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bstract

Water transport phenomenon in PEM and the mechanism of occurrence and development of a two-phase countercurrent flow with corresponding
ransport phenomenon in the PEM are analyzed. A one-dimensional steady state model of heat and mass transfer in porous media system with
nternal volumetric ohmic heating is developed and simulated numerically. The results show that two dimensionless parameters D and N, which

eflect the liquid water flow rate and inner heat source in the PEM, respectively, are the most important factors for the water fraction and thermal
alance in the PEM. The saturation profiles within the two-phase region at various operating modes are obtained. Smaller mass flow rate of liquid
ater and high current density are the major contributions to the membrane dehydration.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The direct methanol fuel cell (DMFC), which allows direct
se of an aqueous methanol solution as the fuel and air (O2)
s the oxidant, is a new kind of proton exchange membrane
uel cell (PEMFC). Due to its much simpler peripheral units
han those of traditional hydrogen PEMFC, which is difficult
o safely feed the hydrogen in reality utilization, it has been
ttached more and more attention [1]. Based on the experimen-
al tests of a DMFC, water and thermal management is one of
he key factors, which ensure its highly efficient steady opera-
ion and extend its life-span. There has already been quite a few
nvestigations on water and thermal management for a DMFC
2–11], and the prevention of dehydration phenomena in PEM
as also been investigated. However, to our knowledge, there
s few published literature on the mechanisms of dry-out and
urnout phenomena in PEM, which take place in the case of a
ertain high current density. Usually, water in a working DMFC
omes from the aqueous methanol solution fed into the anode,

umidified air (O2) fed into the cathode and the product of cath-
de electrochemical reaction. With the more abundant sources of
ater supply, in the most normal operation conditions a DMFC
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an work under the higher current density without the threat
f dehydration of PEM, but in some formidable conditions the
urnout of PEM was observed in the tests. Hence, to prevent
ry-out and burnout of PEM under high current density will do
reat help for enhancing the performance and longevity of a
MFC. When current density increases to a certain high value,

vaporation and condensation processes of water may go syn-
hronously with its transport in a DMFC. Consequently, to find
ut the mechanisms of heat and mass transfer in a DMFC is
he hard core of water and thermal management. Springer et al.
12] and Springer and Wilson [13] discussed the phenomenon
f two-phase transport in traditional hydrogen PEM fuel cells.
owever, there is still a lack of understanding on the mecha-
ism of occurrence and development of a two-phase flow in a
MFC. In recent years, Wang [14] and his group applied the

heory of multiphase, multi-component transport in capillary
orous media into the modeling of the PEMFC, and numerically
imulated the two-phase flow in porous electrodes considering
he evaporation and condensation of water. Then some abnor-

al phenomena with the concomitant phase change of water,
uch as cathode flooding, dehydration and dry-out of PEM, etc.,
hich appear in some formidable operation modes, started to

e investigated. Since the PEM is very thin and there is only
small range of operating conditions between drying out and
ooding of the cathode [11], it is so hard to carry out the visu-
lized experiment of water transportation inside PEM. Thus, to

mailto:mhshi@seu.edu.cn
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Nomenclature

C concentration of a species
F Faraday’s constant
hfg latent heat of evaporation
I current density
m mass flux
p pressure
q Joule heat flux
S saturation
T temperature
ul,d permeability velocity
ul,e electro-osmotic velocity
x abscissa
Z charge number of a species

Greek symbols
β kinematic viscosity ratio
δ non-dimensional length
ε porosity
θ non-dimensional temperature; contact angle
κ permeability
μ dynamic viscosity
ν kinematic viscosity
ρ density
σ vapor–liquid interfacial tension
φ electric potential

Subscripts
ac interface between anode and catalyst layer
l liquid
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nderstand the transport process of water in PEM, it is essential
o develop a theoretical model to analyze the characteristics of
ater transport in PEM, and explore the mechanism of dry-out
f PEM. In this paper, a one-dimensional steady state model
f heat and mass transfer in porous media system with internal
olumetric ohmic heating is developed and simulated and the
echanisms of occurrence and development of two-phase zone

n PEM of a DMFC as a porous media are explored.

. The flow and phase change in PEM

The standard membrane material used in PEM is a fully flu-
rinated Telfon-base material. Water transport in hydrophilic
embrane is molecular diffusion. Water molecules exist in the

ore space of membrane structure. Thus, the water molecular
ransport in hydrophilic membrane can be considered as a diffu-
ion and permeable process in a porous media with nanometer
cale. Therefore, the PEM can be regarded as a porous media

ystem. To analyze the mechanism of water transport in PEM,
he PEM porous structure can be simplified as a tube bundle

ade of solid matrix and void channels, as shown in Fig. 1. PEM
s heated from its cathode boundary by heat generated in cath-

b
i
b
r

ig. 1. Evolution of two-phase zone and dryout in PEM (a) Nucleation of water
ubble, (b) The formation of a two-phase zone, (c) Spreading of two-phase zone
nd (d) Dry-out of PEM.

de electrochemical reaction, while ohmic heating contributes
o its internal heat source. Under the normal operating condi-
ions, void channels of porous PEM are filled with liquid water
nd liquid water in the void channel C will be dragged along the
hannel wall toward cathode side by capillary force. Owing to
he current density distribution in cross-section of PEM is usu-
lly non-uniform [15], therefore, when the local current density
n a certain zone becomes excessively high, the Joule heat pro-
uced will be high enough to activate the nucleation of water and
hen a bubble zone B will occur as shown in Fig. 1a. The water
ransport in channel makes this evaporation process of water to
e continued. Under the function of local Joule heating, the bub-
les in the channel will gradually grow up. The whole process
eems to be that vapor bubbles move in the opposite direction
ith liquid water flow in C, while the liquid water in front of the
ubble is dragged towards cathode side along the channel wall,
nd thus form a two-phase countercurrent flow in porous PEM
16]. At the same time, the reduction of liquid water may cause
he decrease of local electrical conductivity, which improves the
ocal Joule heating. The higher Joule heating can increase the
uperheat of water in the cathode side of void channels C and
ause a new vapor flow. Thus, the two-phase coexistent zone in
orous PEM will appear. Meanwhile, vapor flow is continuously
ooled by contact with liquid water in its front and condenses
radually at the interface of liquid–vapor. For a given current
ensity, vapor flow will stop at a certain place of PEM due to
he equilibrium between evaporation and condensation. Thus, a
ocal transient two-phase dehydration zone is appeared in PEM,
s shown in Fig. 1(b).

With the increase of the local current density, more vapor bub-

les generate and the dehydration zone will spread unboundedly
n PEM. On the other hand, the flux of the liquid water dragged
y electro-osmotic force increases with the increase of local cur-
ent density, which may enhance the cooling effect on vapor flow.
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Fig. 2. A burnout sample of PEM.

onsequently, the development of local two-phase zone with the
ncrease of the current density depends on these two opposite
ffects as Joule heating and electro-osmotic drag, respectively.
he local dehydration zone may spread with the increasing cur-

ent density, as shown in Fig. 1(c). Under the most of working
odes at high current density the normal operation of DMFC

an still be conducted. The dehydration zone will not cover the
hole cross-section of the interface between PEM and cathode

atalyst layer until the local current density reaches to a certain
igh value. At this moment, most of the void channels in PEM
re filled with vapor and PEM is seriously dehydrated owing to
iquid water flow collapsing in its cathode side. It causes a large
ontact resistance and leads to a quick increase of local Joule
eat flux. Finally, the temperature of the solid matrix quickly
ncreases, which is the so-called dry-out of PEM, as shown in
ig. 1(d). The dry-out of PEM not only disconnects the inter-
al circuit of a DMFC and causes burnout of PEM as shown in
ig. 2.

. Analytical model and simulation

The cathode catalyst layer, PEM and anode catalyst layer
ombine a porous media system. According to the working
ondition of a DMFC, the system is subjected to a tempera-
ure difference such that the temperature at the cathode catalyst
ayer is significantly higher than the saturation temperature of
he interstitial fluid while the anode catalyst layer is maintained
elow the saturation temperature Ts as shown in Fig. 3.

In this porous media system under the boundary and internal
eating, it has been shown that three distinct regions will appear;
hat is, vapor zone, two-phase zone and liquid zone [17–19]. The
hickness of PEM is l = X3 − X1 and Xc denotes the start point
f two-phase zone.

.1. Water fraction distribution in PEM
To simplify the analysis some assumptions are made as fol-
ows:

w
e

Fig. 3. Temperature distribution in PEM.

1) The local thermodynamically equilibrium in porous PEM is
maintained.

2) Catalyst layers are very thin; they can be treated as the
boundaries of PEM.

3) The flow rate of fluid in porous PEM is low, the inertia force
could be neglected and the effect of gravity is also neglected.

4) The transport properties of liquid and vapor are constant.
Liquid water is incompressible and vapor is regarded as
ideal gas.

The water velocity from anode to cathode at the liquid zone
n PEM can be calculated by Schlögl equation as:

l = kφ

μl
Zf Cf F

dφ

dx
− kp

μl

dpl

dx
= ul,e + ul,d (1)

here the first term of right side is the velocity caused by electro-
smotic force and the second is Darcy velocity under a pressure
radient. F is Faraday constant, Cf is the iron density, Zf is the
harge number of iron for a species, φ is the electric potential,
nd kφ, kp are the electro-osmotic coefficient and permeability
f the water in PEM, respectively.

The total water velocity in PEM can be expressed as

l = ul,d + ul,e (2)

The mass flow rate of the liquid water can be calculated as

l = ρlul (3)

The continuous equation is

d(ρlul)

dx
= 0 (4)

The energy equation under the local thermodynamically equi-
ibrium is:

dT d dT
dx dx dx

here Cpl is the specific heat capacitance of water, keff is the
ffective thermal conductivity of PEM and q is inner volumetric
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and some calculated results are as follows.

The start point of two-phase zone length Lc (correspond-
ing to lc = Xc − X1) and water fraction distribution in PEM are
shown in Figs. 4–7. It is shown that the start point appears ear-
06 M.H. Shi et al. / Journal of Po

eat flux produced by Joule heating,

= i
dφ

dx
(6)

The relationship between the current density and the electri-
al potential as well as electrical conductivity is

= −σm

dφ

dx
+ FCf ul (7)

n which the electrical conductivity σm can be expressed as

m = F2Df + Cf

RT
(8)

The current continuous equation is

dφ

dx
= 0 (9)

Liquid water in PEM is mainly existed by the form of Hydrate
roton (H+

3 O), the diffusion of water in PEM can be neglected.
hus, the mass flow rate of liquid water can be calculated by
lul. Assuming xc is the coordinate of the interface between

iquid zone and two-phase zone. Define the water fraction αx
l at

he location x in PEM as:

x
l = mx

l

m
(10)

here m is total mass flow rate of water and mx
l is liquid flow

ate at the location x in PEM.
The average velocity caused by electro-osmotic force and

verage Darcy velocity in PEM are

¯ l,e = kφ

μl
Zf Cf F

�φ

l
(11)

¯ l,d = kp

μl

pac − ps

l
(12)

here ps is the pressure at xc. Thus, the total average liquid water
elocity in PEM is

¯ l = ūl,d + ūl,e (13)

The following non-dimensional parameters are defined as

on-dimensional length L = x

l

on-dimensional velocity U = ul − ul,e

ūl − ūl,e

on-dimensional flow rate M = m

ρlūl

on-dimensional temperature θ = T − Ts
Tac − Ts

on-dimensional pressure P = p − ps

pac − ps
Fig. 4. The start point length of two-phase zone (D = 1).

By use of above non-dimensional parameters, Eqs. (4) and
5) become

U = dU

dL
= 0 (14)

d2θ

dL2 − D
dθ

dL
+ N = 0 (15)

here D = Cplml/Keff and N = ql2/(Tac − Ts)Keff are two non-
imensional parameters which reflect the change of water mass
ow rate and inner heat source in PEM, respectively.

The boundary conditions are

L = 0, P = 1, θ = 1

L = Lc, P = 0, θ = 0
(16)

In this paragraph, the water transport phenomena are empha-
ized and the main objects are the mechanism and development
f a two-phase countercurrent flow as well as water fraction dis-
ribution in PEM. The numerical simulation was conducted [21]
Fig. 5. The start point length of two-phase zone (D = 10).
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Fig. 6. The water fraction in PEM (D = 1).

ier at the small water flow rate (D = 1) when electrical current
ncreases and it causes water fraction in PEM decreasing fast.
n the other hand, when the electrical current is small (cor-

esponding to small value of N), the water fraction in PEM
s satisfactory to normal operation condition and the dry-out
n PEM is never happened. The decrease of the thickness of
EM l will decrease the value of N and it is good for the safe
peration.

.2. The length of two phase zone

The two-phase flow in porous structure of PEM under pres-
ure gradients can be determined by a modified Darcy’s equation
s

l,d = −κκrl

μl

dpl

dx
(17)

v = −κκrv

μv

dpv

dx
(18)
The electro-osmotic velocity of liquid water is

l,e = κκr�

μl
Zf Cf F

dφ

dx
(19)

Fig. 7. The water fraction in PEM (D = 10).
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In the above equations, κrl and κrv are the relative perme-
bility of the liquid water and vapor, respectively and κrϕ is the
elative electro-osmotic coefficient of the liquid water.

The mass flow rate of the liquid and vapor phases in two-phase
one are

l = ρl(ul,d + ul,e) (20)

v = ρvuv (21)

The energy and mass conservation equations in two-phase
one are

= mvhfg = i2l

σm

(22)

v + ml = 0 (23)

Solving Eqs. (17)–(23), the following expressions for vapor
ressure, liquid water pressure and capillary pressure gradients
re obtained respectively as

dpv

dx
= − νvq

κκrvhfg

(24)

dpl

dx
= νlq

κκrlhfg

+ κrφ

κrl
Zf Cf F

dφ

dx
(25)

dpc

dx
= − q

κhfg

(
νv

κrv
+ νl

κrl

)
− κrφ

κrl
Zf Cf F

dφ

dx
(26)

To analyze the length of two-phase zone in PEM, the term
f water saturation S, which is commonly used in the heat and
ass transfer in porous media, is introduced in this paper. In

orous PEM the water saturation S is defined as the volumetric
ercentage of liquid water in a pore volume of PEM with the
hickness of X − X1. The relationship between water saturation
and capillary pressure pc in porous media can be correlated by

he following expression [22] as

(S) = pc

σ cos θc

(κ

ε

)1/2
(27)

To simplify the solution, the following non-dimensional
arameters are introduced:

on-dimensional length δ = xZf Cf F�φ

σ cos θc

(κ

ε

)1/2

Non-dimensional viscosity and permeability β = vl

vv
;

γ = κrϕ

κrl

Non-dimensional pressure p̄v = pv − ps

σ cos θc

(κ

ε

)1/2
,

p̄l = pl − ps
(κ)1/2
σ cos θc ε

on-dimensional heat flux ω = qνv

κhfgZf Cf F�φ

here σ is surface tension of water and θc is contact angle.
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By use of Eq. (26), Eq. (27) can be rewritten in the following
imensionless form

df

dδ
= −ω

(
1

κrv
+ β

κrl

)
− γ = f ′ dS

dδ
(28)

Solving the Eq. (28), we obtain

dS

dδ
= −ω((1/κrv) + (β/κrl)) − γ

f ′ (29)

n which κrl, κrv and f are selected based on Ref. [20] as

= 1.417(1 − S) − 2.120(1 − S)2 + 1.263(1 − S)3 (30)

rl = S3 (31)

rv = (1 − S)3 (32)

Thus, the two-phase zone length can be obtained by integrat-
ng Eq. (29) from X = X2, S = 1 to X = X4, S = 0 as

t =
∫ 0

1

f ′

−ω((1/κrv) + (β/κrl)) − γ
dS

When the saturation gradient is equal to zero within PEM,
he development of two-phase zone goes steadily and saturation
ill not be changed, thus, there is no vapor zone appearing in

he PEM. The dimensionless length of two-phase zone δt cor-
esponding to the distance of |X4 − X2| can be defined as the
heoretical length of two-phase zone, while the actual length of
wo-phase zone existing in PEM is |X3 − X2|. Obviously, if the
heoretical dimensionless length of two-phase zone |X4 − X2| is
ess than the actual length of two-phase zone |X3 − X2|, that is,
he interface between vapor zone and two phase zone is located
nside of PEM, the liquid water flow collapse in its cathode side,
he dry-out will exist and the normal operation of cell will be
topped. If the thickness of PEM is far less than the theoretical
ength of two-phase zone δt, the interface between vapor zone
nd two-phase zone is always located outside of the PEM, the
ryout of PEM would not occur at all. These results can explain
he existed phenomena reported in literature well, which show
hat when DMFC works at high current condition, the dry-out
s easy to appear and when a DMFC operates in a low current
ensity or the thinner PEM is used, the dry-out and burnout of
EM is hard to occur.

It is found that the parameter |−ω/γ| is a key factor to analyze
he characteristics of two-phase zone. A numerical method was
roposed to calculate the water saturation S and δt [21]. Some
alculated results are as follows.

The saturation distribution curves of liquid water in theoret-
cal two-phase zone of PEM under various operating modes are
hown in Fig. 8. It shows that at any position where distance
= X − X2 is less than 0.54δt, the saturation increases with the

ncrease of |−ω/γ|, while at other position where δ is larger than
.54δt, the saturation decreases with the increase of |−ω/γ|. Due
o q ∝ i2, �φ ∝ i and |−ω/γ| ∝ i, the increase of current density
an cause the simultaneous augment of both Joule heat flux and

lectro-osmotic flux of liquid water. The evaporation of liquid
ater in two-phase zone by Joule heating may reduce satura-

ion, whereas, the electro-osmotic flux supplies liquid water to
wo-phase zone of PEM and causes the increase of saturation.

p
t
a
g

Fig. 8. Liquid saturation profiles with various operating modes.

Within the area where δ is less than 0.54�t, the higher value
f saturation indicates that the local dehydration of PEM is not
erious. This means that the increase of current density has a
ittle impact on the augment of Joule heating. When current
ensity increases, the effect of electro-osmotic flux on saturation
s strongger than that of Joule heat flux in this area. Conversely,
ithin the area where δ is larger than 0.54δt, the lower value of

aturation indicates that the local dehydration of PEM is very
erious, the increase of current density has a large affectation on
he augment of Joule heating, so the effect of electro-osmotic
ux of liquid water on saturation is weaker than that of Joule
eat flux in this area when current density increases. Therefore,
reating appropriate boundary conditions in anode and cathode
lectrodes to maintain a proper length of two-phase zone in PEM
as a positive effect on improving performance of a DMFC,
hich is also an effective way to solve some water management
roblems, such as cathode flooding and dehydration of PEM.
n addition, the evaporation of liquid water in two-phase zone
s helpful to prevent burnout of PEM in high temperature by
rawing out the Joule heat.

.3. Pressure distribution in two-phase zone of PEM

The liquid and vapor pressure profiles in two-phase zone of
EM with various operating modes are shown in Fig. 9. For
ll cases, it is evident that the largest vapor and liquid pressure
radients occur near the liquid zone and vapor zone boundaries,
espectively. This is due to the low relative permeability near
he endpoints. It is also noted that the middle parts of liquid and
apor pressure profiles approach gradually to be horizontal with
he increase of |−ω/γ| (i.e., current density).

Under the low current density conditions, electro-osmotic
rag contributes a little to supply liquid water into two-phase
one, while the capillary force dominates the process. Owing to
he small average saturation in low current density, the partial

ressure gradient of vapor in two-phase zone of PEM is high. In
he case of high current density, electro-osmotic drag contributes

lot to the process and counteracts a part of liquid pressure
radient.
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Fig. 9. Liquid and vapor pressure profiles with various operating modes.

. Conclusions

A one-dimensional porous model for water transport in PEM
s developed in this work to analyze water transport charac-
eristics in the PEM. Some major results are obtained and
ummarized below:

1) A two-phase zone and vapor–liquid countercurrent flow
exist in water saturated porous PEM under some operating
conditions. The flow and heat transfer may prevent burnout
of PEM under high current density condition.

2) The start point of two-phase zone and water fraction distri-
bution in PEM are analyzed and calculated. The start point
appears earlier at the small water flow rate and it causes

water fraction in PEM decreasing fast. When the electrical
current is small the water fraction in PEM is satisfactory to
normal operation condition and the dry-out in PEM is never
happened.

[
[
[
[
[

ources 166 (2007) 303–309 309

3) The theoretical length of two-phase zone of PEM is an
important non-dimensional parameter to perform the water
and heat management of DMFC.

4) The saturation profiles within the two-phase region at vari-
ous operating modes are obtained numerically. The results
can help to analyze and optimize the performance of a
DMFC operating in its ohmic polarization region.
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