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Gas purging has been a common and favorable strategy to improve the cold-start possi-

bility of a polymer electrolyte membrane fuel cell (PEMFC). In the present study, water

removal processes in a PEMFC during the gas purging prior to its shutdown are numerically

investigated with a transient two-fluid model. The dryness in the sub-regions of the PEMFC

is analyzed. Effects of the operation conditions (such as the gas flow rate, relative humidity

and temperature) are also explored. The results indicate that water removal processes are

not sequential and the main drying mechanism in the porous medium is the surface

evaporation under the pendular stage. The overall dryness highly depends on the inlet

water flux other than the convective water flux under the same gas flow rate. The opera-

tion parameters have a significant impact on the overall drying performance in terms of

the purging effectiveness and the energy consumption.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
1. Introduction

In recently years much progress has been made on the ap-

plications of the polymer electrolyte membrane fuel cell

(PEMFC), which is served as power source. For instance, the

Toyota motor company, as one of the hydrogen fuel cell ve-

hicles manufacturer, has released its latest vehicles of the

Mirai in November 2015. Despite of the achievements, water

management in PEMFC is still a crucial issue to simulta-

neously obtain highmembrane proton conductivity and avoid

the occurrence of water flooding [1]. This issue gets worse

when the PEMFC operates in a subfreezing environment or in

a dead-end anode mode. The former one is known as cold

start. The residual water in the microporous layers can
(W.-Q. Tao).
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weaken the water storage capacity of the membrane [2e10]

and thereby lower the cold-start possibility. Several cold

start modes including the constant voltage, current and

power, together with the catalytic hydrogen-oxygen reaction

in both electrolytes have been elucidated [6e8], and it has

been found that the power output could be greatly limited by

the initial membrane water and membrane temperature. The

latter one is aimed to improve the hydrogen utilization effi-

ciency [11-17]. The accumulated water and nitrogen in the

anode due to the back diffusion from the cathode can result in

gas starvation and thus affect the performance. The perfor-

mance drop can be effectively recovered with an optimum of

the purging cycle and operating conditions [13e15]. Therefore,

to delineate the residual water in the PEMFC is important and

gas purging has been considered as an effective strategy.
evier Ltd. All rights reserved.
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Nomenclature

a water activity

A area, m2

c molar concentration, mol m�3

cp specific heat capacity, J kg�1 K�1

D mass diffusivity, m2 s�1

EW equivalent weight of membrane, kg mol�1

F Faraday's constant, 96,487 kC kmol�1

h latent heat, J kg�1

I current density, A m�2

j reaction rate, A m�3

j0 volumetric exchange current density, A m�3

k thermal conductivity, W m�1 K�1

K permeability, m2

_m mass flow rate, kg s�1

M molecular weight, kg kmol�1

nd electro-osmotic drag coefficient

P pressure, Pa

Q volumetric flow rate, m3 s�1

R universal gas constant, 8314 J kmol�1 K�1

s liquid water saturation

tmem membrane thickness, m

tpurge purge time, s

T temperature, K

u velocity, m s�1

V volume, m3, or electrical potential, V

W pumping power, W

X molar fraction

a transfer coefficient

g phase change rate coefficient, s�1

ε porosity

h overpotential, V

q contact angle, �

k conductivity, S m�1

l water content in ionomer

m dynamic viscosity, kg m�1 s�1

z stoichiometry ratio

x membrane water variation

r density, kg m�3

s surface tension, N m�1

f electronic potential, V

u volume fraction of ionomer

Abbreviations

AGC Anode gas channel

ABP Anode bipolar plate

AGDL Anode gas diffusion layer

ACL Anode catalyst layer

CGC Cathode gas channel

CBP Cathode bipolar plate

CGDL Cathode gas diffusion layer

CCL Cathode catalyst layer

HFR High frequency resistance

MEM Membrane

RH Relative humidity

Subscripts and superscripts

a anode

act activation

amb ambient

c cathode

ch channel

cond condensation

EC Energy consumption

eff effective

ele electronic

equil equilibrium

f fluid phase

hydr hydronium

in inlet

ion ionic

k species

m mass

max maximum

min minimum

mw membrane water

pc phase change

pore pore

rev reversible

s solid phase

sat saturation

vl vapor to liquid water

vp vapor

w water

wd liquid water or vapor to membrane water
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To date, an increasing effort has been made to reveal the

complicated water transport mechanisms in the PEMFC. Ac-

cording to Cho and Mench [18e20], the water removal char-

acteristics are controlled by the coupled effects of the surface

evaporation and capillary flow in the porous medium (such as

the gas diffusion layer (GDL) and catalyst layer (CL)), and

following regimes can be identified: a surface evaporation

regime, a constant rate period regime and a falling rate period

regime. The first two regimes where the capillary driven flow

dominates are called funicular stage, while the falling rate

period regime where the vapour evaporation dominates is

termed as pendular stage [20e24]. The constant rate period

regime may not be observed if the porous medium is pure
hydrophobic according to the experimental investigation by

Shahidzadeh-Bonn et al. [25]. By comparing the effect of the

material property on the competing phenomena of the water

removal in porous medium, Cho and Mench [19] concluded

that the capillary flow in porous medium dominants for car-

bon cloth with the liquid saturation above 0.09 and for paper-

type with the liquid saturation above 0.12.

A thorough understanding on the effect of gas purging on

the different sub-regions of the PEMFC is important to avoid

the membrane degradation, reduce the parasitic power and

guarantee the cold-start possibility. Some researchers [22,24]

assumed that the overall dryness in different sub-regions of

PEMFC is sequential. Starting from the gas channel (GC), then
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GDL, CL and finally to membrane (MEM), the drying process

can be divided into two steps. The first step refers to the water

removal in CL and the second step is the water removal in

MEM [26,27]. Based on such understanding, Sinha and Wang

[22] developed an analytical purge model to describe CL/GDL

and MEM drying for the cathode. Ito et al. [28] numerically

studied the relationship between the purging time and gas

flow rate. Ding et al. [29] extended the model of Sinha and

Wang [22] by considering the adsorption and desorption of the

membrane water and further proposed a gas purging strategy.

Cho and Mench [19] pointed out that the above assumption

was not appropriate since the water removal would directly

from MEM with a high gas flow rate. Sinha and Wang [23]

further presented a simplified isotherm two-mixture model

to describe the water removal processes during the gas

purging. However, the difference between the numerical and

experimental results under lower temperatureswas observed.

They attributed it to the drying front morphology. Recently,

Jiang and Wang [30] extended the two-mixture model to GCs

and pointed out that the accumulation and transport mech-

anisms of liquid water in the anode and cathode channels

were different.

Extensive experimental work has been devoted to under-

stand the influence of the gas purging. Ge and Wang [2]

explored the influence of the gas purging on the cold-start,

and found that the gas purging was crucial to ensure the pos-

sibility of self-start. Hou et al. [31] investigated the effect of

water removal on the performance of PEMFC after purging by

the reactant gas. They found that no performance degradation

was caused when the membrane water content in MEM

reduced to an extent. St-Pierre et al. [5] found that progressive

performance losses were observed after successive freeze/

thaw cycles when purged with high temperature and they

attributed them to the mass transport. Lee et al. [32] experi-

mentally studied several factors of gas purging on the water

removal in a short stack. The results suggested that the water

removal rate decreasedwith purging timeand the gas flow rate

was more important than the purging time. Tajiri et al. [24]

adopted two kinds of purge gases (nitrogen and helium) in

their experimentalwork to study thepurge effectivenessunder

different purge temperatures, gas flow rates and relative hu-

midities. They found that the purging performance can be

describedbytwoparameters,namely thediffusivefluxofwater

vapour across CL/GDL and the convective flux of water along

the channel; helium is superior over nitrogen for the water

removal due to its higherwater diffusivity. Cho andMench [18]

developed an ex-situ gas purging test method for the water

removal and proposed an efficient purge protocol to reduce the

membrane moisture gradient and to reach the lowest liquid

saturation level. Recently, Kim et al. [33] proposed a pressure

reduction purge method to remove the residual water in CL/

GDL within a limited time without significant durability

degradation.

From the above brief review it can be seen that the water

removal processes during the gas purging is very compli-

cated, including the mass transfer among the membrane

water in the ionomer, the liquid water in porous medium

and the water vapour in both channels and porous medium.

In order to simulate such complicated processes a more

comprehensive model is needed. The gas purging is actually
a two-phase flow in porous medium with physicochemical

process. Thus in this paper, a transient two-fluid model for

two-phase flow [34e37] has been adopted to investigate the

influence of several operation factors on the overall water

removal processes. The rest of the paper is organized as

follows. First, a detailed description of the present gas

purging model is presented. The model is validated with the

experimental work afterwards. Subsequently, several fac-

tors influencing the water removal process and the purging

effectiveness are discussed. Finally, some conclusions are

made.
Model development

Simulation is conducted for one typical unit of a PEMFC, and

the computation domain and its mesh system are illustrated

in Fig. 1. The domain contains the whole components such

as the bipolar plates (BPs), GCs, GDLs, CLs and MEM. The

detailed geometric parameters and material properties are

listed in Table 1. When the fuel cell works under the reac-

tion mode, the cell operates at 343 K with the fully humid-

ified hydrogen and air fed to the anode and cathode

channels, respectively. The current density is set as

1 A cm�2 with the stoichiometry ratios of both electrodes of

2. When it works under the gas purging mode, the humidi-

fied nitrogen is fed to both electrodes. Inlet operating pres-

sures for both electrodes for different modes are set as

1 atm. Table 2 lists the details of simulated cases with

different operation conditions.

Governing equations

The present model considers all transient transport and

physicochemical processes in PEMFC, which includes the

conservations of mass, momentum, species, energy, charge,

liquid water and dissolved water. Main assumptions are

summarized as follows: (1) The gaseous mixture follows the

ideal gas law [23,29,30,34,36,37]; (2) All the porous mediums

are homogeneous and the contact resistances between

different layers are ignored, which was often employed in

previous modelling work [6,23,30,36]; (3) The amount of liquid

water saturation in both gas channels is fixed as zero, because

the liquid water can be removed fast due to the high velocity

of inlet gases and the short straight channels [8,29,36]; (4) The

water produced from the electrochemical reaction is in liquid

phase since the gases are fully humidified [35,36]. All the

conservation equations are briefly described as follows [1].

Mass of gaseous mixture:

v

vt

�
εeffrg

�
þ V$

�
rgug

�
¼ Sm (1)

Momentum of gaseous mixture:

v

vt

�
rgug

εeff

�
þ V,

 
rgugug

ε
2
eff

!
¼ �Vpg þ mgV$

 
V

�
ug

εeff

�
þ V

 
uT
g

εeff

!!

� 2
3
mgV

�
V$

�
ug

εeff

��
þ Su

(2)

http://dx.doi.org/10.1016/j.ijhydene.2017.02.108
http://dx.doi.org/10.1016/j.ijhydene.2017.02.108


Table 1 e Geometric parameters and material properties
[23,37].

Parameter Value

Gas channel width/depth 1.0/0.5 mm

Bipolar plate width 1.0 mm

GDL thickness 0.23 mm

CL thickness 0.01 mm

MEM thickness 0.03 mm

Porosity of GDL/ CL,ε 0.6/0.6

Permeability of GDL/CL,KGDL/KCL 4.0 � 10�12/4.0 � 10e12 m2

Contact angle of GDL/CL,q 110�/110�

Heat capacity of MEM/GDL/CL/

BP,cp

833/3300/568/1580 J kg�1 K�1

Heat conductivity of MEM/GDL/

CL/BP,ks

0.95/1.0/1.0/20 W m�1 K�1

Electronic conductivity of GDL/

CL/BP,sele

750/750/20000 S m�1

Equivalent weight, EW 1.1 kg mol�1

Density of dry MEM,rMEM 1980 kg m�3

Table 2 e Simulated cases with different operation
conditions.

Description Gas
temperature

(K)

Gas
relative
humidity

(%)

Gas flow rate
(10�6 m3 s�1)

Basic case 343 50 3.74

Case 1 343 50 0.935, 1.87, 7.48, 14.96

Case 2 343 10, 30, 70, 90 3.74

Case 3 323, 333, 353 50 3.74

Fig. 1 e Computational domain and the mesh system
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Gas species transport:
v

vt

�
εeffrgXk

�
þ V$

�
rgugXk

�
¼ V$

�
rgD

eff
k VXk

�
þ Sk (3)

Electronic potential transport:

0 ¼ V$
�
keffeleVfele

�
þ Sele (4)

Ionic potential transport:

0 ¼ V$
�
keffionVfion

�
þ Sion (5)

Liquid water transport:

v

vt
ðεsrlÞ þ V$

�
rl
mg

ml

Kl

Kg
ug

�
¼ V$ðrlDcVsÞ þ Sliq (6)

Dissolved water transport:

rmem

EW
v

vt
ðulÞ ¼ rmem

EW
V$
�
Deff

mwVl
�
þ Smw (7)

Energy transport:

v

vt

��
rcp
�eff
f;s
T
�
þ V$

��
rcpu

�eff
f;s
T
�
¼ V$

�
keff
f;sVT

�
þ ST (8)

Detailed explanations on all the above equations are pre-

sented as follows. Note that all the above equations are

coupled with each other through the source terms, which are

related with the electrochemical reactions or the conversions

among different kinds of water states through the interfacial

mass transfer. The expressions for all the source terms are

listed in Table 3. The effectivemass diffusion coefficientDeff
k is

related with the bulk diffusivity Dk according to the Brugge-

man correlation

http://dx.doi.org/10.1016/j.ijhydene.2017.02.108
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Table 3 e Source terms for all the conservation equations [1].

Equations Source term expressions

Mass Sm ¼ SH2 þ SO2 þ Svp
Momentum In GDL/CL:Su ¼ � mg

KGDL=CL
ug

Species In ACL, SH2 ¼ � ja
2FMH2 ; in CCL, SO2 ¼ � jc

4FMO2; in GDL/CL, Svp ¼ �Svl
Electronic potential In ACL, Sele ¼ �ja; in CCL, Sele ¼ jc
Ionic potential In ACL, Sion ¼ ja; in CCL, Sion ¼ �jc
Liquid water In ACL,Sliq ¼ Svl �MH2OSwd; in CCL, Sliq ¼ jc

4FMH2O þ Svl �MH2OSwd; in GDL,

Sliq ¼ Svl
Dissolved water In CLs, Smw ¼ Swd þ SEOD

Energy In BP,ST ¼ s
eff
elekVfelek2; in GDL,ST ¼ s

eff
elekVfelek2 þ Spc; in ACL,

ST ¼ jajhactj þ s
eff
elekVfelek2 þ s

eff
ionkVfionk2 þ Spc; in CCL,

ST ¼ �jcTDS
2F þ jcjhactj þ s

eff
elekVfelek2 þ s

eff
ionkVfionk2 þ Spc; in MEM,

ST ¼ s
eff
ionkVfionk2

Table 4 e Model parameters and physical properties
[36,37].

Parameter Value

Hydrogen/oxygen diffusivity,DH2=DO2 0.915/0.22 � 10�4 m2 s�1

Water diffusivity,DH2O 0.256� 10�4 m2 s�1

Surface tension,s 0.0625 N m�1

Latent heat of vapor condensation,hcond 2.395�106 J kg�1

Latent heat of hydronium,hhydr 3.462 � 106 J kg�1

Entropy change of reaction, DS �163110 J kmol�1 K�1

Dimensionless phase transfer rates,

Shcond/evap

2.04 � 10�3

Pore surface area, Apore 2.0 � 105 m�1

Characteristic length, d 5.0 � 10�6 m

Phase change rate coefficient,gld 1.0 s�1

Volume fraction of ionomer in CL,u 0.22

Anode/cathode exchange current density

multiplied by specific area,jref0;a=j
ref
0;c

5 � 107/120 A m�3

Reference hydrogen/oxygen

concentration,crefH2=c
ref
O2

56.4/3.39 mol m�3

Anodic/cathodic transfer current,aa=ac 0.5/0.5
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Deff
k ¼ ε

1:5
effDk (9)

The effective electron conductivity keffele and ion conductiv-

ity keffion in the electronic and ionic conservation equations are

affected by the porosity and the electrolyte volume fraction u

as follows [36]

keffele ¼ ð1� ε� uÞ1:5kele (10)

keffion ¼ u1:5kion (11)

Following the work by Refs. [23,29,38], the GORE-SELECT

membrane is chosen with its conductivity kion expressed as

kion ¼ 1
2
ð0:5139l� 0:326Þexp

�
1268

�
1

303
� 1
T

�	
(12)

The electrochemical reaction rates in both catalyst elec-

trodes are calculated with a corrected ButlereVolmer equa-

tion with the liquid blockage considered [1]

ja ¼ ð1� sÞjref0;a

 
cH2

crefH2

!0:5�
exp

�
2aaF
RT

hact

�
� exp

�
� 2acF

RT
hact

�	

(13)

jc ¼ ð1� sÞjref0;c

cO2

crefO2

�
� exp

�
4aaF
RT

hact

�
þ exp

�
� 4acF

RT
hact

�	
(14)

hact ¼ fele � fion (15)

All the related electrochemical parameters and physical

properties are listed in Table 4.

The gas phase permeability Kg and the liquid phase

permeability Kl in Eq. (6) are related with the intrinsic

permeability of the porous medium K0 and liquid saturation S

as Kg ¼ K0(1 � s)4 and Kl ¼ K0s
4, respectively [36]. The liquid

water diffusivity Dc is expressed as

Dc ¼ �Kg

ml

dpc

ds
(16)

where the capillary pressure pc is calculated as a function of s

with the Leverett-J function as follows [39]
pc ¼ s cos q

�
ε

K0

�
J sð Þ (17)

J sð Þ ¼


1:42ð1� sÞ � 2:12ð1� sÞ2 þ 1:26ð1� sÞ3 q<90�

1:42s� 2:12s2 þ 1:26s3 q>90� (18)

where s is the surface tension between vapour and liquid

phases and q is the contact angle characterizing the wetta-

bility of the porous material. The source term Svl in Table 3

denotes the interfacial mass transfer between the liquid and

vapour state due to evaporation or condensation and can be

calculated with the Langmuir type equation [1]

Svl ¼

8>><
>>:

Аpore
ShcondDH2O

d
εð1� sÞ

�
pvp � psat

�
RT

if pvp � psat

Аpore
ShevapDH2O

d
εs

�
pvp � psat

�
RT

if pvp < psat

(19)

The saturation pressure psat is provided by the following

expression [40]:

http://dx.doi.org/10.1016/j.ijhydene.2017.02.108
http://dx.doi.org/10.1016/j.ijhydene.2017.02.108


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 2 ( 2 0 1 7 ) 1 1 7 8 8e1 1 8 0 2 11793
log10

� psat

101325

�
¼ �2:1794þ 0:02953ðT� 273:15Þ � 9:1837

� 10�5ðT� 273:15Þ2 þ 1:4454

� 10�7ðT� 273:15Þ3 (20)

The transport equation for dissolved water l (the number

of water molecules per sulfonic acid group within the

membrane) considers the membrane water adsorption/

desorption process in CLs. The mass transfer rate Swd be-

tween the membrane water and vapour in pores is deter-

mined as [34]

Swd ¼ gwd

rmem

EW

�
l� lequil

�
(21)

where the equilibrium membrane water content

lequil is expressed as a function of the water activity a [40]

lequil ¼


0:043þ 17:18a� 39:85a2 þ 36a3 ð0< a<1Þ
14þ 1:4ða� 1Þ ð1 � a � 3Þ (22)

a ¼ pvp

psat
þ 2s (23)

Due to the impact of electro-osmotic drag (EOD), water in

the anode can be dragged to cathode by the hydrogen ions;

therefore, the source term SEOD is added into the membrane

water conservation equation:

SEOD ¼

8>><
>>:

ndjaMH2O

F
in anode CL

�ndjcMH2O

F
in cathode CL

(24)

where nd is the drag coefficient and it is expressed as [40]

nd ¼ 2:5l
22

(25)

The membrane water diffusivity is estimated with the

following equation [40]

Dw ¼ 2:1� 10�7 expð�2346=TÞl (26)

In the energy conservation equation, the effective volu-

metric heat capacity and thermal conductivity are obtained

with a volume averaged method [3]:

�
rcp
�eff
f;s

¼ ε

�
s
�
rcp
�
l
þ ð1� sÞ�rcp�g�þ ð1� εÞ�rcp�s (27)

keff
f;s ¼ ε

�
skl þ ð1� sÞkg

�þ ð1� εÞks (28)

The source term in Eq. (8) includes the reversible heat,

activation heat, Ohmic heat and latent heat. The latent heat is

expressed as:

Spc ¼


hcondSvl in GDLs
hcondSvl � hhydrSwdMH2O in CLs

(29)

where hcond is the condensation latent heat, and hhydr refers to

the latent heat of hydronium due to the adsorption/desorp-

tion of the membrane water [41].
Boundary and initial conditions

In order to study the water transport in the fuel cell under the

purge mode, an initial water distribution of different water

states is needed. Following the work of [23], the initial condi-

tion for the purge mode is based on a steady-state simulation

of the reaction mode. It is worth noting that the charge

transport equations Eqs. (4) and (5) are only solved in the re-

action mode. The detailed boundary conditions for the reac-

tion mode are as follows:

At the channel inlets, the mass flow rates are specified by

_ma ¼ 2a
pa;in

RTin

IrefAact

2cH2;in
; _mc ¼ 2c

pc;in

RTin

IrefAact

4cO2;in
(30)

cH2;in ¼ pa;in � RHapsat

RTin
; cO2;in ¼

0:21
�
pc;in � RHcpsat

�
RTin

(31)

The inlet temperature Tin equals to the operation

temperature.

At the channel outlets, constant pressures are defined

(1 atm.).

At the outer surface of the CBP, a reference electronic po-

tential (zero) is set; while at the outer surface of the ABP, a

constant flux (current density) is applied,

�kele
vfele

vy
¼ Iref (32)

At the outer surfaces along the x-direction, symmetry

boundary condition is imposed. No-slip boundary condition

is employed for all velocities on the solid walls, and zero-

flux boundary condition is applied on all external bound-

aries for the transport scalars in Eqs. (3e8) if not specially

described.

From above governing equations and boundary condi-

tions, the electronic potential on the outer surface of the ABP

4 can be solved, then the output voltage Vcell is obtained as

follows,

Vcell ¼ Vrev � 4 (33)

whereVrev refers to the reversible voltage of the fuel cell and is

determined by

Vrev ¼ 1:229� 0:846� 10�3ðT0 � 298:15Þ þ RT0

2F

�
ln pin

H2

þ 1
2
ln pin

O2

�
(34)

where pin
H2

and pin
O2

are the inlet partial pressures of hydrogen

and oxygen, respectively.

After the fuel cell operating under the reaction mode rea-

ches a steady state, the purge mode starts. Only the boundary

conditions for the channel inlets are changed as follows:

The velocities are specified as

uin;a ¼ Qa=Ach; uin;c ¼ Qc=Ach (35)

The purging temperature is defined according to Table 2.

The inlet mass fractions are related with the inlet pressure

and relative humidity.
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Numerical procedure

All the conservation equations are solved in the commercial

CFD software FLUENT based on finite volume method. All the

physical properties, source terms and scalars (such as fele,

fion, s and lmf) in the governing equations are implemented

with the user-defined functions (UDF). The convection and

diffusion terms are discretized by the QUICK scheme and the

second-order central difference scheme, respectively. The

iteration process at each time stepwill not be terminated until

the maximum residual is less than 10e8. Grid-independent

tests for the steady reaction mode were performed along

three different directions, and it was found that the result was

muchmore sensitive to the grid number along the y-direction

(thickness direction) compared with that along the other two

directions. Four different mesh systems thus were designed

only by altering the grid numbers along the y-direction. The

critical parameters such as the output voltage, the average

temperature and the high frequency resistance (HFR, see Eq.

(36)) of membrane were compared in Fig. 2. It can be seen that

the meshing system with the total number of computational

grid of 504, 000 was sufficient to obtain the grid-independent

results.

Validation of the model

To verify the present model, the volumetrically averaged HFR

is adopted as an indicator to monitor the status of the mem-

brane water content in MEM, and which is calculated with the

following equation:

tmem

HFR
¼ 1

Vmem

Z
1

keffion

dVmem (36)

where tmem and Vmem refer to the thickness and volume of

MEM, respectively.

The evolution of the HFR predicted by the present model

has been compared with the experiment conducted by Tajiri

et al. [24] and the numerical result studied by Sinha andWang

[23]. The operation condition in the validation work is

consistent with that in the above two literature. The cell

operates at 323 K with the fully humidified hydrogen and air
Fig. 3 e Comparison of the membrane HFR between

numerical results and experimental result
under the pressure of 1 atm; the current density before the gas

purging is 0.5 A cm�2 with the stoichiometry ratios for the

anode and cathode electrolytes of 18 and 21, respectively; all

the geometric and physical parameters are exactly the same.

The results are presented in Fig. 3. It can be observed from the

figure that the cell voltage predicted with the present model

agrees quite well with the experimental data. The predicted

evolution characteristics of the HFR are also consistent with

the existing literature including the slow rise, fast rise and

membrane equilibrium periods [22e24]. Dryness of the water

vapour in GCs and the liquid water in GDLs occurs ahead of

the membrane water desorption in CLs firstly; afterwards the

conversion between the water in ionomer and the water

vapour in CLs happens and results in an increasing variation

of membrane water in MEM. The equilibration of the mem-

brane water with the relative humidity of the purging gas is

finally achieved. In the present model the conversion of water

in different states has been fully considered and non-isotherm

simulation was conducted, thus the agreement of the present

results with test data has been very much improved.
Results and discussions

In this section, we will present the results of parameter

sensitivity studies to examine the effects of purging gas flow

rate, temperature and relative humidity on the water removal

process and the purging performance. Main focus is put on the

dryness of GCs, GDLs, CLs and MEM. It should be pointed out

that the purging process is initiated by the steady state of the

reaction mode. Detailed simulated cases are listed in Table 2.

Characteristics of the dryness process of the base case

Attention is firstly turned to the dryness of GCs. Fig. 4 presents

the time evolution of the relative humidity at the central lines

of GCs. The x-axis is normalized by the channel length. The

average inlet velocity of the purging gas is 7.44 m s�1 with its

corresponding Reynolds number of 280. Therefore, it only

takes about 0.007 s for the purging gas to reach the outlet and

hence the relative humidity decreases fast. The relative
Fig. 2 e Grid-independent study for the variations of

different parameters
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Fig. 4 e Time evolution of the relative humidity at the

central line of the channels
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humidity at t ¼ 0 refers to the water distribution in GCs at the

steady state. At this instant, along the flow direction, the

relative humidity decreases firstly and then increases. This is

because the average temperature in the outlet is about 1 K

higher than that in the inlet and it results in 1550 Pa higher of

the water saturation pressure according to Eq. (20). Besides,

the temperature in the cathode is a little higher than that in

anode, which explains slightly lower relative humidity in CGC

for the first several seconds. As the purging proceeds, the

relative humidity in CGC is relatively higher due to a larger

evaporation flux from the cathode porous medium. Fig. 4 also

displays that the relative humidity increases monotonically

along the flow direction due to the accumulation of the purged

water from the cell, and which agrees well with the result

presented by Tajiri and Wang [23] qualitatively. The

increasing relative humidity weakens the dryness ability

along the flow direction. The time evolution of the relative

humidity indicates that the rate of purged water mass flux

decreases with time since the liquid saturation decreases.

The dryness process of the porous medium is depicted in

Fig. 5. Before the gas purging, the volumetrically averaged

liquid saturation of CCL is the highest due to the water
Fig. 5 e Time evolution of the volumetrically averaged

liquid saturation and its transfer rate in the porous

medium.
production and that of ACL is the lowest because of the impact

of EOD. Liquid in GDLs can be purged much easier when

compared with that in CLs as the drying front proceeds into

GDLs firstly. However, this figure shows that the drying time

needed to purge the liquid in GDLs/CLs thoroughly does not

change much since the thickness of CLs is comparatively

small. Besides, the liquid water removal process in GDLs/CLs

occurs almost in the same time, which suggests that the

dryness in the sub-regions of PEMFC is not all sequential. This

figure also presents the evolution of the volumetrically aver-

aged liquid saturation transfer rate. It can be found that the

main drying mechanism in CCL is phase-change induced

since the phase change rate is about 3 ordermagnitudes larger

than the capillary flow rate. The capillary flow rate is obtained

from the second term in the left hand of Eq. (6). This result

indicates that the water removal process is in pendular stage

and therefore the water removal rate decreases with the

purging time throughout the whole drying process. This

phenomenon has been revealed by both the experimental

work [18,19,24,25] and the numerical studies [22,23].

Fig. 6 illustrates the evolution of liquid saturation distri-

bution at two planes. It can be found that the drying front

moves in the through-plane as the purging proceeds, which

will increase the distance between the drying front and the

interface of GC and GDL. Consequently, the purging rate of the

liquid water decreases. When the purging time is higher than

15 s, it can be clearly observed that the liquid saturation under

the anode channel has been removed thoroughly. Fig. 6(a) also

shows that the dryness of GDL/CL is not sequential. The

decreasing liquid saturation in CLs will result in the variation

of the membrane water in CLs, which will promote the dry-

ness of the membrane at the same time. This explains the

sequential variation of membrane HFR with purging time

observed in the experimental result [24]. Fig. 6(b) also shows

that the liquid saturation underneath the rib is higher than

that underneath the channel due to the difficulty to remove

the water.

Fig. 7 presents the evolution of themembrane dryness. The

volumetrically averaged temperature of the membrane drops

dramatically as the purging starts. The reason can be

explained as follows. The heat source terms (such as the

reversible heat, activation heat, Ohmic heat) disappear as the

cell shuts down, and only the heat sink of the latent heat due

to the phase change and desorption of the membrane water

exists. As shown in Fig. 5, the water removal rate due to the

evaporation decreases as purging proceeds, causing the

average temperature of membrane increases back to the

purging temperature. Similar result has been found by Cho

and Mench [20] in their experimentally study and they

concluded that the maximum temperature drop was related

with the purging flow rate. Fig. 7 also depicts the evolution of

the volumetrically averaged membrane water content and

HFR. The equilibrium membrane water content in CLs is

proportional to the liquid saturation (see Eqs. (22, 23)), and

thereby the variation of the membrane water content in

membrane is similar to that of the liquid saturation shown in

Fig. 5. The membrane proton conductivity is proportional to

the membrane water, which explains that the variation of the

HFR is contrary to that of the membrane water content. It is

noted that the membrane water after gas purging is a critical
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Fig. 6 e Liquid saturation distribution at time instants of 0, 1, 5 and 15 s. Only the sub-regions such as the CL and GDL are

displayed
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parameter determining the cold-start possibility. As is

addressed by Wang et al. [4], there exist two critical mem-

brane water content values, and above the higher one self-

start is not possible with catalyst being engulfed with ice

and below the lower one the self-start is achievable without

forming ice. The membrane water after gas purging is highly

affected by the operation conditions [1e4,10,24], and thus the

influences of the operation conditions are explored in the

following sections.

Fig. 8 illustrates the evolution of membrane water content

distribution at two cross-sections. Along the flow direction,

the membrane water increases due to the increasing relative

humidity in channels. As the purging proceeds, the mem-

brane water transforms into liquid/vapour with the desorp-

tion process in CLs (see Eq. (21)), which results in lower

membrane water content in MEM. The membrane water in

CCL is comparatively higher than that in ACL, and therefore
the membrane water diffuses from cathode to anode during

the gas purging. The membrane water under the rib is higher

than that under the channel, which is corresponding to the

liquid saturation distribution in porous medium.

In the following the influences of the gas flow rate, relative

humidity and temperature will be presented in order.

Influence of the volumetric flow rate (case 1)

The volumetric flow rate is crucial since a trade-off should be

achieved between the purging time and the purging effec-

tiveness. The influence of the gas flow rate on the water

removal attributes to two mechanisms: surface evaporation

andmotion of the liquidwater. The surface evaporation rate is

related with the Reynolds number and Schmidt number [42],

while the liquid water movement is determined by the

adhesion and drag forces [43]. As mentioned above, the
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Fig. 7 e Time evolution of the volumetrically averaged HFR,

membrane water content and temperature of MEM.
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capillary effect can be ignored since the surface evaporation

dominates the water removal in porousmedium. The dryness

of GCs is relatively fast compared with that of other sub-

regions, and therefore we mainly focus on the dryness of the

porous medium and membrane.

The time evolution of the averaged liquid water saturation

in CLs with different gas flow rates has been depicted in Fig. 9.

As expected, the increasing gas flow rate benefits the surface

evaporation and also accelerates the diffusion of the water

vapour. For example, when the average liquid saturation de-

creases to 0.01, the purging time needed for ACL/CCL is 6.3/

27.8, 5.3/25.3, 4.7/23.9, 4.5/23.3 and 4.3/23.0 s with the gas flow

rates of 0.96, 1.92, 3.84, 7.68 and 15.36 � 10�6 m3 s�1, respec-

tively. However, as can be observed from the figure, the in-

fluence of the gas flow rate on the dryness of the CLs is not

significant, which indicated that the water removal in CL is

diffusion dominated. Similar result has been observed by

Tajiri et al. [24]. The above result is a little different from the

experiment result in Ref. [32] which stated that the flow rate

was advantageous over purging time. This is mainly because

the liquid droplet exists in the channels due to a higher initial

liquid saturation; higher gas flow rate corresponding to higher

stagnation pressure and thereby can push the droplet away

physically.

Fig. 10 shows the evolution curves of the volumetrically

average HFR and membrane water with different gas flow

rates in MEM. As shown in the figure, HFR increases rapidly

with purging time and then reaches a constant. Like the liquid

water removal in porous medium, the gas flow rate does not

show much influence on the evolution of the membrane

water content. This is probably because the gas flow rate is

sufficiently large, and therefore the HFR is only determined by

the diffusion. Similar result has also been revealed by Tajiri

et al. [24]. Following the work of Wang et al. [4], we choose the

membranewater content of 6 as a critical value beyondwhich

the cold-start is not possible. When the membrane water

content reaches 6, the purging time is 14.5, 11, 9.9, 9 and 8.55 s

for the gas flow rates of 0.96, 1.92, 3.84, 7.68 and

15.36 � 10�6 m3 s�1, respectively. It is indicated that the

improvement of the overall dryness with higher gas flow rate

is not encouraged. The final membrane water is around 3.5,
which is independent on the gas flow rate. This result has also

been found in Refs. [22,24,29]. Since the final membrane water

is in equilibriumwith the relative humidity of purging gas, the

HFR therefore tends to approach the theoretic equilibrium

membrane water content.

Influence of the relative humidity (case 2)

Purging with dry gas is supposed to be the simplest and most

effective way for the water removal in the fuel cell by allowing

more water to evaporate into the unsaturated gas [3,43].

However, steep water content gradients in membrane could

easily result in themechanical stress, which would lead to the

degradation of MEM [20]. Therefore, it is essential to evaluate

the performance of the purging gas with different relative

humidities in terms of the purging efficiency and the unifor-

mity of the membrane water distribution during its dryness.

Fig. 11 shows the evolution of liquid water with different

purging RH in CLs. As expected, the purging time needed for

the dryness of the CLs decreases with a lower RH. However,

the effect of purging RH on the dryness for the cathode is

relatively complicated even though the general variation

trend is the same as for the anode, with the effect of RH being

much less. This is because the evaporation and desorption

rates for CCL are much higher than that for ACL due to its

higher liquid saturation and membrane water content. It can

be seen from this figure that during the time 0e10 s, the

volumetrically averaged liquid saturation for CCL decreases

with the decrease in purging relative humidity. This can be

explained as follows. As is depicted in Fig. 12, the maximum

volumetrically average membrane temperature drops are 5.2,

4.4, 3.4, 2.4 and 1.8 K for the relative humidity of 10%, 30%,

50%, 70% and 90%, respectively. The decreasing temperature

in the porous medium benefits the water condensation. A

trade-off between the evaporation and the decreasing tem-

perature in CLs explains the tendency of liquid saturation

evolution in CCL. It is also interesting to find that the volu-

metrically averaged liquid saturationwith the purging relative

humidity of 10% is slightly higher than that of 30% for CCL

during the purging time of 20e60 s. Besides, it takesmore time

to purge CCL thoroughly with the relative humidity of 10%

compared with that of 30%. This can be explained as follows.

Most of the liquid water in GDLs has been removed before 20 s

(see Fig. 5), and the equilibrium membrane water content

decreases with the reduction of the relative humidity, indi-

cating that more membrane water can be dragged from the

MEM and CLs. For example, the final membrane water after

gas purgingwith the relative humidity of 10% and 30% are 1.47

and 2.78, respectively. The desorbed membrane water trans-

fers to the water vapor or liquid water (see Eq. (21)), which

explains the aforementioned phenomena. Fig. 12 also in-

dicates that the surface evaporation rate shows high depen-

dence on the relative humidity in the most part of the purging

process.

Fig. 13 illustrates the evolution of the volumetrically aver-

aged HFR and the membrane water content. The dryness of

the membrane shows significantly dependence on the purg-

ing relative humidity. It is interesting to note that the mem-

brane water increases with the relative humidity of 90% for

the first several seconds. This may be explained as follows. In
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Fig. 8 e Membrane water distributions of the basic case at time instants of 0, 1, 5 and 15 s. Only the sub-regions such as the

CL and MEM are displayed
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this simulation the inlet water fluxes for anode and cathode

prior to gas purging are 8.84 and 21.04 � 10�8 kg s�1, respec-

tively. The inlet water fluxes are relatively smaller compared

with thewater fluxwith 90%RH of 65.6� 10�8 kg s�1, leading to

the above peculiar phenomenon. The membrane water with

different RHs is consistent with the equilibrium membrane

water calculated by Eq. (22). It is suggested that the final

membrane water content can be firstly predicted before the

gas purging. From Fig. 13 it can be observed that the relative

humidity should not be higher than 70% for the cold-start
possibility as beyond which the final membrane water con-

tent is larger than 6.

Influence of the temperature (case 3)

Gas purging with high temperature can enhance the surface

evaporation between the drying front and the purging gas.

Fig. 14 shows the evolution curves of the volumetrically

averaged membrane temperature and liquid water saturation

with different gas inlet temperatures. As expected, the final
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Fig. 9 e Evolutions of the volumetrically averaged liquid

saturation in CLs with different gas flow rates

Fig. 10 e Evolutions of the volumetrically averaged HFR and

membrane water content in MEM with different purging

flow rates

Fig. 11 e Evolutions of the volumetrically averaged liquid

saturation in CLs with different relative humidity

Fig. 12 e Evolutions of the volumetrically averaged

membrane temperature and liquid phase change rate in

cathode CL with different relative humidity

Fig. 13 e Evolution curves of the volumetrically averaged

HFR and membrane water with different relative humidity

in MEM
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membrane temperature increases with the purging tempera-

ture. It should be noted that the temperature of the current

collectors is kept as 333 K during the whole gas purging pro-

cess. The heat flux bringing into the cell is comparatively
small and therefore the final membrane temperature only

increases slightly. It is interesting that the dryness of the

liquid saturation in cathode CL needs a longer purging time

with a higher purging temperature. The reason is attributed to

the fact that the inlet water flux increases significantly with a

higher temperature under the same relative humidity. The

inlet water fluxes are 15.34, 24.0, 36.46 and 53.89 � 10�8 kg s�1,

respectively. The evolution of the liquid saturation with the

purging temperature for the first several seconds shows

similar variation as observed in Fig. 11. Fig. 15 presents the

evolution of the volumetrically averaged HFR and membrane

water content. Similar result can be observed for the dryness

of the membrane that it takes a longer time with a higher

purging temperature. Besides, the final membrane water

content increases with the purging temperature. Since the

final membrane temperature only changes slightly with the

purging temperature, the final membrane water content

should be related with the inlet water flux. Tajiri and Wang

[24] pointed out that the convective water flux
Qðpv;sat�pv;inletÞ

RTinAch
is a

critical parameter to determine the overall dryness of the

membrane. This assumption was based on the fact that the
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Fig. 14 e Evolutions of the volumetrically averaged

membrane temperature and liquid water saturation in

cathode CL with different purging temperature

Fig. 16 e Evolutions of the volumetrically averaged liquid

saturation in CCL and membrane water in MEM for three

purging RHs with fixed inlet water flux.
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outlet gas was kept fully humidified during the whole gas

purging process. To numerically confirm this point, the inlet

water flux for the purging temperature of 333 and 353 K aswell

as the gas flow rate are kept the same as the basic case and

simulation were conducted for three RHs (within 78% and

33%). Fig. 16 presents the dryness of the liquid saturation in

CCL and the membrane water in MEM with the same inlet

water flux. The result indicates that for the fixed inlet water

flux the evolution of the liquid saturation and membrane

water are almost the same for the three combinations of Tin

and RH, indicating that they are highly dependent on the

overall inlet water flux other than the convective water flux

with the same gas flow rate.

Evaluation of the operation parameters

The purge performance (such as the parasitic power, purge

time and membrane water distribution) can be greatly influ-

enced by the aforementioned operation parameters. During

the purging process, the energy consumption and the uni-

formity of the membrane water content distribution are
Fig. 15 e Evolutions of the volumetrically averaged HFR and

membrane water content with different purging

temperature
selected to evaluate the purging performance. Since the

pressure drop of the gas channels is small, the compression

power and the pumping power are neglected and only the

energy for heating the purging gas from the ambient tem-

perature Tamb is considered [29]. The energy consumption

required for the purging gas WEC is calculated as:

WEC ¼ 2 _mcpðTin � TambÞtpurge (37)

where cp is the specific heat capacity purging gas. tpurge de-

notes to the purging time. Tamb is chosen as 298 K.

The maximummembrane water distribution uniformity is

evaluated with the membrane water content variation x,

which is described as

x ¼ lmax � lmin (38)

where lmax and lmin are the local maximum and minimum

membrane water content at a certain volumetrically mem-

brane water content.

Fig. 17 illustrates the energy consumption and the

maximum membrane water content variation influenced by

the operation parameters. The x-axis in Fig. 17(a) refers to the

volumetrically averaged membrane water content during the

gas purging. Though the dryness of the membrane can be

enhanced with the increase of the gas flow rate slightly (see

Fig. 10), the energy consumption increases significantly. This

suggests that it is not economic to improve the purging

effectiveness with high gas flow rate. With the increase of the

relative humidity, the total purging timeneeded increases (see

Fig. 13) and therefore the total energy consumption increases

with the relative humidity greatly. It indicates that the inlet

water flux for the dryness of the fuel cell should be kept low to

guarantee the purging effectiveness. The energy consumption

increases with the purging temperature since both the purg-

ing time and the temperature gradient for heating increase.

Purging with high temperature should be avoided unless the

corresponding relative humidity is low.

Fig.17(b) shows that the maximum membrane water con-

tent difference decreases with the increasing gas flow rate. As

is addressed before, the gas flow rate benefits the dryness of

the whole membrane and a larger water flux is also beneficial
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Fig. 17 e Influence of the operation parameters on the

energy consumption and maximum membrane water

content variation difference
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for the uniformity of the membrane water distribution. The

maximum membrane water difference increases firstly and

then decrease with the relative humidity. The reason may be

explained as follows. Though the minimum membrane water

content decreases with low relative humidity, the drying rate

of the whole membrane increases correspondingly and which

may explain the lowmembranewater content difference with

low relative humidity; when purging with high relative hu-

midity, the increasing water flux and the overall membrane

water content, together with the decreasing drying rate result

in a low membrane water difference. The maximum mem-

brane water content variation increases with the purging

temperature since the drying rate decreases.
Conclusions

A transient purge model based on a two-fluid model is built to

investigate the gas purging in a fuel cell. Parameters sensi-

tivities (such as the gas flow rate, relative humidity and inlet

temperature) are performed to study the water removal
process. Evolution characteristics of the HFR have been pre-

dicted. The energy consumption and the maximum mem-

brane water difference are adopted to investigate the purging

performance. The main conclusions are as follows:

1. Water removal processes are not sequential, and the dry-

ness of GCs is relatively easier compared with that of other

sub-regions; the capillary driven flow is extremely small

and thereby the main drying mechanism in porous me-

dium is the surface evaporation; the membrane tempera-

ture decreases firstly and then increases back to the

purging temperature; the variation of themembrane water

content in membrane is similar to that of the liquid satu-

ration in porous medium.

2. The overall dryness of the fuel cell improves slightly with

the increase in gas flow rate since it is diffusion dominated;

the final membrane water content is independent on the

gas flow rate.

3. Purging with lower RH benefits the overall dryness of the

fuel cell since the surface evaporation is highly relatedwith

RH; the final membrane water content can be predicted by

the equilibrium equation before the gas purging since it is

the equilibrium water that the membrane water content

will finally reach.

4. Dryness of the liquid saturation in CCL needs a longer

purging time with a higher purging temperature and the

final membrane water content also increases with the

purging temperature; the evolution of the liquid saturation

and membrane water content highly depends on the

overall inlet water flux other than the convectivewater flux

with the same gas flow rate.

5. For the water removal under the pendular stage, purging

with low gas flow rate is of efficient energy consumption

and high non-uniformity in membrane water content; for

low energy consumption and low non-uniformity in

membrane water content, purging with low relative hu-

midity and low temperature is suggested for certain cases

in the present work.
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