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Abstract
In practical applications, the proton exchange membrane (PEM) fuel cell stack is often exposed to wind environment, and 
the speed and direction of the ambient wind are random. The performance variation of an open-cathode PEM fuel cell under 
various ambient wind directions and speeds was studied. The results show that when the ambient wind direction is oppo-
site to the cathode reactant or from the side of stack, the stack temperature increases and the stack power decreases finally. 
Moreover, with the increase in the wind speed, the running time of the stack is shortened significantly. For the ambient wind 
in the same direction as the cathode gas, the stack power increases at a high current and decreases at a low current. For the 
given speed and direction of ambient wind, the increased air flow rate of fan could alleviate the interference of ambient 
wind on the stack performance and temperature. However, while the stack temperature is more than the allowable maximum 
operating temperature, the stack power declines even though the air flow rate of fan increases.
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Introduction

With the development and progress of science and technol-
ogy, the demand for energy is growing. The development 
and application of renewable energy have also become a 
popular direction in various research fields. Nowadays, the 
proton exchange membrane (PEM) fuel cell stack is in the 
spotlight for cleanliness and high efficiency, and the products 
of PEM fuel cell on the market have become more mature 
and diverse [1-3]. The open-cathode PEM fuel cell system 
removes the need for a cooling water system, which greatly 
simplifies the system and reduces maintenance and fabrica-
tion costs [4]. The open-cathode PEM fuel cell has been 
widely used in emergency power sources, small electric 

vehicles, unmanned aerial vehicles (UAV), and other fields 
as low-power source [5, 6].

For the PEM fuel cell, the effects of stack structures, air 
intake strategies, and the state parameters of the reaction gas 
on the stack performance and efficiency have been exten-
sively studied. Some fuel cells adopt the dead-end anode 
gas control strategy, in which the anode exit is blocked so 
as to improve the hydrogen utilization rate. However, the 
insufficient fuel due to the blocked anode might cause the 
performance degradation and unstable cell voltage [7]. Han 
et al. [8] divided the anode cells of the battery pack into sev-
eral blocks and operated it in the dead-end anode mode. It is 
found that the hydrogen utilization rate is greatly improved 
and the fluctuation of cell voltage becomes smaller. Hwang 
et al. [9] installed two valves in the hydrogen recirculation 
pipeline to make the anode gas run in different modes. It is 
found that the recirculation mode could effectively increase 
the cycle time. Yang et al. [10] fabricated an open-cathode 
stack with six single cells stacked in a stair configuration 
manner and concluded that this structure can provide more 
uniform and sufficient oxygen for the entire stack. Atkinson 
et al. [11] prepared a less porous gas diffusion media and 
applied it to the stack cathode, and found that the ohmic 
resistance of proton exchange membrane was greatly 
reduced. Kreesaeng et al. [12] established a mathematical 
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model of PEM fuel cell to study the influences of cross-
sectional area and aspect ratio of cathode flow channel on 
PEM fuel cell. It is found that the performance decreases 
with the increase in cross-sectional area, but improves with 
the increase in aspect ratio. Kiattamrong et al. [13] fabri-
cated a PEM fuel cell of which the active area is 100  cm2, 
and explored the effect of six different geometries of air flow 
channels on the stack performance. The results show that 
the high aspect ratio flow channel had better performance, 
but the flow area had weak impact on stack. Zhao et al. [14] 
studied the impact of the cells number and bolt torque on the 
stack and found a range of the cells number within which 
the stack had the best performance and stability. Zhao et al. 
[15] made a 11-cell PEM fuel cell stack with a spoiler in the 
gas inlet system and reported that the spoiler can promote 
the stack performance. Moreover, the influence of position 
of the fan on stack performance was studied. It was found 
that the proper position of fan could promote the dissipation 
of heat. Strahl et al. [16] established a dynamic multiscale 
PEM fuel cell model and analyzed four different catalyst 
layer structures. It is found that only secondary pores model 
shows a better performance.

For open-cathode PEM fuel cell, it is also worth investi-
gating the operating parameters of the stack. Zhao et al. [17] 
made a PEM fuel cell with 50  cm2 active area, experimen-
tally studied the optimum operating conditions of hydrogen 
pressure, temperature, humidity, and stoichiometric ratio 
for this stack. The results show that the suitable operating 
parameters could effectively improve the stack power. Xu 
et al. [18] investigated the effect of the reactant humidity 
on the PEM fuel cell for the case of the operating tempera-
ture 90℃. It is found that the stack performance with low 
humidity is better at the high current density. Meanwhile, 
compared with the anode gas, the effect of cathode reactant 
humidity on stack performance was more obvious. Combin-
ing the experimental and simulation results, Sachinet et al. 
[19] reported that the increased temperature and working 
pressure were beneficial to stack power, while the increase 
in stack operating temperature monotonously led to dehy-
dration of the membrane. Yang et al. [20] built a compre-
hensive transient multi-dimensional model of PEM fuel 
cell system and found that the water production of the stack 
increased with the stack current, while the increased stoi-
chiometric ratio of air made the generated water be removed 
so quick that membrane dehydration was accelerated. Lu 
et al. [21] explored the influence of back pressure on stack 
performance. It turned out that high back pressure would 
increase the water content of PEM, so the stack voltage was 
improved. Each current density had a corresponding optimal 
back pressure. When the back pressure reached the optimum 
value, the promoting impact of back pressure on the stack 
voltage gradually disappeared. Zhang et al. [22] reported 
that although the high back pressure improved the stack 

performance, the stability of the current distribution was 
worse. The poor performance always occurs at the outlet, 
where it is prone to water accumulation and air consumption. 
It can be found that the operating parameters resulted in the 
changes of heat and water caused by the fuel cell; thus, the 
stack power was affected. Therefore, the water and thermal 
management were very important to the stack performance.

In practical applications, PEMFC is often exposed to the 
natural environment, so it inevitably needs to be operated 
under some extreme conditions. As a matter of fact, many 
researches focus on the effect of the environmental tempera-
ture on the performance of fuel cells. Williamson et al. [23] 
investigated the effect of ambient temperature on air-cooled 
PEMFC using the polarization scanning. They found that 
the performance of cathode-open PEMFC stacks depends 
on the stack temperature, while the temperature distribution 
of closed structure cells is more balanced. Pahon et al. [24] 
investigated the performance differences of open-cathode 
PEMFC stacks at different ambient temperatures. Two envi-
ronmental temperatures are considered, namely a constant 
room temperature of 20℃ and a temperature range of − 30 
to − 2 ℃. The results indicate that due to inevitable water 
freezing inside the fuel cell, the performance of fuel cells 
stored for a long time at low temperatures deteriorates more 
compared to those stored at a constant room temperature. 
Hottenen et al. [25] investigated the cold-start behavior of 
PEMFC stacks under sub-zero temperature conditions and 
observed the phenomenon of external icing on the cath-
ode side and irreversible loss of stack performance. Zey-
oudi et al. [26] evaluated the performance of cathode-open 
PEMFC stacks under environmental temperatures in the Abu 
Dhabi region. The experimental results show that the output 
power of the fuel cell stack is about 40% lower in summer 
than that in winter. This is because the high temperature 
environment in summer can cause membrane dehydration 
and reduce its ion conductivity, thereby weakening the per-
formance of the stack. Wilson et al. [27] thawed the PEM 
fuel cell after freezing it three times and found that the stack 
performance was not significantly deteriorated. Cho [28] 
also conducted a freeze–thaw experiment of PEM fuel cell 
and found the distribution of ice could affect the stack cur-
rent. It was believed that the ice first appeared in the cathode 
catalyst layer. When the temperature inside the stack can 
melt the ice layer, the stack successfully starts. Oszcipok 
et al. [29] conducted cold-start experiments of PEMFC at 
ambient temperatures of − 10 and − 20 °C. The results show 
that above − 10 °C the stack was able to be started, and the 
resistance of membrane had an obvious effect on the start-
ing behavior. Zhang et al. [30] tested the stack under three 
different radiation intensities and found that the stack power 
decreased rapidly with the intensification of the radiation 
intensity, and then, the operation stopped automatically. 
Atkinson et al. [31] put the open-cathode PEM fuel cell in 
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an indoor wind tunnel to simulate actual atmospheric flight 
conditions. It also studied the performance of the stack under 
wind speed and altitude. It was found that the stack power 
was lost 38% when the wind speed decreased from 15.4 to 
0  ms−1, and the stack voltage and power were lost at high 
altitude. It might be related to the oxygen partial pressure 
and temperature at a high altitude.

The previous studies on the effect of the environmental 
temperature on the PEMFC stacks were relatively compre-
hensive. However, the environmental factors include not 
only temperature, but also factors such as radiation, electro-
magnetism, and wind. At present, the focus on the effect of 
wind speed and direction on PEMFC performance is rarely 
little. As a matter of fact, the interference of ambient wind 
is inevitable for the working environment of open-cathode 
PEMFC stacks. Although Atkinson et al. [31] reported the 
effect of wind speed on stack, the experimental conditions 
were simple. When the open-cathode PEM fuel cell is used 
in UAVs as a power source under the ambient wind, the 

intensity and direction of the ambient wind are random. The 
direction and speed of environmental wind may affect the 
air intake parameters and heat dissipation of cathode-open 
fuel cell stacks, thereby affecting the performance of fuel 
cells. Therefore, the purpose of this article is to investigate 
the effects of the ambient wind with different intensities and 
directions on the output power, operating temperature, and 
voltage of fuel cells.

Experimental

Experimental platform

In experiment, a 20-piece open-cathode PEM fuel cell stack 
is selected, and the parameters of experimental stack are 
shown in Table 1. It is worth noting that the small unmanned 
aerial vehicles typically carry fuel cell stacks of several hun-
dred watts [32–36]. Therefore, a low-power stack is used to 
investigate the effect of environmental wind on the perfor-
mance of the stack in this study. The specific experimental 
platform is presented in Fig. 1. After the solenoid valve of 
the hydrogen circuit is opened, the hydrogen pressure and 
volume are regulated by the valve and the hydrogen flow rate 
controller. Then, the hydrogen is sent to the stack to react 
with the air, followed by the discharge of the exhaust gas. In 
experiment, the dead-end anode mode is set by a solenoid 
valve installed at the exhaust port to control the on?off, and 
the time relay of 20 s is used to open the solenoid valve to 
discharge exhaust gas in a time of 0.2 s. The solenoid valve, 
hydrogen flow rate controller, temperature, and humidity 

Table 1  Parameters of the experimental stack

Parameters Value

Dimension /mm 200×60×120
Mass /g 1948
Cells number /- 20
Active area /cm2 130
H2 inlet pressure /MPa 0.08
Rated power /W 360
Normal operating temperature /°C 50
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Fig. 1  Diagram of experimental platform
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sensors transmit the collected data to the computer through 
the information acquisition module for synchronous control 
and data monitoring.

Measurement system

The cathode gas is supplied by two axial flow fans with 
dimensions of 90 × 90 × 35 mm and voltage range of 7?14 V, 
as well as the stack cooling. The voltage of the axial flow fan 
is controlled by an adjustable DC stabilized power supply. 
In order to accurately measure the wind speed, five fixed 
monitoring points are set in the wind field. The wind speed 
at each monitoring point for different fan frequencies is 
sequentially measured using an anemometer. The average 
value is taken as the wind speed under each experimental 
condition. In Table 2, the corresponding air flow rate and 
the air speed of fan are presented.

The positive and negative electrodes of the stack are con-
nected to an adjustable DC electronic load. Different load 
currents can be set in constant current mode on the com-
puter. Meanwhile, the stack voltage and power are measured. 
A single voltage acquisition module is inserted between each 
single cell to record its voltage evolution.

In previous studies, the thermocouples [30, 31, 37–43] 
and infrared thermal imager [14-17] were used to obtain the 
stack temperature profiles. Because the inserted thermocou-
ples may block the cathode channel and affect the uniformity 
of the ambient wind, an infrared camera is installed at the 
entrance of the stack to measure the temperature.

In order to achieve a uniform environmental wind field, 
a rectifier device is installed at the outlet end of the blower 
frame. The device is composed of orderly stacked polyeth-
ylene plastic hollow circular pipes with a radius of 5 mm. 
After rectifying the turbulent airflow from the blower, a 
laminar airflow suitable for quantitative analysis is output. 
The uniformity of the wind field can be proved by the wind 
speed data in Fig. 2a. For a given blower frequency, the wind 
speed stabilizes at a constant value over time. Moreover, 
the stack is set at a horizontal distance of 60 cm from the 
air outlet of the blower, and the stack is kept at the same 
height as the wind to ensure that the whole stack is in the 
wind field in experiment. The wind speeds of 2.5, 5.5, and 
8  ms?1 are selected according to the distribution of wind 
resources and the Beaufort wind scale [39-41]. The ambi-
ent wind speed is shifted by the frequency regulator of the 
blower. Figure 2a shows the wind speed evolution at the 
measuring point within 400 s under three different blower 
frequency. Although the real wind pattern is random, three 
representative wind directions are considered in experiment, 
namely the same as the cathode intake direction, opposite to 
the cathode intake direction and from the side of the stack, 
as shown in Fig. 2b. The selection of these three typical 
directions is meaningful, as the cathode gas parameters and 
stack heat dissipation are significantly affected.

Experimental procedure

Before each experiment, the environmental temperature 
and humidity are both recorded to ensure that the tem-
perature of each experiment is basically 24 °C (±?2 ?) and 
the humidity is 40% (±?3%). Firstly, the solenoid valve 
of nitrogen circuit is opened to purge the stack for three 
minutes, and then, the speed of the blower is adjusted by 
the frequency regulator. After the blower runs for one 
minute, the voltage of the cooling fan is set. The solenoid 

Table 2  Voltage, air flow rate, and air speed of the fan

Voltage/V 8 10 12 14

Air speed/ms?1 1.12 1.28 1.46 1.65
Air flow rate/CFM 106.50 133.87 160.22 187.13

Fig. 2  Wind parameters: a 
profiles of the wind speed at the 
horizontal center of the stack 
under three different blower 
frequency; b three selected 
ambient wind directions
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valve of the hydrogen circuit is shifted to keep the pres-
sure of the hydrogen 0.08 MPa. The stack runs for 6 min 
with the current of 5 A after the stack open-circuit voltage 
is stabilized. Then, the current is increased by 5 A to run 
for another 6 min until the stack cannot run stably, and the 
electronic load and the stack could be stopped running. 
After the stack temperature returns to normal values, the 
frequency and voltage of the fan are changed to carry out 
the next experiment.

Experimental results and discussions

Effect of ambient wind direction

In Fig. 3, the variations in the stack power and maximum 
temperature are revealed. When it was exposed to the ambi-
ent wind in different direction, the stack power and tempera-
ture changed significantly.

As shown in Fig. 3a, when the stack was exposed to the 
ambient wind which is in the same direction as the stack 
cathode gas, the stack power shows a more obvious down-
trend compared with that without ambient wind, which is 
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Fig. 3  Variations in stack power and maximum temperature 
under ambient wind from different directions (air flow rate of fan: 
187.13  CFM), a the direction of the ambient wind is same as the 

cathode gas; b the direction of the ambient wind is opposite to the 
cathode gas; c the direction of the ambient wind is from the side of 
the stack
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related to the difference of stack temperature. It could be 
observed that the maximum stack temperature with ambi-
ent wind is significantly lower than that without ambient 
wind. Since the ambient wind is in the same direction as 
the stack cathode gas, the heat dissipation and the flow rate 
of the cathode gas are accelerated. Therefore, the tempera-
ture rise rate decreases, and the stack operating temperature 
becomes lower. The stack power decreases as the tempera-
ture decreases, which is associated with the stack water and 
thermal management. The temperature and water content of 
the PEM are the main factors that influence the PEM fuel 
cell stack, and each stack has its optimum operating tempera-
ture [17]. When the stack temperature is below the optimum 
operating value, the voltage increases with the temperature 
of the stack. Correspondingly, the voltage gets lower when 
the stack temperature decreases [19]. It could be interpreted 
as a decrease in the activity of the catalytic layer at low 
temperatures, as well as a decrease in the hydration level 
and conductivity of PEM [20]. The PEM ohmic resistance 
increases accordingly when the stack temperature decreases 
[44], and the degraded power of stack is induced. When the 
current of the cell stack is loaded from 5 to 35 A, the effect of 
environmental wind on the power of the stack becomes more 
significant as the current increases. This can be explained 
by the fact that the less water and heat are produced in the 
stack regardless of the ambient wind interference exists or 
not for the case of low current density. Therefore, the proton 
exchange membrane is not hydrated evenly. Moreover, the 
gas diffusion layer may be blocked by the water as it is dif-
ficult to be evaporated at a low temperature. Consequently, 
it leads to difficulties in mass transfer [45]. However, the 
water in cathode channel could be properly taken away by 
the ambient wind, so the power difference of the stack is 
small at low current. When the load current increases, the 
temperature and water produced by stack increase as well, 
which causes the hydration of the PEM become better [46]. 
But the excessive heat dissipation is caused by the ambient 
wind, and the high air velocity takes away the water pro-
duced by the stack. As a result, the water inside the PEM is 
lost, and the difference of stack power increases. When the 
current rises to 40 A, the power of the stack under ambient 
wind is basically the same as that without ambient wind. The 
reason is that the stack produces much more heat under high 
current, and the stack temperature could exceed the optimal 
operating temperature (50 ℃). Without the ambient wind, 
the cooling capacity of the fan is not enough so that the heat 
accumulation is induced. Therefore, the local overheating of 
the stack occurs so that the stack power decreases. However, 
the ambient wind in the same direction as the cathode gas 
can take away the heat produced by the stack. As the wind 
speed increases, the stack temperature can be reduced to a 
normal range, and the evaporation rate of water in the mem-
brane at high temperature is reduced, and also the operating 

time of the stack is effectively promoted. Moreover, the rate 
of water production is lower than the evaporation rate of 
the stack at high temperature. The water loss of the mem-
brane leads to the decrease in stack performance. Therefore, 
it can be concluded that generally, environmental winds in 
the same direction as the cathode gas result in a negative 
impact on the stack. However, for the case of the high cur-
rent, the water and thermal management is improved effec-
tively, and the maximum power and operating time of the 
stack increase.

As presented in Fig. 3b, when the direction of the ambient 
wind is opposite to the cathode gas, compared to no ambient 
wind, the output power of stack firstly improved and then 
degraded. According to the maximum stack temperature, 
it can be found that ambient wind in the opposite direction 
to the cathode gas has a remarkable heating effect on the 
stack. For the air-cooled fuel cell, the cathode gas is involved 
in the reaction, and the temperature decay of the fuel cell 
stack is due to the forced convection of heat generated dur-
ing the operation of the stack. The exhaust side of the stack 
is blocked by environmental winds that are opposite to the 
cathode reactants. The heat cannot be dissipated because the 
gas with heat encounters the airflow in the opposite direc-
tion at the air outlet, so the stack temperature rises. When 
the stack temperature rises, the mass transfer capacity of 
PEM and the thermal motion of reactant are accelerated. 
Simultaneously, the rise of stack saturated vapor pressure 
occurs, and the hydration of the PEM is enhanced [46, 47]. 
Moreover, the ohmic resistance of PEM also decreases [44] 
with the rise of stack temperature, and therefore, the stack 
performance is enhanced. When the load current rises to 35 
A, the power differences of the stack with and without ambi-
ent wind are smaller, even the maximum stack temperature 
is much higher compared with that without ambient wind. 
When the current is 40 A, the stack power is even lower than 
that without the ambient wind. Since the heat dissipation is 
hindered under the interference of ambient wind, the stack 
temperature increases caused by the heat accumulation. 
Eventually, the dehydration of the membrane results that the 
stack performance is degraded [43]. The heat produced by 
the stack under the high current can be discharged through 
the forced convection of the fan, so that the maximum stack 
temperature is basically maintained at the optimal range of 
stack temperature.

As shown in Fig. 3c, the stack power in the scenario with 
lateral environmental winds is significantly lower than that 
in the scenario without environmental winds. Moreover, the 
degradation amplitude gradually increases with the current. 
The degradation of the power is often associated with the 
water and thermal management. Moreover, the degradation 
is accompanied by the abnormal rises of stack temperature 
or uneven heat distribution [43]. According to the maxi-
mum temperature of the stack, it can be found that when the 
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ambient wind is from the side, the maximum stack tempera-
ture increases than that without the ambient wind. With the 
current ranging from 5 to 30 A, the maximum stack tempera-
ture is below the optimal stack temperature. As mentioned 
above, the stack temperature is positively correlated with the 
stack performance. The degradation of power seems to con-
tradict the theory. When the ambient wind is from the side, 
the supply of the cathode gas is insufficient because the inlet 
and outlet of stack are hindered. Consequently, the uniform-
ity of the gas distribution is also deteriorated. It means that 
the heat produced by the stack cannot be dissipated evenly. 
Therefore, the local overheating occurs and the heat manage-
ment is worsened. In addition, the amount of reaction air in 
some areas of the stack is insufficient because the reactant 
cannot distribute uniformly in flow channel. Hence, a large 
difference of current density in different parts is caused by 
the local oxygen starvation. Moreover, the negative and posi-
tive electrodes are reversed, and the high temperature of the 
stack may happen, which leads to the local degradation of 
membrane electrode assembly [48]. It is the reason that the 
stack power decreases with the increase in stack temperature.

Effect of ambient wind speed

The ambient wind speed is also considered to further dis-
cuss the influence of ambient wind on the stack. Figure 4 
presents the variation in the operating time of the stack 
with the wind speed under different direction of ambient 
wind. Figure 4 shows when the stack is exposed to the 
ambient wind in the same direction as the cathode gas, the 
operating time of the stack increases gradually with the 

ambient wind speed. Furthermore, the forced convection 
of the ambient wind on the outside of the stack is strength-
ened, so the air volume in channel and the heat dissipa-
tion increase. Therefore, the stack temperature gradually 
drops to a normal value, and the operating time of the 
stack increases accordingly.

As shown in Fig. 4, when the direction of the environ-
mental wind is opposite to the cathode gas or when the 
environmental wind comes from the side, the operating 
time of the stack is gradually shortened with the increase 
in the ambient wind speed. However, the reasons for the 
decay of the operating time of the stack in these two cases 
are different. When the direction of the ambient wind is 
opposite to the direction of the cathode gas, due to the heat 
dissipation being blocked, the effect of the ambient wind 
on the outlet of cathode gas increases with the wind speed. 
Consequently, the heat is more likely to be accumulated 
in the stack, and the increase in temperature has a cer-
tain promotion impact on the stack even at a low current. 
Moreover, the more heat of stack can be produced at a high 
current. When the stack temperature is enough high to 
damage the PEM, the stack stops running. The magnitude 
of the degradation decreases gradually as the wind speed 
increases. The reason is that without the ambient wind, the 
optimal stack temperature has been exceeded. However, 
as the speed of ambient wind that opposite to the cathode 
gas increases, the stack temperature still rises due to the 
heat accumulation. When the maximum stack temperature 
is over 65 °C, the stack cannot continue running. When 
the wind speed reaches the maximum value of 8  ms?1, the 
stack stops running directly at 40 A. As a consequence, 
the operating time of the stack is 0 s, which results in a 
decreasing trend in the attenuation amplitude of the stack.

In Fig. 4, when the ambient wind blows the stack from 
the side, the interference of ambient wind on the stack 
increases with the wind speed. Moreover, the heat dis-
sipation of stack becomes more difficult, and the cathode 
reactant is reduced so that it cannot be distributed in the 
flow channel evenly. The differences of heat generation 
and current density in various parts of the stack increase 
gradually. Figure 5 presents the variation in temperature 
distribution with wind speed for the case of the ambient 
wind from the side. Apparently, the phenomena of local 
oxygen starvation and uneven heat dissipation in the stack 
become more obvious with the increase in wind speed. 
Therefore, the duration of high temperature degradation of 
the membrane electrode may be shortened, and the heat is 
easier to be accumulated inside the stack. Similarly, when 
the load current of the stack is loaded at 40 A, the oper-
ating time of the stack decays greatly and drops to 0 s 
directly.
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Effect of air flow rate of the fan

As mentioned above, the influence of ambient wind on the 
stack cannot be ignored. In order to alleviate the interference 
of ambient wind in practical applications, the air flow rate 
of the fan is changed to explore the influence on the stack 
under the ambient wind.

Figure 6a shows that when the ambient wind is in the 
same direction as the cathode gas, the degraded power of 
the stack increases with the current, then drops sharply after 
reaching the peak value, and finally shows a negative value, 
which means the increase in stack power. As the air flow rate 
of fan rises, the degraded power of stack increases. After the 

maximum value is reached, the rise of air flow rate of fan 
also slows the downtrend. In Fig. 6b, the degraded power is 
caused by the decrease in temperature, and the heat dissipa-
tion is accelerated with the increase in the air flow rate of 
fan. Thus, the degraded power of the stack also increases. In 
the absence of ambient wind, the power of the stack begins 
to decrease as it reaches its maximum temperature. Under 
the interference of the ambient wind, the temperature of 
stack is near the optimum value at same working condi-
tions. As a result, the degraded power of the stack begins 
to decline, and a peak can be found, followed by a negative 
value. When the air flow rate of fan increases, regardless of 
the presence of ambient wind, the temperature of the stack 

Fig. 5  Variation in temperature 
distribution with wind speed 
for ambient wind from the 
stack side (air flow rate of fan: 
160.22 CFM, load current: 
35 A), a 0  ms?1; b 2.5  ms?1; c 
5.5  ms?1; d 8  ms?1
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decreases. The duration of the stack temperature to achieve 
the maximum operating temperature or the optimal operat-
ing temperature also is prolonged, and the decreasing trend 
of the degraded power of the stack is slowed down. It should 
be pointed that, in the gray area in Fig. 6a, the air flow rate 
of fan is 106.50 and 133.87 CFM; the degraded power of 
the stack directly reaches a minimum value when load cur-
rent increases. The value is not expressed because it is too 
small, but marked with a gray area specially for explanation. 
Combined with Fig. 6b, without the interference of ambi-
ent wind, the temperature is about 60 °C while the air flow 
rate at 106.50 CFM and the current at 30 A. So as to the 
air flow rate of fan at 133.87 CFM and the current at 35 A. 
Because the temperature is over the optimal value, the fuel 
cell is unable to run stably. However, with the ambient wind, 
the maximum temperature can be reduced to about 50 °C. 
Thus, for the cases of the air flow rate of fan at 106.50 and 
133.87 CFM, the maximum load current required for the 
operation of the stack increases to 30 and 40 A, respectively. 
The operating time and output power of the stack increase 
significantly, which means that the maximum power of the 
stack can reach 386.706 and 412.232 W, respectively. Due 
to the large difference with other data, it is marked and 
explained separately.

Similarly, in Fig. 7a, when the stack is interfered with 
the wind in opposite direction to the cathode reactant, 
the variation in the increased power with the current is 
focused with different air flow rate of fan. It should be 
noted that since the ambient wind affects the stack power 
positively, the increased power of the stack (stack power 
with ambient wind interference?stack power without inter-
ference) is selected as the Y-axis parameter. The overall 
curve is basically the same as that in Fig. 6a, which means 
that the increased power first increases to the peak value 

and then drops sharply. With the rise of air flow rate of 
fan, the increased power of stack decreases, and the peak 
value of the curve is shifted back gradually. Figure 7b pre-
sents that the temperature increases with ambient wind. 
While the current increases, the temperature difference 
between with and without ambient wind increases, so 
the increased power of the stack shows an upward trend. 
With ambient wind, the maximum stack temperature can 
be achieved, and the power of stack begins to be attenu-
ated. While without ambient wind, the stack temperature 
approaches the optimal operating temperature gradually, 
the stack power reaches the maximum value. Therefore, 
the increased power of the stack appears to be a maximum 
value. As the current continues to increase, the increased 
power of the stack drops to a negative value, which means 
that the stack power with ambient wind is lower. When the 
air flow rate of fan increases, the difference of temperature 
with and without the ambient wind gradually decreases. 
Because the air flow rate can alleviate the hindering effect 
of the ambient wind on the heat dissipation, the speed of 
temperature rise for the stack slows down with the ambi-
ent wind. Therefore, the increased power of the stack 
decreases with the difference of the temperature, and the 
deceleration of the temperature rise rate also effectively 
prolongs the duration for the stack to reach the maximum 
operating temperature. The gray area in Fig. 7a represents 
that while the current increases, the increased power still 
decreases. Without the ambient wind, the stack power can 
be operated under the same working conditions, but with 
the ambient wind, the stack power decreases to 0 W due 
to the high temperature. As a result, the increased power 
has a significant negative value. Thus, it is not directly rep-
resented in Fig. 7a, but marked with a gray area specially 
for explanation.
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Figure 8 presents the effect of current on the degraded 
power and stack temperature for the ambient wind from the 
side. As shown in Fig. 8a, the degraded power varies with 
the current for the different air flow rate of fan. The degraded 
power presents a rising trend, and the rise of air flow rate 
causes the degraded power of the stack to decrease gradually. 
As seen in Fig. 8b, the stack temperature increases with the 
interference of ambient wind. However, according to the previ-
ous analysis, although the temperature of the stack increases, 
the internal current distribution of the stack is uneven. Thus, 
the power of the stack decreases.

From the above analysis, it can be concluded that the 
increase in air flow rate of fan effectively alleviates the 
degraded power of the stack. In order to characterize the volt-
age decay of the single cell, an important parameter Cv is used 
to evaluate the voltage distribution uniformity of the stack. The 
calculation formula for Cv is as follows [30, 32]:

where n is the cells number; U
i
 is the voltage of the i-th 

single cell; and U is the average voltage of all single cells. 
A larger Cv means a more uneven voltage distribution of the 
single cells. In other words, an increase in Cv indicates an 
increase in voltage instability of the cell stack. Generally, a 
sudden increase in Cv also indicates the sudden attenuation 
of the voltage of one or more single cells. The lower Cv 
means the uniformity of the stack is better. Figure 9 presents 
the changes of C

v
 with time for the ambient wind from the 

side. The load current increases every 360 s, and the C
v
 is 

also terminated when the stack stops. A jump can be found 
on the C

v
 curve as the load current increases. As mentioned 

(1)
C
v
=

�

�

�

�

�

∑n

i−1

�

U
i
−U

U

�2

n
× 100%

before, the heat and water production inside the stack are 
promoted with the increase in current. The distribution uni-
formity of the inlet gas and outlet is affected by the ambient 
wind. It further leads to a decrease in the local temperature 
and water content for the proton exchange membrane. There-
fore, the stack ultimately stops running. Moreover, with the 
increase in air flow rate, C

v
 decreases while the operation 

time of stack is extended.
Figure 10 presents the effect of air flow rate of fan on 

single-cell voltage and C
v
 under the ambient wind from the 

side. As shown in Fig. 10a, it can be concluded that the cell 
voltage fluctuates significantly, especially the rapid decrease 
in cell voltage of No.12, which leads to an increase in C

v
 . 

When the heat is dissipated by fan, the No.12 cell is at the 
position of blades and the channels are blocked. The ambient 
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wind strengthens the uneven heat dissipation. Therefore, the 
more heat is concentrated in the cell No.12, which results 
in a decrease in cell voltage. Consequently, the stack cannot 
run sequentially. To compare with Fig. 10b, c and d, when 
the air volume increases, C

v
 and cell voltage become stable 

gradually. The interference of the ambient wind on No.12 
is alleviated as the air flow rate in channel is accelerated. 
Thus, the distribution of cathode reactant is uneven and local 
high temperature of stack is weakened. With the stability 
of No.12 cell voltage, the voltage uniformity is enhanced. 
Therefore, the increase in air flow rate could mitigate the 
effect of ambient wind on the stack performance.

Conclusions

The effect of ambient wind on the open-cathode stack is 
studied. The stack performance at different ambient wind 
directions and wind speeds is tested. Moreover, the output 

power, operating temperature, and voltage of stack are 
mainly discussed. The conclusions are summarized below.

(1) For the ambient wind in the same direction as the cath-
ode gas, the stack temperature is lower than that with-
out ambient wind, and the stack power also shows a 
downward trend. When the current is increased, the 
stack can reach the higher power, and the operating 
time of the stack increases. When the ambient wind 
speed increases, the degraded power of the stack is 
more obvious at a low current, and the stack tem-
perature is lower, but the operating time of the stack 
increases.

(2) For the ambient wind direction opposite to the cathode 
reactant, the stack temperature increases. The stack 
power increases first and decreases finally compared 
with that without the ambient wind. When the ambient 
wind speed increases, the effect on the stack is more 
obvious. The maximum current that the stack can reach 
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is reduced, and the operating time of the stack is also 
significantly shortened.

(3) For the ambient wind from the side, the inlet and out-
let of stack are hindered, which results in the insuffi-
cient supply of the cathode gas. Consequently, the heat 
produced by the stack cannot be dissipated evenly due 
to the non-uniformity of gas distribution; meanwhile, 
the current density of each part significantly varies. 
Therefore, the voltage uniformity of the single cell 
is worsened affected by the local overheating, which 
further leads to a decrease in the stack power. As the 
wind speed and current increase, the degraded power 
of stack increases, and the running time of the stack is 
also shortened.

(4) The increase in the air flow rate of fan can effectively 
alleviate the interference of ambient wind on the output 
performance and stack temperature. Especially the high 
current can benefit to improve the water and thermal 
management. Moreover, the duration for the stack to 
achieve the maximum operating temperature can be 
prolonged. However, when the stack temperature is 
too high to run stably, the stack power continuously 
decreases until the stack stops running even though the 
air flow rate is risen.

(5) For a given load current and an air flow rate of the fan, 
when the environmental wind direction is the same as 
the cathode airflow direction, an increase in the wind 
speed can improve the operation performance of the 
fuel cell stack. For the scenarios where the environ-
mental wind direction is opposite to the cathode air-
flow direction or comes from the side of the fuel cell 
stack, the fuel cell stack cannot run normally. As the 
wind speed increases, the operating time of the fuel 
cell stack decreases and the temperature of the fuel cell 
stack increases. When the wind speed reaches 8  ms1, 
the fuel cell stack cannot run.
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