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Abstract 

Water flooding and membrane dry-out are two major issues that could be very detrimental to 

the performance and/or durability of the proton exchange membrane (PEM) fuel cells. The 

above two phenomena are well-related to the distributions of and the interaction between 

water saturation and temperature within the membrane electrode assembly (MEA). To obtain 

insights on the relation between water saturation and temperature, the distributions of liquid 

water and temperature within a transparent PEM fuel cell have been imaged using high-

resolution digital and thermal cameras. A parametric study, in which the air flow rate has 

been incrementally changed, has been conducted to explore the viability of the proposed 

experimental procedure to correlate the relation between the distribution of liquid water and 

temperature along the MEA of the fuel cell. The results have shown that, for the investigated 

fuel cell, more liquid water and more uniform temperature distribution along MEA at the 

cathode side are obtained as the air flow rate decreases. Further, the fuel cell performance 

was found to increase with decreasing air flow rate. All the above results have been 

discussed. 
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1. Introduction 

Proton exchange membrane (PEM) fuel cells are promising clean energy sources for a wide 

range of portable, automotive and stationary applications and this is due to their quick start-

up and sizing flexibility [1]–[4].  

However there are some challenges that need to be resolved in order for the PEM fuel cell 

technology to be widely commercialized, namely the relatively low durability and water 

flooding [5]–[7]. The performance of the PEM fuel cell highly relies on how liquid water is 

managed within the fuel cell. In order to ensure reasonable high ionic conductivity of the 

membrane, the membrane needs to be adequately hydrated with liquid water [8]. Further, 

inadequate hydration of the membrane may lead to local dry areas, excessive ohmic heating 

and, consequently, pinhole formation [9]. Equally, it is important to remove excessive liquid 

water at the cathode to avoid flooding of the catalyst layer and the gas diffusion layer (GDL) 

and subsequent reactant starvation [10]. On the other hand, the status (i.e. vapour or liquid) 

and amount of water is highly affected by temperature as saturation pressure, which is used to 

determine saturation of water, is a strong function of temperature. The sources of heat in 

PEM fuel cells are (i) entropic (ii) irreversible due to the voltage losses (i.e. activation, ohmic 

and concentration losses) and (iii) due to phase change through condensation/evaporation 

[11]–[13]. Generally, the heat is transported through the cell components through conduction 

and eventually is removed via the reactant gases in the flow field channels. Because of the 

strong relation between amount and status of water and temperature, the simultaneous 

investigation of the distribution of liquid water and temperature will be of great benefit and 

interest to the designers and modellers of PEM fuel cell. Namely, such investigations will 

assist in obtaining better understanding on how liquid water is correlated to the distribution of 

temperature within the fuel cell. Eventually, this will provide insights on how liquid water 
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and temperature could be both managed to prevent undesirable phenomena of water flooding 

and membrane dehydration. 

There have been numerous investigations in which the temperatures within PEM fuel cells 

have been measured using thermocouples, micro-sensors and infrared thermal camera; see for 

example [14]–[18]. However, the studies in which the distributions of liquid water and 

temperature have been simultaneously investigated are scarce. Hakenjos et al. [19] designed a 

transparent PEM fuel cell to allow simultaneous investigation of the temperature and water 

distributions under different air flow rates. They reported that the enthalpy of condensation is 

the cause for an elevated temperature in areas where liquid water is observed. Kim et al. [20] 

performed a similar investigation to that of Hakenjos et al. [19] and reached to the same 

conclusion, i.e. the enthalpy of condensation is the cause for the high temperatures in the 

areas where liquid water is observed. Both of the above research groups presented the images 

of the temperature and water distribution at the cathode side from the infrared thermal camera 

and digital camera, respectively. However, the liquid water at the anode side has not been 

visualized in the above investigations. The liquid water at the anode side may be a 

performance-limiting factor as it may cause flooding under certain conditions, e.g. when 

operating the fuel cell under a low current density or when the humidifying water of the fuel 

condensates under certain operating conditions [21], [22]. Also, no quantitative indicators of 

water flooding in the flow channels have been introduced in the above two investigations. To 

this end, the objective in this paper is to present and discuss an experimental procedure which 

simultaneously images the distributions of temperature and liquid water at the cathode side 

and the distribution of liquid water at the anode side. Also, in this work, a quantitative 

indicator of water flooding, the wetted bend ratio has been introduced and employed to help 

explain the obtained results. The outline of the paper is as follows. The experimental 

procedures are described in the following section. The thermal and visual images are 
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presented and discussed in the Results and Discussion Section. Finally, the main findings are 

stated in the Conclusions Section. Hence, in this paper, the newly-introduced experimental 

procedure is present and the quantitative indicator of water flooding; the water bend ratio has 

been employed [23] to investigate the water and thermal management simultaneously.  

2. Experimental Investigation 

2.1 Fuel cell test station 

A commercial transparent PEM fuel cell, CPK202 ClearPak (Pragma Industries) is used to 

carry out the experimental technique. Its active area is 25 cm2 and its flow field is a single-

pass serpentine. The current collectors were made from gold plated copper. The electrolyte 

used is Nafion with a thickness of 25 µm, and the catalyst loading is 0.3 mg Pt/cm2 at the 

anode and 0.6 mg Pt/cm2 at the cathode. The fuel cell was not heated and therefore its 

temperature was, in general, slightly higher than room temperature, e.g. 22-24°C. An in-

house fuel cell test station is used to operate the PEM fuel cell, see Fig. 1, and bubble 

humidifiers have been installed in the test station. This type of humidifier is characterized by: 

ease of operation and the small power demand. Nevertheless, the main issue with such 

humidifiers is that the gas-vapour mixture may condense along the gas tube before entering 

the fuel cell. Fortunately, this issue could be prevented by making the temperature of the 

downstream gas tube slightly higher than that of the bubble humidifier. The humidifier is 

made from stainless steel and has a capacity of 0.5 litre. The range of operation, in terms of 

temperature and pressure, are 20 to 85 ºC and 0 to 2.5 barg, respectively. Two backpressure 

regulators, installed at the outlets gas pipes of the fuel cell, control the pressure at the two 

compartments of the fuel cell. The flow rates of the reacting gases supplied to the fuel cell are 

controlled by the mass flow controllers (HFC 202, Teledyne Hasting Instrument) installed in 
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the upstream section of the fuel cell test station. The performance of the PEM fuel cell, in the 

form of potentiostatic and polarization curves, was captured using a GAMRY 3000 coupled 

with a 30k GAMRY booster.  

[Insert Fig. 1] 

2.2 PEM fuel cell modification 

To allow for more accurate thermal imaging of the cathode side of the fuel cell, where most 

of the heat is generated, the thickness of the two outermost transparent plates has been 

reduced from 20 to 6 mm using a milling machine; see Fig. 2. The material of the transparent 

plate is polymethyl methacrylate (PMMA) which has a relatively low thermal conductivity, 

namely 0.19 Wm-1K-1 [24]. Therefore, the above thinning of the transparent plates has been 

necessary in order to minimize the thermal resistance and allow for the surface of the plate to 

be as reflective and as close as possible to the magnitude and distribution of the temperature 

of the MEA.  

[Insert Fig. 2] 

2.3 Visual and thermal imaging 

The distribution of temperature at the cathode side and the liquid water at both the cathode 

and the anode sides have been simultaneously recorded using thermal and digital cameras; 

see Fig. 3. As mentioned in the introduction, a parameter extracted from the captured images 

of the flow channels, the wetted bend ratio, has been employed as an indicator of the amount 

of liquid water present in the flow channels [25]. This parameter, along with the wetted bend 

ratio [23], will be used to explain the performance and thermal variations of the fuel cell. The 

wetted bend ratio is simply calculated by counting the number of bends that are occupied by 

liquid water and then dividing them by the total number of bends, i.e. 20 in our case. On the 
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other hand, the total length of the water-covered areas of the channel is measured and then 

dividing it by the entire length of the channel to calculate the wetted area ratio; sees Fig. 4. 

For simplicity, we consider the bend of the portion of the channel to be wet when there exists 

a considerable amount of liquid water in these regions.  

[Insert Fig. 3 and Fig. 4] 

3. Results and discussion 

In order to explore the viability of the above-described experimental procedure to correlate 

the profiles of the liquid water and temperature within PEM fuel cell, a parametric 

experimental study has been performed. In this study, the air flow rate has been changed to 

investigate its effect on the distributions of the temperature and liquid water in the 

investigated PEM fuel cell. The set of flow rates used were: 0.10, 0.15, 0.20 and 0.25 

Standard Litre per Minute (SLPM) which represents the stoichiometry ratios from 2, 3, 4 and 

5 respectively. The hydrogen flow rate has been kept constant at 0.05 SLPM, which is the 

theoretical hydrogen flow rate calculated based on a total current of 8 A and stoichiometry 

ratio of about 1.5. During the experiment, the operating conditions on the temperature, 

pressure and relative humidity, were kept constant, namely, the gas inlet temperature and 

pressure on both sides were about 21 ºC and 1 barg, respectively. The relative humidity of the 

gases entering the fuel cell at both sides has been recorded by a humidity sensor (Hyroflex 

Rotonic, Switzerland) as 80% and the polarization and potentiostatic results have been 

recorded for each air flow rate. As described in the previous section, the visual imaging of the 

liquid water and thermal imaging have been performed simultaneously. 

Fig. 5 shows the polarization curves for the corresponding cases in which the air flow rate has been 

changed from 0.10 to 0.25 SLPM. It can be seen that the fuel cell performance, in general, slightly 
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decreases as the air flow rate increases from 0.10 to 0.25 SLPM and this is most likely due to the 

decrease in the level of the humidification of the membrane with increasing flow rate. As it can be 

inferred from the wetted ratio curves shown in Fig. 7, the level of water available at the flow channels 

decreases as the air flow rate increases, thus potentially decreasing the amount of liquid water 

required for adequate humidification of the membrane. Also, it should be noted that compared to the 

results presented that in a previous work [23], the fuel cell performance is low. This could be 

attributed to the poor contact between the MEA and the current collectors of the fuel cell resulting 

from the thinning of the transparent plates. To investigate the status of the liquid water in the flow 

channels, the potentiostatic curves were generated at 0.60V, see Fig. 6. As with the corresponding 

polarization curves, it can be seen that, after reaching almost the ‘pseudo’ steady-state condition, the 

best fuel cell performance is when the air flow rate is 0.10 SLPM and it decreases as the air flow rate 

increases.  

[Insert Fig. 5 and Fig. 6] 

The wetted bend ratio and wetted area ratio for both sides of the fuel cell have been 

calculated from the captured images and are plotted in Fig. 8. It can be seen that they both 

decrease as the air flow rate increases and this is most likely to be due to the increase in the 

ability to remove liquid water from the flow channel with an increasing air flow rate. The 

wetted ratio numbers at the cathode are larger than those of the anode and this is most likely 

to be due to the fact that the hydrogen flow rate has been kept constant, the curves of the 

wetted ratios at the anode side are similar to those at the cathode side. This could be 

attributed to the back diffusion of liquid water from the cathode side to the anode side which 

apparently decreases with increasing air flow rate. This signifies that the wetted ratio 

numbers at the anode side can also be used to interpret the relationship between the fuel cell 

performance and the air flow rate. 

Fig. 9 shows the thermal images at the cathode side of the fuel cell as the air flow rate 
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increases from 0.10 to 0.25 SLPM. The gas inlet is at the upper right corner of the thermal 

image and the gas outlet is at the lower left corner. As it can be seen from the images, the 

uniformity in the temperature distribution decreases as the air flow rate increases. 

Specifically, a ‘hot-spot’ at the downstream of the flow channel near the cathode outlet starts 

to form and become larger and ‘stronger’ as the air flow rate increases. It has been shown 

earlier in this section that, for the given operating conditions and the investigated fuel cell, 

the fuel cell performs better as the air flow rate decreases. Therefore, one would expect the 

heat generation (and subsequently the temperature) will be a maximum for the 0.10 SLPM 

case. However, this is not the case. This is most likely due to the observation that the amount 

of liquid water present in the flow channels is the highest and the most uniform in the 0.10 

SLPM; see Fig. 7. The thermal conductivity of the liquid water is one order of magnitude 

higher than that of air [26]. To this end, the more liquid water present at the cathode, the 

more heat is conducted to the transparent plate and, subsequently, the more uniform is the 

temperature distribution recorded by the thermal camera.  

[Insert Fig. 7, Fig. 8 and Fig. 9] 

4. Conclusions 

In this paper, a transparent PEM fuel cell has been simultaneously visually and thermally 

imaged using high-resolution digital and thermal cameras in order to explore the relation 

between the distributions of both liquid water and temperature. The focus has been at the 

cathode side as it is the side at which water is produced. To investigate the viability of the 

proposed experimental procedure, a parametric study, in which the air flow rate has been 

incrementally changed, has been conducted. The following are the main observations and/or 

findings: 
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 The temperature distribution along the MEA at the cathode side becomes more non-

uniform as air flow rate increases. This could be attributed to the observation that the 

liquid water (which has significantly larger thermal conductivity than air) in the 

cathode flow channels becomes less as the air flow rate increases, thus resulting in 

less efficient heat dissipation.  

 The above findings could be alternatively expressed in more quantitative: the 

temperature distribution across the MEA becomes less uniform as the wetted ratio 

number decreases. 

 For the given in-house modified transparent fuel cell, the fuel cell performance 

decreases as the air flow rate increases. This was attributed to the increases in the rate 

of water removal from the cathode with increasing air flow rate, leading to the 

availability of less water to adequately humidify the membrane electrolyte. 
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Figures Captions 

Fig. 1 A photograph of the in-house fuel cell test station. 

Fig. 2 PEM fuel cell with reduced in thickness transparent plates. 

Fig. 3 Schematic diagram of the experimental setup (top view) 

Fig. 4(a) A photograph of the investigated transparent fuel cell showing the number of the 

total bends, i.e. 20, and (b) an image that shows the wetted areas in the flow channel [23]. 

Fig. 5 The polarization curves for all the investigated air flow rates.  

Fig. 6 The measured current density at 0.60 V as a function of time for all the investigated air 

flow rates. 

Fig. 7 The images taken for the cathode side at 0.60 V for the cases at which the air flow rate 

has been changed  incrementally from 0.10 to 0.25 SLPM. 

Fig. 8 The wetted area and bend ratio numbers at 0.6 V for the (a) cathode and (b) anode 

sides. 

Fig. 9 The thermal images taken for the cathode side at 0.6 V for the investigated cases in 

which the air flow rate has been changed incrementally from 0.10 to 0.25 SLPM. 
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Fig. 6 
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Fig. 7 
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Fig. 8 
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Fig. 9 
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