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One-Dimensional Transient Model for Frost Heave in Polymer
Electrolyte Fuel Cells
I. Physical Model
Suhao He* and Matthew M. Mench**,z
Fuel Cell Dynamics and Diagnostics Laboratory, and Department of Mechanical and Nuclear Engineering,
The Pennsylvania State University, University Park, Pennsylvania 16802, USA
To better understand, control, and mitigate degradation during freezing of a polymer electrolyte fuel cells 共PEFCs兲, a onedimensional 共1D兲 transient model has been formulated, based on theories of porous media flow and soil frost heave. The model is
essentially a modified hybrid of Harlan’s hydraulic model and Miller’s rigid ice model with additional improvements for suitable
application to PEFCs. It is found that the three types of characteristic curves for unfrozen water flow and frost heave modeling can
be well unified. Methods to derive the unfrozen water vs temperature characteristic curves for PEFC components are also given.
Through the formulated model, it is predicted that ice lens will occur most likely around the catalyst layer, either between catalyst
layer and diffusion media, or between catalyst layer and Nafion membrane. Lens formation under the lands is unlikely due to high
overburden pressure. Ice lens growth may explain breakthrough observed in carbon paper after freeze-thaw tests. Another phenomenon, the delamination between Nafion and catalyst layer, can possibly be explained by the formation of an ice lens from
water expelled from the electrolyte during freezing. The Nafion thickness and initial water content have direct impact on the
damage in this mode.
© 2006 The Electrochemical Society. 关DOI: 10.1149/1.2216547兴 All rights reserved.
Manuscript submitted November 10, 2005; revised manuscript received April 27, 2006. Available electronically July 17, 2006.

The freezing/thawing behavior of polymer electrolyte fuel cells
共PEFCs兲 is relatively a new topic in fuel cell science and technology,
with only a few published papers, presentations, and reports to date
regarding freeze-thaw induced damage.1-11 Besides these, Pesaran et
al.12 summarized some of the most recent developments in this field.
From this open literature, there exist some conflicting claims
whether there is possible damage during the freeze-thaw operation.
Some groups found no performance loss after freeze-thaw
cycling.1-3 Among them, Wilson et al.1 cycled from −10 to 80°C,
while McDonald et al.2 and Blair3 cycled from −40 to 80°C. Pivovar et al.4 also cycled down to −40°C and did not find performance
loss, but when they cycled from −80°C, they observed delamination
of the catalyst layer from the membrane. Some other groups observed some damages.5-8 Cho et al.5,6 cycled from −10 to 80°C.
They found that, when the degradation is occurring, the cell impedance increased, and the active electrochemical area decreased concomitant with increasing pore size in the catalyst layer. They concluded that the degradation is related to the residual water in the
PEFC. After purging the PEFC, or supplying an anti-freezing solution after cell shutdown, they found the short-term degradation
could be prevented. Meyers7 cycled from −20°C and observed
membrane failure and catalyst delamination from the membrane.
Gaylord8 also showed pictures illustrating membrane failure and
breakthrough of the carbon paper after freeze-thaw tests. We believe
the current lack of comprehensive modeling or experimental data to
explain the difference is probably the factor differentiating these
seemly conflicting results. From these literature, three physical
modes of damage can be documented: membrane failure, delamination between membrane and catalyst, and breakthrough of the diffusion media. However, even the fundamental mechanisms that cause
these modes of damage during freeze-thaw cycling are still unclear.
A goal of this work is to explain the last two modes of physical
degradation so that suitable mitigation can be achieved.
In soil science, researchers have studied the frost heave phenomenon continuously during the last century. Frost heave occurs during
the winter and early springtime in cold climates. The noticeable
heaving induces uneven support of pavement, forming cracks in the
pavement surface layer, which look similar to “mudcracking” observed in the diffusion media and catalyst layer in some PEFC
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tests.4,7,8 In the past, people believed the frost heave was a result of
the expansion of water during freezing. It was later proved experimentally that thermal and mass transport plays a major role during
the process, and heave can occur even for a substance that contracts
on freezing.13-15 Frost heave is divided into primary heave and secondary heave, depending on whether there is a frozen fringe. As
shown in Fig. 1, the frozen fringe is a two-phase zone where ice
content increases from 0% at the freezing front to 100% at the
location of the lens.16 The temperature-induced freezing changes the
capillary force distribution in the soil and, in response, moisture
redistributes and is transported to the freezing front, forming ice
lenses. The growth of lenses below the soil surface can heave soil
upward whenever certain criteria are met. Reviews from O’Neill17
and Black and Haradenberg18 are good references for further reading. Most recent developments can be found in paper by Nakano.19
There are two distinct paths in the historical development of
theoretical models for frost heave and unfrozen water flow in soil,
treated as porous media. Miller,20 O’Neill and Miller,21 and Black22
developed a well-known frost heave model for saturated soil, the
rigid ice model. In their model, they proposed that the ice lens
growth is due to the regelation process, or refreezing motion. The
rigid ice model is based on the generalized Clapeyron equation
共GCE兲, developed by Loch23 and reviewed by Henry.24 The GCE
describes the thermodynamic equilibrium between pore ice and unfrozen water distributed in the fringe. However, the validity of this
relation has been disputed. Førland et al.25 believed that irreversible
thermodynamics should be applied for frost heave modeling. According to Newman and Wilson,26 the GCE may not apply to soils

Figure 1. Comparison of 共a兲 primary and 共b兲 secondary frost heave, following Ref. 16.
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Figure 2. 1D model PEFC geometry.

containing both capillary and adsorptive water forces. However, the
GCE was later used by Selvadurai et al.27 to develop a 3-D frost
heave model. Most recently, Rempel et al.28 modified the GCE by
adding the disjoining pressure, through which they determined the
fluid pressure from integral force balance.
Harlan29 took another approach to model unfrozen water flow.
He used a hydraulic model, assuming that a single suction force can
be used to account all the capillary effects, and that the permeability
vs saturation relation is the same for a partially frozen soil and an
unfrozen unsaturated soil. But experimental validation shows that
the model overpredicted ice accumulated behind the frost front.
Jame and Norum14 modified the model by adding an adjustable impedance factor to the permeability expression to account for effects
of ice. The hydraulic model was later extended by several researchers to model unsaturated freezing, because of its numerical
simplicity.26,30-32 Recently, by using a functional relationship for
permeability vs capillary pressure proposed by Fredlund et al.,33
Newman and Wilson26 claimed that they could calculate the exact
water distribution without use of the arbitrary impedance factor for
calibrating the permeability function.
The hydraulic model is relatively straightforward to apply, but it
cannot predict the ice lens formation well, since it does not include
a physical mechanism. For the rigid ice model, ice lens formation
occurs when the overburden pressure is overcome, which is more
reasonable. The overburden pressure is a term used in geology to
denote the pressure on the ice lens induced by soil weight, since an
ice lens will bear the full load being lifted by heave.21 However, this
model only provides the phase pressure balance between ice and
liquid water, which is not sufficient to describe the influence of the
air phase during unsaturated freezing. Thus, the rigid ice model is
useful only for frost heave modeling in completely saturated porous
media, while both saturated and unsaturated domains would exist in
a typical PEFC diffusion media and catalyst layer.
In this study, a 1D transient model for the frost heave process in
a PEFC was formulated to predict the ice lens formation position.
The model is a combination and improvement of Harlan’s hydraulic
model and Miller’s rigid ice model, applied to both saturated and
unsaturated zones in a PEFC. The GCE, capillary force vs saturation, and the unfrozen water versus temperature characteristic curves
are integrated into the model. Additionally, methods to derive these
characteristic curves for PEFC diffusion media, catalyst layer, and
Nafion membrane, which are critical to the simulation, are given in
this paper. Ultimately, this model can be used as a tool to help
understand and eventually help mitigate the damage during the
freezing process.
Model Formulation
In a PEFC, upon shut down, the diffusion media is typically
partially saturated, but with very nonhomogeneous water distribution, and liquid water accumulation favoring locations under the
lands.34 During freezing, it is possible that certain areas become
saturated. So the model must incorporate the ice lens initialization
and unfrozen water flow in both the fully saturated domain and the
unsaturated domain. Thus, a new hybrid model capable of dealing
with these physics is needed, and has been formulated.
Model assumptions.— The following assumptions are made for
this model.
1. It is a 1D transient model. A BP兩BP-CH兩DM兩CL兩Nafion structure is considered here, as shown in Fig. 2. The diffusion media
共DM兲 and catalyst layer 共CL兲 are considered as porous media, and
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the Nafion 共NF兲 membrane is considered to be a water solvent. The
bipolar plate 共BP兲 is considered as a solid. The BP-CH represents
the 2D land-channel structure, which is reduced to a 1D heat conductor here. The diffusion media, catalyst layer, and Nafion materials are considered homogeneous and isotropic. Also, there is no
freezing induced deformation in the materials, although the model
allows for expansion of the ice lenses.
2. Gravity effects can be neglected, compared to the capillary
effects in porous media, since through scale analysis, g共4r3 /3兲
Ⰶ 共2/r兲共r2兲 for the materials in the PEFC. The multiphase flow
in porous media is treated as immiscible, so all continuous phases
flow simultaneously through their own tortuous path in the pore
space.
3. Around and below freezing temperature, the vapor phase pressure is very small and changes little with temperature, which is
much different from the case at 353 K. It is therefore assumed that
there is no transport of water vapor. The condensation/vaporization
source term and vapor diffusion are neglected. Additionally, without
current flow, there is no electro-osmotic transport of water.
4. The porous media can be divided into saturated and unsaturated domains. In the unsaturated domain, air phase pressure is assumed to be constant, since there is no significant flow-induced
pressure drop for the air phase. In the saturated domain, it is proposed that the ice lens will appear when the ice phase pressure
overcomes the overburden pressure, which will be discussed later.
No regelation, or ice flux is considered in our model. Instead, we
assume the ice lens growth is caused by the unfrozen water flow into
the ice lens. In this way, both the primary frost heave and secondary
frost heave can be modeled. Whether the frost front will propagate
depends on the balance between the rate of heat loss and unfrozen
water flow.
5. The unfrozen water versus temperature curve for the Nafion
domain is derived from the best available differential scanning calorimetry 共DSC兲 data for Nafion. For diffusion media and catalyst
layer, this curve is calculated using a freezing temperature depression relation and the pore-size distribution. It is assumed that there is
always a liquid-like film on the surface of ice, which means the
liquid is always the wetting fluid for ice-water flow, even though the
backbone material can be mostly hydrophobic. This provides the
excepted freezing point depression in the hydrophobic porous media.
6. The Nafion membrane is treated with a pure diffusion model.
The diffusion model is chosen based on availability of experimental
water diffusivity data. The water content of membrane, , is defined
as the number of moles of water associated with a mole of sulfonic
acid group in the membrane. By using the gradient of  as the
driving force, the diffusion model can be used for the whole range of
0 ⬍  ⬍ 0 = 22 H2O/SO−3 . Actually, if the Nafion can be considered as a porous media with free water at a high water content, 共i.e.,
22 ⬎  ⬎ 14兲, through the capillary relation for a two-phase flow in
porous media, we can show ⵜpw ⬃ 共  pw /sw兲 ⵜ sw ⬃ ⵜ . Thus
the hydraulic-type model can be simplified to a diffusion-type
model, providing unification of the two approaches. When the
Nafion is fully saturated 共 = 22兲, the hydraulic-type model is actually the same as a single-phase flow in porous media.

Mass/flow equations.— The mass/flow equation differs between
porous media domains and Nafion domain. The porous media domains include diffusion media and catalyst layer. The saturation of
air, water, and ice phases, sa, sw, and si, respectively, have the following relationship
sa + sw + si = 1

关1兴

From immiscible flow theories, for water phase, the flow equation
can be written as35
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w

冉

冊

sw
k
= w ⵜ · kr,w
ⵜ pw + Sm,w
t
w

where  is the porosity, k is the intrinsic permeability, kr,w is the
relative permeability of the water phase, which changes with the
saturation of the water phase, and is defined as kr,w = kw /k,36 w is
the viscosity of water, pw is the water phase pressure, and Sm,w is the
mass source term for water phase. For the ice phase, a similar equation can be written. The gas phase equation is neglected, since gas
pressure is assumed to be constant, pa = pch. Also by assumption,
there is only water mass transfer between ice and liquid interfaces.
So when the flow equations of ice and water phases are added together, the source terms cancel and one can derive
i

冉

冊

冉

si
sw
k
k
+ w
= i ⵜ· kr,i ⵜpi + w ⵜ· kr,w ⵜpw
t
t
i
w

冊

关3兴

The rigid ice model20-22 assumed a constant ice flux rate, vi,
which means 共kr,ik/i兲ⵜpi is constant and iⵜ·关共kr,ik/i兲ⵜpi兴 = 0.
The hydraulic model14,26,29-32 neglects ice flux therefore
iⵜ·关共kr,ik/i兲ⵜpi兴 = 0. So both approaches give

冉

si
sw
k
+ w
= w ⵜ· kr,w ⵜpw
i
t
t
w

冊

关4兴

The relative permeability of water phase is usually a function of
water saturation, e.g., kr,w = s3w. In frost heave literature, it’s usually
a function of saturations of both water and ice phase
kr,w = f共sw,si兲

关5兴

In this model, the relative permeability from Jame and Norum14
or O’Neill and Miller21 may be most appropriate, considering a lack
of experimental data. However, other formulations exist. The proper
formulation is not yet known for fuel cell application. Jame and
Norum14 added an impedance term to account for the influence of
the ice phase, kr,w = 10−Esis3w. Here, E is the impedance factor and
should be around 8–10 for PEFC material, based on the estimation
by Gosnik et al.30 O’Neill and Miller21 used kr,w = s9w.
For the boundary conditions, it is assumed that the water migration rate is zero when the diffusion media is next to the bipolar plate,
vw,BC = 0. When the diffusion media is adjacent to the gas channel,
there is a water layer out there with pw,BC = f共pch,T兲. For interfaces
between different porous media layers and the interface between
saturated and unsaturated domains, the phase pressure and flow flux
are continuous, which means pw,1 = pw,2 and vw,1 = vw,2 for the
neighboring grid 1 and 2.
For Nafion domain, water transport has been modeled by many
groups. Typically, there are three mechanisms: electro-osmotic drag,
diffusion, and capillary flow. During the freezing process, there is no
electro-osmotic drag driven by the current flow. For the Nafion
model, a pure diffusion model37-39 is used for the Nafion domain, as
introduced in the assumptions

cw
= ⵜ·共Dw ⵜcw兲
t

w
= ⵜ共Dw ⵜw兲
t

关2兴
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where, Dw is the diffusivity of water in Nafion and cw is the water
concentration, satisfying cw = cacid. Here, cacid is the molar concentration of sulfonic acid groups in Nafion.
It has long been established that there are three types of water in
Nafion: strongly bound, loosely bound, and free water.40 The
strongly bound water is also the unfreezable water. In the present
study, only freezable water is considered. By introducing  = u
+ w + i, water in Nafion can be divided into unfreezable phase,
freezable water phase, and ice phase. The unfreezable water content,
u, is taken as 2.2 H2O/SO−3 .41 If the Nafion is not freezing, the
governing equation is

关7兴

As water in the Nafion starts to freeze, it becomes

共w + i兲
= ⵜ共Dw ⵜw兲
t

关8兴

There are two choices on the boundary condition between the
porous domain and Nafion domain. It can be set to include the
effects of Schroeder’s paradox, which is explained by Zawodzinski
et al.42 When the water saturation of the catalyst layer is positive,
sw ⬎ 0, the membrane is considered to be equilibrated with liquid
water with w + u = 22. When sw = 0, the boundary condition is
w + u = 14. The second choice is w + u = 14 + 8sw.
Energy equations.— The energy equations have different forms,
depending on position. The 1-D energy equation for the BP and
BP-CH domain is
C P

冉 冊

T
T

=

t
x x

关9兴

where , CP, and  are density, heat capacity, and heat conductivity
of the BP or BP-CH domain. The boundary conditions of the fuel
cell with the environment can be natural convection or forced convection 共e.g., coolant flow兲 with the heat transfer coefficient h
= hNC or hFC.
In porous media domain, the energy equation is written as
D共isi兲
D共C pT兲
¯ ⵜT兲 + hsf
= ⵜ·共
Dt
Dt

关10兴

Thermal properties are calculated as a mixture
C P = 共wC P,wsw + iC P,isi + aC P,asa兲 +  pmC P,pm共1 − 兲
关11兴
¯ = 共wsw + isi + asa兲 +  pm共1 − 兲

关12兴

where, the subscript pm represents both diffusion media and catalyst
layer. With the assumptions, there is no ice or gas flux, vi = va
= 0. In addition, the porous media structure is fixed, vs = 0. The
energy equation in the porous media domain simplifies to

s
共C pT兲
¯ ⵜT兲 + hsf i i
+ wC p,w ⵜ·共vwT兲 = ⵜ·共
t
t

关13兴

The boundary conditions between different domains are continuous,
with qdm,BC = qbp−ch,BC and Tdm,BC = Tbp−ch,BC.
In the Nafion domain, similarly, the thermal properties can also
be calculated as a mixture. By averaging based on dry Nafion volume, the energy storage coefficient is
C P = cSO−M w关共w + u兲C P,w + iC P,i兴 + nf C P,nf
3

关14兴

where M w is the molecular weight of water. The averaged thermal
conductivity is
¯ = cSO−M w
3

冉

冊

w + u
i
w + i + nf
w
i

关15兴

The conductivity of the mixture, ¯, changes more with the ice
than water content, since the ice has a much higher conductivity,
1.88 W/m K compared to 0.57 W/m K for water, while the thermal
mass parameter, C P, depends more on water content, which has a
value of 4.22 ⫻ 106 J/m3 K, much higher than the ice phase value
of 1.88 ⫻ 106 J/m3 K. This conclusion is also valid for the thermal
parameters of porous media domain.
The energy equation with averaged properties in the Nafion domain is


共C pT兲
¯ ⵜT兲 + hsf cSO−M w i 关16兴
+ wC p,w ⵜ·共vwT兲 = ⵜ·共
3
t
t
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Figure 4. 共Color online兲 Unfrozen water versus temperature curves derived
from Nafion DSC data of Ref. 8-11 and 49.
Figure 3. Heat conduction for case with ice lens.

When an ice lens grows in the diffusion media, catalyst layer, or
between interfacial layers, it will also influence the local heat transfer. Figure 3 shows the case when ice lens 共IL兲 grows between
diffusion media 共DM兲 and catalyst layer 共CL兲. v1 and v2 are the
water flow rate coming into/out of the ice lens, q1 and q2 are heat
flux coming into/out of the ice lens, and T1 and T2 are temperatures
at boundaries of ice lens, and ␦il is the thickness of the ice lens. The
corrected heat flux is given by
q1 = −i

T2 − T1
iC P,i␦il 共T1 + T2兲
− whsf v1 +
␦il
4
t

关17兴

q2 = −i

T2 − T1
iC P,i␦il 共T1 + T2兲
− whsf v2 −
␦il
4
t

关18兴

The ice lens growth rate is determined by
j

d␦il
=  w共 v 1 − v 2兲
dt

关19兴

Characteristic curves.— The rigid ice model20-22 and the hydraulic model14,26,29-32 use two of three characteristic curves: 共1兲 the
GCE thermodynamic relation; 共2兲 the capillary pressure versus saturation curve; 共3兲 the unfrozen water versus temperature curve. The
rigid ice model uses curve 1 and 2, while the hydraulic models uses
curve 2 and 3. From soil science studies, calculation results for both
models are in reasonable agreement with experimental results, although the thermodynamics of GCE in rigid ice model, and in hydraulic model the permeability impedance factor and similarity on
capillary relation have been scrutinized.
In the present model, the following characteristic curves are used
for porous media domain: the unfrozen water vs temperature curve
for both saturated and unsaturated domain; the GCE relation for
both saturated and unsaturated domain; the water/air capillary relation for unsaturated domain. Only the unfrozen water vs temperature
curve is needed for the Nafion domain, since it is treated as a water
solvent.
The capillary relation between the air phase and water phase is43
pch − pw = aw cos aw冑/kJ共se兲

关20兴

where aw is the surface tension of air-water interface, aw is the
contact angle, and se is the effective saturation, 关sw /共1 − si兲
− sw0兴/共1 − sw0兲. The J-Leverett function, J共s兲, considering a lack
of experimental data, is assumed to be44
J共s兲 =

再

1.417共1 − s兲 − 2.120共1 − s兲2 + 1.263共1 − s兲3

wetting fluid

1.417s − 2.120s2 + 1.263s3

nonwetting fluid

冎

关21兴
However, no experimental validation of this J-Leverett function for
thin-film media of PEFC has been published.

The phase pressure balance between ice and water phases are
represented by the GCE, in which hsf is the heat of fusion and T f is
the freezing temperature

冉

T − Tf
pi pw
−
= − hsf
i w
Tf

冊

= − hsf

⌬T
Tf

关22兴

The unfrozen water content in soils decreases continuously with
temperature. The finer grained a soil is, the greater the freezing point
depression from bulk value. This relation for the Nafion membrane
can be extracted from Nafion’s differential scanning calorimetry
共DSC兲 data. DSC is one of the methods to measure the unfrozen
water versus temperature curve in soil science.45-48 Also, it has
been used to characterize the water composition in Nafion membrane.9-11,41,49,50 For sake of brevity, detailed discussion on the
bonding effects and the methods to derive this curve are not discussed here. Figure 4 shows the unfrozen water versus temperature
curves from literature10,11,49 deemed usable for this purpose.
The empirical equation derived from the data in Fig. 4 is

冦

x⬍−1

0
2

3

y = 1 + 5.4x + 11.9x + 11.6x + 4.1x
1

4

−1艋x⬍0
0艋x

冧

关23兴

where x = 共T − T f 兲/⌬T = 共T − T f 兲/24.5 and y = w /共0 − u兲
= w /19.8.
For the diffusion media and catalyst layer, the unfrozen water vs
temperature curve can be calculated using their pore size distribution and the freezing temperature depression relation. Through scale
analysis, the GCE can be reduced through

冉

冊

1 pi pw
1 pi − pw
1 pc
2iw cos iw
⌬T
=−
−
⬃−
⬃−
⬃−
Tf
hsf i w
hsf i
hsf i
hsf ir*
关24兴
This is actually the Gibbs-Thomson equation, which can also be
derived from the Gibbs-Duhem equation, but through different approach. This relationship has been used to determine the crystallization temperature of substance in a confined structure.51 With pore
size distribution for Toray carbon paper,52 one can calculate the
volume ⌬V of pores with a specific range of ⌬r*, in which water has
a temperature depression of ⌬T, calculated by Eq. 24. After integration, the predicted unfrozen water versus temperature characteristic
curve can be obtained, as shown in Fig. 5. Equation 23 can also
be used here as an empirical curve with x = 共T − T f 兲/⌬T
= 共T − T f 兲/0.007, where ⌬T is calculated by a pore size of 7 m,
and y = sw /s0 = sw /1.0. Similarly, we can use the same equation for
catalyst layer with ⌬T = 0.49 K, assuming a pore size of 90 nm.
The ⌬T value we use for Nafion, 24.5 K, is equal to the prediction
when the Nafion is treated as a porous media with a pore size of
2 nm.
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Table I. Local overburden pressure.

Figure 5. Predicted freezing temperature distribution using pore size distribution data of carbon paper 共Toray TGP-H-060兲 of Ref. 52.

The unknowns of the three characteristic curves are characteristic
pressure, p*, 共capillary pressure in capillary relation, p* = pc = pi
− pw for saturated freezing with only water and ice phases, and
p* = pGCE = pi /i − pw /w in GCE兲, saturation of wetting fluid sw,
and temperature T. pc is usually a function of both sw and T.53,54 By
constructing the unfrozen water relation 共Eq. 23兲, and capillary pressure relation pc = pi − pw = iwcosiw冑/kJ共sw兲 with Leverett function 共Eq. 21兲, in a 共pc,sw,T兲 space, one can derive the curve
pc共sw,T兲, shown in Fig. 6. This type of curve has been derived by
Haeupl and Xu.54 They used the curve to calculate the maximum
unfrozen water as a function of temperature and water saturation in
concrete block. During freezing, the capillary pressure follows both
the capillary force versus saturation curve 共pc ⬃ sw兲 and the unfrozen water versus temperature curve 共sw ⬃ T兲. The importance of the
curve is that it will be following a pc ⬃ T relation, which was not
discussed by Haeupl and Xu. It actually represents a thermodynamic
relation similar to GCE. However it is not exactly the GCE. If we
used the GCE pGCE = 共pi /i − pw /w兲 ⬃ T and sw ⬃ T curve, a
similar pGCE共sw,T兲 can be drawn. pc共sw,T兲 and pGCE共sw,T兲 differ
because pc ⬃ sw and sw ⬃ T are all empirical curves, and data
points were fit using pc = pi − pw, instead of pGCE = pi /i − pw /w.
By further studying the situation for hydrophilic and hydrophobic
porous media, they will have similar curves, which means the liquid
phase is always the wetting fluid even for hydrophobic porous media. This result is very compatible with the modern premelting
theory55,56 that there is always a liquid-like film on top of ice with
thickness depending on temperature, and thus water trapped in porous media always has a freezing temperature depression. This was
also observed through experiments by Sage and Porebska,57 in

Position

Under BP

Under CH

Within diffusion
media 共DM兲,
catalyst layer
共CL兲, or Nafion
At interface
between bipolar
plate 共BP兲兩DM,
DM兩CL,
or CL兩Nafion

Povbd = Passm + ts + pch

Povbd = pch + ts + sh

Povbd = Passm + pch

Povbd = pch + sh

which hydrophobic and hydrophilic soil samples with same grain
size distribution have similar freezing temperature depression.
Thus, for saturated freezing, the three types of characteristic
curves actually represent a single relation, p*共sw,T兲. So it is not
unexpected that the rigid ice model and the hydraulic model can
both give accurate simulation results, since they interpret the same
physics differently by using two of the three characteristic curves.
Together with the saturation relation 共Eq. 1兲, flow equation 共Eq. 4兲,
and energy equation, 共Eq. 10兲, a closed system for five unknowns
can be formed for a saturated system. For the rigid ice model, the
unknowns are pw, pi, sw, si, and T. The frost heave rate, v fh, is
calculated by assuming an additional boundary condition, constant
ice flux. For the hydraulic model, the unknowns are then pc, sw, si,
T, and v fh. By modifying the flow equation 共Eq. 4兲, the frost heave
rate can also be solved, though this approach has not been published
to our knowledge. Harlan24 only used one characteristic curve for
his saturated model, so his model is not able to solve the frost heave
rate.
For an unsaturated system, there is an additional unknown, sa.
The hydraulic model is able to deal with the problem by solving a
system of pc, sw, si, sa, and T, as an ice lens is not supposed to
appear in unsaturated zone and v fh can be neglected. The rigid ice
model has not been applied in unsaturated zone. In this study, we
use their concept of phase pressure and similar frost heave initialization criteria, which will be discussed next. The PEFC system
modeled then has seven unknowns: pw, pi, pa, sw, si, sa, and T. By
assuming constant gas phase pressure and using the capillary relation between air and water phase 共Eq. 20兲, we can extend the rigid
ice model for the unsaturated case of the PEFC diffusion media and
catalyst layer with seven equations total.
Ice lens initialization.— The initialization of ice lens occurs
when the ice pressure reaches the local overburden pressure, Povbd.
The concept of overburden pressure here is actually a critical ice
lens formation pressure. Only when the ice phase pressure is greater
than the critical ice lens formation pressure, the ice lens can initialize
Povbd = pi

关25兴

This also serves as the boundary condition for the capillary flow at
ice lens surface. The local overburden pressure will depend on the
location. All the possible cases for overburden are listed in Table I,
where Passm is the assembling pressure for PEFC, ts is the material
tensile strength, and sh is shear stress, generated by the diffusion
media deformation in the through-plane direction, which also depends on the ice lens thickness.
Discussion

Figure 6. Dependence of capillary pressure on water content and temperature, in which -⫻- represents the unfrozen water versus temperature curve,
-o- represents the capillary pressure versus saturation curve, -䊐 represents
the thermodynamic relation, the unmarked one is the pc共sw,T兲 curve.

The freezing process may cause several problems to a PEFC.
Possible ice lens positions are shown in Fig. 7. Ice could block the
flow channels and prevent reactants reaching catalyst layer; increase
the thermal mass of the total system and slow down the heat-up
process; increase the electrical/thermal contact resistance by delaminating the interfaces of PEFC components; reduce the active elec-
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Figure 7. Schematic showing the potential locations of freeze/thaw damage.
Ice lenses grow most likely in locations 1-3 and possibly 9, less likely in
locations 4–5, and not likely in locations 6–8 and 10.

trochemical surface area by damaging the catalyst layer; or increase
the crossover rate of reactants by damaging the membrane structure.
Predictions on ice lens location (why diffusion media
can suffer breakthrough damage).— By Eq. 20 and 21, 兩p0 − pw兩
= aw兩cosaw兩冑/kJ共Se兲 ⬍ 0.6aw冑/k. For typical diffusion
media k = 5.5 ⫻ 10−11 m2 and  = 0.7,52 together with aw
= 0.07 Pa·m,16 兩p0 − pw兩 ⬍ 5 kPa. For catalyst layer, there is no
published data for permeability. By using Carman-Kozeny equation,
k = 共r*兲23 /18共1 − 兲2, with  = 0.7, r* = 270 nm, and  = 1.52,58
it is estimated k = 1.0 ⫻ 10−14 m2 and 兩p0 − pw兩 ⬍ 0.35 MPa.
Therefore, the water phase pressure should be less then 0.11 MPa
for diffusion media and 0.45 MPa for catalyst layer. By Eq. 22, ice
phase pressure can be estimated by pi = i共pw /w − hsf ⌬T/T f 兲. The
freezing temperature depression is 0.007 K for diffusion media and
0.545 K for catalyst layer, so pi is less then 0.11 MPa for diffusion
media and 1.1 MPa for catalyst layer. The assembling pressure of a
typical fuel cell, Passm, is usually ⬎1 MPa of lands onto diffusion
media,59 so the ice lens is not likely to grow under the lands, to
locations 6–8 and 10 in Fig. 7. Location 9 is an exception, since the
ice phase pressure inside Nafion or at CL/Nafion could be very
large, Ⰷ 1 MPa, due to the large freezing temperature depression of
24.5 K in Nafion. The tensile strength of diffusion media is
0.01–0.1 MPa,60 and data for catalyst layer is expected to be less or
similar, so the ice lens is less likely to grow within the diffusion
media 共DM兲 and catalyst layer 共CL兲 under the channels, locations
4–5 in Fig. 7. For interface of CL兩Nafion and DM兩CL under channel,
or DM兩channel, location 1-3 in Fig. 7, the ice lens is most likely to
occur, because the overburden pressure is relatively small.
Thus, the ice lens formed around the catalyst layer under the
channel can grow and break through the diffusion media into the
channel by shear forces. A thick ice lens means large deformation
and large stress force on the diffusion media. Additionally, the carbon paper is more easy to damage via this mode as it is more brittle
in shear than carbon cloth.
Water expelled from Nafion (possible explanation for delamination between Nafion and catalyst layer).— From the unfrozen water relation, the Nafion has a relatively large freezing temperature
depression 共⬃24.5 K兲, so the unfrozen water can flow out of the
Nafion, well below the freezing point of the catalyst layer. Liquid
water coming out would freeze instantly in the catalyst layer, and an
ice lens can grow when pores are saturated with ice and ice phase
pressure overcomes the overburden pressure. An estimation was
made for the maximum thickness of ice lens formed from only water
ejected from Nafion on freezing. The maximum thickness produced
by this effect is a function of initial water content and membrane
type, as shown in Fig. 8. The boundary of Nafion is assumed to be
saturated with water vapor with  = 14. Since the catalyst layer is
⬃15 m, and lens thickness can reach the same magnitude from

Figure 8. Maximum thickness of ice lens that could be formed by water
expelled from Nafion during freezing, as a function of the initial water content and membrane type, if the boundary condition is saturated with water
vapor and  = 14 H2O/SO−3 .

Fig. 8, the ice lens formed by this mode could be a significant source
for damage. Additionally, the Nafion thickness has direct effects on
the potential damage in this mode.
Factors affecting ice lens growth.— During the frost heave process, there usually exists a frozen fringe, with ice content from 0%
to 100%. The unfrozen water flow takes place mostly in the frozen
fringe. The wider the frozen fringe, the thicker an ice lens can grow.
The thickness of the frozen fringe increases with lower overburden
pressures and low temperature gradients. Also, residual water saturation and distribution play key roles in the frost heave process.
With greater initial water saturation, the frost heave will occur more
readily, thus, proper purging of the fuel cell on shut down is critical.
Finally, higher water permeability of the porous media can permit
greater water flux to the ice lens location, increasing the frost heave
rate. Thus, steady state residual water content is a critical issue for
mitigation of freeze-thaw damage.
There are several methodologies to influence the ice lens formation in a PEFC, which include: (i) control the temperature gradient
after shutdown, (ii) control the overburden pressure to influence the
freezing fringe range and ice lens growth rate, (iii) modify purging
protocols to reduce residual water to acceptable levels, and (iv) engineer the flow fields or modify material properties for bipolar
plates, diffusion media, and catalyst layer, to reduce the residual
water at shutdown. Work is ongoing at the FCDDL to code the
formulated model and perform a parametric study of frost heave in
PEFC, as well as experimentally validate results using a variety of
techniques.
Conclusions
In this work, a 1D transient freezing model to describe the water
migration and ice lens formation process has been formulated, based
on theories of porous media flow and soil frost heave mechanisms.
The freezing process in a PEFC is mostly an unsaturated freezing
process, although it is also possible that certain areas become saturated. Then ice lenses grow. The present model is a hybrid and
extension of Harlan’s hydraulic model and Miller’s rigid ice model
for frost heave in soils, which can be applied to both saturated and
unsaturated domains in PEFCs. The model also relies on several
characteristic curves derived, or used from literature to describe the
pc, sw, and T relationships. It is found that the three types of characteristic curves for unfrozen water flow and frost heave modeling
can be well unified. For Nafion, the unfrozen water versus temperature curve can be derived from available DSC data. For the diffusion
media and the catalyst layer, this curve can be predicted through
freezing temperature depression and pore size distribution data.
Through the characteristic curves and formulated model, it is predicted that ice lens formation is most likely around the catalyst layer,
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either between catalyst and diffusion media, or between catalyst
layer and Nafion membrane, under the channel but not the lands. An
exception is that ice lenses could appear at CL/Nafion under lands as
a result of the large freezing temperature depression of Nafion. This
mode can explain breakthrough damage observed in carbon paper
after freeze-thaw tests. Additionally, the unfrozen water can continuously flow out of the Nafion, though at a relatively small rate. The
ice lens formed from this water source could be a significant source
for delamination damage between Nafion and catalyst layer. The
Nafion thickness and initial water content have a direct effect on the
potential damage by this mode.
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List of Symbols
c
CP
D
E
g
h
hsf
J
k
kr
M
p
p*
P
q
r
r*
s
su
Sm
t
T
Tf
v
V

molar concentration, mol/L
specific heat capacity, J/kg K
diffusivity, m/s2
impedance factor of permeability
acceleration of gravity, 9.8 m/s2
heat transfer coefficient,W/m2 K
water’s heat of fusion, J/kg
J-Leverett function
permeability, m2
relative permeability
molar weight, g/mol
phase pressure, Pa
characteristic pressure
pressure, Pa
1-D heat flux, W/m2
mean radius, m
capillary tube radius, m
saturation
maximum unfrozen water saturation
mass source, kg/m3 s
time, s
temperature, K
freezing temperature, K
velocity, m/s
volume, m3 or Voltage, V

Greek
␦


¯




CP

ts

sh

thickness, m
porosity
thermal conductivity, W/m K
averaged thermal conductivity, W/m K
water content in Nafion, mol H2O/mol SO−3
viscosity, Pa s
contact angle, degree
density, kg/m3
averaged storage term parameter for energy equation, J/m3 K
surface tension, Pa m
tensile strength, Pa
tortuosity
shear stress, Pa

Subscripts
0
a
acid
assm
BC
bp
c
ch
cl
dm
fh
FC
GCE

reference point
air phase
sulfonic acid group
assembling
boundary condition
bipolar plate
capillary
channel
catalyst layer
diffusion media
frost heave
forced convection
GCE relation

i
il
NC
nf
ovbd
pm
s
u
w

ice phase
ice lens
natural convection
Nafion membrane
overburden
porous media
solid phase
unfreezable water
freezable water in Nafion; water phase in other case
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