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Water Distribution and Removal along the Flow Channel
 in Proton Exchange Membrane Fuel Cells
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Abstract: Distribution expressions of total gas pressure and partial water vapor pressure along the 
channel direction were established based on lumped model by analyzing pressure loss in the channel and gas 
diffusion in the layer. The mechanism of droplet formation in the fl ow channel was also analyzed. Effects of the 
relative humidity, working temperature and stoichiometry on liquid water formation were discussed in detail. 
Moreover, the force equilibrium equation of the droplet in the fl ow channel was deduced, and the critical fl ow 
velocity for the water droplet removal was also addressed. The experimental results show that the threshold 
position of the liquid droplet is far from the inlet with the increase of temperature, and it decreases with the 
increase of the inlet total pressure. The critical fl ow velocity decreases with the increase of the radius and the 
working pressure. 
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1  Introduction

Proton exchange membrane fuel cell (PEMFC) is 
widely developed in the world because of its low noise, 
low/zero emission, long lifetime, great reliability, and 
high energy conversion efficiency[1-6]. As one of the 
key components in PEMFC, gas diffusion layer is the 
porous connecting channel from which the fuel gases 
fl ow into the catalyst layer. While the fuel cell is under 
operation, fuel gases are usually humidifi ed and liquid 
water is also generated at cathode. Thus, it is necessary 
to discharge the generated water from the gas diffusion 
layer (GDL) to avoid flooding electrode during the 
fuel cell operation, which can greatly reduce the 
performance of cell[7-9]. 

As water management in PEMFC is one of the 
critical factors affecting the cell performance, it is 
quite important to understand the transfer behavior 

and distribution of water in the gas diffusion layer. 
Zhan et al [10] studied how the thickness of GDL 
affected the water distribution in the  diffusion layer 
using numerical simulation. It was concluded that 
under steady-state condition, the liquid water fl owrate 
through the GDL increased as contact angle, and 
porosity increased as the GDL thickness decreased. 
When a micro-porous layer (MPL) is placed between 
the catalyst layer and the GDL, the liquid saturation 
is redistributed across the MPL and GDL, which 
improves the liquid water draining performance. 
Tuber[11] and Yang et al[12] experimentally observed 
the permeation of water from the diffusion layer 
to flow field channel, water droplet formation and 
growth, and then water block in the channel. They 
measured the relationship between cell performance 
and water block in the channel, and investigated the 
effects of different air fl owrate, temperature, humidity, 
and hydrophobicity of diffusion layer on the cell 
performance. Using a transparent cathode, they found 
that the properties of applied carbon papers directly 
influenced the accumulation of produced water in the 
gas channels. The produced water can even totally clog 
the fl ow channels, resulting in enormous performance 
losses. Generally, if the partial pressure exceeds the 
saturated pressure, water vapor in the fl ow channel and 
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GDL may transform into liquid drop. The formation of 
the liquid water droplet requires condensing nucleus 
and sub-cool. The fi brous fabric of the GDL provides 
numbers of nuclei for the water condensation. Due to 
the exothermic reaction near the catalyst layer and the 
good heat exchange capability of the land, temperature 
difference can be generated between the fl ow gas and 
the surface of the land. Moreover, Meng and Wang[13] 
pointed out that due to the assembling and transporting 
effect of the land on the current, the current transporta-
tion in the land was higher than that in the channel. 
Hence, the nuclei near the land present higher electrical 
adsorption capability of the water molecule in the 
GDL. Cao[14] pointed out that larger contact angle was 
helpful for the droplet condensation, and the optimal 
contact angle was 111-114°. As a consequence, droplets 
are usually formed in the interface between the land 
and channel[11,15,16]. Therefore, when water vapor is 
over-saturated, liquid can be easily condensed from 
humid gas and transmit to the surface of diffusion layer 
by capillary force[17,18].

In this study, the expression of water distribution 
along the fl ow channel in the cathode was established 
through analysis of liquid water formation in the gas 
diffusion layer, and based on the force equilibrium 
equation of a droplet, the critical fl ow velocity for the 
droplet removal was obtained. The results presented 
here could be theoretical guidance on the design of 
fl ow fi eld for PEMFC.

2  Theoretical framework

2.1  Water distribution

To simplify the deduction,  the following 
assumptions are made: gas is considered to be ideal 
gas; all supersaturated water in fuel gases is condensed 
into liquid state in the flow channel; and the amount 
of reacting gas at unit area in the flow direction is 
uniform. 

Fig.1 shows the schematic of gas flow in the 

channel and gas diffusion layer. According to the 
thermodynamics equation, the relationship between 
saturated water vapor pressure Psat and temperature T 
can be expressed as follows[19]:

  (1)

In Fig.1,  the inlet gas pressure defi nes as p0, cell 
working temperature as T, relative humidity as RH, 
channel length as L, width as a, height as b, and stable 
working current density as i 2). According to 
the ideal gas equation, in x direction, the gas velocity 
is considered as constant. Within time change dt, 
for the displacement dx, the pressure drop along the 
direction of movement due to the consume of gas can 
be expressed as :

                        (2)

where, u is gas velocity, and  is the total molar 
consume rate per area. By integrating the expression (2), 
one can obtain the pressure loss as follows:

                              (3)

                            (4)

where, n is the molar flow rate. Defined the gas flow 
and water vapor flow rate at inlet as n0  and , 
pressure at x in the cathode can be expressed as:

                 (5)

where,  is the net water transport coeffi cient, and the 
second item in the right is the pressure loss due to the 
gas movement in channel, the third item is the pressure 
loss due to the gas diffusion in the diffusion layer, the 
fourth item is the pressure loss due to the consume of 
oxygen, the fi fth item is pressure increment due to the 
consume of water molecular dragged by ion from the 
anode and the sixth item is pressure increment due to 
the formed water vapor. Here,  ( calculating 
according to the per area consume of hydrogen), F is 
the Faraday constant. The vapor partial pressure at x in 
the cathode can be expressed as:
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      (6)

A c c o r d i n g  t o  t h e  m a g n i t u d e  a n a l y s i s , 
 . Hence, 

      (7)

If the fuel gas in the cathode is oxygen, Eq.(7) can 
be written as 

                    (8)

If the fuel gas in the cathode is air, Eq.(7) can be 
written as 

                   (9)

where,  is the stoichiometry of reacting gas. When 
water vapor get saturated, one can obtain,

               (10)

Therefore, the threshold position of the liquid can 
be obtained,

                         (11)

2.2  Liquid removal
According to the Ref.[11], droplet will gradually 

gather into swollen droplet, and eventually clog the 
fl ow channel. Therefore, it is necessary to remove the 
droplet before gathering.

Furmidge[20] and David[21] pointed out that the 
threshold resistance which the droplet movement needs 
to overcome could be calculated (Fig.2):

                                (12)

where, Rc is the radius of the bottom,  is the liquid-
gas surface tension, A and R are the advancing and 
receding angles the of droplet, respectively. Tu et al[22] 
analyzed the mechanical equilibrium of the drop on the 
rough surface related to the contact angle hysteresis and 
deduced that in the critical state, the relations of  A, R  
and the Young’s contact angel can be expressed as

                                                    (13)

The research results in the Ref.[23] indicated that 
the impact of wind force FD on the droplet was:

                                    (14)
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where, u is gas velocity, CD is resistance coeffi cient and 
the value is 1.22, and a is the density of the mixture 
gas. The effective area of fl ow wind can be calculated

by  , . The

 volume of the droplet coronal can be expressed as,

                          (15)

Consequently, droplet removal requires,

   (16)

where, the fi rst and the second items in the left are the 
wind force and gravity, respectively, and the item on 
the right is the hysteresis force.

In the Ref.[14], the critical curvature radius rc 
and critical volume vc of a droplet coronal for critical 
condensing/departure can be expressed as,

 

 
where, vmol is the molar volume, p is the liquid-vapor 
equilibrium pressure and c is the critical contact angle.

                            (17)

The minimum critical volume can be got when 
c≈111° and due to the minimum energy analysis, the 
minimum critical chemistry potential c can also be 
reach at c≈111° in this literature, hence, the critical 
departure angle in this paper is considered as 111°.

3  Results and discussion

3.1  Distribution of water vapor partial pressure
According to Eq.(9), water vapor pressure 

increases with the distance, and to investigate the 

effects of the RH, working pressure and stoichiometry 
on the water distribution and condensing process, the 
net water transport coefficient was taken as zero for 
convenience in Figs.3-7. Fig.3 shows the evaluation 
of the saturated pressure and relative humidity (RH) 
corresponding to the temperature form 333(60 ℃) 
to 353 K(80 ℃). As can be seen, temperature has 
more notable effect on the RH than the saturated 
pressure does. When the temperature decreases by 
2 K, the RH decreases by 8%. While the temperature 
further decreases to 343 K, the RH drops to 65.8%. 
As a consequence, if there is a temperature difference 
between the wall of flow channel and the gas, large 
amount of liquid water will be condensed from the fuel 
gas. 

Fig.4 shows the differences of water vapor partial 
pressure under different RH. Without condensing, the 
partial pressure of water vapor increases along the 
gas flow direction at different RH, and reaches the 
maximum at the outlet. The threshold position of the 
saturated pressure is closer to the inlet with the increase 
of RH. When RH is 70%, it even can not reach the 
saturated point at the outlet, whereas at RH of 90%, it 
is merely the 42% distance of the channel.
3.2  The location of liquid-vapor interface

Fig.5 shows the position of liquid-vapor interface 
at different temperatures. As can be seen, the threshold 
position of the liquid droplet is farther from the inlet 
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with the increase of temperature. The reason is that 
saturated vapor pressure of the water increases rapidly 
with the temperature, and larger reactive area is needed 
to absorb more water molecules. Moreover, the distance 
of the threshold position decreases with increasing of 
the inlet total pressure. The reason is that the absolute 
water vapor pressure along the fl ow channel increases 
with increasing of the working pressure due to the 
generation of water vapor. 
3.3  Liquid generation

Fig.6 shows the effects of the stoichiometry and 
the current density on the liquid water generation rate. 
As can be seen, until the water vapor gets saturated, 
there is no liquid water generating in the channel. 
Besides, the position where the liquid water starts to 
generate is further from the inlet as the stoichiometry 
increased. However, the liquid water generates 
more quickly when the distance is longer. When 
the stoichiometry is 2, the rate at the same position 
increases as the current density increases from 0.6 

2 2. On the contrary, the rate for 
liquid water generation decreases as the stoichiometry 
increases from 2 to 6 when the current density is 

2.   
3.4  Critical fl ow velocity

In the Ref.[14], it was stated that the optimal 
contact angle for the water droplet condensation 
was 111-114°. Hence, the receding angle R of the 
critical removal can be chosen as 111°. Fig.8 shows 
the apparent contact angle (129°) of a hydrophobic 
GDL. According to Eq.(13), A is calculated as 154.2°, 
and the parameters used for calculation are shown in 
Table 1. 

3.4.1 Effect of tilted angle

Fig.9 shows the effect of the tilted angel on 
departure radius at temperature of 80°C. It can be seen 
that, without regard to the effect of the wind force, 
when radius is less than 1.17 mm (at this time, sinα is 
invalid, as the dotted line in Fig.9), the viscous force 
plays the leading role, which means the gravity of 
droplet itself cannot overcome the viscous force, the 
droplet will be stuck on the slope. While the radius is 
larger than 1.17mm, the gravity play the leading role, 
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the droplet will depart spontaneously from the slope, 
and the tilted angle for self-slipping down decrease 
quickly as the increase of radius.
3.4.2  Assisted drainage by gravity

Fig.10 shows the relationship between critical 
airflow velocity and radius at horizontal and vertical 
positions. It can be seen that, at small radius, the 
viscous force plays the leading role, gravity don’t 
affect airfl ow very much. With the increase of radius, 
the critical velocity decrease more quickly in vertical 
position than that in horizontal position. The water 
removal ability can be enhanced by using gravity itself.
3.4.3 Effect of working pressure

Fig.11 is the relationship between critical velocity 
and radius in vertical position. It can be seen that, 
critical velocity of droplet with same radius decreases 
with the increase of wording pressure. When the 
radius is small, pressure has an apparent effect on the 
airfl ow velocity, while for a droplet in the spontaneous 
departure area, this effect can be neglected, it could be 
that, with the increase of radius, the gravity will play a 
leading role, and the effect of wind force is weaken.

4  Conclusions

The threshold position of the liquid droplet is 
increasing with the increase of the temperature, and 
decreasing with the increase of the inlet total pressure. 
The critical flow velocity decreases with the increase 
of the radius and the working pressure. The surface 

tension is the dominant effect when the radius is small. 
Both the viscous force and  gravity increase with the 
radius. However, gravity increases more rapidly than 
the surface tension with big radius. 
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