Journal of Power Sources 190 (2009) 485-492

journal homepage: www.elsevier.com/locate/jpowsour

Contents lists available at ScienceDirect

Journal of Power Sources

The impact of thermal conductivity and diffusion rates on water vapor transport
through gas diffusion layers

Sergei F. Burlatsky®*, Vadim V. Atrazhev®, Mallika Gummalla?, Dave A. Condit?, Fugiang Liu?

2 United Technologies Research Center, East Hartford, CT 06108, United States
b Russian Academy of Science, Institute of Biochemical Physics, Kosygin str. 4, Moscow, 119334, Russia

ARTICLE INFO

Article history:

Received 21 November 2008
Received in revised form

22 December 2008

Accepted 23 December 2008
Available online 14 January 2009

Keywords:

PEM fuel cells

Gas diffusion layer
Thermal conductivity
Water management
Water vapor transport

ABSTRACT

Proper water management in a hydrogen-fueled polymer electrolyte membrane (PEM) fuel cell is critical
for performance and durability. A mathematical model has been developed to elucidate the effect of
thermal conductivity and water vapor diffusion coefficient in the gas diffusion layers (GDLs). The fraction
of product water removed in the vapor phase through the GDL as a function of GDL properties/set of
material and component parameters and operating conditions has been calculated. The current model
enables identification of conditions wherein condensation occurs in each GDL component. The model
predicts the temperature gradient across various components of a PEM fuel cell, providing insight into
the overall mechanism of water transport in a given cell design. The water condensation conditions and
transport mode in the GDL components depend on the combination of water vapor diffusion coefficients
and thermal conductivities of the GDL components. Different types of GDLs and water transport scenarios
are defined in this work, based on water condensation in the GDL and fraction of water that the GDL
removes through the vapor phase, respectively.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Optimal water management is important for polymer electrolyte
membrane (PEM) fuel cell performance, durability and rapid start-
up under frozen conditions. A low rate of water removal from the
cathode impedes oxygen transport; while excessive water removal
from the electrode may cause electrode and membrane dry-out
resulting in low proton conductivity and low apparent exchange
current, as well as high losses associated with membrane resis-
tance.

The gas diffusion layer (GDL) is a crucial element that impacts
the overall water transport in a PEM fuel cell. Fundamental under-
standing of liquid water transport in the GDL and associated
strategies to keep the bulk volume available for oxygen diffusion
is necessary. Experimental determination of capillary pressure as
a function of water saturation combined with Darcy’s law have
been the primary focal points in water management [1-6]. How-
ever, recent experimental and modeling results indicate that the
transport of liquid water in GDLs is a process of capillary finger-
ing [7-11], which cannot be adequately represented by Darcy’s law
according to [12]. Liquid water flows through GDL in the form of
connected clusters, encountering dead ends due to the presence of
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varied diameter pores, and eventually percolates through a path-
way of the least resistance. On the other hand, Owejan et al. [13]
recently found that vapor diffusion is an important mechanism of
water removal from the cathode catalyst layer through the GDLs.
It is shown that the thermal gradient in the cathode GDL can be
sufficient to remove product water in vapor state through the GDL
at high current densities [13].

Thermal properties of the GDL and its design are thus very
important for high performance and durability [14-17]. Normally,
in an operating fuel cell there is 3-5°C temperature gradient at
1Acm~2 between the catalyst layers and gas channels [18-20].
That corresponds to 8-19% ARH at 75°C cell temperature. The
dissipation of the cathode reaction heat relies on GDL effective
thermal conductivity, which strongly depends on the anisotropic
packing and thermal contact of GDL carbon particles and fibers.
Interaction between mass and thermal transport makes favor-
able water management a challenge. Only a handful of studies
have attempted to investigate the thermal impact of GDL on mass
transport. Pasaogullari et al. [14] studied the anisotropic heat
and water transport in a cathode GDL. Weber and Newman [20]
investigated the non-isothermal phenomena and water transport
through the membrane. They showed that the temperature gra-
dient within a fuel cell is sufficient to cause a heat-pipe effect
where the water is moving from cathode to anode down the
temperature gradient. However, these studies did not include a
micro-porous layer (MiPL), which is a key component to the GDL
(see Fig. 1).
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Nomenclature

D water vapor diffusion coefficient in porous medium
(cm2s-1)

Dete effective water vapor diffusion coefficient in sub-
strate + MiPL composite (cm2s—1)

F Faraday’s constant, 96487 (Cmol—1)

AH water latent heat (Jg=1)

i current density (Acm—2)

L thickness (cm)

P saturated water vapor pressure at the WPT coolant

temperature (din cm—2)

QS\,_)V latent water heat per unit current density
(W(Acm)-2)

Q,g specific reaction heat per unit current density
(WA

R ideal gas constant, 8.7 x 107 erg(mol K)~!

RH relative humidity

T temperature (K)

Ty WTP coolant temperature (K)

S specific reaction entropy (J (mol K)~1)

o fraction of heat that is removed by the cathode-side
WTP

n overpotential (V)

A thermal conductivity (W (cmK)~1)

Aeff effective thermal conductivity of substrate + MiPL
composite (W (cmK)~1)

& fraction of water removed through the vapor phase

Subscripts

A anode

SM interface between the substrate and MiPL

C cathode

S substrate

M membrane

Although isothermal modeling of MiPLs are available in the
literature [21-23], the conclusions from different groups are con-
tradictory. Weber and Newman’s modeling results show that the
MiPL increases the back-diffusion rate of water from the cathode
through the membrane to the anode [22]; however, Passaogullari
etal.[21]and Nam and Kaviany [23] showed that the MiPL enhances
water removal rate to the cathode gas channel. Recent experimental
results from Karan et al. [24] show no statistical impact of MiPL on
net water transport across the membrane. Clearly, the role of a MiPL
on water transport remains unresolved (see [24] and references
therein).

In this work, thermal effects are included in a model based
on analysis of a composite GDL (with a MiPL) to elucidate the
water transport mechanism in a porous-plate PEM fuel cell. The
variations in GDL properties considered are thermal conductivity
and water vapor diffusion coefficients. Experimentally determined
thermal conductivities are used for quantitative prediction of the
transport fluxes. This work also aims to provide insight into the
role of MiPL in water transport and a new physical model to
clarify the importance of an intermediate porous layer to aid
water vapor diffusive transport, as discussed by Owejan et al.
[13].

This model accounts for product water vapor transport across
the MiPL present in a cathode composite GDL used for either a con-
ventional solid plate or a porous plate system like that described
in this work. Porous bipolar plates (as shown in Fig. 1), known
as water-transport plates (WTPs) [25-29], were developed by UTC
Power. The model does not describe liquid water removal from the

substrate layer of the composite GDL, which will be addressed in
our future work.

2. Physical model
2.1. Physics assumption

The WTPs perform two main functions in terms of water man-
agement. First, when there is excess water, the WTPs provide a
removal path for liquid water to prevent flooding. Second, when
the gas streams are not saturated, the WTPs provide water for
evaporation into the gas channels and humidifies the membrane
electrode assembly [27]. The liquid water in the GDL is comprised
of water streams flowing from the cathode to WTP and pendant or
“stranded” water (as shown in Fig. 1) not connected to the water
streams. In order to maximize oxygen transport, it is desirable to
remove the major fraction of water in the vapor phase to minimize
the fraction of the GDL volume occupied by liquid water streams
and to prevent vapor condensation and accumulation of pendant
water in the GDL.

The driving force for vapor transport through the GDL is the gra-
dient of water vapor partial pressure (WVPP). The gradient of WVPP
is caused by a small temperature difference between the cathode
and WTP, resulting in the difference between the equilibrium WVPP
in the WTP gas channel and that in the cathode gas pores. Model-
ing results and experimental data indicate that in the present WTP
design, dry inlet gas becomes fully saturated by liquid water com-
ing through the WTP at the gas channel inlet and stays humidified
along the entire channel length. For the boundary conditions of this
model, we assume that water vapor is in equilibrium with liquid at
the cathode/MiPL interface (x=1 in Fig. 1) and the substrate/ WTP
interface (x=0 in Fig. 1). One would expect that there is zero flux
of water from cathode to WTP because at both locations water
vapor is equilibrated with liquid water. However, the water vapor
concentration is higher at the cathode/MiPL interface than that in
WTP because the temperature of the cathode electrode is higher
than that of the WTP. That concentration gradient creates the dif-
fusion flux (see Appendix A for more details on thermodynamics
of the transport process). We also assume that no condensation or

GDL

MEA

Coolant channels

Gas channels

Fig.1. Schematic of a half fuel cell with water transport plate (WTP). The arrows indi-
cate the flow of liquid water in the WTP. S, M, and SM represent substrate, MiPL, and
the interface between substrate and MiPL. Water vapor concentration and tempera-
ture at WTP/substrate interface, and, and at MiPL/cathode interface, and, are shown
in the figure. Selected area in the substrate is enlarged to show the continuous flow
streams and pendant water.
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Table 1
Possible Scenarios of water removal through the GDL.

487

GDL type Scenario of water Condensation in the GDL Fraction of water removed Liquid water streams Drops and puddles
dynamics through the gas phase in the GDL in the GDL
Type 1 Scenario 1(a) No condensation under-saturated 100% No No
Scenario 2(a) vapor in the GDL Less than 100% Yes? No
Scenario 1(a) 100% No No
Type 2 Scenario 1(b) Condensation in the substrate Less than 100% No Yes in the substrate
Under-saturated vapor in the MiPL
Scenario 2(b) Condensation in the substrate Less than 100% Yes Yes in the substrate

Saturated vapor in the MiPL

2 Note: The water stream is coming from the MiPL/cathode interface. There is only evaporation in the GDL.

evaporation occurs within the GDL; therefore, there is no source or
sink term for the thermal and mass transport equation.

The GDL type defines if condensation and consequent flooding
occur in one or more GDL components. The scenario of water trans-
port (see Table 1) defined in this work determines the fraction of
water removed through the gas phase. It depends on the combina-
tion of water vapor diffusion coefficients, thermal conductivities of
GDL components and also on the boundary condition at x=0 and
x=1 (see Fig. 1).

2.2. Mathematical formulation

2.2.1. Vapor transport through cathode GDL

In this section, the governing equations of water vapor and ther-
mal transport are introduced. Any in-plan temperature differential
is neglected because the in-plan thermal conductivity is one order
of magnitude higher than that in through-plan direction [14]. Due
to the uniformity of water vapor transport in the PEM fuel cell
plan-form, the transport equations can be represented in 1-D, in
the through plane of the GDL. The mass and thermal transport
governing equations are

d (dc
DL (a) -0

d (dT
= (a) —0
where x is the through plane direction of the GDL, D the water
vapor diffusion coefficient, C the water vapor concentration, and
X is the thermal conductivity. Gas diffusion coefficients in the sub-
strates and MiPLs are corrected by porosity using the Bruggman
correlation. Both D and A are assumed to be constant in each layer.

At the substrate and MiPL interface, fluxes of mass and heat are
continuous. This is reflected by mass and heat conservation equa-
tions (3) and (4)

(1)

(2)

Ds Cm—Co _ Dy Cc — Csm

Is In 3)

As Ism—To _ A Tc — Tsm

s In (4)

Solving Eqs. (3) and (4) for vapor concentration at substrate/MiPL,
Csm, and for the temperature at substrate/MiPL interface, Tsy, we
obtain

Csm = aCc + by (5)

Tsm = cTc +dTg (6)

where

4= Ls + (Ds/Dm)Lm )
__ (Ds/Dm)Lm

®= s+ (Ds/Du)lm ®)

_ Ls
" Ls+ (As/Am)Lm

de (As/Am)Im
Ls + (As/Am)Lm

Note that a+b=1 and c+d=1. Here L is the thickness of each layer
and the subscripts 0, S, M, C, and SM refer to WTP, substrate, MiPL,
cathode catalyst layer and substrate/MiPL interface, respectively
(see Fig. 1).

9)

(10)

2.2.2. Types of GDL and water transport mode

In this section we define different types of GDL as shown in
Table 1. The condensation in a PEM fuel cell component occurs
when the local water vapor concentration at location x, C(x), is
higher than the equilibrium concentration at local temperature,
T(x). For common GDL materials, the estimated temperature differ-
ence between two GDL interfaces is 1-3°C at 1 Acm~2 (calculated
below). Within such a small temperature range, a linear relation
between the equilibrium vapor concentration and temperature can
be reasonably assumed

Ced(T)=A+ BT (11)

It is assumed that vapor concentration at MiPL/cathode inter-
face, Cc, and vapor concentration at substrate/WTP interface, Cp,
are in equilibrium with liquid water according to Eq. (11)

Co(T) =A+ BTy (12)
Ce(T)=A+BT¢ (13)
Substituting Cy and Cc in Eq. (5) with Egs. (12) and (13) gives

Csm = A+ B(aTc + bTy) (14)

The condition a=c, which equals to b=d, separates different GDL
types. That means water vapor is either condensed or under-
saturated at two side of the condition. If a=c or b=d, combining
with Eq. (6), the above equation becomes

Csm = A+ BTsm (15)

According to Eq. (11), Csy, defined in Eq. (15), equals the equilibrium
water vapor concentration. Therefore, water vapor is in equilibrium
with liquid water at the substrate/MiPL interface.
To maintain a=c or b=d, we must have

Ds s

Du ~ m (16)
If the water vapor diffusion rate is larger than the thermal conduc-
tivity, i.e.,

Ds _ As
D ™ o )
then

Csm is lower than the equilibrium concentration, CSel(\]/l' deter-
mined by Eq. (11).
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VWPP (@) WVPP (b)
A A
Type 1 - Type 2 -
,/I ’I
(, ’f'
s
- ,
- 4
"” ,/’
- A
2~ Substrate |MiPL | X |, Substrate |MiPL | X
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Fig. 2. The WVPP distribution (dashed red line) calculated from the vapor diffusion
equations is compared to the WVPP distribution of the saturated vapor (solid blue
line). The GDL belongs to Type 1 if the red line is located below the blue line (a)
and it belongs to Type 2 otherwise (b). The diffusion equations are solved under the
condition that temperature of the cathode/GDL (x=1) interface is higher than that
of the GDL/WTP interface (x = 0) and the vapor is saturated at these boundaries. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

Thus in this case the water vapor is under-saturated at the inter-
face between the MiPL and substrate. Two types of GDLs are defined
based on the water saturation level at the MiPL/substrate interface.
The GDL belongs to Type 1 if Eq. (17) holds. Otherwise, the GDL
belongs to Type 2. As shown in Fig. 2(a), the GDL belongs to Type
1 if the vapor diffusion equation predicts under-saturated vapor
in the GDL. Otherwise, the GDL belongs to Type 2, as shown in
Fig. 2(b).

In the above formulation, we assume a saturated water vapor
concentration at the MiPL/electrode interface. If the water vapor is
under-saturated at this interface, the water vapor concentration in
the GDL bulk is even lower than that calculated above. Thus, Eq.
(17) is a conservative criterion for not having condensation in the
GDL. All the GDLs within Type 1 have under-saturation water vapor
in GDL bulk. Type 2 GDLs would have either saturated or under-
saturated water vapor in the GDL bulk, as shown in Table 1 and
Fig. 4.

2.3. Water transport scenarios

We are not only interested in the water saturation in the GDL, but
also the water vapor removal rate in an operating fuel cell. Below
we analyze water removal modes through the GDL in an actual fuel
cell and classify them into different scenarios. The basis for different
scenarios is the fraction of water that the GDL removes through the
vapor phase. To calculate this fraction, we compare the water gen-
eration rate to the maximum vapor flux through the GDL given that
the water vapor is in equilibrium with liquid water at the GDL/WTP
interface and that the temperature difference between the WTP and
the cathode is fixed.

WVPP a WVPP b
A =) ()
Type 1 Type 1
Scenario 1(a) ; Scenario 2(a) ,/
;" &
l, i
/-~ Substrate |MiPL | x | °" Substrate [MiPL | «

0 1 0 1

===~ Vapor pressure in GDL Saturated vapor pressure

Fig. 3. The WVPP distribution in the GDL of Type 1 is compared to the saturated
WVPP distribution. The vapor in the GDL is under-saturated and there is no con-
densation in any GDL component. In Scenario 1(a), the vapor at the cathode/GDL
interface is under-saturated and 100% of water generated in the cathode can be
removed through the vapor phase. In Scenario 2(a), the vapor at the cathode/GDL
interface is saturated and less than 100% of water generated in the cathode can be
removed through the vapor phase.

Using the ideal gas law to represent the concentration, Eq. (18)
can be written as

v = 1 (Pc/Tc) = (Po/To)
R (Ls/Ds)+ (Lm/Dwm)
where Pis the water vapor partial pressure. Similar to Section 2.2.2,

alinear relation between the water vapor pressure and temperature
is assumed

(19)

dP,
Pc :P0+(TC_TO)<’TTO (20)
Then combining Eqs. (19) and (20), eliminating Pc gives

v (Tc — To) (3P /3T) — (Po/To)

21
RTc  (Ls/Ds)+ (Lm/Dm) 1)
Similar to Eq. (19), the heat flux is
Tc—To
_ 2
= (s /hs) + (/o) (22)

Expressing (Tc — Tp) and substituting Eq. (21) into Eq. (22) gives

_ qu((As/Ds) + (Am/Dm)) (9Po/T) — (Po/To)
RT¢ (Ls/Ds)+ (Lm/Dw)

Assume the heat flux through the cathode GDL is proportional
to the total heat generated in a fuel cell at specific current density,
i ie.,

au(i) = a(QR - Qv &) (24)

where £ is the fraction of water removed in the vapor phase and «
is the fraction of heat that is removed from the cathode side (our
calculations show that typically, @ ~0.25-0.5). The specific reaction
heat QS and the latent heat of vaporization Q\(/)vﬁv are calculated as
functions of the specific reaction entropy AS and overpotential 7 in
the following equations

qv (23)

From Eq. (3), the vapor flux is Q,g _T AS, o T ASc +1 (25)
- 2F 4F
Cc-Go AH x 18
Qv =7~ (18) 0 =" ° 26
(Ls/Ds) + (Lm/Dm) Qv 2F (26)

Table 2
Criteria determining the scenario of water removal through the substrate.
GDL type Type 1 Type 2
Scenario Scenario 1(a) Scenario 2(a) Scenario 1(a) Scenario 1(b) Scenario 2(b)
Criteria (17) True True False False False
Criteria (27) for the substrate N/A N/A True False False
Criteria (27) for the MiPL N/A N/A True True False
Criteria (27) for the whole GDL True False N/A N/A N/A
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Fig.4. Actual WVPP distribution is compared to the saturation vapor pressure in the Type 2 GDL. In Scenario 1(a), the actual WVPP is lower than the saturated vapor pressure.
In Scenario 1(b), the actual WVPP is equal to the saturated vapor pressure in the substrate. In Scenario 2(b) the actual WVPP is equal to the saturated vapor pressure in the

substrate and MiPL.

Here AH is the latent heat of vaporization for water. The anode
and cathode entropy change, AS, and ASc, are 130](molK)~! and
65] (molK)~1, respectively [30]. At 1Acm~2 and 0.7V cell voltage,
QQ_,y =0.21 WA "and Q? = 0.77WA™". The temperature profile
within the cathode can thus be calculated using available thermal
conductivity data.

The fraction of water removed in the vapor phase, £, equals the
ratio of the vapor flux to the total water generation rate, which
is i/2F. The maximum flux that can be removed from the cathode
through the vapor phase (calculated in Eq. (23)) in a GDL is higher
than the water production rate if

£=a(Q¢ - Qv )7 - (%’}’—’%’) >1 (27)

where (Ls + Ly)/D =(Ls/Ds) + (Lm/Dm), (Ls + Lm)[A = (Lm/Am) + (Ls/As).
D and A are the effective vapor diffusion coefficient and thermal
conductivity.

The fraction of water removed through the vapor phase (calcu-
lated in Eq. (27)) determines the water transport scenario. Different
scenarios for Type 1 and 2 GDLs are defined in Table 1. Table 2
summarizes the criteria determining the different scenarios. In the
water transport scenarios (see Table 1), 1 corresponds to under-
saturated water vapor at the cathode/MiPL interface; otherwise, 2
means saturated vapor at this interface. In the parenthesis, a and
b correspond to under-saturated and saturated water vapor at the
substrate/MiPL interface, respectively. Therefore, the name of water
transport scenario provides vapor saturation details in a GDL.

For Type 1 GDL, we predict Scenario 1(a) if criterion (27) is valid
and Scenario 2(a) otherwise. In Scenario 1(a) (Fig. 3a), water vapor
in both substrate and MiPL is under-saturated; therefore 100% of
the water is removed in vapor phase. In Scenario 2(a) (as shown
in Fig. 3b), liquid water streams in the GDL are likely due to possi-
ble liquid water transport from the MiPL/cathode interface, where
water vapor is in equilibrium with the liquid. However, in this case
only water evaporation occurs in the GDL, since the gas is under-
saturated in the GDL bulk.

Table 3
Laser flash thermal conductivity measurement results [32].

Table 4
Laser flash versus modified substrate method (MTM187) results [33].

Laser flash thermal
conductivity (W (mK)~1)

Through-plane thermal
conductivity (W (mK)-1)

Thin, low Teflon content 0.035 0.097
MiPL only

Thin, high Teflon content  0.057 0.097
MiPL only

Untreated Toray 1.06 0.798

Scenarios for Type 2 GDL are more complicated (Table 1). The
case with lower actual WVPP than the saturated values in the GDL
belongs to Scenario 1(a), as indicated in Fig. 4a. If the criterion (27)
is not valid for the substrate, but valid for the MiPL, 100% of the
generated water is removed in the vapor phase through the MiPL,
but some fraction condenses in the substrate. This fraction should
be removed through the liquid phase, corresponding to Scenario
1(b)as shown in Fig. 4b. If criterion (27) is not valid for the MiPL, less
than 100% of water generated in the cathode is removed in the gas
phase. The vapor in the MiPL is saturated, and vapor condenses in
the GDL. This corresponds to the Scenario 2(b) in Fig. 4c. Therefore,
the main difference between Scenarios 1(b) and 2(b) is the water
saturation in the MiPL (in Table 1): the former has under-saturated
water vapor in the MiPL and the latter does not.

3. Results and discussion

In order to classify GDLs into the types and water transport sce-
narios that have been defined, GDL thermal properties are needed.
GDL thermal conductivities are currently available through both
experimental measurements and estimates in the literature [ 18,31].
Tables 3 and 4 show the thermal conductivities of substrate, MiPL
and different composite combinations, determined by laser flash
method [32] and a modified substrate hot plate method [33]. In
the laser flash method, the measurement of the thermal diffusiv-
ity is usually carried out by rapidly heating one side of a sample
using laser energy and measuring the temperature rise on the

Sample Thickness, L @ 25°C Bulk density, p @ 25°C Temperature (°C) Specific heat, Conductivity, A
(mm) (gem3) G ((gK)™) (W(mK)™)

Teflon-treated Toray paper 0.19 0.62 65 0.922 2.13

Thick, high Teflon content MiPL + Teflon-treated Toray 0.25 0.61 65 0.870 0.310

Thin, high Teflon content MiPL only 0.045 0.59 65 1.07 0.057
Untreated Toray paper 0.20 0.41 65 0.756 1.06

Thin, low Teflon content MiPL + untreated Toray 0.25 0.50 65 0.862 0.214

Thin, low Teflon content MiPL only 0.070 0.47 65 0.887 0.035
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Table 5

Scenarios of water transport for different sets of GDL parameters @ 1 Acm~2 (indexes: S, substrate; M, MiPL; e, heat fraction removed through cathode WTP).

MiPL o Parameters Criteria (17) Criteria (27) for Criteria (27) Scenario

the substrate for the MiPL

Thin, low Teflon content 036 As=1.06x 102 W (cmK)~', Ay =0.035 x 102 W (cmK)~", False False True 1(b)
em=0.78, Ly =25 pm

Thick, low Teflon content 022 As=1.06x 1072 W (cmK)~' Ay =0.035 x 102 W (cmK)~!, False False True 1(b)
em=0.78, Ly =75 pm

Thin, high Teflon content 0.46 As=0.8x10"2 W (cmK)~!, Ay =0.097 x 10-2 W (cmK)~!, False False True 1(b)
em=0.72, Ly =25 pm

Thick, high Teflon content 037 As=0.8x10"2 W(cmK)~1, A\y=0.097 x 10-2 W (cmK)~!, False False True 1(b)

em=0.72, Ly =75 pm

opposite side. The time that it takes for the heat to travel through
the sample and cause the temperature to rise on the rear face
can be used to determine the through-plane thermal conductivity.
In the other method for substrate conductivity, about 20 sam-
ples of substrate are stacked under 690 kPa (100 psi), and the heat
flux through the stack is measured with a temperature gradient
applied through the stack. The MiPL thermal conductivity was cal-
culated by means of the inverse resistance law from the measured
substrate and substrate/MiPL composite thermal conductivity. The
measured thermal conductivities of wet-proofed and untreated
Toray substrate, Toray/MiPL composites and different MiPLs sur-
prisingly show that the measured MiPL thermal conductivity was
about 30% higher than the one calculated by means of the inverse
resistance law from the measured substrate and substrate/MiPL
composite thermal conductivity. This may be due to the fact that
the MiPL penetrates into the substrate. The thermal conductivity
results in [33] are about equal for the untreated Toray substrate
and 3 x and 2 x larger than those in [32] for the low and high Teflon
content MiPLs, respectively. This may be attributed to considerable
thermal contact resistance between the stacked samples. Therefore,
the thermal conductivity data measured by the laser flash method
were used mostly in this work.

An analysis of the experimental results listed in Table 3 and
Table 4 implies Type 2 GDL and Scenario 1(b) (see Table 5) prevailed
at 1Acm~2. That means that condensation is not expected in the
MiPL and partial condensation is expected in the substrate as shown
in Fig. 4b. Therefore, due to sufficient AT, product water is trans-
ported through the MiPL only in the vapor phase at T=65°C. Any
water vapor that condenses in the substrate is efficiently removed
by wicking to the cathode WTP. This is due to its lower thermal con-
ductivity of the MiPL and therefore a locally high temperature zone
is maintained near the cathode. For an untreated Toray substrate
thickness of 0.2 mm with a thin and low Teflon content MiPL, the
cathode temperature is higher than the WTP temperature by 2.6 °C
at 1Acm~2 using the data in Table 3.

The approach provided in this work also enables tuning water
transport scenarios by modifying GDL properties. The water trans-
port scenario depends on the water vapor diffusion coefficient,
which relies on MiPL porosity as shown in Table 6. The fraction

of water removed through the MiPL in the gas phase decreases
from 100% to 50% with porosity decreasing from 0.5 to 0.25. If
the MiPL porosity is 0.5 then 100% of water is removed by vapor
phase (Scenario 1(b)) for both thin and thick MiPLs. The results for
thermal conductivity obtained in Table 3 imply that 100% of water
is removed through the MiPL in the gas phase even for the thin,
low Teflon content MiPL with porosity of 0.25. The experimental
results and theoretical models obtained for the current UTC WTP
cell design also indicate that the water generated in the cathode
@1 Acm~2 can be totally removed through the vapor phase. In this
case, the water vapor in the GDL can be under-saturated.

Although the model has been developed exclusively from WTP
cells, its application is not limited. The work done by Owejan et al.
at GM [13] are a suitable experimental verification of this theory in
a solid-plate cell. With the same thermal conductivity, cracked and
crack-free MiPLs were shown to give the same performance under
different humidification levels. This indicates that water vapor dif-
fusion is the primary mode of water removal from the cathode
electrode even at high liquid water content (300% outlet RH) [13].
The basis here is the dramatic difference in thermal properties of
carbon paper substrates and MiPLs. The thermal conductivity of
MiPL is ca. 20x smaller than that of the substrate as shown in
Table 3, therefore a localized hot zone is created near the electrode
surface, causing an under-saturation environment there.

A primary application for this work is to derive a preferred
composite GDL that will maximize performance at high current
density. To sustain enough mass transport, the major fraction of
water should be removed through the gas phase and condensa-
tion in the GDL should be minimized. That means that the desired
scenario is Scenario 2(a) and desired GDL type is Type 1 if liquid
water and vapor are in equilibrium at the cathode-MiPL interface.
On the other hand, for an under-saturated cathode-MiPL interface,
drying out of the cathode needs to be prevented and thereby low
ionomer resistance has to be sustained. Some fraction of gener-
ated water should be removed through the liquid phase as is the
case for scenario 1(b) where some water is expected to condense
in the substrate where the WTP can evacuate it (liquid water is
wicked away and absorbed in the WTP more readily if the substrate
is hydrophilic). For high current density with sufficient AT across

Table 6

Scenarios of water transport for different MiPL porosity @ 1 Acm~2 (indexes: S, substrate; M, MiPL; «, heat fraction removed through cathode WTP).

MiPL o Parameters Criteria (17) Criteria (27) for Criteria (27) for Scenario

the substrate the MiPL

Thin, high Teflon content 04 As=0.8x102W(cmK)', Ay =0.097 x 102 W (cmK)~1, False False True 1(b)
em=0.5, Ly =25 wm

Thick, high Teflon content 037 XAs=0.8x10"2W(cmK)', Ay =0.097 x 102 W (cmK)1, False False True 1(b)
Em =0.5, LM =75 pm

Thin, low Teflon content 036 As=1.06x10"2 W (cmK) !, A\ =0.035x 10-2 W (cmK)!, False False True 1(b)
em=0.25, Ly =25 pm

Thick, low Teflon content 022 As=1.06x10"2 W (cmK)~ !, Ay =0.035 x 10-2 W (cmK)!, False False True 1(b)
em=0.5, Ly =75 wm

Thick, low Teflon content 022 XAs=1.06x10"2 W(cmK)~ 1, A\ =0.035 x 10-2 W (cmK) 1, False False False 2(b)

em=0.25, Ly =75 pm
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the GDL, all water for this scenario would be transported through
the MiPL in the gas phase. At smaller current density with lower
AT, a larger fraction of water could be removed through the liquid
phase in both the MiPL and substrate. This, however, does not neg-
atively impact performance because the total water flux is lower
than that at high current density. Thus, flooding in the MiPL would
not be expected.

4. Conclusions

A mathematical model to study water removal modes at the
cathode in a porous-plate cell has been developed. The impact
of thermal conductivity and diffusion coefficients on water trans-
port in the GDL has been discussed. Assuming saturated vapor at
both GDL interfaces, it is concluded that a composite GDL struc-
ture (with MiPL) with low thermal conductivity in the vicinity of
the cathode-GDL interface helps to sustain under-saturated vapor
in the GDL bulk. Water transport (the fraction of water removed by
vapor phase and condensation conditions in the GDL components)
depends on the combination of water vapor diffusion coefficients
and thermal conductivities of the GDL components. Different water
removal scenarios were described (Table 1) and the criteria to pre-
dict the water removal scenario from GDL properties were provided
(Table 2). The desirable fraction of water removed by vapor phase
is about 90% for composite GDLs, corresponding to Type 2 and Sce-
nario 1(b) or 2(b), depending on the MiPL thickness and porosity
(see Table 6). An analysis of thermal conductivity impact on water
transport with different Teflon content in MiPLs predicts that more
than 90% of product water (@ 1Acm2) is transported through
these MiPLs in the vapor phase.

Appendix A
A.1: The driving force of the vapor transport in GDL

At the GDL/WTP interface, water vapor is in balance with liquid
water. The water vapor chemical potential at the GDL/WTP inter-
face is equal to the liquid water chemical potential in the WTP.
However, the chemical potential of the liquid water in the cathode
is higher than the chemical potential of the liquid water in WTP
because the temperature of the cathode is higher than the tem-
perature of the WTP. This implies that the water vapor chemical
potential in the cathode is higher than the water vapor chemical
potential at the GDL/WT interface. The temperature and chemical
potential gradients cause the thermo-diffusion and the diffusion
fluxes the GDL.

To understand the mechanism of the vapor transport in the
liquid-water-free GDL we use a simple cartoon, depicted in Fig. A.1.
The cathode and WTP are shown as two vessels, partially filled with
liquid water, the GDL is shown as a liquid-water-free pipe between
these two vessels. Liquid water is in equilibrium with vapor in both
vessels. The temperature of the left hand vessel, Ty, is higher than
the temperature of the right hand vessel, T, i.e., T{ > T,. At P=1 atm,
the water vapor can be treated as an ideal gas. The chemical poten-
tial of 1 mol of ideal gas is

(P, T) = n(T) + RT In(P) (A1)

where P=P/Py is the normalized pressure, pg is the partial pressure
of gas under the standard condition, ©9(T) is standard chemical
potential of the gas. The concentration of a component of the ideal
gas mixture is
P
C=—
RT
Here P is the partial pressure of a gas component. The chemical
potential of the gas component is a function of its partial pressure

(A.2)

Vapor
TP
IW(T.F) H(T2P2)=,(T)
Vapor flux
d P,=P(T)
T,>T,
4
P.>P,

Fig. A.1. In both of the vessels, liquid water is in equilibrium with the vapor and
the vapor partial pressure (concentration) is a function of the temperature of the
vessel. There is no liquid water in a pipe connecting the vessels so the water vapor
concentration and the temperature in the pipe are independent.

P (or concentration C) and of the gas temperature T. The chemical

potential of liquid water is a function of the temperature only
w = tw(T) (A3)

In liquid water/water vapor equilibrium system, the water vapor
chemical potential is equal to the liquid water chemical potential.
From Egs. (A.1) and (A.3), we obtain the following equation for the
saturated vapor pressure in the vessels

pw(T) = u9(T) + RT In (P)

Solving it with respect to P, we obtain the following dependence of
the saturated vapor pressure on temperature

P(T) = exp {uwm - uem}

(A.4)

RT (A.5)

Eq. (A.5) indicates that the vapor chemical potential and pres-
sure in both vessels depend only on vessel temperature. Using the
Eq. (A.2) we obtain the following Equation for saturated vapor con-
centration

_ exp{(uw(T) — n(T))/RT}
RT

Vapor concentration and temperature in the left hand side vessel

is higher than that in the right hand side vessel. This results in the

chemical potential gradient and in the diffusion flux as shown in

following Section.

C(T) (A.6)

A.2: Fick’s law

If the concentration and temperature gradients in the gas are
small, the diffusion flux, j, of one of the gas components, such as
water vapor, is a linear function of the gradient of the chemical
potential of this component and of the temperature gradient in the
gas [34]

j=—-a-Vui—pB-VT (A.7)
Eqgs. (A.4) using (A.2) can be re-written in the form
pw(T) = pd(T) + RT In(GRT) (A8)

where the local water vapor chemical potential y; is a function of
the local water vapor concentration C; and of the local gas temper-
ature T. The gradient of the chemical potential is a function of the
concentration and temperature gradients

() gy (O
Vi = <B_C,-)TVC' + (BT)CVT (A.9)
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Substituting (A.9) into (A.7), we obtain the following Equation for
the flux

. o : o
=) ro () o2

Using the standard definitions of the transport rate coefficients

VT (A10)

Doof M (A11)
aG;
T
kTD BpL
r—"‘(ar)C*ﬂ (A12)
we finally obtain the following transport rate equation
ji=-D (vq + kTTVT) (A13)

Here kr is a thermo-diffusion ratio. The diffusion coefficient D
depends on the concentrations of all component of the gas and
on the temperature. However, if the concentration and temper-
ature gradients are small (as in our case) it can be treated as a
constant.

A.3: Kinetic coefficients in the transport equation

The diffusion and thermo-diffusion coefficient cannot be
calculated using thermodynamic methods. Kinetic theory [35] pro-
vides the following Equations for these coefficients in the gas
phase

kT /v
D=3p <E> (A14)
] (v/ot)
kT = CiTﬁln KT (A15)

where v is the thermal velocity of the gas component molecule, o is
the transport collision cross-section of the gas component molecule
(o practically does not depend on the velocity). The mean thermal
velocity is a function of the temperature (v) = (I<T/m,~)1/2, where
m; is the molecular weight. Thus, for the thermo-diffusion ratio we
obtain the following equation

G
kr = 5 (A.16)
Finally, the flux of the gas component is
. v¢G VT
j=DG [? - f} (A17)

A.4: Fick’s flux versus thermo-diffusion in the GDL

Here we compare the first (diffusion) and second (thermo-
diffusion) terms in the right hand side of Eq. (A.17) using the typical
GDL conditions in PEM. The first term in the right hand side of Eq.
(A17)is
VG, _ Cc—Go

G LG
Here L is the GDL thickness. Using the equation of state of ideal gas,

Eq. (A.2), we express the vapor concentration in terms of the partial
pressure

VG Pc—Pgy

G LPy

(A18)

(A19)

Having in mind, that the water vapor is saturated in the cathode and
at the cathode/WTP interface, we obtain the following equation for

the pressure gradient
Pc—Py 3Py T VT

LP, aT Py 2T

Taking advantage of Eq. (A.20), we obtain the following equation
for the ratio of the diffusion/thermo-diffusion fluxes

VG/G _ 0Py T

(A20)

VT/2T ~ 0T P (A21)
At 65°C,
VG/C 2 x10% x 340

= =27.2 A22
VT/2T 25 x 10* (A22)

Egs. (A.21) and (A.22) implies that, under typical PEM operational
conditions, the second term (thermo-diffusion)in Eq. (A.17) is much
smaller than the first one (diffusion) and that the conventional
diffusion equation

j=DVC; (A23)

is applicable to the water vapor transport in GDL.
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