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Gas purge intended to minimize residual water in the membrane, porous electrodes, and gas diffusion layers is critical for
successful start-up of a polymer electrolyte fuel cell (PEFC) from subfreezing temperatures. A basic understanding of the physical
phenomena involved in gas purge, required to establish effective and energy-saving purge protocols, is necessary. In this work, we
present a physical model describing water removal from a PEFC during gas purge. Various stages of gas diffusion layer (GDL) and
membrane drying are characterized, and the variations along the flow direction are considered and emphasized. The predicted
GDL drying time constant is compared to the tomographic experiments with good agreement. The effect of purge conditions on
purge effectiveness is elucidated. It is found that low relative humidity of purge gas, high gas flow rate, and high cell temperature

favor effective purge.
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Extensive worldwide efforts are steadily driving fuel cell tech-
nology toward the goal of a sustainable and clean energy future. At
present, cold start capability and survivability of a polymer electro-
lyte fuel cell (PEFC) is among the remaining major challenges in
realizing PEFC technology for automotive applications. To date,
only a few yet significant efforts have been made to reveal the
fundamental mechanism of cold start.'® It is recognized that product
water becomes frost or ice on start-up when the cell temperature is
below the freezing point of water. The product water created in a
subzero environment may diffuse into the membrane if it is dry,
initially, or otherwise precipitates as ice or frost in the cathode cata-
lyst layer (CL), leading to CL plugging by solid water and PEFC
shutdown before the cell temperature rises above freezing. It thus
follows that a drier membrane prior to cold start facilitates cold start
with longer operation time. More commonly, gas purge is performed
for control and minimization of residual water in a PEFC prior to
engine shutdown. Minimal residual water ensued by gas purge fur-
ther lessens the degradation of cell performance during freeze/thaw
cycles.7

A fundamental understanding of gas purge is warranted not only
because it sets up the initial water distribution for cold start but also
due to the stringent requirement of short purge duration for practical
convenience and energy conservation in a vehicle. In this context,
we define the “purge effectiveness” such that the membrane high-
frequency resistance (HFR) reaches a certain high value in the short-
est time, noting that membrane HFR is a direct measure of mem-
brane hydration.

Numerical and experimental mvestlgatlons for a basic under—
standing of gas purge are scarce in the literature. Bradean et al®
showed, based on a one-dimensional (1D) purge model, that the cell
temperature is the most sensitive parameter controlling purge effec-
tiveness. However, no efforts were made to characterize the under-
lying physics of gas purge. Ge and Wang6 measured the membrane
HFR as a function of purge time and correlated HFR 1ncrease with
the presence of liquid water in CL and GDL. Sinha et al.” measured
liquid water removal from GDL by purge gas using X-ray microto-
mography. They showed that purge gas erodes liquid water clusters
in the GDL, giving birth to small isolated clusters that can be re-
moved only by evaporation, resulting in exponential decay in drying
rate. Similar conclusions were made in studies,  investigating
drylng of general porous media, an analogous problem to gas purge
in a PEFC Using pore- network models, Prat,'®"" Laurindo and
Prat,'* and Bray and Prat'® were the first to theoretically character-
ize drying patterns and their rate of change in hydrophilic porous
structures. Taking detailed pore-level mechanisms into account,
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Laurindo and Prat'? explained that the drying process consists of an
initial fast drying rate period followed by a significantly slower rate
period. The fast rate period is a result of viscous pressure gradient-
driven liquid flow to the evaporation front, whereas the slow rate
period is a result of evaporation of poorly connected liquid islands
that are unable to sustain continuous liquid flow. Yortsos et al.!>10
further delineated the role of wetting liquid film in drying, formed
along the rough edges and corners of pores, and showed that wetting
films significantly increases drying rate. Segura and Toledo'” com-
puted relative permeability of liquid and gas phases during drying.

In parallel to these pore-scale investigations, macroscopic mod-
els have been proposed in the past few decades to investigate con-
vective drying of porous media for applications ranging from soil
science to food processing. These models have either adopted Luik-
ov’s phenomenological approach,18 using thermodynamics theory of
irreversible processes to describe the temperature, moisture, and
pressure distributions in a porous medium during drymg, or Whitak-
er’s volume averaging method."’ A majority of models 2025 follow
Whitaker’s approach and thus treat convective drying as a classical
problem of coupled heat and mass transfer in porous media. At the
macroscale, drying is further divided into the funicular stage in
which liquid transport due to capillary flow is dominant and the
pendular stage where moisture movement is solely driven by vapor
diffusion. Funicular and pendular stages are distinguished at the on-
set of irreducible liquid saturation in several macroscopic
models.”**" The two-phase Darcy’s law is generally used to inves-
tigate the funicular stage, whereas over the years several modifica-
tions have been proposed to address liquid phase removal in the
pendular stage: liquid phase removal due to evaporation only,28 in-
corporation of liquid transport through liquid films along the
corners,”” and mass transfer due to chemical potential gradient,30 to
name a few. Additionally, drying in a hydrophobic porous medium
has been scarcely researched. Most recently, Shahidzadeh-Bonn et
al.¥! investigated the effect of wetting properties on drying and
showed substantial differences in drying rates of hydrophilic and
hydrophobic porous media. However, no efforts have been made to
elucidate the governing physics of drying in a hydrophobic medium.

Although gas purge in a PEFC is analogous to convective drying
of a porous medium, substantial differences exist, such as liquid
water being a nonwetting phase in a hydrophobic GDL, thin layers
of GDL (~200 pm), CL (~10 wm), and membrane (10-50 pm),
the presence of current-collecting lands obstructing water removal,
and the presence of ionomer in CL and membrane. In this article, we
develop a fundamental understanding of gas purge characteristics
and a first purge model. The article is organized as follows: a de-
tailed description of the governing physics of gas purge is presented
along with characterization of various stages. Subsequently, an
analysis is developed to predict each stage of purge, yielding a
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Figure 1. (Color online) Schematic representation of physics in gas purge:
(a) GDL drying and (b) membrane and catalyst layer drying.

Water transport
across interface

three-dimensional (3D) model for the entire purge process. Finally,
the parametric effect of purge conditions on gas purge effectiveness
is studied.

Purge Model

Figure 1 schematically depicts physical phenomena involved in
gas purge. For clarity, only the cathode side of PEFC is shown. As
purge gas is introduced in the gas channel, liquid water in the chan-
nel is swept away nearly instantaneously. Subsequently, liquid water
in the GDL undergoes evaporation by dry gas flow in the channel
(Fig. la). GDL drying is characterized by a moving evaporation
front that gradually propagates through the GDL. Vapor-phase dif-
fusion dictates the evaporation rate ahead of the front, while capil-
lary transport brings liquid water behind it to the evaporation front.
Characteristics of the moving evaporation front in GDL and its nu-
merical treatment were detailed by Luo et al.” On completion of
GDL drying, water from CL pores and ionomers in CL and mem-
brane starts to be removed by purge gas and the drying front pen-
etrates into CL (Fig. 1b). Gas purge, thus, can be idealized as re-
moval of liquid water present in GDL followed by ionomer drying.
In addition, the presence of land and continuous water uptake in
purge gas along the flow direction may significantly impact the wa-
ter removal rate. In order to elucidate these effects, a three-
dimensional purge model is developed in the present work. The
present model considers the cathode only that encompasses the
membrane, cathode GDL, and cathode gas channel. The catalyst
layer can be assumed to be an interface between the membrane and
GDL because the CL possesses a negligibly small amount of water
as far as water removal is concerned. Specifically, a purge model is
further divided into GDL drying model and membrane drying
model, as to be described below.

GDL drying model— Following the recent work of Wang and
Wang33 concerning two-phase transients in a PEFC, GDL drying
consists of two regimes: through-plane drying followed by in-plane
drying, as schematically shown in Fig. 2a and b. In the present work,
the analytical model of GDL drying presented by Wang and Wang 3
is extended by coupling the drying front movement with purge gas
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Figure 2. (Color online) Schematic representation of liquid water removal
from GDL during: (a) through-plane drying, (b) in-plane drying, and (c)
water removal from the land-facing-membrane.

relative humidity (RH) variation down the channel. RH increase
along the channel due to continual evaporation is expected to ad-
versely affect the motion of the drying front in the GDL down-
stream. Main assumptions used in the model development include:

1. Velocity in the gas channel is constant.

2. The fuel cell remains isothermal during drying due to a much
larger heat capacity of cell components than the latent heat of water
evaporation.

3. Vapor-phase transport of water in GDL is by diffusion.

Through-plane drying.— As shown in Fig. 2a, at any time instance
t, the drying front is at a distance 8 away from the GDL-channel
interface. The water conservation equation in the GDL can be writ-
ten as

wetAC  d £50p
- Dy = d—t[(agm—mMHQg] [1]

where s,,p), and € stand for the initial liquid saturation in GDL, the
density of liquid water and the GDL porosity, respectively. Addition-
ally dgpy. is the GDL thickness, M™2° the molecular weight of water

and Dg’eff the effective water vapor diffusivity in GDL given by
) p [ T\¥"
Dy = D&“f(;) [2]

o

where n, P,, and T, denote the Bruggemann factor for GDL, the
reference pressure and temperature, respectively. Assuming the wa-
ter vapor concentration at the drying front is equal to the saturation
value, the concentration gradient, AC, can be expressed as

AC = Csat(l - C’)) (3]

where ¢ is the average RH in gas channel at location x from the
channel inlet at time 7. Combining Eq. 1-3 and nondimensionalizing
the resultant equation yields
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Y= and T=—; ¢ = &5op1(dgpL) (4]

2Dy IMIOC, (1 - $)
Hence, the solution of Eq. 4 is
Y=1r [5]

Equation 5 shows that through-plane drying at location x along the
flow direction is complete when T becomes the unity. Thus, #; can be
regarded as the time constant for through-plane drying at location x
along the flow direction. As shown in Eq. 5, #; depends on gas
relative humidity in the channel ¢, which, in turn, is dependent on
time ¢ and location x and can be found by solving the equation of
water conservation along the channel

w,eff
25, (1) B .
at dx Schan O
where u is the gas velocity in the channel and &,,, the channel
width. Purge gas is commonly fed in the channel at a very high flow
rate, and hence, it is safe to neglect the accumulation term in Eq. 6.
Combining Eq. 5 and 6 results in

d DY — ¢ 1
o) me s .
dx Ochan OGDL VT

Equation 7 can be solved to obtain RH profile along the gas channel,
ie.

* 72
b=1-(1 _¢inlet)|:1 ok ],CW]

2u NT
where
__bet L x
= BchanaGDL’ v L
«_ Lo &sp1(dgpL)”

T =

tT S ZDQIYCHMHZOCSM(I - d)inlet) [8]
where tT is the time constant for through-plane drying at the channel
inlet. The above derivation of RH profile in the gas channel is valid
for ¢ < 1. If RH in the channel is unity or larger, then the water flux
coming into the channel, given by the right term in Eq. 6, will be
zero. Hence, RH variation in the gas channel can be summarized as

ol X" |*
¢=1_(1_¢inlet)|:1_gﬁj| ity <1
b _ o ife =
Py ifd=1 [9]

Once the RH profile is obtained, the location of drying front inside
GDL at any position along the flow can be expressed as

) = V| T 0]
— Winlet

=
where Y, = V7" is the drying front location at the inlet. Physically,
Eq. 10 means that liquid water removal diminishes downstream due
to water uptake in the purge gas.

In-plane drying.— Figure 2b schematically shows in-plane drying at
the cross section at location x along the flow direction. During in-
plane drying, the total water flux to the channel consists of evapo-
rative flux from land-facing GDL and diffusive flux from channel-
facing dried GDL. Under diffusion, RH across the GDL at the
channel-land junction varies from ¢; at the GDL-CL interface to ¢
at the GDL-channel interface. However, in the present work, for
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simplicity, RH at the channel-land interface is assumed to be equal
to ¢,. Thus, the following analysis may underpredict the water re-
moval rate. Using a simple resistance network, the total water flux
coming into the channel during in-plane drying can be easily shown
as

1 - ¢, b -¢
8GDL = Wehan

GDL

Water influx to the channel o 2

1-4¢

) { > BGDL} H
+

28GpL  Wehan

where 8 is the distance of the drying front from the channel-land
junction and w,,, is the channel width, respectively. The RH profile
in the channel, during in-plane drying, can be obtained similarly to
the preceding section, i.e.

9 1= Dw,eff
A ¢ £ [12]
dx |: chhan + 1:| 8chanSGDL
2(3gp1)’

The water balance equation in the land region of GDL can be written
as

w Csa(l_(b) d_ Wian 5P
_Dg’eff t8 ISGDde_t ;d—s SGDLM}?IZ(]) [13]

where wy,,q is the land width. Combining Eq. 11 and 13 yields

w.el Csut(l - d)) d [ Wiland €50P1
- D ’ ff— - 8 GDL_

25GDL] Carl\ 2 M0
L 2oL

g [ S
8GDL Wehan

or
ZdX ! [14]
dr [X+4(acm)2]
wchansland
where
)
; t E50P1 ) L x 5
T=—; = ;an =
n' T 2DYMTOC,(1 - ¢) Wiang

2

1, can be regarded as the time constant for in-plane drying at loca-
tion x along the flow direction. Equation 14 can be analytically
solved to obtain the drying front location along the in-plane direc-
tion within the land region such that

X=-A; + VAT +7 where
4(3gp)?
A= M is a geometric constant  [15]

WehanWiand
Hence, for complete in-plane drying (i.e., X = 1), one has
T=(1+A4A))%-A} [16]
Combining Eq. 12 and Eq. 15

w,eff
Lo _1-¢ D [17]

Jdx \/ T BchandGDL
1+ "
Ay

For common fuel cell design, A; ~ O(107!). Hence, Eq. 17 can be
simplified to the following asymptotic forms
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Table I. Membrane transport properties.
Property Correlation Reference
Membrane water [1 + 0.0084*(T - 303.15)](14a> — 194> + 13a) s=0 Assumed
uptake, A = 0.18(T - 273.15) + 9.2 5> 0
Proton 0.067a° = 0.0942 + 0.068a Tajiri™

conductivity, k

Note: water activity at the membrane-GDL interface is calculated by
a=C/Cgy if s=0

a= [SP[/MHZO + (1 - S)Cs'dl]/csat if s>0

9 Dw Jeff
u—d) —E—(1-¢) for lz <1
Jdx  BepandgpL A

d DY°A, 1 -
u—(b =—& 1 —d) for lz > 1 [18]
X depandcpL VT Ay

These equations can be solved to obtain RH profile in the gas chan-
nel during in-plane drying. Subsequently, the drying front location
during in-plane drying can be obtained by a procedure similar to the
through-plane drying.

Membrane drying model.— Because of different time constants
for GDL drying under channel and land region, water content in the
membrane portions facing channel and land differs during gas
purge. To account for different water content distribution in the in-
plane direction, the membrane portions facing channel and land are
treated separately under the assumption that there is no in-plane
water transport within the membrane. The objective of this sub-
model is to obtain average membrane water content under channel
and land, \¢p,, and Nj,,q, respectively, as functions of time. Then, the
average membrane resistance under channel and land, R.,,, and
Ry.ng» at any cross section along the flow direction can be determined

by
1 Wi 8mem 1 )\ .
— = f f dy = Kwy i = chan,land [19]
Ri o Yo

d'x 61]16]11

k()
where k(\;) is the average proton conductivity of the membrane
facing region i, and w; the width of region i (i.e., either channel or

land). Average HFR at any cross section, HFR,,, can be estimated
by

Weell — 1 1
HFR,

Adding contact resistance into the total HFR value, one has

HER = HFRdVg + RcontaCt [20]

The computation of membrane water content during gas purge
can be divided into the following three stages:
Stage 1. Through-plane drying.— Liquid water is always present at
the GDL-CL interface (CL is assumed to be an interface between
GDL and membrane) during through-plane drying. In the present
work, the average water saturation under channel and land is used to
obtain water activity at the membrane-CL interface. Using mem-
brane water uptake curve, \,, and Aj,,q are computed, and, in turn,
are used to obtain membrane proton conductivity. For following
calculations the Gore-Select membrane is used, whose properties are
listed in Table 1.
Stage 2. In-plane drying.— During in-plane drying, a certain frac-
tion of the membrane facing the land is in contact with liquid water,
giving rise to much higher proton conductivity compared to the
“dry” portion under the land. Using resistance network analogy, it
can be readily shown that average HFR value is controlled by the
proton conductivity of the “wet” portion. Hence, the average mem-

avg Rchan Rland

k = explL1455(1/303 - 1/7)]

-0.011

Paﬂaogullarl
and Wang

brane ionic conductivity under the land can be assumed to be given
by Kla“d = K(sland) in the same manner as in stage 1. Here, water
content in the membrane portion facing the channel can be obtained
as follows

pdrzsmema Achan = _ pweffisat Py (achan b) [21]

where pyr, and EW represent the density of a dry membrane and its
equivalent weight respectively, a,, the water activity at the GDL-
membrane interface facing channel and ¢ the RH in the gas channel.
Physically, Eq. 21 expresses the drying rate of the channel-facing
membrane owing to vapor diffusion across the GDL. Using water
uptake of the membrane, Eq. 21 can be further expressed as

d\\da h
(E)f =- Xl(achan - d))
where
P EwW
X1 =Dy [22]
RT pdrmeemaGDL

Stage 3. Vapor-phase transport— After in-plane drying is com-
plete, water removal from the membrane is driven by the vapor
concentration gradient across GDL. For simplicity, water activity at
the membrane surface facing the land is assumed to be uniform
along the in-plane direction and is given by aj,,q. The water vapor
flux from a differential element dy at a distance y from the channel-
land interface, as shown in Fig. 2c, is given by

=Dw,eff bdl (aland d))
RT dadlﬂ

where dd g is the effective diffusion length for the differential ele-
ment. Simplifying ddg;; as (8gpr + ), the water vapor flux can be
expressed as

dm, [23]

w.eff ! sat sat (aland (b)

[24]
& RT BgpL + ) Y

dm,, =
The total water vapor flux from the membrane under the land can be

obtained by integrating Eq. 24 over land width

Dw eff £ sat Py (aland ¢')

Wlan
-2 X f ]2 s D\gv Leff L sat bdt (aland d))d
o RT (3gpr, + ¥)

Wiand

Hence

8lemd

By = —w
2 ln<1 + ﬂ)
28GDL

Writing water conservation in the land-facing membrane gives

[25]



B1162

Journal of The Electrochemical Society, 154 (11) B1158-B1166 (2007)

Table II. Geometrical parameters and purge conditions.

Parameter Value
GDL thickness, dgpy. 230 wm
GDL porosity, & 0.6
Bruggemann factor, n 2
Membrane thickness, 8,,em 30 pm
Cell length, L 54 mm
Channel width, w 0.5 mm
Channel depth, 8., 1.0 mm
Land width 0.5 mm
Purge conditions
Purge gas N,
Cell temperature 55°C
Inlet RH, ;¢ 0.4
Flow rate 3.74 X 10 m3/s

(4.48 L/min for a
25 cm? cell with parallel flow field)

pdrzsmem d }\Iand - _ W,eff@ (aland - d))

0 [26]
EW at © RT  d
Using analysis similar to stage 2
dN\\ 9 ajng
(%)a_;n == X2(aland - d))
P EW
Xa = Dy [27]

£ RT pdryamemBeff

Because there is no liquid water present during stage 3, it is assumed
that the water influx to the channel is small. Consequently, the RH in
gas channel remains constant at the inlet RH value during stage 3,
provided that purge gas flow rate is sufficiently high. Therefore, Eq.
22 and Eq. 27 are solved with substituting & with ;. to obtain
Nchan and N\j,nq, Tespectively, as function of time.

Results and Discussion

The geometric parameters and purge conditions used in the
present study are summarized in Table II. The purge conditions men-
tioned in Table II will be regarded as base case parameters in the
following discussion. The gas flow rate mentioned in Table II is
equivalent to 4.48 L/min flow rate in a fuel cell with 25 cm? active
area and parallel flowfield, assuming that flow is distributed uni-
formly in each channel. In the following, the flow rate will always
be referred to that in the 25 cm? fuel cell. Detailed numerical simu-
lations of PEFC operation under common prepurge conditions show
an average GDL liquid saturation in the range of 10-20%. There-
fore, for the present work an initial GDL liquid saturation is as-
sumed to be 16%.

Figure 3 shows the gas channel RH variation along the flow
direction. The evaporation flux to the channel is inversely propor-
tional to the distance of the drying front from the GDL-channel
interface; hence, RH rises rapidly to unity at the beginning of gas
purge. As the drying front further invades the GDL, the water flux
diminishes, resulting in subsequent decrease in RH along the chan-
nel. Higher RH toward the channel exit, as displayed in Fig. 3,
curtails the water removal capacity of purge gas and thus is expected
to significantly delay GDL drying time along the flow direction.
Figure 4 shows the variation of average liquid water saturation in
the GDL as a function of square root of purge time at inlet (x = 0),
middle (x = 0.5), and outlet location (x = 1). It is observed that the
GDL drying time constant varies from 29 s to 36 s along the chan-
nel length. At each location, variation in the slope represents the
transition from through-plane to in-plane drying stage. Smaller slope
during in-plane drying is indicative of the difficulty to remove liquid
water under the land.

:—-— t=0.4sec
[ ———— t=1sec
0.9 p——>— t=3sec
[ ———— t="5sec
| ——e—— t=15sec
- ———— {=20sec
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o
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Fractional Distance along Flow Direction

Figure 3. RH variation in gas channel for gas purge with 4.48 L/min flow
rate and 40% inlet RH at 55°C cell temperature.

Figure 5 shows the HFR variation with purge time at the three
representative locations along the flow. HFR variation at any loca-
tion can be divided into four different regimes, as marked in Fig. 5
for the inlet location as an example. During through-plane drying
(i.e., regime A), the drying front penetrates the GDL, but the mem-
brane surface, both facing the channel and land, does not feel the
influence of drying; as such, there is a very little increase in HFR. At
the end of regime A, water activity at the membrane surface facing
the channel becomes unity. Regime B, the in-plane drying stage, is
characterized by a faster HFR increase rate followed by significantly
smaller HFR increase rate. Rapid drying of the channel-facing mem-
brane due to vapor transport governs the average HFR value in the
initial stage of regime B. With time, water activity at the GDL-
membrane interface facing channel asymptotically decreases to the
RH of purge gas, limiting the contribution of channel-facing mem-

0.2
: —a— X =0 (inlet)
| —+—— x =0.5 (middle)
| —e—— x =1.0 (outlet)
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S : Through-Plane
b= Drying
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ol Y]
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Figure 4. Variation of average liquid saturation in GDL with purge time for
gas purge with 4.48 L/min flow rate and 40% inlet RH at 55°C cell tempera-
ture.
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Figure 5. HFR variation with purge time for gas purge with 4.48 L/min flow
rate and 40% inlet RH at 55°C cell temperature.

brane drying to the average HFR value. Further increase in the HFR
thus arises from the GDL desaturation under the land, furnishing
significantly smaller slope to the HFR variation. Although in the
present analysis, HFR increase in the land-facing membrane is cor-
related with average liquid saturation under the land portion and is
thus underpredicted, it is expected that more rigorous analysis would
not change the characteristics of stage B. After complete drying,
sharp increase in HFR, as displayed in stage C of Fig. 5, can be
largely attributed to the land-facing membrane drying due to water
vapor transport. The asymptotic decrease in the water activity at the
membrane-GDL interface to the RH in the gas channel decays the
rate of HFR increase toward the end of stage C. Thereafter, no
significant increase in HFR is possible, as observed in equilibrium
stage, stage D. Similar to GDL drying, time constants of these four
stages increase along the flow direction, as shown in Fig. 5.
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Figure 6. RH variation in gas channel for gas purge with 1.0 L/min flow
rate and 40% inlet RH at 55°C cell temperature.

B1163
0.2
i ———— X =0 (1.0 lit/min)
i ———— x=0.5(1.0li/min)
0.16 fo- — e x=1(1.0lit/min)
—-—a.—- x=0(4.48 lit/min)
- —e=ve=—- x=0.5(4.48 lit/min)
& | —.—e-—- x=1(4.48 limin)
o =
© 012
é |
= i
o i
° i
5 0.08
g B
3 i
0.04 -
o L L L |

?1/2 8 10

4
[ Time (sec)

Figure 7. Variation of average liquid saturation in GDL with purge time for
gas purge with 1.0 L/min flow rate and 40% inlet RH at 55°C cell tempera-
ture.

The above-described variations along the flow direction become
more prominent at smaller gas flow rates. Figure 6 shows the gas
channel RH variation along flow direction for 1.0 L/min purge gas
flow rate while keeping the other parameters the same. Smaller gas
flow rate decreases the water removal rate from the channel and
thereby renders a larger increase in RH along the flow direction, as
displayed in Fig. 6. It is found that for 1.0 L/min flow rate, through-
plane drying time constant varies from 3.77 s at the inlet to 28.4 s at
the outlet location. Therefore, during 3.77 s < t < 28.4 s, both in-
plane drying and through-plane drying regimes coexist along the
channel length. The water influx to the channel during in-plane dry-
ing is significantly smaller than during through-plane drying, which
renders a convex-shaped RH profile for the cell length under in-
plane drying regime and a concave-shaped RH profile for the re-
maining cell length. The point of inflection in the RH profile indi-
cates the location of complete through-plane drying along the
channel length, as shown by RH profiles for = 10 s, 15 s, and 25 s
in Fig. 6. Water vapor removal after complete GDL desaturation
furnishes very little increase to the channel RH. Hence, the flat
portion of RH profiles for 35 s = ¢ = 60 s, shown in Fig. 6, repre-
sents the dry fraction of cell length.

Figure 7 depicts the variation of liquid water saturation as a
function of square root of purge time at the three representative
locations along the flow. The fact that the time constant for liquid
water removal remains the same at the inlet section but differs sig-
nificantly along the channel length for 1.0 L/min and 4.48 L/min
purge gas flow rates, as shown in Fig. 7, underpins the need to
account for the flow direction to elucidate gas purge characteristics.
Figure 8 shows the variation of outlet RH with purge time for
4.48 L/min and 1.0 L/min. Significantly higher outlet RH is easily
expected for the low gas flow rate. However, as displayed in Fig. 8,
after complete GDL desaturation, outlet RH sharply recovers to the
inlet RH value for both flow rates. Figure 9 shows the corresponding
HFR variations with purge time at the three representative locations
along the flow.

Figure 10 shows the effect of cell temperature on purge effec-
tiveness while keeping the other parameters the same as the base
case. As shown in Fig. 10, the drying time constant decreases ap-
preciably with cell temperature. The saturated water vapor concen-
tration, hence, the evaporation rate, increases significantly with the
cell temperature, resulting in a smaller drying time constant. It
should be mentioned that in the present work capillary transport of
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Figure 8. Variation of outlet RH with purge time for 4.48 L/min and
1.0 L/min purge gas flow rate with 40% inlet RH at 55°C cell temperature.

liquid water from deep inside GDL to the drying front is not taken
into account. Physically, drying front movement in GDL is governed
by the relative magnitude of vapor transport ahead of the drying
front and liquid water transport behind the drying front. At lower
temperatures, vapor transport from the drying front to the channel
slows down and the relative importance of capillary transport of
liquid water to the drying front substantially increases in determin-
ing the drying time constant. The present analysis, therefore, over-
predicts the drying time constants, especially at lower temperatures.
Figure 11a and b shows corresponding HFR variations along the
flow direction. The difference in the maximum HFR value is due to
the dependence of membrane protonic conductivity on temperature.

Figure 12 shows the effect of inlet RH on the GDL drying rate.
Low inlet RH provides larger water vapor concentration gradient
between the drying front and channel, and thus lowers the drying
time constant, as shown in Fig. 12. Figure 13 displays the reduction
in membrane water content as a function of time for 0% and 40%
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Figure 9. HFR variation with purge time for gas purge with 1.0 L/min flow
rate and 40% inlet RH at 55°C cell temperature.
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Figure 10. Variation of average liquid saturation in GDL with purge time for
different cell temperatures during gas purge.

inlet RH. Initially, the membrane, equilibrated with liquid water, has
a water content of 19.2 (moles of water per mole of SO3) that
subsequently decreases with GDL drying. The rate of membrane
drying increases significantly after the completion of GDL desatu-
ration. As shown in Fig. 13, inlet gas channel RH dictates the lowest
possible membrane water content in a gas purge, therefore, a dry
purge gas favors effective purge because it not only lowers the dry-
ing time constant but also provides a larger driving force for mem-
brane drying.

It is instructive to compare the time constant of complete GDL
drying predicted by the present purge theory with an earlier mea-
surement by X-ray microtomography.” Figure 14 plots the time con-
stant as a function of the initial liquid water saturation in GDL under
two cell temperatures with dry purge gas and extremely large flow
rate characteristics of a differential cell. As can be seen, the pre-
dicted total drying time constant (8.8 min) for 100% initial GDL
saturation and 20°C cell temperature agrees well with the X-ray
microtomographic experiments9 (~10~12 min) conducted under the
same conditions. Figure 14 further shows that for a realistic fuel cell
purged at 55°C and with a very large flow rate, gas purge must be
conducted for at least 20 s to remove liquid water completely from
a PEFC. In practice, the purge time could be substantially extended
if the gas flow rate is moderate. Figure 14 also indicates significantly
longer purge time at lower purge temperature, underscoring the fun-
damental difficulty in removing residual water when a PEFC engine
remains at low temperatures at shutdown, e.g., after short trips.

Conclusion

A fundamental understanding of gas purge mechanisms is essen-
tial to establish effective and energy-saving gas purge protocols. In
the present work, a purge model elucidating underlying physical
phenomena in gas purge is presented. It is found that at a cross
section along the flow direction, GDL drying consists of through-
plane drying followed by in-plane drying with larger time constant
due to the difficulty to remove liquid water under the land. Mem-
brane HFR variation during gas purge is characterized into four
stages: through-plane drying, in-plane drying, a vapor transport
stage that provides significantly higher rate of HFR increase, fol-
lowed by an equilibrium stage. The predicted drying time constant is
found to be in good agreement with the tomographic data reported
previously in the literature. Additionally, it is seen that the drying
time constants and the membrane HFR vary substantially along the
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Figure 11. HFR variation with purge time for: (a) 65°C cell temperature and
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Figure 12. Variation of average liquid saturation in GDL with purge time for
various gas purge inlet RH with 4.48 L/min flow rate at 55°C cell tempera-
ture.
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Figure 13. Increase in membrane water storage capacity as function of purge
time for 0% and 40% inlet RH. Initial water content is same for both cases
and equal to 19.2.

flow, underpinning the need to account for the three-dimensional
effects in the description of gas purge. The effect of purge conditions
on the purge effectiveness is investigated, and it is found that high
gas flow rate, high cell temperature, and dry purge gas favor effec-
tive purge.

Although the present model elucidates fundamental characteris-
tics of gas purge, it does not account for the liquid water transport
from GDL and CL to the drying front. Efforts are underway to
develop a more rigorous purge model, based on computational fluid
dynamics that incorporates detailed two-phase flow in GDL and CL
behind the evaporation front with an exhaustive treatment of water
removal from the ionomer phase in CL and membrane. In parallel,

)

a
o
o

400

Complete Drying Time Constant (sec

2
il
%
&
300 -
" o
20C g
Common fuel g
cell conditions g
200 ! ! E
] :
! &
i I x
100 i i
s 55C P
# | g e |
i == !
O = F'i’ I— I- L | L I L 1 L I | | L I 1 i | i | i L
0 0.2 .8 1

Lo 04 06 ;
Initial Liquid Water Saturation

Figure 14. Variation of drying time constant as a function of initial liquid
water saturation in GDL with dry purge gas and very large flow rate charac-
teristic of a differential cell (i.e., in X-ray microtomographic experimentsg)‘
The predicted total drying time constant at 20°C (8.8 min) agrees well with
the tomographic data (~10-12 min).
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experimental characterization of the purge curve as shown in Fig. 5
and detailed validation of the present purge model are ongoing and
shall be reported in a future publication.
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List of Symbols

a water activity
C  water concentration, mol/m?
D, vapor diffusivity, m*/s
EW equivalent weight of polymer membrane, kg/mol
L channel length, m

m,, water vapor flux, mol/s
M™20 molecular weight of water, kg/mol
n Bruggemann factor
P, saturated vapor pressure, Pa
R universal gas constant, 8.314 J/mol K
R; membrane ionic resistance facing i, i = channel, land, ()
Reonuaet  contact resistance, £ m?
s liquid water saturation
t time, s
T temperature, K
u velocity in gas channel, m/s
w  width, m

Greek

porosity

membrane water content
membrane ionic conductivity S/m
relative humidity

density, kg/m?

density of dry membrane, kg/m?
thickness, m

e R >0

Par

2

Subscripts

avg average
chan gas channel
GDL gas diffusion layer
inlet inlet location
1 liquid water
land land
o initial value

sat saturation

Superscripts

%

eff effective
W water
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