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This work is devoted to delineating the fundamentals of evaporative water removal from diffusion media
(DM) to achieve highly efficient and durable gas purge. Multiphase water transport from DM during gas
purge is characterized by a balance of internal capillary liquid water flow and water vapor diffusion. In
this study, DM with polytetrafluoroethylene (PTFE) content ranging from 0 to 20 wt%, and DM with three
different geometric pore structures are utilized to understand this material property effect. It is found
that overall evaporative water removal rate increases as PTFE content decreases and as the geometric
olymer electrolyte fuel cell
iffusion media
urge
vaporation
apillary flow

rreducible saturation

pore structure changes from a two- to a more three-dimensional structure. This is due to the increase of
wettability and porous space favorable for the water transport. The effect of phase-change-induced (PCI)
flow and capillary flow on water removal is compared, and it is found that PCI flow is dominant at lower
saturation of DM, whereas capillary flow is dominant at higher saturation. The results of this study build
upon a previous study by the authors (Cho and Mench [17]), and are useful to understand the competing
phenomena of water removal in PEFC DM. The ultimate goal of this work is to guide material design to

ves m
achieve purge that preser

. Introduction

Excessive residual liquid water is known to impede cold start
peration and decrease durability of polymer electrolyte fuel cells
PEFC) through a variety of mechanisms, including ionic impu-
ity contamination and carbon corrosion. To minimize the residual
ater after shutdown, a gas purge is typically applied, due to the

implicity of application [1]. However, the accompanying para-
itic energy loss reduces the overall system efficiency. As a result,
dvanced purge protocols based on the fundamental understanding
f evaporative water removal are needed to increase operational
ifetime and system efficiency. Although a significant fraction of the
verall stored liquid content in a PEFC is known to reside in the dif-
usion media, very few studies have directly examined evaporative
emoval from the associated components [2,3].

It is well known that liquid flow inside a DM is affected
y wetting properties [4–8]. The DM is generally treated with
ome hydrophobic polytetrafluoroethylene (PTFE) to improve

et-operation performance. Therefore, the DM has an internal

tructure of mixed hydrophobic and hydrophilic surfaces, result-
ng in complicated transport of water. Some fundamental studies of
vaporation in porous media have focused on ideal known surfaces

∗ Corresponding author. Tel.: +1 814 865 0060; fax: +1 814 863 4848.
E-mail address: mmm124@psu.edu (M.M. Mench).
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embrane durability with reduced shutdown power requirements.
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such as glass beads. Shahidzadeh-Bonn et al. found the evaporative
water removal rate decreased for hydrophobic glass bead porous
media due to the poorly developed hydraulic connections among
pores [4]. The effect of wettability on capillary liquid transport
behavior of DM was evaluated extensively by Kumbur et al. for
imbibition [5–7], and recently by Gostick et al. and Fairweather et
al. for imbibition and drainage processes [8,9]. They concluded that
in materials with hydrophobic treatment, much higher pressure
was required for water injection, whereas liquid removal occurred
at considerably lower capillary pressures.

Diffusion media are typically manufactured with carbon fibers
in the form of the non-woven binder-based substrates or pure
woven fabrics. Non-woven DM are categorized into (1) carbon
paper DM, with fibers primarily aligned in two dimensions and
(2) carbon felt DM, with fibers aligned in three dimensions. The
woven DM has well-aligned fibers in a primarily three-dimensional
orientation [10]. In previous work, variations of structure were
found to significantly alter the amount of stored water in the DM,
and the overall cell performance [11–13]. For example, Zhang et
al. found from neutron radiography (NR) experiments the water
amount stored in carbon cloth was only half of that in carbon paper
during fuel cell operation [11]. Kowal et al. also utilized NR and

was able to demonstrate that under the conditions tested, paper
DM held 174% more water per volume of DM than cloth, and that
residual liquid water was more easily removed from the cloth DM.
Thus it was concluded that cloth DM is a more effective material for
lower power purge [12]. In a modeling study, Wang et al. found that

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:mmm124@psu.edu
dx.doi.org/10.1016/j.jpowsour.2010.03.094
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Nomenclature

As surface area (m2)
c concentration (kmol m−3)
D binary diffusion coefficient (m2 s−1)
J flux (kg m−2 s−1)
M molecular weight (kg kmol−1)
m weight (kg)
ṁ mass flow rate (kg s−1)
Nm MacMullin number
P pressure (kPa)
R gas constant (kJ kmol−1 K−1)
r pore volume ratio of macro-porous layer to total DM
s saturation
t thickness (m)
V volume (m3)

Greek letters
ε porosity of diffusion media
� permeability (m2)
� viscosity (kg m−1 s−1)
� density (kg m−3)
� tortuosity

Subscripts
C capillary
DM diffusion media
eff effective
evap evaporation
imm immersion
irr irreducible
l liquid water
macro macro-porous substrate
MPL micro-porous layer
p porous
ref reference
sat saturation
t total diffusion media including macro-porous layer
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and MPL
w water

he carbon cloth DM was beneficial for water removal, and conse-
uently is the superior choice for high humidity operation [13]. Stiff
aper or felt DM are sometimes preferred by fuel cell manufactur-
rs, however, due to easy of automated stack assembly. However,
o the authors’ knowledge, fundamental studies to understand the
ffects of material properties due to the addition of PTFE and geo-
etric pore structure on evaporative water removal in DM have

ot yet been extensively published.
As recent NR and other studies have revealed, phase-change-

nduced (PCI) transport is a significant component of water motion
uring operation and shutdown [14–16]. Neutron radiography is
ot a dynamic measurement, however, and due to the limited infor-
ation on actual capillary flow rates in the DM, the competing

henomena for water removal between PCI and capillary transport
s not yet clarified.

Evaporative water removal from DM was characterized in detail
n a previous study, and a new approach to directly measure the
vaporative water removal from DM was developed [17]. Three

istinct evaporation regimes were identified: a surface evaporation
egime (SER), a constant rate evaporation period (CRP) character-
zed by capillary flow to the evaporative front, and a falling rate
vaporation period (FRP) regime characterized by slower evapo-
ation of separated liquid droplets without internal capillary flow
r Sources 195 (2010) 6748–6757 6749

[17]. It has been determined that the dominant water removal
mode from the DM during gas purge is changed from liquid-phase
capillary transport to vapor-phase evaporative transport below a
certain saturation of DM called the irreducible saturation (sirr). To
fully understand the water removal behavior from DM, this irre-
ducible saturation point, and the effect of material properties on
the saturation point and evaporative motion and removal should
be elucidated. Fairweather et al. found water could not be removed
from the DM under extremely high external pressure when its sat-
uration level is less than 0.05, and the author concluded sirr should
be less than 0.05 [18]. Gostick et al. found that the sirr is 0.07 for
SGL 10BA DM and 0.04 for Toray 90 DM [19]. However, none of
the previous works focused on understanding the effect of material
properties on irreducible saturation.

As PTFE content and pore structure of DM change, the proper-
ties of the DM pores are altered chemically (i.e. wettability) and
physically (i.e. porosity, permeability, and tortuosity) [8]. It was
concluded that changes in DM chemical properties have a domi-
nant impact on capillary liquid transport [8]. The effect of chemical
property changes can be investigated in the regime where capillary
flow is the dominant mode of water removal. The effect physical
properties is dominant in the regime in which vapor diffusion is
the controlling mechanism, i.e., below the sirr saturation level.

The objective of this study is to build on and significantly extend
the results of our previous study [17], and to define the impact of
material properties on water removal behavior during gas purge by
investigating the effect of PTFE content in DM with various 2D and
3D pore structures. An analysis of the effects of material properties
on evaporative removal is conducted for pendular (diffusion domi-
nated) and funicular (capillary flow dominated) regimes. The effect
of phase-change-induced (PCI) flow and capillary flow on water
removal is compared to understand the competing phenomena of
water removal in DM. Additionally, a new method is developed to
measure the irreducible saturation of DM, and the effect of mate-
rial properties on sirr was investigated. Finally, the potential impact
of material PTFE content and structure on purge efficiency is dis-
cussed.

2. Experimental

2.1. Porosity measurement and evaporation test

Porosity is a key material property for controlling saturation and
multiphase heat and mass transfer in porous media. In this study,
the method of immersion imbibition was utilized to measure poros-
ity of tested DM. In this study, five pieces of samples (8 × 80 mm2)
were die-cut from a sheet of DM material, and their dimensions
were measured with a caliper. Then, DM were immersed into
the totally wetting fluid (n-hexane) contained in a scaled cylin-
der (10 mL, PyrexTM), and volume changes before and after the
immersion were measured. Porosity of DM was obtained from the
following equation:

Porosity (ε) = pore volume
total volume of DM

= Vt,DM − Vsolid,DM

Vt,DM
= Vt,DM − (Vafter,imm − Vbefore,imm)

Vt,DM

(1)

where Vt,DM is total volume of DM, Vsolid,DM is volume of solid phase
in DM, Vafter,imm is volume of n-hexane after DM immersed, and
Vbefore,imm is volume of n-hexane before DM immersion.

Sonic vibration was continuously applied to the cylinder with
a sonic cleaner (VWR model 50D) to remove residual bubbles and

achieve complete saturation. With this approach, the maximum
deviation in measured dry porosity was ±1.6%.

SGLTM Sigracet® 10 series DM with variable PTFE content from
0, 10, and to 20 wt% were utilized to investigate the effect of PTFE
content on the water removal. For the comparison of structure,
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Fig. 1. Comparison of SEM images: (a) carbon paper-type DM (2D pore structure), (b) carbon felt type DM (partial 3D pore structure), and (c) carbon cloth type DM (3D pore
structure).

Table 1
Material properties of DM.

DM Structurea PTFE contenta Porosityb Thicknessb (mm) Dry DM weight (g) Weight (g) of water
in DM at s = 0.5

Macro-porous substrateb

Porosity Tortuosity

SGL 24AA Carbon paper without MPL 0 wt% 0.87 0.18 0.0803 0.1107 0.87 1.48
SGL 10AC Carbon felt with MPL 0 wt% 0.82 0.37 0.1929 0.2106 0.89 1.39
SGL 10CC Carbon felt with MPL 10 wt% 0.81 0.37 0.1953 0.2075 0.88 1.43
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is the volume of total DM.
It was found that with higher PTFE content, the transition from

the constant rate period regime (CRP) to the falling rate period
regime (FRP) was generated at higher saturation levels, and the
SGL 10DC Carbon felt with MPL 20 wt% 0.80 0.38
Carbel CL Carbon cloth with MPL N/A 0.75 0.37

a Information supplied from manufacturer.
b Values measured or calculated in this work.

hree different types of DM were selected, based on manufacturer
nformation. A carbon paper-type DM (SGLTM Sigracet® 24 series
4AA), with DM with fibers aligned primarily in a 2D planar direc-
ion, a carbon felt type DM (SGLTM Sigracet® 10 series DM 10AC),
ith fibers primarily aligned in the x and y direction as well as
artially in z (through-plane) direction, and a carbon cloth type
M (Carbel CL®), with fibers aligned in 3D direction were selected.
EM images of typical pore structure of DM are shown in Fig. 1.
etailed material properties of the DM utilized are summarized in
able 1.

DM were artificially saturated with de-ionized (DI) water under
acuum pressure, and they were implemented into the experimen-
al apparatus. By applying controlled dry air purge flow rates, water
as convectively removed from DM, while the weight change of the
M was measured with an electronic scale. The unique evaporation

est setup and methodology were described in detail in Ref. [17].

. Results and discussion

.1. Overall behavior of water removal during gas purge

Water removal behavior during gas purge for SGL 10AC, 10CC,
nd 10DC was compared at gas purge flow rates ranging from 0.25
LPM to 7 SLPM, as shown in Fig. 2. The flow rates tested correspond
o Reynolds numbers from 13 to 370, which is a range appropriate
or comparison to normal fuel cell operation in a current density

ange from 0.05 to 1.50 A cm−2.

All of the tested samples showed similar water removal trends;
ast water removal during the initial purge, followed by steady
ater removal of which the duration was in inverse proportion

o the gas purge flow rate, and finally a rapid decrease in the water
0.2316 0.2117 0.85 1.58
0.2317 0.1911 0.82 1.10

removal rate after the saturation falls below a critical value. This
is consistent with the results in Ref. [17]. Interestingly, total purge
time was found to increase with an increase of PTFE content, which
is also consistent with some literature [4,20]. This interesting trend
is a result of the fact that the PTFE additive promotes transition to a
discrete droplet pendular regime, limiting capillary flow. Although
the addition of PTFE is beneficial to provide access for gas phase
reactant in high-humidity environments, it reduces the capacity
for drainage and therefore increases the residual water droplets
which must be evaporatively removed during purge or remain in
the DM after shutdown.

Water removal behavior was further compared with respect to
the normalized water removal rate1 of Fig. 3(a) and the saturation
level of DM of Fig. 3(b), respectively, where liquid saturation of DM
was obtained from the following equation:

Saturation (s) = pore volume filled with liquid water
total dry pore volume of DM

= (mwet,DM − mdry,DM)/�w

εVDM
(2)

where mwet,DM and mdry,DM are weight of wet and dry DM, respec-
tively, �w is the density of water, ε is the porosity of DM, and VDM
1 Normalization was performed by dividing with water removal rate obtained by
extrapolating the tangent lines from constant water removal region to initial purge
time, as described in detail in Ref. [17].
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Fig. 3. Effect of PTFE content in DM on evaporative water removal rates: (a) nor-
ig. 2. Comparison of evaporative water removal rates: (a) for 10AC (0 wt% PTFE),
b) for 10CC (10 wt% PTFE), and (c) for 10DC (20 wt% PTFE) at various flow rates.

ransition took place much more slowly (see Fig. 3(b)). This resulted
n a prolonged gas purge to reach a non-saturated condition, as
hown in Fig. 3(a).

The effect of geometric pore structure was also investigated. The
ater removal rate was compared with respect to purge time at

arious purge gas flow rates, as shown in Fig. 4. The required purge
ime increased from 24AA DM, to Carbel CL, and 10AC, as shown in
able 1. The difference in the initial water amount in each DM was
ormalized by dividing by the maximum amount of storable water

n each DM calculated from Eq. (2), and water removal behaviors
ere compared with respect to saturation level of DM, as shown in

ig. 5.
As shown in Fig. 5(a), the CRP regime (plateau region of Fig. 5(b)

nd (c)) could not be achieved at higher gas purge flow rates for
D structured DM (i.e. paper-type DM.), whereas the CRP regime
ecame constant, extending into lower saturation level as DM

ore structure became three-dimensional (i.e. cloth type DM). This
eans that for 2D pore structured DM, internal liquid flow from

he main body of DM to the evaporation front on the surface of DM
as not fast enough to match the water removal at the evaporating
malized water removal rate with respect to purge time and (b) water removal rate
with respect to saturation level of DM: arrows indicate that transition points from
CRP to FRP occurred at higher saturation levels as PTFE content increases.

front. Therefore, the evaporation front penetrated into the DM even
at higher saturation, leaving a higher saturation level to be removed
in the more slowly evaporating FRP regime. The internal liquid
transport was well-developed for 3D structured DM, consequently
extending the CRP regime into lower saturation levels, leading to
a more rapid water removal rate, and more efficient purge. This
explains the observed superior drainage and purge characteristics
of cloth-based DM. Region (R) in Fig. 5 indicates water removal
behavior at the end of gas purge. It was found that for a 2D structure
DM, some residual water remained in the DM and complete water
removal was not achieved. As the structure of DM changed from
2D to 3D, however, complete water removal could be obtained. It
should be noted that a complete dry-out of DM is not achieved or
desired in actual fuel cell condition. However, the water removal
behavior for complete dry-out can be utilized to better understand
the impact of different pore structures on water removal. It also
should be noted that 24AA DM does not have a micro-porous layer
(MPL) whereas other DM such as 10AC and Carbel CL have MPLs.
That may cause the water removal behavior of 24AA to differ from
other DM due to the different wetting effects experienced between
DM and test fixtures. This possibility was experimentally evaluated
by inserting an MPL between the bottom of the 24AA and top of the

sample holder. The evaporation behavior observed was found to
be similar, indicating the MPL did not play a dominating role in the
observed behavior.
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Fig. 5. Comparison of pore structure effect on evaporative water removal rates with
ig. 4. Comparison of evaporative water removal rates: (a) for 24AA (2D pore
tructure), (b) for 10AC (partial 3D pore structure), and (c) for Carbel CL (3D pore
tructure) at various flow rates.

The general evaporation behavior can be further analyzed and
nderstood with respect to the funicular regime and pendular
egimes [21]. In the funicular regime, a continuous liquid film is
onnected through the porous matrix, and water removal rate is
ominated by internal liquid flow. Therefore, the measured water
emoval in this regime can be utilized for analyzing the impact of
aterial properties on internal capillary liquid flow rates and for-
ation of hydraulic connectivity among pores. In contrast, water

istribution in the pendular regime is characterized by discrete
iquid water droplets, thus evaporation is dominated by vapor
iffusion, and the impact of the DM properties can be analyzed
rimarily as a function of tortuosity. In the following sections, an
nalysis was conducted for both regimes.

.2. Internal liquid water flow in DM
The water removal rate at the transition point from CRP to FRP
egimes can be utilized to obtain the internal flow rate of liquid
ater for each DM during evaporation. As shown in Fig. 6(a), at this

ritical point the evaporative water removal rate at the open bound-
ry is exactly balanced with internal liquid water transport rate.
respect to saturation level of DM: (a) for 24AA (2D pore structure), (b) for 10AC
(partial 3D pore structure), and (c) for Carbel CL (3D pore structure). Region (R)
indicates water removal behavior at the end of gas purge.

From evaporation plots, internal liquid flow rates for various satu-
ration levels were obtained, and utilized to investigate the effect of
PTFE content in Fig. 6(b) and geometric pore structure in Fig. 6(c).

As shown in Fig. 6(b), internal capillary liquid flow obtained
experimentally in this study began only when saturation was above
a certain level (which is called the irreducible saturation) and
increased in a nonlinearly increasing way at the saturation level
from 0.13 to 0.16, as reasonably expected from Refs. [21–24].

As DM PTFE content increased, the saturation level for the cap-
illary flow rate increased, as shown in Fig. 6(b). When liquid water
perfectly wets the surface pores in DM, hydraulic connections
among pores can be maintained until low saturation of DM, and
through the hydraulic connections, liquid water can be transported
to the open boundary where evaporation takes place. However,
when liquid water does not wet the surface of pores and forms dis-
crete liquid droplets on surfaces, liquid connection among pores

cannot be maintained without higher saturation levels.

The effects of geometric pore structures are compared in
Fig. 6(c). The internal capillary flow rate significantly increased
when saturation was above 0.08–0.15. Additionally, the internal
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10BB which is carbon felt type DM) [27].
ig. 6. Internal capillary liquid flow rate for water drainage during evaporation and
omparison of capillary flow rate and phase-change-induced flow rate: (a) method
o obtain the liquid flow rate, and comparison of effect of PTFE content in DM (b)
nd effect of pore structure (c) on internal capillary flow rate, respectively.

iquid water flow rate increased as pore structure changed from 2D
o 3D geometry. For a 2D pore structured DM, carbon fibers are pri-

arily aligned in x and y directions, as shown in Fig. 1(a). The pore
atrix consists of multiple fiber layers in the in plane direction,

nd lacks through-plane pathways for drainage. However, the 3D
ore structured DM has fibers aligned in x, y and z direction, and
ore matrix is less tortuous, as shown in Fig. 1(c). Therefore, liquid
ater can move along with the aligned fibers out of DM efficiently

or 3D pore structure DM.
The internal capillary flow rate obtained in this study can be

urther utilized to understand water transport behavior in an oper-

ting fuel cell. Water generated at the CL transports through DM
o the flow field plate by capillary and phase-change-induced (PCI)

odes [14,15,25]. The capillary flow is driven by a capillary pres-
ure difference when liquid phase is connected through pores. PCI
r Sources 195 (2010) 6748–6757 6753

flow is driven by saturated vapor pressure gradient due to a tem-
perature gradient [14]:

JCP = �wkrw
kw

�w
∇PC (3)

JPCI = Dw,eff

Rv

d

dT

(
Psat(T)

T

)
∇T (4)

where �JCP is the capillary water flux, and �w, krw, kw, �w, and
PC are water density, water relative permeability, water absolute
permeability, water viscosity, and capillary pressure, respectively.
JPCI is water flux by PCI mode, and Dw,eff, Rv, and Psat are effective
diffusivity of vapor, vapor gas constant, and saturation pressure,
respectively.

Dw,eff = [ε(1 − s)]3/2Dw (5)

Dw = Dw(Tref , Pref )

(
T

Tref

)3/2 (
Pref

P

)
(6)

where ε and s are porosity and saturation of DM, respectively.
Dw, Tref, and Pref are binary diffusion coefficient of water vapor
in the air, reference temperature, and reference pressure, respec-
tively.

The water transport via these two modes is compared in Fig. 6(b)
and (c) with respect to liquid saturation of the DM. PCI flow through
the DM was calculated using a simple 1D approximation for a tem-
perature gradient of 0.5 K, which is typical at operation between
0.1 and 0.2 A cm−2 [26]. As shown in Fig. 6(b) and (c), PCI flow
rate decreases as the saturation of DM increases due to decreas-
ing porous space for vapor transfer, whereas capillary flow rate
increases with saturation of DM due to increasing hydraulic con-
nections among pores for liquid water to transport. PCI flow is based
on bi-molar molecular diffusion, whereas capillary flow is a result
of bulk liquid flow, and therefore it increases from negligible to
much greater than PCI flow when the liquid phase is fully connected
through pores. As shown in Fig. 6(b) and (c), PCI flow dominates
in a lower saturation regime (i.e. below saturation of 0.09 for car-
bon cloth DM and from 0.13 to 0.17 for carbon paper DM). Above
this saturation, capillary flow dominates. This behavior is also con-
sistent with the experimental results of neutron radiography (NR)
[27].

As discussed in Ref. [27], water saturation in DM increases grad-
ually with time during operation at 0.2 A cm−2, and reaches a peak
water content in the DM. This supports the theory that the PCI flow
is dominant mode at lower saturation, leading to increase of water
amount in DM. As the water saturation approaches a certain level
at which liquid connections among pores are fully developed and
fast capillary liquid flow is generated, capillary flow becomes dom-
inant, resulting in the peak observed. Ref. [27] also showed that
at 1 A cm−2, the DM approached the same steady saturation value,
but much faster than at lower currents. Even though the high cur-
rent operation (i.e. 1 A cm−2) has approximately six times greater
water transport rate by PCI mode than for low current operation
(i.e. 0.2 A cm−2), the steady-state distribution of liquid water was
almost identical, indicating the dominance of capillary flow mode
after the critical saturation level where connected pathways are
formed. The maximum water amount at steady condition is around
120 mg cm−3 which corresponds to a DM saturation of 0.15 (SGL
Based on comparison of observed capillary flow to PCI flow at
1 A cm−2, it can be concluded that PCI flow is dominant at lower
saturation of DM, whereas capillary flow is dominant above the
critical saturation level.
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ig. 7. Comparison of water removal rate in FRP regime: (a) effect of PTFE content (
nd 3D pore structure from left to right figures).

.3. Diffusive water removal in falling rate period (FRP) regime

The evaporation front penetrates into the DM in the FRP regime,
nd vapor diffusion dominates water removal. Therefore, water
emoval in the FRP regime can be described with effective diffu-
ivity and water vapor concentration, as shown in Eq. (7) for a
ne-dimensional system. Effective diffusivity is function of satu-
ation and tortuosity representing the effect of porosity and DM
eometric pore structure. And the surface area of water and gradi-
nt of water vapor concentration are functions of saturation. Those
unctional relations can be lumped into functions of saturation and
ortuosity. Finally, the water removal rate can be described with
espect to saturation, tortuosity, and a diffusive water removal
elation:

ṁw,rem = Dw,eff MwAs
dcw

dz

= Dw,eff (s, �(�, ε))MwAs(s)
dcw(s)
dz(s)

(7)
∼f (s)g(�)DwMwAs
dcw

dz

here Dw,eff is effective diffusion coefficient of water to air, Mw is
olecular weight of water, As is surface area of liquid water and

cw/dz is gradient of water vapor concentration with respect to
nd 20 wt% from left to right figures) and (b) effect of pore structure (2D, partial 3D,

depth of DM, s is saturation level of DM, � is tortuosity factor, � is
pore geometry factor, ε is porosity, and Dw is diffusion coefficient
of water to air.

This equation indicates the tortuosity is one of the key param-
eters for governing water removal rate in the FRP regime for a
prescribed saturation level. Tortuosity represents the combined
effect of different material properties of DM due to different PTFE
content and pore geometric structure.

In Fig. 7(a) and (b), water removal behavior is shown for the
FRP regime (saturation range from 0.1 to 0). As PTFE content in
the DM decreased and pore structure changed from two to three
dimensional, water removal rate increased, and the slope of the
water removal rate with respect to saturation became steeper,
which indicates water removal efficiency is greater for DM with
less PTFE content and a three-dimensional pore structure. Those
effects of PTFE content and pore structure of DM can be described
with tortuosity. Tortuosity of each DM are compared in Table 1,
where empirical relations [28] were utilized for calculation of tor-

tuosity for macro-porous layer portion to understand the effect of
PTFE content and porous structure, as described in Appendix A. As
tortuosity increased, water removal rate was found to decrease in
Fig. 7, validating the concept that the tortuosity in Eq. (7) is the key
parameter representing the effects of material properties DM (PTFE
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mixed flow rates approach [17]. Water slugs residing in flow chan-
ig. 8. Irreducible saturation of DM: (a) illustration of method to obtain the irre-
ucible saturation, and comparison of effect of PTEF content (b) and effect of pore
tructure (c) on irreducible saturation, respectively.

ontent and pore structure). The effect of DM tortuosity on water
emoval rate also agrees with the results of Wang et al. [13].

.4. Novel method to measure irreducible saturation

Irreducible saturation is the saturation level at the transition
etween funicular and pendular regimes. Almost no water can be
rained by capillary mode below this saturation [22,23]. Therefore,
his parameter is critical for modeling and simulation of multiphase

ows including evaporation and condensation. In this study, a new
ethod is introduced to obtain the irreducible saturation from the

vaporation curve by utilizing a concept described by Kaviany et al.
21,24].
r Sources 195 (2010) 6748–6757 6755

As shown in Fig. 8(a), two tangent lines are extended from
each CPR and FRP regime, and intersection point (1) between two
extended lines is connected to the other intersection point (2)
between lines which have same slopes as the above extended lines
and one of them going through points at the end of funicular regime
(A) and the other through points at the start of full pendular regime
(B), respectively. The newly connected line between point (1) and
point (2) forms an intersection, which is a point where isolated
droplet evaporation is dominant, and therefore is considered to be
the irreducible point. From the experiment, the irreducible satura-
tions were obtained at various flow rates. The intrinsic irreducible
saturation was obtained by extrapolating the nominal irreducible
saturation obtained at each flow rate to the zero flow rate condition,
as shown in Fig. 8(b) and (c):

sirr = lim
ṁ→0

sirr,ṁ (8)

where sirr is the irreducible saturation of DM and sirr,ṁ is the nom-
inal irreducible saturation obtained at each flow rate.

Irreducible saturations were found to be increased as PTFE con-
tent in the DM increased, which is same trend as the results of
Gostick et al. [19] where sirr was 0.04 and 0.07 for DM without PTFE
content and with 5 wt% PTFE content, respectively. Irreducible sat-
urations also increased as geometric pore structure changed from
three to two dimensions, as shown in Fig. 8(b) and (c), respectively.
These values are in the same range of results of Fairweather et al.
[18] and Gostick et al. [19]. The irreducible saturation of DM was
also found to vary with geometry of flow field in actual fuel cell
system [29]. Depending on the area ratio of land to channel, the
irreducible saturation was varied because the amount of immobile
water resided under the land varies with the ratio. Therefore, the
irreducible saturation (sirr) obtained in this study can be considered
as an intrinsic material property of DM which is not affected by the
system.

It should be noted that the nominal irreducible saturation
obtained at each flow rate was found to increase as flow rate of
purge gas increased, as shown in Fig. 8(b) and (c). And therefore, this
behavior can be utilized for designing advanced purge protocols.

3.5. Consideration of PTFE and pore structure effect on purge
efficiency

The critical purge time (tCR) was normalized by dividing with
end of purge time (tEnd) to understand purge efficiency in terms
of utilization of applied purge time, as shown in Fig. 9. If normal-
ized critical purge time (tNCR) is high, it indicates a much greater
portion of the purge time is utilized for water removal in SER and
CRP regime where water removal is achieved faster and more effi-
ciently.

As PTFE content increased and geometric pore structure
changed from 3D to 2D, tNCR decreased, indicating purge efficiency
decreased, as shown in Fig. 9(b) and (c), respectively. A lower flow
rate of gas was found to be more efficient in terms of utilization of
applied purge time.

3.6. Guideline for effective purge

Optimized purge is obtained with minimal time and energy, and
low moisture gradients across the membrane. In order to remove
water from DM effectively and durably, most water should be
removed in the CRP regime. This can be achieved through use of
nel or on the DM can be efficiently removed by a brief high flow rate
purge. Then, with a gradually decreasing flow rate, the hydraulic
connections among pores can be maintained until the lowest pos-
sible saturation level, providing an efficient purge that reduces
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ig. 9. Purge effectiveness at the critical condition: (a) water removal versus time,
b) impact of PTFE content on normalized critical purge time and (c) impact of DM

aterial on normalized critical purge time.

embrane moisture gradients that have been shown to negatively
mpact durability [29]. The internal liquid flow rate (capillary flow
ate) through hydraulic connections among pores was found to
ncrease as PTFE content decreased and pore structure changed
o 3D structure, as described. Therefore, the effective and durable
urge can be achieved by fully utilizing the benefit of water removal

n CRP regime by applying a composite flow rate and DM with less
ydrophobic treatment and 3D fiber matrix structure. Obviously,
his may lead to performance trade-offs in normal operation.
. Summary and conclusions

The effects of polytetrafluoroethylene (PTFE) content in dif-
usion media (DM) and geometric pore structure on evaporative
ater removal from DM were investigated in this work. Addi-
r Sources 195 (2010) 6748–6757

tionally, new methods to determine internal liquid flow rate and
irreducible saturation were discussed. The following conclusions
are drawn from this study.

– The internal capillary flow rate was found to increase as PTFE
content decreased and geometric pore structure changed from
two to three dimensional in nature. In operation, phase-change-
induced flow was a dominant mode of transport for saturation
below 0.09 for carbon cloth type DM and below 0.12 for carbon
paper-type DM. Above these saturation levels, capillary flow is
dominant.

– A new method to measure the irreducible saturation was devel-
oped, and the irreducible saturation was obtained in the range
from 0.03 to 0.07, which increased as PTFE content in DM
increased and pore structure changed from three to two dimen-
sional in nature.

– The effect of PTFE and pore structure on water vapor diffusion
was investigated in the FRP regime where vapor diffusion is dom-
inant mode for water removal. Tortuosity was found to be a key
material property to control the vapor diffusion.

– Water removal efficiency was compared with normalized critical
purge time, and was found to increase as PTFE content decreased
and geometric pore structure changed to three dimensions, indi-
cating that although PTFE is helpful to avoid flooding during
normal operation, it can reduce purge efficiency during shut-
down.
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Appendix A. Calculation of porosity of macro-porous layer
of DM

The porosity of the macro-porous layer of DM was calculated
from following equations [30]:

εmacro = Vmacro,p

Vmacro
= εtVt − εMPLVMPL

Vmacro
(A.1)

εMPL = (1 − rp,V )εt
tt

tMPL
(A.2)

rP,V = Vmacro,p

Vt,p
(A.3)

where εmacro is porosity of macro-porous layer of DM, Vmacro,pis pore
volume of macro-porous layer, Vmacro is volume of macro-porous
layer, εt and Vt are total porosity and total volume of DM includ-
ing macro-porous layer and micro-porous layer (MPL), respectively,
εMPL and VMPL is porosity and volume of MPL, rp,V is ratio of pore vol-
ume of macro-porous layer to pore volume of total DM (Vt,p), tt and
tMPL are thickness of total DM and thickness of MPL, respectively.

To obtain MPL porosity, SGL 10BA and 10BC were utilized, which
have same type of macro-porous layer, but only 10BC has MPL.
Thickness and porosity of SGL 10BA were 0.32 mm and 0.88, respec-
tively whereas 10BC has 0.42 mm in thickness and 0.82 in porosity,

respectively. By utilizing the thickness of MPL which found to be
0.1 mm in SEM images, rp,V and porosity of MPL were determined
to be 0.81 and 0.63 from Eqs. (A.3) and (A.2), and the porosity of
macro-porous layer of each tested DM was calculated from Eq. (A.1)
under the assumption that same type of MPL was applied to SGL
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0AC, 10CC, and 10DC. As shown in Table 1, the calculated porosity
f macro-porous layer of DM was reasonable by comparison of the
orosity of 10BA, which has 5 wt% PTFE without MPL. For porosity
f MPL of Carbel CL, value of 0.05 was utilized, which was provided
rom manufacturer. The tortuosity of the macro-porous layer of DM
as calculated from equation:

= εNm (A.4)

here � is tortuosity, ε is porosity, and Nm is MacMullin number,
m = ε−3.8 and ε−1.5 for carbon paper DM and carbon cloth DM,

espectively [28].
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