurement precision: ±0.5℃ 

Pressure sensor Measurement precision: ±0.5% kPa 

Paperless recorder KSA series 4.3-inch 12-channel 

Mass-flow meter Measurement precision: ±0.2% kg/h 

Temperature controller XMTG-6000 

Table 2. Non-symmetric flow passage arrangement 

Processes Tubes Non-symmetric parameter 

2 

34 

22-12 

3 16-12-6 

4 12-10-8-4 
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System principles and calculations 

The boiling point of the HFE-7100 working fluid is 61 ℃ at standard atmospheric 

pressure. The cooling fluid absorbs heat and boils within the cooling plates, thereby maintain-

ing the internal temperature of the cell stack between 60-80 ℃. The vaporized working fluid 

generated at the heating end is introduced into the heat exchanger, where it begins to flow and 

undergoes forced convective cooling with the ambient air. The condensed cooling fluid exits 

the heat exchanger in the form of droplets due to the influence of liquid tension. 

The heat dissipation of the heat exchanger: 

 mKA T  
 (1) 
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where ϕ [kW] is the heat dissipation, K [Wm–2K–1] – the overall heat transfer coefficient, A 

[m2] – the heat transfer area, ΔTm [K] – the logarithmic mean temperature difference, T1 [K] – 

the temperature at the hot fluid inlet, T2 [K] – the temperature at the hot fluid outlet, t1 [K] – 

the temperature at the cold fluid inlet, and t2 [K] – the temperature at the cold fluid outlet. 

When the coolant is utilized in the cooling system, it undergoes cooling through 

subcooling and phase change heat absorption, and then transfers heat to the environment 

through the heat exchanger, thereby completing phase change cooling and subcooling cooling. 

Among these processes, phase change heat dissipation represents the primary mode of heat 

dissipation. The cooling process itself is responsible for the dissipation of heat. 

 ϕcool = ϕPha + ϕsen (3) 

 ϕPha = mΔh (4) 

 ϕSen = CpmΔT (5) 

where m [kgs–1] is the mass-flow rate of the cooling medium, Δh [kJkg–1] – the latent heat of 

vaporization of the cooling medium, Cp [kJkg–1K–1] – the specific heat capacity of the liquid 

phase of the cooling medium, and ΔT [K] – the subcooling of the cooling medium. 

The EER indicates the system energy efficiency, representing the efficiency of ener-

gy conversion. A higher EER indicates better energy-saving performance of the system. The 

calculation formula for EER: 

 
EER

P




 (6) 

 P = P1 + P2 (6) 

where P [kW] is the total power consumed during system operation, P1 [kW] – the power 

of the water pump, and P2 [kW] – the power of the fan. 

Experimental working conditions 

This experiment was conducted in the Standard Enthalpy Difference Laboratory, 

with the outdoor temperature set at 35  °C. The experimental conditions are shown in tab. 3. 
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Table 3. Experimental working conditions 

Exchanger process Outdoor temperature [℃] Fluid-flow [Lpm] Fan speed percentage 

2 
3 
4 

35 

3 20% 

3.5 40% 

4 60% 

4.5 80% 

Analysis of experimental results 

The heat dissipation characteristics at different fan speed  

The fan speeds were set at 20%, 40%, 60%, and 80% of maximum capacity, corre-

sponding to air-flow velocities of 1.6 m/s, 2.3 m/s, 3.4 m/s, and 4 m/s, respectively. The cool-

ant flow rate was maintained at 4 Lpm. 

As illustrated in fig. 2(a), the system heat dissipation exhibits a biphasic response to 

the increase in the number of heat exchanger processes at a constant fan speed. The heat dis-

sipation is greatest at three processes, with heat dissipation values of 14.31 kW, 15.26 kW, 

16.21 kW, and 16.51 kW at fan speed percentages of 20%, 40%, 60%, and 80%, respectively. 

In comparison to two processes, the increase is 14%, 13.7%, 10%, and 9%, respectively. In 

comparison to four processes, the increase was 5.1%, 7.1%, 6.7%, and 7.1%, respectively. 

The reason for this is that during the transition from two to three processes in the heat ex-

changer, the number of processes increases, the flow velocity of the working fluid inside the 

heat exchanger becomes larger and more evenly distributed, resulting in more sufficient heat 

dissipation and thereby an increase in heat dissipation. During the transition from three to four 

processes in the heat exchanger, there is a discernible decline in heat dissipation. This is due 

to the fact that the structure of the four-process heat exchanger is more complex, resulting in 

greater flow resistance and an increase in system pressure drop, which consequently affects 

system heat dissipation. 

As illustrated in fig. 2(b), at a constant number of processes in the heat exchanger, 

an increase in fan speed results in a gradual rise in system power. The energy efficiency of the 

system must be evaluated in terms of its system EER. As illustrated in fig. 2(c), the pattern of 

EER under varying fan speeds and heat exchanger process numbers exhibits variability. The 

 

Figure 2. (a) Variation of heat dissipation by fan wind speed for different processes, (b) variation of 
system power for different processes with fan air speeds, and (c) EER variation of fan wind speed for 
different processes; 1 – fan percentage 20%, 2 – fan percentage 40%, 3 – fan percentage 60%, and 
4 – fan percentage 80% 
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EER at a constant fan air-flow velocity is analogous to the trend of system heat dissipation, 

which exhibits an initial increase with the number of heat exchanger processes and then a sub-

sequent decline. For instance, with three processes, the EER reaches 26.62, 25.49, 21.49, and 

18.58 as the fan speed percentage increases, representing respective increases of 10.3%, 8.8%, 

5.3%, and 4.9% in comparison to two processes, and increases of 12.7%, 13.2%, 9%, and 8% 

in comparison to four processes. The primary reason for this phenomenon is the substantial 

influence of heat dissipation, despite the relatively stable system power. However, the EER 

for four processes decreases by 2.1%, 3.8%, 3.4%, and 2.8% in comparison to two processes 

as the fan speed percentage increases. This is because the heat dissipation between the two 

sets of processes is comparable, but the system power for the four-process configuration is 

greater, resulting in a reduction in the system EER. Moreover, at the same number of process-

es, the trend of decreasing system EER becomes more pronounced as the percentage of fan 

speed increases. This is primarily due to the significant influence of fan power. 

The heat dissipation characteristics at different fluid-flow rates 

To assess the efficacy of the fuel cell cooling system in dissipating heat, a series of 

performance tests were conducted at varying fluid-flow rates (3 Lpm, 3.5 Lpm, 4 Lpm, and 

4.5 Lpm) and fan speed percentages (60%) with a wind speed of 3.4 m/s.  

The variation in system heat dissipation with different fluid-flow rates and heat ex-

changer process arrangements is illustrated in fig. 3(a). From the figure, it can be observed 

that at a constant flow rate, the system heat dissipation initially increases and then decreases 

with an increase in the number of heat exchanger processes. The heat dissipation is highest at 

three processes, with system heat dissipation reaching 13.8 kW, 15.23 kW, 16.21 kW, and 

16.63 kW, respectively, for fluid-flow rates of 3 Lpm, 3.5 Lpm, 4 Lpm, and 4.5 Lpm. This 

represents a 16.7%, 10.6%, 10.1%, and 7% increase over the heat dissipation of two process-

es, and a 7.2%, 5.6%, 6.7%, and 5% increase over the heat dissipation of four processes. The 

number of processes affects heat dissipation. As the number of processes increases, the struc-

ture becomes more complex, and some fluid does not completely dissipate heat. As the fluid-

flow rate increases, the rate of increase in system heat dissipation decreases in proportion to 

the heat exchanger processes. 

Figure 3(b) illustrates the trend of system power changing in relation to fluid-flow 

rate and heat exchanger process number. At a constant fluid-flow rate, the power output in-

creases with an increase in the number of heat exchanger processes. The EER is defined as the 

ratio of energy conversion efficiency. As illustrated in fig. 3(c), the fluctuating trend of the 

 

Figure 3. (a) Variation of heat dissipation by work mass-flow rate for different processes, (b) variation 
of system power for different processes with work mass-flow rate, and (c) variation of EER for work 
mass-flow rate for different processes; 1 – flow rates 3 L per minute, 2 – flow rates 3.5  Lpm ,  
3 – flow rates 4  Lpm , and 4 – flow rates 4.5  Lpm 
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EER can be employed to ascertain the energy-saving efficacy of the system. From the figure, 

it can be observed that the EER is at its highest with three processes. As the fluid-flow rate in-

creases, the system efficiency ratio also rises, reaching 19.84, 20.84, 21.49, and 21.61, respec-

tively. These values are 7.7%, 5.7%, 5.3%, and 3.9% higher than that of two processes, and 

9.8%, 9.1%, 9%, and 7.4% higher than that of four processes. As the fluid-flow rate increases, 

the EER also rises, however, the rate of increase in EER diminishes with an increase in flow 

rate. This phenomenon can be attributed to the influence of heat dissipation, which causes an 

increase in the flow rate of the working medium and, consequently, an increase in heat dissi-

pation. As the flow rate increases to a certain extent, the working medium is unable to fully 

exchange heat with the heat exchanger, resulting in a slower increase in heat dissipation. Con-

sequently, the system power increases gradually, while the rate of increase of the system EER 

slows. The EER of the four-process system is observed to decrease by 6.8% to 8.9% in com-

parison to the three-process system. This is attributed to the increased number of heat ex-

changer processes, which leads to a more complex structure, higher system energy consump-

tion, and a decrease in heat dissipation. 

Conclusions 

The objective of this study was to investigate the heat dissipation characteristics of a 

fuel cell using HFE-7100 phase-change coolant with a heat dissipation rate of 15 kW. The fol-

lowing conclusions were drawn. 

 At a constant fan speed and a fixed working fluid-flow rate, the phase-change heat dissi-

pation and system EER are at their maximum when the heat exchanger has three process-

es. In comparison to two processes, the heat dissipation increases by 7% to 16.7%. In 

contrast, when compared to four processes, the heat dissipation increases by 5.1% to 

7.2%. The EER relative to two processes increased by 3.9% to 10.3%, while relative to 

four processes, it increased by 7.4% to 12.7%. This indicates that when employing a heat 

exchanger for phase-change cooling of fuel cells, the number of heat exchanger processes 

must be taken into account. 

 At the same heat exchanger processes, increasing the fan speed can enhance the system 

heat dissipation. However, this results in a gradual decrease in the EER, with a reduction 

ranging between 2.9% and 30.2%. This demonstrates the substantial influence of fan 

power on the system EER, indicating that merely increasing the fan speed may not neces-

sarily result in enhanced heat dissipation. Moreover, a moderate increase in the working 

fluid-flow rate can enhance both the system's heat dissipation and the EER. Nevertheless, 

the rate of improvement gradually diminishes, suggesting that the optimal working fluid-

flow rate should be determined based on specific requirements. 
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