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In polymer electrolyte fuel cell systems, a gas purge commonly is applied to remove excess water and
achieve high performance and durability. The porous diffusion media (DM) typically store a significant
fraction of the total liquid water during operation, but quantitative fundamental research examining
water removal behavior from DM is not yet available in literature. The objective of this study is to inves-
tigate the fundamental behavior of evaporative water removal from fuel cell diffusion media with a
special test rig developed to minimize in-plane gradients so that through-plane evaporative behavior
can be analyzed. Evaporative water removal was characterized by a surface evaporation region, a con-
stant evaporation rate region characterized by capillary flow to the evaporation front, and a falling rate
olymer electrolyte fuel cell

iffusion media
urge
vaporation
unicular regime
endular regime

region characterized by separated evaporating droplets. A semi-empirical correlation for the characteris-
tic water removal, a generic plot of purge efficiency which describes the effectiveness of purge parameters,
and a potential scheme for a more durable and less parasitic purge which describes characteristic water
removal of each fuel cell component were developed. The results of this study can be used to predict and
understand water removal from diffusion media and help develop a less parasitic purge protocol than

presently utilized.

. Introduction

Cold start performance and durability of polymer electrolyte
uel cells (PEFC) can be compromised if residual liquid water
s not removed from the fuel cell after shutdown [1]. Extensive
esearch has been conducted to minimize the residual water by
ethods including gas purge [2–4], vacuum evaporation [5], and

emperature-driven water drainage [6,7]. A direct and parasitic gas
urge is generally utilized in most practical applications, however it

s highly parasitic, and reduces the overall system efficiency, espe-
ially considering a typical drive cycle with many short trips. It is
herefore desired to understand evaporative behavior in the chan-
el and porous media, so that protocol, materials, and design can
e optimized to reduce this parasitic loss. High frequency resis-
ance (HFR) has been used to monitor the status of water content
uring gas purge under the assumption of sequential drying in com-
onents, starting from flow field plate, diffusion media (DM), and

nally to membrane electrolyte assembly (MEA) [2–4]. However,
ho et al. determined from experiment using HFR combined with
eutron radiography (NR) that in most cases, sequential drying

s not a proper assumption [8]. HFR indicates the overall dryness

∗ Corresponding author. Tel.: +1 814 865 0060; fax: +1 814 863 4848.
E-mail address: mmm124@psu.edu (M.M. Mench).
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of membrane, and NR accurately quantifies the total liquid water
amount in all the components in the cell including flow field plate,
DM and MEA. Membrane water content was found to vary some-
what independently of the total water amount in the cell, rather
than sequentially, as purge progressed. However, it is not possible
to only remove water from the catalyst layer or membrane with-
out first removing some water from the diffusion media. Therefore,
the water removal behavior of each component during purge must
be more fundamentally understood to enable a thorough purge of
flow field plate and DM without excessive drying of the membrane,
which has been shown to result in accelerated degradation [2]. It is
also desired to perform such a study ex situ, with minimal in-plane
gradients in temperature, relative flow humidity above the sample,
and saturation, so that the intrinsic evaporative processes can be
better understood and not confounded with a particular cell design.

Extensive work has been conducted to understand water
removal behavior from the flow field plate, DM, and MEA [4,9–12].
However, fundamental understanding of water evaporation from
the DM is still unavailable in the literature, even though DM typ-
ically stores a significant fraction of the total liquid water in the

operating fuel cell [11], and removal of some of this is necessary to
dry the CL and CL|MPL interface to acceptable levels. By understand-
ing the characteristic water removal of DM during gas purge, an
optimized purge protocol can be developed with minimal parasitic
energy requirement and no degradation of components.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:mmm124@psu.edu
dx.doi.org/10.1016/j.jpowsour.2009.12.084
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Nomenclature

A area (m2)
cp heat capacity (kJ kg−1 K−1)
D binary diffusion coefficient (m2 s−1)
Dh hydraulic diameter (m)
d pore diameter (m)
f friction factor
h enthalpy (kJ kg−1)
hconv heat transfer coefficient (W m−2 K−1)
hconv average heat transfer coefficient (W m−2 K−1)
hlg latent heat of vaporization (kJ kg−1)
hm mass transfer coefficient (m s−1)
hm average mass transfer coefficient (m s−1)
K absolute permeability (m2)
kr relative permeability
kt thermal conductivity (W m−1 K−1)
L length (m)
Le Lewis number
m mass (kg)
ṁ mass flow rate (kg s−1)
¯̇m average mass flow rate (kg m−1 s−1)
P pressure (Pa)
q̇ heat transfer rate (W)
q′′ heat flux (W m−2)
Re Reynolds number
s saturation
Sh Sherwood number
ShD averaged Sherwood number
T temperature (K)
V volume (m3)
v velocity (m s−1)
t time (s)
t* dimensionless purge time
Wcomp power required for air compression (W)
w absolute humidity

Greek letters
˛ thermal diffusivity (m2 s−1)
ˇ property of diffusion media
� difference
ε porosity of diffusion media
� density (kg m−3)
� surface tension (N m−1)
� tortuosity
� viscosity (Pa s)
ϕ relative humidity
	 compressor efficiency

 ratio of specific heats
 volume fraction in DM

Subscripts
a air
avg average
cap capillary
CH channel
cond conduction
conv convection
CR critical condition
CW channel wall
DM diffusion media
dry dry
eff effective
evp evaporation
in inlet

l liquid water
out outlet
purge purge
ref reference
s surface
trans transport
w water
wet wet
0 main body of test rig channel
1 top surface of DM

2 bottom surface of DM
∞ bulk stream

Extensive research of evaporation from porous media can be
found in petroleum and civil engineering. Kaviany et al. inves-
tigated the drying of porous media utilizing non-hygroscopic
granular beds with experimental and analytical approaches [13,14].
Water movement and distribution in porous media during evapo-
ration were investigated with nuclear magnetic resonance (NMR)
[15], refractive index [16], and neutron radiography [17] to under-
stand the immiscible displacement of water. Some fundamental
understanding of drying was achieved through pore network
modeling, in which effects of microstructure of pore on drying
mechanism, water movement and redistribution were analyzed
[18–21]. However, most studies were focused on evaporation from
purely hydrophilic media with fixed flow rate of purge gas, which
is quite unlike normal PEFC DM. Recently, Shahidzadeh-Bonn et al.
performed experimental study on the impact of wetting properties
on the kinetics of drying of porous media [22]. However, the effect
of surface property was investigated only for pure hydrophilic or
pure hydrophobic porous media, respectively. Therefore, the effects
of flow rate of purge gas on porous media with mixed wettability
similar to fuel cell DM were not evaluated.

The influence of DM properties on water removal and retention
was recently conducted in an ex situ environment [23]. However, a
specific investigation of the DM by itself to clarify and understand
the fundamental behavior is still needed.

Slow evaporation experiments have been fully performed in soil
science area to understand the physics of water movement in pores
during evaporation. However, it has been challenging to apply the
method into DM for PEFC due to the thinness of DM and limitations
of experiment. The motivation of the study is the need to reduce
the parasitic losses necessary to purge the fuel cell and reduce
the potential for damage at shutdown. To help achieve this, the
objective of this study is to investigate the fundamental behav-
ior of evaporative water removal from fuel cell diffusion media
with a special test rig developed to minimize in-plane gradients so
that through-plane evaporative behavior can be analyzed. In this
paper, new test methods are introduced to understand behavior
of water evaporation from DM, and effects of external boundary
condition were investigated for the first time. From fundamen-
tal understanding of physics underlying the evaporation, critical
relations for designing optimal gas purge were developed.

2. Experimental

2.1. Artificial saturation of DM
Diffusion media were saturated with de-ionized (DI) water by
immersion in DI water contained in transparent plastic cylinders,
and then depressurized to 26 cmHg by vacuum pump (WELCHTM

Model 25618-50). Through the pressure difference developed
between air in the pores and DI water, along with frequent vibra-
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Fig. 1. Schematic of the evaporation te

ion, the DI water was fully imbibed into the pores in DM. It should
e noted that to facilitate examination of the evaporative behav-

or of the media under a wide range of saturation, the media were
nitially saturated to higher values (0.5–1.0) of saturation than are
ypical in PEFCs. Based on previous studies using neutron imaging
11], the normal range of saturation in the DM in operating cells is
round 0–0.3.

.2. Determination of initial saturation of DM

At shutdown, depending on the operating history, water can
emain at different saturation levels in DM. Therefore, the effect of
nitial residual water saturation in DM was investigated by utiliz-
ng the artificial saturation method with vacuum pump previously
escribed. The DM were slightly oversaturated with DI water, and

nstalled in the evaporation test rig. By applying dry air at very slow
ate (less than 0.1 SLPM) into the top surface of wet DM, the weight
ecreased to the point at which the DM had an amount of water
quivalent to the desired initial saturation of DM, as calculated
elow.

aturation (s) = Pore volume filled with liquidwater
Total dry pore volume of DM

= (mwet,DM −mdry,DM)/�w
εVDM

(1)

here mwet,DM is weight of wet DM, mdry,DM is weight of dry DM,
w is density of water, ε is porosity of DM, and VDM is volume of
M.

When saturation of DM approached 20% more than the desired
aturation level, the air supply was stopped, and the remaining
ater was removed by vapor diffusion. Water content decreased

t very slow rate, typically reaching the desired saturation level in
bout 30 min. By performing this treatment, temperature and water
efore initiating the experiment could be assumed to be uniformly
edistributed in DM [14,29].

.3. Evaporation test setup
A test rig was developed for directly measuring the evaporative
ater removal rate of DM, as shown in Fig. 1. The main objec-

ive in the design was to facilitate understanding and analysis of
he fundamental evaporation from the diffusion media, thus, all
p: (a) electronic scale and (b) test rig.

in-plane gradients were minimized while maintaining a fully devel-
oped hydrodynamic and thermal boundary layer over the sample.
The flow rate of purge gas was controlled by two mass flow con-
trollers (MKSTM mass flow controllers, 2 SLPM (standard liter per
minute at 0 ◦C and 1 atm) and 10 SLPM, respectively), and moni-
tored with two flow meters (OmegaTM mass flow meter, 2 SLPM
and 10 SLPM, respectively).

The test rig consists of a straight channel ( ) and a sample

holding plate ( ) to investigate gas purge in stream-wise direction
of fuel cell, as shown in Fig. 1(b). Acrylic material was utilized for
the cell fixture due to its transparency and low density. The channel

( ) is 15 mm in depth and 25 mm in width, and the depth-to-
width ratio of 0.6 simulates a typical flow field design. The hydraulic
entrance length is 350 mm, which is enough to achieve the fully
developed laminar flow condition up to a Reynolds number of 370
(7 SLPM). In the experiments conducted, flow rate was varied in the
range of 0.25 SLPM to 7 SLPM. Therefore, a fully developed laminar
condition at the leading edge of the DM sample was achieved for all
test conditions. The results of this study are therefore applicable
for laminar flow regimes, and additionally study would be needed
to assess the impact of turbulent flow. However, in an actual fuel
cell stack, the purge flow rate does not normally exceed the flow
rate needed for the maximum operation condition (generally less
than 1.5 A cm−2), and the maximum flow rate for purge is therefore
within the laminar range in the flow field. Based on the actual gas
flow rate used in stacks, and actual channel geometries that are
typical, a flow rate in this range was decided (for example, the 7
SLPM is equivalent to gas flow rate (Reynolds number) needed for
operation at 1.5 A cm−2).

The end region of the channel ( ) has an open bottom side, to

which a DM ( ) was applied with a sample holding plate ( ).
In order to reduce the wetting effects on interfaces between water
in bottom of DM and top surface of sample holder, a hydrophobic
DuPontTM Teflon® sheet was applied onto the top surface of sample

holder. The inside and bottom of the channel ( ) which contacts
with DM was also coated with DupontTM Teflon wax, and dried at

room temperature for 1 h before start of experiment to reduce any
possible wetting between cell channel and water in DM.

As described in Fig. 1(b), the DM was fixed in its position with the
cell fixture by an elastic band at the very low compression pressure
of 0.13 psi, and the DM was maintained as flat during evaporation.
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ompression of 3 mm width of DM (10.7% of total DM) is assumed
o have a negligible effect on the total evaporation behavior of DM
ith an uncompressed 25 mm width (89.3% of total DM) due to

he negligible compression of DM and wetting effect between DM
nd the channel, and high in-plane permeability of DM. Tempera-
ure change of DM was measured in separate tests under identical
xperimental conditions. As described in Fig. 1(b), the temperature
f inlet purge gas and two locations of DM (5 mm and 45 mm apart
rom leading edge, respectively) were measured with thermocou-
les (OMEGA® T-type thermocouple).

For testing, DM of SGLTM Sigracet® 10 series (10AC) with dimen-
ions of 28 mm width and 50 mm length were utilized. This width
nabled an accurate weight change measurement with small error
hile being short enough to minimize any in-plane temperature,

aturation, or vapor pressure gradients that would cause a smearing
n the results, and make any interpretation more difficult. 10AC is
orous carbon-felt structure with micro-porous layer (MPL) on one
ide, and in experiment, the MPL side was positioned on to the sam-
le holder, and top surface of the macro-porous layer of DM was
xposed to the purge gas to investigate water removal behavior
rom the macro-porous layer. From extensive testing with differ-
nt sample lengths of DM, 50 mm was determined to be the proper
ample length to ensure near uniform boundary conditions. Use
f a longer sample is inappropriate for this measurement, since
he leading edge of the sample would face very different bound-
ry and internal saturation conditions than the trailing edge. In a
ull-size fuel cell, the DM will experience a full range of satura-
ions and boundary conditions during purge. The results here can be
asily applied to understand and predict the evaporative removal
long the channel during purge with a discretized control volume
pproach.

As shown in Fig. 1(a), the weight change of DM during evap-
ration was measured with a precise electronic scale (SatoriusTM

odel TE214S) with maximum capacity of 210 g and accuracy of
0.1 mg. Weight changes were recorded at 0.2 s intervals. For the

ingle layer of DM utilized in the experiment, the total weight of
ater saturated in the DM is about 416 mg when fully saturated.

herefore, the scale can be utilized with a maximum error of ±1%,
ven down to a low saturation level of 0.02. It is important to note
hat in the tests performed, the tests were conducted until the sam-
le was fully dry. In practice, this is not necessary, would take an
xcessive amount of energy, and would also over-dry the mem-
rane. The tests conducted here were continued until full dry out
ecause the main objective was to understand the fundamental
ature of the evaporation throughout the entire potential satura-
ion range.

The room temperature was controlled to be 26 ◦C within +0.4 ◦C,
nd relative humidity was maintained between 35% and 40% at
oom temperature conditions. Evaporation testing was conducted
ore than three times for each test condition, and data were aver-

ged for analysis. The maximum deviation between recorded data
as ±1.5% for the range of moderate saturation level of DM from 0.5

o 0.1, and ±5.8% for lower saturation level of 0.02. This represents
satisfactory level of repeatability for the tests conducted.

. Results and discussion

.1. Characteristic modes of water transport during purge

Water removal from a saturated DM is characterized by three

istinct regimes, as illustrated in Fig. 2; a surface evaporation
egime (SER), a constant rate period (CRP) regime, and finally a
alling rate period (FRP) regime. The regime characteristics are con-
rolled by the combined effects of evaporation at the open surface
f DM and liquid water transport through DM by capillary action.
Fig. 2. Characteristic evaporative water removal curve of DM.

Thermodynamically, water evaporation at the surface is controlled
by a vapor concentration gradient between surface and bulk flow
of purge gas, as described in Eq. (2). The evaporation rate is a func-
tion of Reynolds number (Re) and Schmidt number (Sc) of the purge
gas [24]. Those parameters can be represented by the average Sher-
wood number (Sh) [25]. Therefore, the theoretical evaporation rate
can be related with Sh

ṁw,evp = hmAs,DM(�w,s − �w,∞)
∼f (Re, Sc)∼f (Sh)

(2)

where ṁw,evp is water evaporation rate, hm is the average mass
transfer coefficient, As,DM is surface area of DM exposed to flow,
�w,s is saturated water vapor density on the surface of DM, �w,∞
is water vapor density in bulk air stream. Note that this does not
take into account surface effects, which can play a role in the phase
change process, but are not believed to be rate limiting in this case.

The motion of liquid water in the DM is governed by gravity,
capillary, and thermo-capillary forces. Moreover, under isothermal
conditions and with negligible gravity impact (as can be shown to
be true in a fuel cell DM under normal conditions [26]), capillary
liquid transport is dominant, which can be described by Darcy’s
equation. The liquid flow (i.e. capillary-driven flow) is controlled by
structure of DM such as pore diameter (d), porosity (ε), permeability
(K), tortuosity (�) as usually, surface properties of the DM including
surface tension (�), capillary pressure (PC), and saturation (s). Those
parameters can be grouped functionally into property of DM (ˇ) and
saturation level of DM (s), and finally liquid water transport can be
described in a functional relation with ˇ and s:

ṁw,trans ≈ ṁw,cap = −�wkw
�w

∇P = −�wK
�w

kr

(
dPC
ds

)
∇s

∼f [(d, ε, K, �), s(�, PC )]
≈ f (ˇ, s)

(3)

where ṁw,trans is liquid water transport rate in the DM, ṁw,cap is
capillary flow rate of liquid water, �w is density of liquid water, kw

is permeability of liquid water in the DM, �w is viscosity of liquid
water, K is absolute permeability of the DM, and kr is the relative
permeability of the DM.
Water removal from the DM can be characterized as a function
of surface evaporation and liquid water transport through DM, and
it can be simplified as function of Sherwood number (Sh) and sat-
uration of DM (s) for a prescribed DM. From those relations, purge
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tical consequence, purge becomes less efficient beyond this point.
Therefore, the critical condition can be utilized as a baseline for
analyzing evaporative purge efficiently between water removals.
ig. 3. Schematic description of water transport modes in DM during gas purge in
dealized structure: (a) water removal at SER and CRP regimes (ṁl,trans > ṁw,evp), (b)

ater removal at critical condition (ṁl,trans = ṁw,evp), and (c) water removal in FRP
egime (ṁi,tran < ṁw,evp).

ime can be correlated with Sh:

ṁw,rem ∼ds/dt
∼f (ṁw,evp, ṁw,cap)
∼f (Sh,ˇ, s) ≈ f (Sh, s)

(4)

purge∼f (Sh) (5)

here ṁw,rem is water removal rate, and tpurge is purge time.
From this, it is expected that evaporative water removal for a

rescribed DM can be correlated for purge time and various purge
onditions, as will be shown in the following sections.

.2. Characteristic water removal curve of DM

When purge gas is supplied to a saturated DM, water resid-
ng near the surface is initially rapidly removed. This behavior of

ater removal is shown as the surface evaporation regime (SER)
n Fig. 2 which illustrates a typical water removal behavior versus
aturation of DM. After this, water is removed from main body of
M, balanced with internal flow of liquid water to the evaporat-
ng surface. In this regime, liquid transport is a result of capillary
ow via hydraulic connections among pores, and it is rapid enough
o balance the rate of water removal at surface, as illustrated in
ig. 3(a). Therefore, a constant water removal rate period (CRP)
s achieved. This level can be thought of as a maximum sustain-
r Sources 195 (2010) 3858–3869

able level of water removal achievable for a given material, and
serves as a useful guideline to compare internal capillary flow rates
between different DM designs. This regime of internally connected
capillary liquid flow is known as the funicular regime [13,14,27]. As
purge proceeds further, the saturation decreases, and the hydraulic
connections between residual liquid diminish, causing the rate of
water displacement to be decreased. Eventually, the maximum cap-
illary supply rate is equal to the rate of water removal, as shown in
Fig. 3(b). This is termed the critical condition. As purge is continued,
more hydraulic connections are broken, and separated liquid water
droplets are trapped inside of pores as droplets. This is known as the
pendular regime [13,14,27], and further saturation reduction must
be achieved by vapor diffusion. As described in Fig. 3(c), after this
critical point, liquid water cannot be transported to the dry front
by capillary action any further, and therefore the evaporation front
starts to penetrate into DM to evaporate water droplets trapped in
pores, causing the rate of water removal to significantly decrease.
This behavior is known as falling rate period (FRP) regime in Fig. 2.
From transition between funicular regime and pendular regime,
irreducible saturation can be obtained. A detailed description of the
characteristics of evaporation and two phase regimes can be found
in refs [13,14,18–21,27–29]. It should be noted that water removal
rate decreases significantly after the critical point, and as a prac-
Fig. 4. Water removal behavior for different initial content of water in the DM
(28 mm × 100 mm) at purge gas flow rate of 7 SLPM: (a) variation of water amount
(saturation) in DM during gas purge and (b) variation of water removal rate with
respect to initial saturation of DM.
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.3. Impact of initial saturation level on characteristic results

Results for tests conducted with a range of initial saturation dur-
ng gas purge were shown in Fig. 4(a). In order to understand the
ransient water removal behavior, the test results were converted
o water removal rate, and compared with respect to saturation of
M in Fig. 4(b). Evaporation curves for each condition of initial sat-
ration showed the three distinct evaporation regimes described in
revious section. The CRP and FRP overlapped for each initial sat-
ration condition, and the only difference was the duration of CRP
as different. The consistent and reliable results for each condi-

ion indicate temperature and water in DM were almost uniformly
istributed before start-up of gas purge for each case. Because all
hree regimes of evaporative removal could be simulated, and DM
re generally less than 50% saturated with water in actual fuel cell
peration [11], an initial saturation of 50% was determined to be
he baseline for further testing.

.4. Impact of purge flow rate on water removal

Water removal behavior was investigated with dry air as a purge
as at room temperature at flow rates from 0.25 SLPM to 7 SLPM.
he measured water removal rate was compared with respect
o purge time, as shown in Fig. 5(a). The critical condition was
btained more rapidly with higher flow rate, and therefore efficient
urge seems to be achieved with higher flow rate of purge. How-

ver, the resulting residual saturation at the critical time is greater
han that at low flow rate. Depending on the desired final satura-
ion levels (generally, a slight drying of the membrane is desired but
ncomplete dry out of the DM is acceptable), it might be beneficial to
se a lower flow rate (and lower energy) purge to achieve a reduced

ig. 5. Comparison of water removal rate during gas purge: (a) with respect to purge
ime and (b) with respect to saturation.
Fig. 6. Effect of flow rate of purge gas on water removal rate: comparison of water
removal behavior in normalized plot.

saturation level. That is, the fastest flow rate is not necessarily the
best choice to achieve low saturation.

Effect of flow rate on water removal was further compared with
respect to relative humidity of the exit purge gas. The relative
humidity of the exit purge gas was found to increase from 7% to
50% in the CRP regime as flow rate decreased from 7 SLPM to 0.5
SLPM. Detailed calculation of relative humidity of exit purge gas
was described in Appendix C.

By using Eq. (1), the water amount in DM was converted to liquid
saturation of DM, as shown in Fig. 5(b). The expected three char-
acteristic regions of water removal were obtained with respect to
saturation and purge flow rate. For higher flow rate of purge, the
range of saturation for CRP regime is reduced, and the critical con-
dition of transition between constant and falling evaporation rate
regimes was obtained at higher residual saturation (i.e. higher con-
tent of water is left after the transition to a FRP at that flow rate)
in DM. A lower flow rate purge extended the saturation range for
CRP to a lower transition saturation, and the critical condition was
obtained at a reduced saturation. Therefore, although a high flow rate
of purge can rapidly reach a critical time, a greater liquid saturation
remains in DM after the critical point. Additionally, doubling the flow
rate does not half the time required to reach a specific saturation value.

3.5. Mechanism of effect of flow rate on water removal

The water removal rate as a function of flow rate was calcu-
lated and is shown in Fig. 6. Normalization was achieved by dividing
water removal rate during purge with water removal rate obtained
by extrapolating the tangent lines from CRP to initial saturation, as
shown in Fig. 5(b). Water removal in the SER increased significantly
with flow rate. In this regime, evaporation is mainly conducted on
the liquid water residing on the open surface of DM, and there-
fore, much larger surface area of the water can be invaded by purge
gas, leading to the very fast water removal and sensitivity to flow
rate. When evaporation starts in the CRP regime, the surface area
of liquid exposed to purge gas is varied by combined effects of open
boundary and liquid water supply to the drying front. For low flow
rate of purge, the surface area of water exposed to purge gas is
maintained due to the rapid capillary flow rate to the evaporating

surface. However, for a higher purge flow rate, the surface area can
be reduced due to higher evaporation rate at the open boundary.
Those effects of surface area variation on water removal rate can
be observed in Fig. 6, where CRP regime slightly deviated from the
expected plateau for higher flow rate.
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wall can be assumed to be negligible, and the heat loss due to evap-
oration can be related solely with convection heat from air stream,
as described in Appendix B.
ig. 7. Schematic description of water removal from DM for different flow rates of
urge gas: (a) before gas purge, (b) for slow flow rate of purge gas, and (c) for fast
ow rate of purge gas.

Another characteristic effect of flow rate was found in the tran-
ition from CRP to FRP. As discussed, the transition from CRP to FRP
as generated at higher saturation level of DM for a higher flow

ate of purge gas. This can be explained by considering the con-
ept of hydraulic connectivity through pores. When a slow flow
ate of purge gas is applied, evaporation rate is slow, and therefore
apillary liquid transport in DM can readily balance the evapora-
ion in the open boundary and still maintain a hydraulic connection
etween pores until a lower DM saturation as illustrated in Fig. 7(b).
herefore, the transition to FRP is generated at a lower saturation
evel for a lower flow rate purge.

However, when the purge flow rate is very high, the evaporation
ate in the open boundary becomes very rapid, and liquid supply
hrough DM cannot balance the rate of evaporation, even when DM
as a higher saturation. Therefore, the evaporation front starts to
enetrate into pores, resulting in sudden drop of water removal
ate, as illustrated in Fig. 7(c). As a result, the transition is gener-
ted at higher saturation level for higher flow rate of purge gas.
apor diffusion in DM is another mode of water removal, but due

o the low water removal rate, it is only a dominant mode in the
RP regime, where capillary liquid transport does not exist.

.6. Thermal analysis and empirical relation

Drying involves phase change from liquid to vapor phase, and
nergy is required for the phase change. The coupled effects of
eat and mass transfer were investigated by measuring temper-
ture variation of the DM during purge. Due to the experimental
imitations, temperature measurement of DM could not be simul-
aneously conducted with weight change measurement. In order
o precisely measure the water variation in the DM, the test fix-
ure on the electronic scale should be stand-alone, mechanically
solated from other components. When thermocouples are uti-
ized during evaporation, the thermocouples applied to the test rig

re connected to thermometer by the sensing cables to monitor
nd record the temperature variation, leading to inaccurate weight
hange measurement. Therefore, temperature measurement was
onducted separately, but under identical experimental conditions.
emperatures of inlet purge gas and two locations of DM (5 mm and
Fig. 8. Temperature variation of DM during gas purge at 3.5 SLPM.

45 mm apart from leading edge, respectively) were measured with
thermocouples, as shown in Fig. 1(b).

As shown in Fig. 8, the temperature of DM varied in a similar
manner to that of water removal rate, as expected. Temperature
decreased in the SER regime due to rapid evaporation of water,
and then decreased steadily in the CRP regime. As purge further
proceeded, water removal by evaporation was decreased, and evap-
orative heat loss becomes lower than the heat supply into the
DM, causing the temperature of the DM to increase back to the
ambient conditions. Temperature was decreased by a maximum of
−5.5 ◦C for 7 SLPM, −4.7 ◦C for 1.5 SLPM, and −4 ◦C for 0.5 SLPM.
The temperature difference between TC2 and TC3 in Fig. 1(b) was
measured to be less than 0.8 ◦C, even at the most severe condition
of the highest flow rate of purge. Therefore, the in-plane direc-
tion of DM during the purge experiments can be considered to be
nearly isothermal, which is consentient with the desire to minimize
in-plane gradients that can make interpretation of the results dif-
ficult. The through-plane temperature difference can be assumed
to be negligible due to the thinness and high thermal conductiv-
ity of DM. This assumption can be easily verified, as addressed
in Appendix A. Therefore, although the DM temperature changes
during the experiment, it can be considered as spatially uniform
in temperature. Heat transfer due to conduction from the channel
Fig. 9. Variation of Sherwood number (ShD) during gas purge.
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Table 1
Material and transport properties.

Description Unit Value

Binary diffusion coefficient of water to air at 298 K and 1 atma [32] m2 s−1 0.26 × 10−4

Density of air at 298 K and 1 atma [25] kg m−3 1.17
Density of water at 298 K and 1 atm [25] kg m−3 997.10
Heat capacitance of air at 298 K and 1 atma [25] kJ kg−1 K−1 1.00
Heat capacitance of water at 298 K and 1 atm [25] kJ kg−1 K−1 4.18
Hydraulic diameter m 18.75 × 10−3

Latent heat of evaporation of liquid water at 298 K and 1 atma [25] kJ kg−1 2442.30
Length of cell fixture channel m 0.45
Porosity of DM [28] – 0.82 ± 0.5%
Surface area of DM (measured) m2 1.40 × 10−3

Thermal conductivity of acrylic material [25] W m−1 K−1 0.2
Thermal conductivity of DM [33] W m−1 K−1 0.48
Thermal conductivity of water at 298 K and 1 atm [25] W m−1 K−1 0.60
Thermal diffusivity at 298 k and 1 atma m2 s−1 22.5 × 10−6
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ShD = ṁw,evp
D(�w,s − �w,∞)

(11)

Re = �vDh
�

(12)
Thickness of diffusion media (measured)
Volume of dry diffusion media (measured)
Weight of dry diffusion media (measured)

a In the case of non-isothermal condition, values corresponding to eac

From analogy between mass and heat transfer [14,25], the mass
ransfer coefficient can be obtained.

m = hconv
(�cp)aLe

2/3
(6)

here

e = ˛a
D

(7)

(T, P) = D(Tref , Pref )

(
T

Tref

)3/2 (
Pref
P

)
(8)

here hm is average mass transfer coefficient, �a is density of air,
p,a is heat capacity of air, Le is Lewis number, ˛a is thermal dif-
usivity of air, D is binary diffusion coefficient of water into air,
ref is reference temperature (298 K), and Pref is reference pressure
1 atm).

The average Sherwood number (ShD) is calculated as shown
elow, and the results were plotted in Fig. 9 with respect to purge
ime. The material and transport properties used for the calculation
re described in Table 1.

hD = hmDh
D

(9)

here Dh is hydraulic diameter of test rig channel.
Purge time was normalized with the critical time for each flow

ate, and compared with ShD in the log–log plot of Fig. 10(a). ShDwas
ound to be clearly related with normalized time for each flow rate
ondition. By normalizing with Ren, all the relations of ShD for each
ow rate collapsed into a characteristic purge curve in Fig. 10(b),
here n was found to be 0.2 from regression analysis.

og

(
ShD
Re0.2

)
= 0.19(t∗2 − 1.2t∗ + 5.6) R2 = 0.99 (10)

here t* is log(t/tCR).
It should be noted that water removal during gas purge

ecreases significantly at the critical condition, and purge effective-
ess decreases substantially. Therefore, gas purge is most efficient

f terminated at the critical condition, and a quantified relation for
as purge until onset of critical condition is needed. An empirical
elation was developed for the regions from initial purge to onset

f the critical condition. This equation is a characteristic relation
etween evaporative water removal rate and purge time for SGL
0 series DM (10AC), and can be generally utilized for other purge
onditions for this material even though it was developed from
urge gas of dry air and room temperature, because the right hand
m (0.37 ± 0.01) × 10−3

m3 (5.15 ± 0.14) × 10−7

kg (0.19 ± 0.004) × 10−3

perature were applied for calculation.

side of Eq. (11) has terms normalizing the effect of different type of
purge gas, flow rate, relative humidity and temperature.
Fig. 10. Correlation of Sherwood number (ShD) with purge time: (a) variation of ShD
for each flow rate and (b) normalization of ShD with Ren .
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here ṁw,evp is average water evaporation rate, Re is Reynolds
umber, v is velocity of purge gas, � is viscosity of purge gas.

However, there are some limitations for application of this rela-
ion. The relation is valid only for the continuous liquid-phase
egime (from initial purge to critical condition), and therefore for
he conditions beyond this regime such as the pendular regime, or
emperature above boiling point of water and temperature below
reezing point of water, the relation is not applicable. This result
s appropriate unless other parametric effects not studied in this
aper dominate mass transport and water removal from the DM.
otably, in full size cells temperature gradients can be established

hat significantly impact total evaporative removal rates. Addition-
lly, the effect of land/channel structure of the flow field was not
onsidered in this study, as the purpose of this study is to under-
tand the evaporative water removal behavior of DM itself. Further
ariation of the system setup to simulate a channel/land structure
an be achieved with some modifications to the sample holder,
hich will be a topic for the future study.

Attempts at obtaining a similar relationship for evaporation
ehavior in the falling rate (pendular) regime were unsuccessful,
erhaps due to the multiple regressing evaporation plane locations
t the droplet surfaces in the saturated media.

.7. Purge efficiency

The impact of purge flow rate on purge efficiency was previ-
usly discussed with respect to purge time and content of water
emained in DM at the critical condition. However, for determin-
ng optimal purge protocol, total energy requirement should also
e considered. The energy requirement for purge was calculated
or the cell fixture used in this study as a qualitative guideline.
etailed equations utilized for calculation of energy are described

n Appendix D.
As described in Fig. 11, when higher flow rate of purge was

pplied, the critical condition was obtained more rapidly, however
he residual saturation in the DM was larger and more energy was
equired to achieve the critical condition. Whereas, for the lower
ow rate, the energy requirement and water remained in DM were

ower, although longer purge time was needed to achieve the crit-
cal condition. Fig. 11 can be used as a guideline for determining
roper purge condition according to individual system require-
ents.

.8. Purge for enhanced durability
The coupled effects of fuel cell components on evaporative water
emoval during gas purge were conceptually investigated by com-
aring the HFR plot available in literature [2] and evaporation curve

Fig. 11. Effect of purge parameters on efficiency of gas purge.
Fig. 12. Conceptual comparison of water removal of DM with HFR variation of fuel
cell during gas purge: (a) water removal behavior of DM and (b) HFR variation of
fuel cell (redrawn from Ref. [2]).

of DM developed in this study. When gas purge is applied into the
fuel cell after shutdown, water is primarily removed from the sur-
face of DM, and then liquid water is supplied from inside the DM and
membrane to the evaporating surface, leading to steady increase of
HFR due to the gradual decrease of water content in the membrane.
As purge further proceeds, the hydraulic connections among pores
are broken, and then isolated water is trapped in pores causing
the evaporation front to penetrate into DM. Finally, the evapo-
ration front contacts the membrane, and starts to remove water
directly from membrane, causing HFR to substantially increase,
as shown in Fig. 12(b). Therefore, at the critical condition, water
removal rate of DM decreases significantly, resulting in decrease of
purge effectiveness, whereas water removal rate from membrane
increases substantially, which can result in significant membrane
durability issues. Therefore, for efficient and durable purge, most
of water should be removed in CRP regime in which water removal
is efficient and the evaporation front does not penetrate into the
membrane.

Effects of purge flow rate on durability in fuel cell condition can
be understood with characteristic water removal behavior of DM
to the flow rate of purge. As previously described, for higher flow
rate of purge, the purge gas will start to remove water directly from
membrane faster, causing HFR to be substantially increased, while
the overall saturation in the DM remains higher. This discovery is
evidence that the assumption of sequential drying is not proper, and
HFR cannot be used to estimate the total water in fuel cell without
other diagnostics.

An efficient and durable gas purge can be conceptually described
as follows. As shown in Fig. 13, by applying a composite flow rate of

purge gas (i.e. a decreasing or staggered flow rate during purge), the
maximum amount of water removal can be conducted in the CRP
regime, without dry-front penetration to the membrane surface.
This composite gas purge can be beneficial in actual fuel cell con-
ditions. Water slugs residing in flow channel or on the DM can be
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ig. 13. Conceptual description of efficient and durable purge by utilizing composite
ow rate of purge gas.

emoved efficiently by short blast purge at high flow rate, and with
gradually decreasing flow rate at critical saturation for each flow

ate, the hydraulic connections among pores can be maintained
ntil lowest possible saturation level, providing an efficient purge
hat reduces membrane moisture gradients that have been shown
o negatively impact durability.

. Conclusions

The objective of this study is to investigate the fundamental
ehavior of evaporative water removal from fuel cell diffusion
edia so that ultimately, purge procedures, materials, and design
ith reduced parasitic losses can be developed. A new test system
as developed to directly characterize and compare evaporative
ater removal from diffusion media (DM) during gas purge with
inimal in-plane gradients in saturation, temperature, and vapor

ressure for the purpose of fundamental study. From fundamental
nderstanding of evaporative water removal, critical relations for
as purge were obtained. Specifically, the following conclusions are
rawn from this study:

1) The water removal was characterized by three different
regimes, a rapid surface evaporation regime (SER), a slower con-
stant rate evaporation period (CRP), and a much slower falling
rate evaporation period (FRP) regime.

2) At the critical condition between CRP and FRP regimes, water
removal rate decreased significantly, diminishing purge effec-
tiveness. Therefore, the critical condition is proposed as a key
parameter for evaluating purge effectiveness.

3) An empirical correlation for evaporative water removal was
developed for the continuous liquid-phase regime from initial
purge to the onset of the critical condition, and relates purge
to water removal rate. It can be utilized as a quantitative rela-
tion for determining expected water removal rates for the DM
tested under high initial saturations.

4) A generic plot of purge efficiency was developed based on
results in this study. It describes the effectiveness of purge
parameters including purge time, water saturation in DM, and
energy requirement. This relation can be used as a qualita-
tive guideline for designing the overall purge protocol to the
requirements of each system.
5) Purge protocol that enhance durability and reduce parasitic
losses were conceptually investigated. For a more durable and
efficient purge, most of water should be removed in CRP regime
in which water removal is efficient and the evaporation front
does not penetrate into the membrane, and it was found to be
r Sources 195 (2010) 3858–3869 3867

achieved by applying composite flow rates of purge gas and
gradually decreasing flow rate of purge gas at critical satura-
tion for each flow rate to remove most of water in each CRP
regime.

The results of this novel study can be applied to larger sys-
tems with the expected in-plane temperature, vapor pressure and
saturation gradients through computational models to estimate
removal times and saturation levels.
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Appendix A. Temperature analysis in the through-plane
direction of DM

The isothermal assumption in the through-plane direction can
be validated considering the extreme condition of heat transfer of
DM during evaporation. Heat loss due to evaporation at the sur-
face is assumed as an extreme case to be balanced only by heat
supply due to the through-plane temperature difference of DM (i.e.
through-plane heat conduction of DM) as described in Eq. (A.1).
The variation of effective thermal conductivity of DM (kDM,eff) due
to water removal in DM is described in volume averaged method
as in Eq. (A.2).

ṁw,rem
As,DM

h�g = kt,DM,eff
TDM,2 − TDM,1

LDM
(A.1)

kt,DM,eff = (1 − w)kt,DM + wkt,w (A.2)

 w = Vw
VDM

(A.3)

where ṁw,rem is water removal rate from DM, As,DM is surface area
of DM, h�g is latent heat of evaporation of water, kt,DM,eff is effective
thermal conductivity of DM, kt,DM is thermal conductivity of DM,
TDM,2 is temperature of top surface of DM, TDM,1 is temperature of
bottom surface of DM, LDM is thickness of DM, w is volume fraction
of water, kt,w is thermal conductivity of liquid water, Vw is volume
of liquid water, and VDM is volume of DM.

Even in this extreme case, temperature difference of DM
between top surface (TDM,1) and bottom surface (TDM,2) of DM is
less than 0.36 ◦C for the highest flow rate of purge gas. Therefore, in
actual cases where heat supply due to forced convection is domi-
nant, the through-plane temperature difference of DM is negligible.

Appendix B. Calculation of heat transfer coefficient

As shown in Fig. 14(a), heat loss due to evaporation is balanced
with heat conduction from channel wall of test rig, heat conduction
from DM, and heat convection from bulk stream of air. However,
the temperature variation of the DM is negligible as described in
Appendix A, and therefore conduction heat transfer through DM
can be neglected. Therefore, the heat loss due to evaporation is bal-
anced with heat conduction from the channel wall and heat supply
by forced convection of air stream. Temperature of the main body
of test rig channel (TCW,0) is considered to be equal to the room

temperature (T∞), and temperature of the channel wall (TCW,1) con-
tacted with DM is assumed to be same as that of DM (TDM,1) in Eq.
(B.2). The relative magnitude of heat transfer due to conduction by
the channel wall to convection by air stream was compared with
the ratio of heat transfer, Rq in Eq. (B.5). A maximum average heat
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ig. 14. Schematic description for mass and thermal analysis of DM during evapora
mage of test rig for calculating humidity of exit purge gas.

ransfer coefficient was obtained for the case where heat loss due to
vaporation is balanced only by convection heat from purge gas, as
hown in Eqs. (B.6) and (B.7). The average heat transfer coefficient
as in the range from 570 to 35 W m−2 K−1 for the SER and CRP

egime, and was minimum 7 W m−2 K−1 in FRP regime, which was
ne to three orders of magnitude greater than heat conduction from
he wall of channel, as calculated from Eq. (B.5). Moreover, thermal
ontact resistance between the tip of channel wall and the surface
f DM neglected in the calculation will decrease further conduction
eat transfer from channel wall in the actual case. Therefore, heat
ransfer due to conduction from the channel wall can be assumed
o be negligible, and the heat loss due to evaporation was related
olely with convection heat from air stream, as shown in Eq. (B.6).
nd heat transfer coefficient could be calculated from Eq. (B.7).

˙ cond + q̇conv = q̇evp (B.1)

q̇cond = q̇cond,CW + q̇cond,DM ≈ q̇cond,CW
= kt,CW

As,CW
LCW

(TCW,0 − TCW,1) ≈ kt,CW
As,CW
LCW

(T∞ − TDM,1)

(B.2)

˙ conv = hconvAs,DM(T∞ − TDM,1) (B.3)

˙ evp = ṁw,remh�g (B.4)

q = q̇cond
q̇conv

= kt,CW

hconvLCW

As,CW
As,DM

≈ 7kt,CW
hconv

= 1.4

hconv
(B.5)

˙ conv = q̇evp (B.6)

conv = (ṁw,rem/As,DM)
(T∞ − TDM,1)

h�g (B.7)

here q̇cond is heat transferred by conduction, q̇conv is heat trans-
erred by convection, q̇evp is heat loss due to evaporation, q̇cond,CW
s heat supplied into DM by conduction from the channel wall of
est rig, q̇cond,DM is heat transfer by conduction through DM, kt,CW
s thermal conductivity of the channel wall (acrylic material), As,CW

s area of the channel wall contacted with DM, LCW is length of the
hannel wall, hconv is average heat transfer coefficient, As,DM is sur-
ace area of DM, ṁw,rem is water removal rate from DM, h�g is latent
eat of evaporation of water, and Rq is ratio of heat conduction to
eat convection.
(a) the front-view image of test rig for analysis of heat fluxes and (b) the side-view

Appendix C. Calculation of relative humidity of exit purge
gas

Mass balance equations were obtained for the control volume
in Fig. 14(b):

Air : ṁa1 = ṁa3 = ṁa (C.1)

Water : ṁw1 + ṁevp2 = ṁw3 = ṁaw3
ṁevp2 = ṁaw3

(C.2)

where, ṁa is air flow rate, ṁw is water vapor flow rate, ṁw1 is zero
due to dry state of purge gas, ṁevp is water evaporation rate, w is
absolute humidity defined with Eq. (C.4), and subscripts 1, 2, and 3
indicate inlet, DM, and outlet region.

Energy balance equations could be obtained for steady state
condition:

Ėin = Ėout
ṁah1 + ṁevph�g2 = ṁah3
h1 +w3h�g2 = h3
(cpT1 +w1hg1) +w3h�g2 = cpT3 +w3hg3

(C.3)

where Ė is heat flux, h�g is phase change enthalpy from liquid to
vapor, cp is heat capacity of air, T is temperature, and hg is enthalpy
of saturated vapor defined by Eq. (C.5) [34].

w3 = mv

ma
=

[
Water removal rate
Air supplying rate

]
(C.4)

hg3 = 2501.3 + 1.82T3 (C.5)

From the relations, temperature and relative humidity of exit
air can be calculated:

T3 = 1
cp + 1.82w3

(cpT1 +w3h�g2 − 2501.3w3) (C.6)

( )

Psat(T3) = exp 11.6832 − 3816.44

T3 − 46.13
× 100 (C.7)

�(RH) = w3P3

(0.622 +w3)Psat(T3)
(C.8)
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ppendix D. Calculation of power requirement for air
ompression

The power requirement for air compression was calculated in
qs. (D.1)–(D.3) [30,31].

comp = ṁa,incp,aTin
	comp

[(
Pout
Pin

) k−1
k − 1

]
(D.1)

P = f LCH
Dh

�av2
a,avg

2
(D.2)

= 64
Re

(D.3)

here Wcomp is power required for adiabatic air compression, ṁa,in
s flow rate of purge air, cp,a is the specific heat of air, Tin is temper-
ture before compression, Pin is pressure before compression, Pout

s pressure after compression, 	comp is compressor efficiency (0.7
as applied here), k is the ratio of specific heats, �P is pressure
ifference between Pout and Pin, f is friction factor, LCH is length of
hannel, Dh is hydraulic diameter of channel, �a is density of air,
nd va,avg is average velocity of air.
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