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Table V. Mass transport resistance and thermal resistance ratio.

(RM )sym
(RM )asym

(RT )sym
(RT )asym

configuration 1 1.0 1.0
configuration 2 1.0 0.74
configuration 3 0.9 0.79

value for the transport resistance is considered. In this work, as
depicted in Fig. 3, the difference among the various configurations
is the change in microporous layer. Accordingly, the focus here is the
diffusion dominant mode. Accounting for the tortuosity, the empirical
Bruggeman formula is applied to approximate the effective diffusion
coefficient.36,41–44 The mass transport resistance ratio for the cath-
ode sides of the different material configurations are calculated using
Eq. 4. It is important to note that the MPL within the diffusion media
is the only component of the resistance-in-series analog that is be-
ing changed among the different material configurations and as it was
mentioned, we have considered the diffusion as the dominant transport
mechanism. The diffusion media used here includes the macroscopic
porous section (it will be referred as DM within the whole paper) and
micro-porous layer (MPL).

(RM )asym

(RM )sym

= (lDM + lM P L )asym

(lDM + lM P L )sym

×
(

εsym

εasym

)3/2
[4]

Where for the porosity,

ε = εDMlDM + εM P LlM P L

(lDM + lM P L )
[5]

The same approach is applied to derive the thermal resistance (RT )
ratios for the cathode sides of the different material configurations.

(RT )asym

(RT )sym

= (lDM + lM P L )asym

(lDM + lM P L )sym

×
(

ksym

kasym

)
[6]

The mass transport resistance and thermal resistance ratios for the set
of materials tested are shown in Table V. Mass and thermal resistance
ratios of unity indicate that the transport properties are unchanged
versus the symmetric baseline case (configuration 1).

Net water drag calculations.—The net water drag (NWD) is de-
fined as the net water transferred across the membrane toward the
cathode side, and includes the combined effects of all modes of trans-
port in the membrane. Accordingly, considering the conservation of
mass on the water in the anode, the net water drag coefficient (CNWD)
is defined according to the following:

CN W D = ṅin,an
H2 O − ṅout,an

H2 O
i A
F

[7]

According to Eq. 7, a positive net water drag coefficient implies an
overall water transport from the anode to the cathode. A negative
net water drag coefficient implies a net transport from cathode to the
anode.

The dew point sensor at the anode inlet and outlet are used to
determine the inlet and outlet water vapor flow rate, respectively,
based on the following formulas.

ṅin,an
H2 O = ψH2

i A

2F

P
sat

(
T in,an

dew

)
[

P − P
sat

(
T in,an

dew

)
] [8]

ṅout,an
H2 O = (ψH2 − 1)

i A

2F

Psat(T out,an
dew )[

P − Psat(T out,an
dew )

] [9]

where ψH2 represents the stoichiometric coefficient of hyrgoen. Dew
point temperature sensors are also used in the reactant flow lines to

calculate the water vapor flow rates in the inlet and outlet of the
cathode. A calculation at steady state was performed to verify that the
total mass is conserved and the gauges were functioning properly.

ṅin,an
H2 O + ṅin,cat

H2 O + ṅgen
H2 O = ṅout,an

H2 O + ṅout,cat
H2 O [10]

Where:

ṅin, cathode
H2 O = ψO2

i A

4F

Psat(Tdewcathode,in )

[P − Psat(Tdewcathode,in )]
[11]

ṅout, cathode
H2 O = (ψO2 − 1)

i A

4F

Psat(Tdewcathode,out )

[P − Psat(Tdewcathode,out )]
[12]

ṅgen
H2 O = i A

2F
[13]

Within Eqs. 11 and 12, ψO2 is the stoichiometric coefficient of the
oxygen. The net water drag coefficient from the sensor readings is
therefore computed through Eqs. 8, 9 and 7. The water amount at the
cathode inlet and outlet, as well as water generation rate, was calcu-
lated using Eqs. 11, 12 and 13 respectively. The resulting outcome
was then plugged into Eq. 10 in order to verify the mass conservation.

For all the data discussed here, the experimental deviation from
achieving conservation of mass with Eq. 10 was less than 5%, con-
firming a true steady state was achieved and any storage/depletion of
water from measured data was negligible during measurement.

Three different configurations of the cell material assemblies were
tested, as described in Table IV. Polarization curves and net water
drag coefficients were obtained for different cell assemblies and oper-
ating conditions. The tests for each operation conditions and material
configurations were repeated 4 times, recording continuous data for 3
minutes at each point and accordingly, the final average data were ob-
tained as presented. The error bars at each condition were calculated
based on the maximum deviation from the average data points. It is
important to note that the error bars have been shown for net water
drag values only since the error bars associated with the polarization
curves were small (maximum error was 4%).

Mathematical Modeling

A single-phase, non-isothermal mathematical model has been de-
veloped to analyze the computational domain which depicted in
Fig. 5. The cell dimension and modeling parameters of the individual

Figure 5. Computational Domain.
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Table VI. Modeling parameters.

Symbol Parameter Value Unit

αa,a Anodic transfer coefficient for hydrogen oxidation reaction 1 -
αa,c Cathodic transfer coefficient for hydrogen oxidation reaction 1 -
αc,c Cathodic transfer coefficient for oxygen reduction reaction 1 -
�Sa Change in entropy for anode48 0.104 J (mol.K )−1

�Sc Change in entropy for cathode48 −326.36 J (mol.K )−1

tDM Anode and cathode DM thickness 165 μm
tM P L Anode and cathode MPL thickness Table I -
tC L Anode and cathode CL thickness49 10 (GORE series MEA) μm
tm Membrane thickness 25.4 μm
εDM DM uncompressed porosity (Provided by the Manufacturer) 0.705 -
εM P L MPL porosity Table I -
εC L CL porosity45 0.6 -
εmc Volume fraction of ionomer in CL45 0.26 -
ai0,a Anode total exchange current density38 1 × 109 Am−3

ai0,c Cathode total exchange current density38 1 × 104 Am−3

DH2,a Diffusivity of hydrogen in the anode gas channel50 1.1028 × 10−4 m2s−1

DO2,c Diffusivity of oxygen in the cathode gas channel50 3.2348 × 10−5 m2s−1

Dw,c Diffusivity of water vapor in the cathode gas channel50 7.35 × 10−5 m2s−1

F Faraday constant 96485 C(mol − eq)−1

R Universal gas constant 8.314 J (mol.K )−1

CH2,re f Reference hydrogen molar concentration 40 molm−3

CO2,re f Reference oxygen molar concentration 40 molm−3

cell components are listed in Table VI, and material properties are
summarized in Table VII. In general, the single-phase model is not
sufficient and accurate enough to capture the mass transport limita-
tions near the limiting current and under super-saturated operating
conditions. As a result, the main goal of the simple model developed
in this paper is to simulate the temperature distribution within the
membrane and porous media of an operating cell for the ohmic dom-
inated regions and under the dry operating conditions. The following
assumptions have been adopted within the model:

1. Model is two-dimensional (in x and y) as shown in Fig. 5 and has
reached steady state

2. The dominant mode of heat transfer in the fuel cell components is
conduction. Convective heat transfer due to flow of reactant gas
species in porous media and membrane phase is neglected since
the Peclet number is small.45,46

3. Thermal contact resistance is neglected.47

4. Material properties are homogeneous but can be anisotropic

Mathematical model.—An in-house simple single-phase model
has developed and the coupled species, energy and charge transport

equations have been solved. These equations can be cast in the more
general form of Eq. 14 for the 2-D domain. Equation 14 has been used
for modeling species transport, energy transport and charge transport
and the description of various variables are provided in Table VIII.

�x
i

∂2�i

∂x2
+ �

y
i

∂2�i

∂ y2
= −ωi [14]

Table VIII includes the modeling parameters for the conservation
equations depicted in Eq. 14 where for the energy transport, the con-
duction is assumed to be the dominant heat transfer mode.45,46

η = ϕs − ϕe − UOC [15]

where η represents overpotential, ϕs represents solid phase potential,
ϕe is the electrolyte phase potential and UOC is the open circuit po-
tential, which is zero on anode side. For the cathode side of a low
temperature fuel cell, UOC can be approximated as the following:45,50

UOC = 1.23 − 9.0 × 10−4 (T − 298.15) [16]

The effective proton conductivity of the anode and the cathode catalyst
layers is described using Bruggeman correlation:

κe f f = ε1.5
mcκ [17]

Table VII. Material properties expressions.

Symbol Property Expression Unit

λ Water content51

[
0.043 + 17.81a − 39.85a2 + 36.0a3, 0 < a ≤ 1

14 + 1.4(a − 1), 1 < a ≤ 3
-

κ Ionic conductivity52 (0.5139λ − 0.326)exp
[
1268

(
1

303 − 1
T

)]
Sm−1

nd Electro-osmotic drag coefficient29,52 max
{

1, 2.55λ
22 exp

[
4000

R

(
1
T0

− 1
T

)]}
-

a Water activity30 yw P
Psat (T ) -

Psat (T ) Saturation pressure log(Psat (T )) = −2.18 + 0.029(T − 273.15) − 9.18 × 10−5(T − 273.15)2

+ 1.45 × 10−7(T − 273.15)3
atm

Dw Diffusivity of water in membrane30

⎡
⎣ 3.1 × 10−7λ(e0.28λ − 1)exp

[
−2436

T

]
, 0 < λ ≤ 3

4.17 × 10−8λ(1 + 161e−λ)exp
[

−2436
T

]
, 3 ≤ λ < 17

m2s−1

Di Diffusivity of species in gas phase53 D0( T
T0

)
3
2 ( P0

P ) m2s−1
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Table VIII. Model parameters.

�x
i �

y
i �i ωi

Species transport Def f
i = ε1.5 Di Def f

i = ε1.5 Di Anode : H2, H2 O
Cathode : O2, N2, H2 O

C.L .(H2, O2) : ωi = − Jgen
nF

C.L .(H2 O) : ωi = − Jgen
nF − ∇.

(
nd
F ie

)
Energy transport kx ky T C.L . : ωi = Jgen

(
η + T �S

nF

)
+ i2

e
κ

+ i2
s
σ

P E M : ωi = i2
e
κ

Porous Media : ωi = i2
s
σ

Charge transport (Protons) κx κy ϕe Anode C.L . : ωi = aire f
0,a

(
CH2

CH2,re f

) 1
2
(

αa+αc
RT Fη

)
Cathode C.L . : ωi = −aire f

0,c

(
CO2

CO2,re f

)
exp

(
−αc
RT Fη

)

Charge transport (Electrons) −σx −σy ϕs Anode C.L . : ωi = aire f
0,a

(
CH2

CH2,re f

) 1
2

( αa+αc
RT Fη)

Cathode C.L . : ωi = −aire f
0,c

(
CO2

CO2,re f

)
exp

(
−αc
RT Fη

)

Where εmc is the volume fraction of ionomer in the CL and κ is proton
conductivity as a function of temperature and water content.

Boundary conditions.—In this work we have adopted the sin-
gle domain approach and as a result, the boundary conditions are only
required at the external surfaces of the computational domain. Accord-
ing to the computational domain shown in Fig. 5, due to symmetry, the
boundary conditions are only specified in the through-plane direction
and the rest of the boundaries are treated as symmetric. At the an-
ode/cathode channel inlet, the species concentrations are determined
by the inlet pressure and humidity. For the thermal boundary condi-
tions, a constant temperature is applied to the anode and cathode land
boundary consistent with a liquid cooled system. At the anode/cathode
channel inlet, convective boundary conditions are applied for energy
equation with Nusselt number calculated from the internal laminar
flow.

Results and Discussion

Numerical results.—The computational model was used to per-
form a parametric study of the effect of MPL properties of cathode side
on the temperature distribution within the operando PEFC at dry oper-
ating conditions. For the simulations, conditions were chosen so that
the material configurations were not subjected to extreme dry-out or
flooding and therefore, the model assumptions mentioned earlier, will
stay true for these conditions. Also, since the main objective is to com-
pare the temperature distribution among the different configurations,
neglecting the contact resistance in the modeling framework does not
affect the validity of such a comparison. The material configurations
1, 2 and 3 were modeled at two different cases of operation at 0.75 V
and 0.6 V. In order to compare the through-plane temperature distribu-
tions among the different configurations, the predicted through-plane
temperature distribution have been plotted in the following figure for
the cut-plain shown within Fig. 6.

The simulated through-plane temperature distribution profiles are
shown in Fig. 6. The model simulation is generally in good agreement
with the reported simulation data from other models.35,47

Experimental results.—The effect of operating conditions on per-
formance curves and net water drag coefficients.—Figure 7 shows
the performance curves and net water drag coefficients for material
configuration 1. Comparing wet and dry operating condition (Fig.
7a), the inflection point shifts from current density of 0.8 A.cm−2 for
wet operating condition to 1.1 A.cm−2 for dry operating condition,
confirming significant mass transport improvement. The super dry
operating condition exhibits the inflection point of 0.8 A.cm−2 but

Figure 6. Predicted temperature distribution in through plane direction
for the computational domain; (a) configuration 1 (b) configuration 2
(c) configuration 3.

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 192.249.3.144Downloaded on 2016-06-20 to IP 

http://ecsdl.org/site/terms_use


F940 Journal of The Electrochemical Society, 163 (8) F933-F944 (2016)

Figure 7. Material configuration 1 operating at different operating conditions
(a) Performance curve (b) Net water drag coefficient.

with a considerable increase in ohmic losses due to the severe de-
crease in water content.

Figure 7b shows the net water drag coefficient measured for
material configuration 1 for different operating conditions. For wet
operating conditions, the net water drag coefficient is +0.0242
(molH2O/molH+) at current density of 0.2 A.cm−2 and decreases to
−0.1125 (molH2O/molH+) at current density of 1.2 A.cm−2. There-
fore, for the range of current densities tested, the net flux of water
increases toward the anode side with increased current density. For
dry operating conditions, the net water drag coefficient is −0.005
(molH2O/molH+) at a current density of 0.2 A.cm−2 and increases to
+0.0676 (molH2O/molH+) at a current density of 1.2 A.cm−2. The
trend of net water drag coefficients for this case confirms the higher
net flux of water toward cathode with increased current. For super
dry operating conditions, the net water drag coefficient is +0.1679
(molH2O/molH+) at current density of 0.2 A.cm−2 and increases to
+0.1840 (molH2O/molH+) at current density of 0.9 A.cm−2. Sim-
ilar to dry operating conditions, the values of net water drag coef-
ficients are all positive, confirming the net water drag from anode
to cathode side with considerable increase in the amount of wa-
ter flux compared to dry operating conditions toward the cathode
side.

Figure 8 shows the performance curves and net water drag coef-
ficients for material configuration 2 in which the thermal resistance
of the cathode side has been decreased. For this material configu-
ration, the polarization curve (Fig. 8a) exhibit similar dependencies

Figure 8. Material configuration 2 operating at different operating conditions
(a) Performance curve (b) Net water drag coefficient.

on the operating conditions as observed for symmetric configuration.
Fig. 8b demonstrates the net water drag coefficient. For wet operat-
ing conditions, increased current increases the water flux toward the
cathode side, similarly to the symmetric material configuration 1. For
dry operating conditions, the net water flux is toward cathode side
at low current densities but at current density of 0.68 (A.cm−2) the
direction of water flux changes and increases toward anode side with
increased current. This behavior is different than the trend already
shown for symmetric material configuration indicating the ability to
manipulate the net water flux direction using engineered MPL asym-
metric architecture. For super dry operating conditions, the net water
drag coefficient is relatively constant +0.1753 (molH2O/molH+) at
all current density tested. All the values of net water drag coeffi-
cient are positive for super dry operating conditions and therefore,
for all the current densities tested, the flux of water is from anode
to cathode side exhibiting the similar trend as symmetric material
configuration.

Figure 9 shows the performance curves and net water drag coef-
ficients for material configuration 3 in which the thermal and mass
transport resistance of cathode side is decreased. The dependency of
polarization curves to operating conditions is similar to the behav-
ior observed for material configuration 2 but with decreased mass
transport overpotential at high current density regimes for wet con-
ditions. In this case, for wet operating conditions, the inflection
point is at the current density of 1.1 A.cm−2 indicating improved
mass transport properties. Fig. 9b demonstrates the net water drag
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Figure 9. Material configuration 3 operating at different operating conditions
(a) Performance curve (b) Net water drag coefficient.

coefficient. For wet operating conditions, the net water drag coeffi-
cient is −0.0939 (molH2O/molH+) at current density of 0.2 A.cm−2

and increases to −0.0407 (molH2O/molH+) at current density of 1.2
A.cm−2. Therefore increased current density decreases the water flux
toward the anode side. For the range of current densities tested, how-
ever, the net water flux is still toward the anode side.

For dry operating conditions, a similar trend to the material con-
figuration 2 was observed. The direction of net water flux is toward
cathode side at low current density regimes and the magnitude of the
flux decreases via increased current density and the direction of water
flux flips to anode side at current density of 0.44 A.cm−2. For super
dry operating condition, the net water drag coefficient is again rela-
tively constant in the range of around +0.16 to +0.17. All the values
of net water drag coefficient are positive for super dry operating con-
ditions and therefore, for the range of current densities tested, the flux
of water is from anode to cathode side exhibiting the similar trend
observed at material configuration 1 and 2, reflecting the super dry
conditions.

The effect of material configurations on performance curves and
net water drag coefficients.—Figure 10a shows the comparison of
performance curves for different material configurations operating at
baseline conditions. The cell temperature is maintained at 80◦C and
the anode and cathode inlet gas streams are humidified to 100%. Both
anode and cathode sides are pressurized to 150 kPa absolute at the
outlet, so the pressure gradient across the membrane can be considered

Figure 10. Comparison of various material configuration at baseline condi-
tions (a) Performance curve (b) Net water drag coefficient.

negligible. The performance curves at low and medium current density
are characterized with a kinetic drop at very low current densities and
an ohmic region characterized by a constant slope at medium current
density. The deviation from linear behavior at high current density
regimes is the characteristic of dominant mass transport overpotential
and at this regime, the mass transport of reactants to catalyst layers
decreases the cell performance. According to Fig. 10a, the asymmet-
ric material configuration decreases the mass transport overpotential
(current densities above 0.8 A.cm−2) and specifically material config-
uration 3 with lower mass transport resistance, exhibits better mass
transport behavior among other cases.

Figure 10b shows the net water drag coefficients calculated for
these baseline condition tests. For the symmetric case at base-
line condition the net water drag coefficients starts from +0.0242
(molH2O/molH+) at current density of 0.2 A.cm−2 and decreases to
−0.1125 (molH2O/molH+) at current density of 1.2 A.cm−2. Based
on the results, the net flux of water is dominated by the back diffusion
of water toward the anode side. A similar trend in net water drag
coefficient is observed for asymmetric configuration 2 compared to
the symmetric case, where the net water drag coefficient is +0.0297
(molH2O/molH+) at current density of 0.2 A.cm−2 and decreases
to −0.1658 (molH2O/molH+) at current density of 1.2 A.cm−2. For
this configuration as well, increasing the current density increases the
back flux of water toward anode. For a diffusive dominated system,
changing the thermal resistance ratio across the cell does not change
the trend of water flux. In contrast to latter cases, the net water drag
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Figure 11. Comparison of various material configuration at dry operating
conditions (a) Performance curve (b) Net water drag coefficient.

coefficient exhibits a totally different trend for asymmetric configu-
ration 3. The net water drag coefficient is −0.0939 (molH2O/molH+)
at current density of 0.2 A.cm−2 and increases to −0.0407
(molH2O/molH+) at current density of 1.2 A.cm−2. Although the
net water drag coefficients are still negative, the trend of the curve is
clearly changed compared to the symmetric case.

In this configuration, and under wet conditions, the mass transport
properties of the MPL play a significant role in the overall water
management. In this regime, the MPL works primarily as a barrier
for the liquid water. As a result, decreased mass transport resistance
in the cathode side decreases the back flux of water toward anode
side.

In summary, when the cell is operating at wet operating conditions,
the mass transport resistance is a more significant factor in net water
drag compared to thermal resistance. For wet operating conditions,
the material configuration with decreased mass transport ratio of the
cathode side is favored since configuration 3 allows for higher water
flux removal from the cathode catalyst layer and a lower back flux of
water toward the anode side.

Figure 11a shows the comparison of polarization curves for dif-
ferent material configurations operating at relatively drier conditions.
The cell temperature is maintained at 80◦C and the anode and cath-
ode inlet gas streams are humidified to 50%. Both anode and cathode
sides were pressurized to 150 kPa absolute at the inlet. According to
Fig. 11a, the utilization of asymmetric material configuration with re-

duced thermal and mass transport resistance of the cathode side clearly
decreases the mass transport losses at current densities greater than
0.8 A.cm−2.

Figure 11b shows the variation of net water drag coefficient for
different material configurations operating at dry condition. Accord-
ing to Fig. 11b, the net water drag coefficient for the symmetric
configuration increases with increased current and goes from −0.005
(molH2O/molH+) at 0.2 A.cm−2 to +0.0676 (molH2O/molH+) at
1.2 A.cm−2. This observation is consistent with previously observed
behavior for symmetric cells operating at dry conditions, where the
dominant water transport regime is electro-osmosis toward the cath-
ode, evaporation and removal through the free stream.21 In com-
parison to the symmetric case, however, the asymmetric configu-
ration 2 completely changes the trend of water transport. The net
water drag is +0.0827 (molH2O/molH+) at 0.2 A.cm−2 and de-
creases to −0.11 (molH2O/molH+) at 1.2 A.cm−2. A similar trend
is observed for material configuration 3 where the net water drag is
+0.0262 (molH2O/molH+) at 0.2 A.cm−2 and decreases to −0.08
(molH2O/molH+) at 1.2 A.cm−2.

It is important to compare the net water drag coefficient behavior as
a function of current density with the simulated temperature distribu-
tion data shown earlier (Figs. 6 and 7). The utilization of asymmetric
configuration of cathode versus anode with decreased thermal resis-
tance decreases the phase-changed induced flow (PCI) within the gas
diffusion media of the cathode side at high current densities, when
a significant through-plane temperature gradient is developed. The
reason for decreased PCI flow is the decrease in temperature gra-
dient across the diffusion media, since the magnitude of PCI flow
is a function (Arrhenius behavior18) of temperature gradient across
the diffusion media and the PCI flow is from cathode catalyst layer
toward lands and water condensation appears underneath lands. De-
creased PCI flow increases the back diffusion of water compared to
electro-osmosis and results in increased net back flux of water toward
anode. This behavior is clearly shown in Fig. 11b, where the mag-
nitude of net water flux becomes negative for high current densities
regimes of configuration 2 and configuration 3.

In summary, when the cell operating at relatively dry conditions,
the thermal resistance is a more critical parameter compared to mass
transport resistance, since the PCI flow plays an important role in the
overall water management. The PCI flow out of the cathode decreases
at high current density regimes for dry operating conditions if an MPL
with lower thermal resistance is utilized in cathode side (configuration
2 and 3) and the decreased PCI flow increases the back flux of water
toward the anode side.

Figure 12a shows the comparison of performance curves for dif-
ferent material configurations operating at super dry conditions. The
cell temperature is maintained at 80◦C while the hydrogen gas is
humidified to 50% and the cathode gas stream was not humidified.
Both anode and cathode sides were pressurized to 150 kPa absolute
at the inlet. In this operating conditions, the ohmic losses associated
with the dehydration of the membrane is the dominant losses. As it
is shown, the utilization of asymmetric MPL configuration with the
reduced thermal resistance of the anode side significantly reduces the
ohmic overpotential and improves the cell performance.

Figure 12b shows the net water drag coefficients for different
material configurations at super dry operating conditions. In contrast
to baseline and dry operating conditions, the water drag coefficients
for all the cases are positive, confirming the dominant water flux from
the anode to the cathode side via electro-osmosis drag.

Overall, the asymmetric MPL configuration with different mass
and thermal transport resistance of cathode versus anode can be uti-
lized to engineer the water drag coefficient (and as a result the water
transport behavior) at different operating conditions. When the cell
is operating in wet conditions, the utilization of an MPL with lower
mass transport resistance of cathode versus anode side decreases the
flooding, at high current density regimes. However, for dry and super
dry operating conditions, the MPL with lower thermal resistance of
cathode versus anode side is favored since it reduces the water removal
via PCI flow increasing the back flux of water.
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Figure 12. Comparison of various material configuration at super dry operat-
ing conditions (a) Performance curve (b) Net water drag coefficient.

Conclusions

In this paper, net water drag coefficients in operating PEFCs were
measured for different configurations of cell materials with varied
thermal and mass transport resistance values in the microporous layer.
The net water drag coefficient was measured in the range of −0.17
to +0.18 depending on the operating conditions and material con-
figurations. For the material configurations tested, it was shown that
for the systems operating at dry conditions, thermal properties of the
MPL are more significant than the mass transport resistance in terms
of engineering net water drag coefficient. However, for PEFCs op-
erating under wet conditions, the mass transport properties are more
significant. In addition, it was shown that the net water drag coeffi-
cients for symmetric anode and cathode MPLs are a strong function
of operating conditions, and asymmetric configuration of MPLs can
be used to improve the cell performance for high current. It was also
shown that the material configuration with lower thermal resistance
at the cathode side is capable of changing the overall net water drag
coefficient trend with current for dry operating conditions at high
current densities, which can be used to prevent dry-out. In order to
better understand the underlying reason for improved water balance
management via asymmetric material configuration, a mathematical
model was developed and the temperature distribution across the cell
was simulated for different material configurations and operating con-
ditions. According to the model prediction, the phase-change-induced
flow dominates at dry operating conditions and therefore, reduced
phase-change-induced flow via asymmetric material configuration in-

creases the back flux of water and results in improved performance.
Also, it was shown that for extremely dry operating conditions the uti-
lization of asymmetric material configuration is capable of decreasing
the ohmic overpotential at high current density regimes, but does not
affect the overall trend of net water drag coefficient. As a result, the net
water drag coefficient remains relatively constant at excessively dry
operating conditions independent of various material configurations.
The results of this study can be used for engineering water balance
in PEFCs as well as serve as bench mark data for computational
validation studies.

Acknowledgments

The Authors thank for the financial support for this work from the
Department of Energy (DOE), project number: DE-FC36-086018052
“Manufacturing of Low-cost, Durable Membrane Electrode Assem-
blies Engineered for Rapid Conditioning”.

Yasser Ashraf Gandomi would also like to acknowledge University
of Tennessee for providing a Chancellors Graduate Fellowship. The
authors also thank W. L. Gore for providing the materials and Dr. A.
K. Srouji and M. P. Manahan for their useful discussions.

List of Symbols

A Active area (cm2)
i Current density (A.cm−2)
k Thermal conductivity (W.(mK)−1)
l Length (m)
P Pressure (Pa)
T Temperature (K)

Greek

ε Porosity (-)
ψ Stoichiometric coefficient (-)
κ Ionic conductivity (S.m−1)
σ Electronic conductivity (S.m−1)

Subscripts

asym Asymmetric material configuration
dew Dew point
M Mass transport
NWD Net water drag
T Thermal
sat Saturation
sym Symmetric material configuration

Superscripts

in,anode Anode inlet
in,cat Cathode inlet
out,anode Anode outlet
out,cat Cathode outlet
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