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Knudsen Diffusion and Its Effect on PEM Fuel Cell Model

M. Hinaje1, W. Kaewmanee1'2, D. A. Nguyen1, S. Rael1 and B. Davat1

Abstract

With an aim of optimizing the operating points of the proton exchange membrane fuel cell (PEMFC), it is
necessary to understand physical mechanisms of the cell. The physical mechanisms which play the important
roles in the PEMFC are the gas transport in the gas diffusion layer and the proton transport in the membrane.
Tremendous equations, which require massive computational cost, are used to describe the operations of the
cell. However, the Knudsen diffusion, which is one kind of the transport mechanism in the fuel cell, is usually
be neglected to reduce the computational cost.

This paper presents a comparative study between two types of one-dimensional (1-D) steady isothermal
PEMFC models; one of which is include the effect of the Knudsen diffusion and the other one is not. The
numerical results of the transport phenomena from both models have been presented. Membrane resistances
from each case are computed to evaluate the effect of neglecting the Knudsen diffusion. The result has
shown that neglecting the Knudsen diffusion causes about 9% relative error to the membrane resistances,

which is quite significant.
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1. INTRODUCTION

Proton exchange membrane fuel cells
(PEMFCs) are the devices that convert chemical
energy into electrical energy. PEMFCs are
believed to be the power sources for the electric
vehicles in the future. The simplified structure of
the PEMFC is shown in Fig. 1. The gas diffusion
layers (GDL), the catalyst layers and the
membrane are considered as the heart of the fuel
cell. They are usually pressed together to become
one unit. This unit is recognized as a membrane
electrode assembly (MEA).

The electrical energy obtained from the
PEMFCs is mainly depended on the chemical
reactions and the transport phenomena in each
part of the cell. There are mainly two kinds of the
transport phenomena in the cell. One of them is
the Stefan-Maxwell diffusion which represents the
collision among gases molecules. The other one is
Knudsen diffusions which represent the collision
between gases molecules and porous wall of the
fuel cell materials. However, the Knudsen diffusion
is often vanished from the fuel cell model by the
assumption that the mean free paths of gases
molecules are much smaller than the pore size of
the fuel cell material; i.e., the effect of molecule-

molecule collision will dominate the total mass
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Fig. 1. A structure of a PEM single cell
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TABLE |
NOMENCLATURE

a Activity of water

Bo  Viscous flow parameter

G Concentration of the species i (mol.m'a)
D Effective diffusion coefficient of water (m”.s”)
D, Knudsen diffusion (m’.s")

Dy,o Diffusion coefficient of water (mz.s.1)

d, Pore diameter of the GDLs (m)

EW  Equivalent weight (kg.mol )

F Faraday constant: 96485 (C.mol'1)

I Current (A)

Jei  Current density (Am?)

Ly GDLs thickness (m)

Lo Membrane thickness (m)

M, Molar mass of the species i (kg.mol'1)

nd Electro-osmotic drag coefficient

P Partial pressure of species i (Pa)

P’ Partial pressure of H,, O2 at the cell entry

(mol.m_a)

P..« Saturated pressure (Pa)

Pr  Total pressure (P =>P; ) (Pa)

R Universal gas constant, 8,314 J. mol 'K
RH™®  Anodic and cathodic relative humidity (%)

n  Membrane resistance (Q.mz)
Temperature (K)

Yi Molar fraction of species i (-)

z Length (m)
Greek symbols

€ Dry porosity of the electrode

o Charge transfer coefficient

1’]2"C Coefficient of viscosity of the gas mixture
A Water content (-)

Psy  Membrane density (kg.m's)

o, Protonic conductivity (S.m™)

Tortuosity




Subscript

i Components, H,, O,, H,0, and N,
\Y Vapour water

| Liquid water

w Water

Superscript

a Anode

(o] Cathode
e Entry
m Membrane

prod Produced

transport phenomena. The main reason for this
assumption is to have a simpler model which
reduces the computational cost when applied to
the finite element computing machine. As the
assumption has made, the model trade their
accuracy with their simplicity. So that, it is
interesting to observe the difference that the
neglecting has made.

the effect of

This research investigates

neglecting the Knudsen diffusion effect by
compares two types of one-dimension (1-D)
models of the MEA where one of which neglect
the Knudsen diffusion and the other one take

Knudsen diffusion into account.

2. TRANSPORT PROCESS IN FUEL CELL

The fundamental operation of the fuel cell can
be described as follows. At the anode side, the
hydrogen, which is the fuel of the cell, diffuses
through the anode diffusion layer to the catalyst
site. The oxidation occurred at this site, where a
hydrogen atom loses two electrons (1) and the
remainder which considered as protons become
part of hydronium ions H30+ (here simply refer to

as proton or H+). The proton immerses into the
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Fig. 2. Schematic representation of the gas flows

in the fuel cell
H, - 2H" +2¢” (1)
%02 +2H" +2¢~ - H,0 )

membrane and the electrons, which provide useful
electrical power, flow through an external circuit and
return to the cathode side. In the meantime, proton
travels through the membrane to the cathode side
where an oxygen atom reacts with two protons and
two electrons, which result in water and heat (2).

The MEA models presented here are 1-D steady
state models. The models represent the coupled
transport process in GDLs, catalyst layers, and a
membrane. These models assume that:

®  water exists only in the gas phase at the
water in

electrodes, and as solute

membrane. The single phase model
described here is sufficient for modeling the
mass transport up to medium-high current
densities [1], [2];

®  cell temperature remains constant and
homogeneous throughout the cell;

®  catalyst layers are very thin and are
considered as reactive surfaces ;

®  membrane is gas-tight;

®  current density across the MEA surface is

homogeneous.
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A. Transport in the GDLs

The fuel cell is usually fed by dry or humidified
hydrogen and air. The gas diffusion region of
thickness Ly begin at z = 0 on the anode side (or
at z = (2 Ld)+Lm on the cathode side) and
reaches the boundary at the point z = Ld (or at z
=Ld + Lm).

At the anode and cathode GDL entries, the

partial pressure of each species is given by

Pﬁz (z=0) =Py —RH" Py, 3)
P2 (z=0)=RH? Py (4)
H,0 sa

P(gz (z=2L4+L,)=021*P{ ~RH P,  (5)
Plgz (z=2L4+L,,)=0.79%Pf ~RH® P,  (6)

Pﬁzo(z =2L4q+Ly)=RH® Py )

In the above equations, the saturation pressure
varies with temperature and can be calculated

using the empirical expression [3]:

Log P - 2.1794+0.02953T
- 9.1837(10 T +1.4454(10\T°  (8)

1) Stefan-Maxwell and Knudsen diffusion

For gas diffusions in porous media, the mean
free path determines the significance of collision
between gas molecules and the porous wall. The
Stefan-Maxwell diffusion dominates the total
diffusion when the pore diameter is bigger than
one hundred times of the mean free path, while
Knudsen diffusion dominates the total diffusion
when the pore diameter is smaller than a tenth of
the mean free path. Any pore diameter between
these two limits will have the combined effect of
both Knudsen and Stefan-Maxwell diffusion [4].

Combining Knudsen and Stefan-Maxwell diffusions
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together, the equations for mixture of each species

are [5]:

_VPiajc _ 1 a,c a,c qu,c Bo v pa.c
= N +y Y| —— VP

RT pgf| ! P | RT e
)

1 (a,c a,c a,c a,c)
T VN YN

With

Yyhe =l (10)

- (11)

a,c _
i =

> P =pp° (12)
The pressure of the mixture Py is evaluated with
the assumption of ideal and adiabatic gas.
Nitrogen takes no part in the reaction; hence its
flux is equal to zero:

N¢ =0

Ns (13)

From mass conservation equation:

P2
é;T-rV.N?’C =0. (14)

As this is the steady-state analysis,

6Pia’7=0, therefore V.N®C =0 , Le. the flux of
the considered species NI° is constant.

The inlet mixture gas is constituted by two
species in the anode, which are H, and H,O, and
three species in the cathode, which are O,, N,, and
H,0. Thus, with the assumptions listed above and
replacing P; by the sum of the partial pressures
(12), and the molar fraction by its expression given
in (11), the diffusion equations in the anode and

cathode can be rewritten as:



01SENSIBIMSASAEANSONANNNSSU WS:DOUINAWSUASIKTO
UA 1 auuf 2 NnsNmAU - SUSIAU 2553

oPS

In anode,
“ZO(Pf) +Pg +PS (14D Bo |,
oa opa oz 2 2 2 20p e
OPHZ ( a | pa 14P2 Bo N Hzo( a a )Pa Bo H20.k
H, T 'H,0 H, a H, T 'H,0/'H, a c c
o Dy, i oz Dy, i &JFPNZ (Pc +PC 4 pe )Pc By
oz oz 0, TN, TYH,0/'H,0 e
NG N2 H0.k
_pa Hy0 __Hy |_pa a0 . . ‘
_PHzRT Dsffi —_— PHZORTNHZ Deff + . N;\lz NBZ N;—lzo
Hy-H0 Hyk Hy-H0 Hy k =Py, oRT ot oot
07-N3p H20-07 H70.k
(15)
c . 1 1 . . 1 1
“Py,RTNg 0 o ¢ ~Po,RT Ny 0 o+
H70-Np H0.k H0-07 H0.k
a apa
H,0 Bo H, ( Bo
0 [+ Py 1 P 0 [+ 0, P R0 =0 (19)
H0.k HZO,kn
a Na 1 1
_pa Hy H,0 a a H : B H A
=RioRT s [ PRT Nio| g The interactions between a pair of species (i,j)
Hy0-Hy Hy0.k H0-Hy H0k . . . . .
are characterized by the binary diffusion coefficient
(16)
[6]:
In cathode, b —DO(PO TO)PO T )2 20
1] — 1_] > 0 0 ( )
52( Bo T'\T
C C C C
p= P02+PN2+PH20 1+PO2D771° +
0.k
oPS  OPC B The effective diffusion coefficients which
N, , “Hy0 (P° P 4 PC )Pc o _
oz oz 02 " "Ny " THy0/0; [y c . .
el incorporate the effect of the GDLs porosity are
c Cc c H H .
pe rrl Nio Mo, described by Bruggeman relation:
0, Dcff Dcff D 3
07-Np 03-Hp0 07,k - =
1 1 1 1 Diej :Dijg2 (1)
C C C C
~PR,RTNG, oy ~Pf oRTNG, Ty
07-Np 05,k 07-Hy0 05,k
17) Using the Onsager reciprocal relation [7], [8], we
also have:
C
Na Bo
% (P(C)z +Prf12 +P1:20 1+P§2 5 + e o
Nj.k DE. :D?i (22)
C C
8[’02 +6PH20 (PC +PS +P¢ );c Bo —
oz oz 02 "Ny TTH0/ Ny [y K
N2,k . . . . -
. . . D,y is the effective diffusion coefficient between
P¢ RT 0 Ni0 B No, . . .
Ny | Tyeff e b species i and the porous medium. The D, are
Ny-03 Np-Hp0 03,k
known to be independent of pressure and
1 1 1 1
~PS RTNS, | ———+—— |-PS RTNS, | ———+—— " .
02 No| oot F H,0 Na| peff D composition  because the species behave
Ny-0y Np.k Ny -H0 Na.k
(18) independently in low pressure Knudsen regime [9].
dp [8RT
Di,k =P (23)
3\ M

where d, is the pore diameter and M; is the

molar mass of the specie i.
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The last parameter needed for the porous
medium model is the viscous-flow parameter B,

which is given by the following relation [9]:

(@)’
T 24

B,

where €/t is the porosity-tortuosity factor of the

porous medium.

2) Neglecting the Knudsen diffusion

From the preceded section, we add the
hypothesis that the Knudsen diffusion has very
small effect to the total diffusion compared to the
Stefan-Maxwell diffusion. So that, we can neglect
the Knudsen diffusion terms from the preceded

model as follow [10]:

In anode,

(24)

a N'd
Hy ( a a )7 a H,0 _pa a ;
5, Pl +Pi0 )= PR PiLoRT NG, | —
Hy-H0 Ha-Hy0
(25)
P N2
H,0 ( a a )7 a Hy _pa a 1
2 P, * Phiy0/= Pr,oRT oeft Py, RTNY o Dot
Hy0-Hj 1,0-H,
(26)
In cathode,
C NC NC
0, ( C c c )_ c Ny H,0
o Po, PN, *Ph0 /= Po,RT| — 5+ —x
07-Ny 03-H0
N¢ N¢
c 0 c [oF)
PR RT| e | R0 e
03-Ny 07-Hy0
(27)
oP¢ N¢ N¢
Nz( c c c )_ c 0y Hy0
Fe Po, TP, T P,0/= P, RT) ot
N2-07 N2-H20
C NC
c Na c Ny
PO, RT| | =P, oRT|
N2-07 N2-H30

(28)
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ap° ¢ N
HZO( c c c )7 c Na o))
% o, + PN, * P07 Pr,oRT Dot pet
02-N3 1H,0-07
N¢ N¢
c Hy0 c c H,0
7PN2RT et 7POZRT NHZO et
H,0-Nj H0-02
(29)

is then coupled to the

in fig. 2. The

The above system
membrane transport as shown
equations for the membrane transport will be

discussed in the next section.

B. Transport in the membrane

1) Water transport

The water ftransport in the membrane is
governed by two competing diffusion mechanisms.
One is due to the proton displacement from anode
to cathode which drags some water molecules with
them; this phenomenon is called electro-osmotic
drag. The other mechanism is back diffusion of
water from cathode to anode. This back diffusion is
a result of the water concentration gradient created
in the membrane by the electro-osmotic drag and
the water produced by the chemical reaction at the
cathode.

the total flux of water

Therefore, mass

transported inside the membrane is given by [11]:

; dc
m Jeell ym H,0
NHzo =n4 F H20 g, (30)
where D™ is the diffusion coefficient of water

H,0
which calculated by Fuller and Newman [12] as

follow:

Dm

Hyo (31)

= (2.1 1077 )l exp(— gj

The drag coefficient, ny, for Gore membranes is

about unity [13], [14].



Water concentration in the membrane, cy,o
(moI/m3), is defined by using the equivalent weight
EW (kg.mol'1 S0O;), the dry membrane density,

Pary (kg.m'3), and the water content [4]:

Pd
CH,0 :ﬁk (32)

Substituting (32) into (30) yields the total water

flux as a function of water content A

Pdry dh

NT  —p jcell_ m

H0 04T T U0 B dz (33)
The relation in (33) can be expressed as:
dz = F; f{/y : Pliso . (34)
Najee ~F Ny g
The correct parameter should satisfy:
L PPt Do (35)

" EwW A ndjcell -F N:xlzo

2) Water content in the membrane

To integrate (35), the water content at the
membrane/electrode interfaces, A, and A, must
be known. The relation of the water content with
the surrounding medium is given by water uptake
measured at different temperatures [15].

Water content of the membrane can be
estimated from the surrounded vapour activity, a,
by Springer's method [16] which is shown in (36),
(37). However, water content information from
Springer’s experimental is available only at 30°C
and 80°C. The estimated water contents between
these two temperatures can be obtained by linear

interpolations [16].
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Agoe = 0.3+10.8a —16a” +14.1a° (36)

0.043+17.81a—39.85a° +36a’ 0<a<l
My =114+1.4(a~1) 1<a<3
16.8 a>3

(37)

The activities at the anode-electrode/membrane
interface, a,, and at the cathode-electrode

/membrane interface, a, can be calculated as

follow:
_yd P (38)
a7 Hy0 Pgat (T)
c _ P (39)

a =
¢~ Hy0 Pgat (T)

C. Electrode membrane interfaces

At the membrane/electrodes interface, the

continuity of water flux density is defined as:

a _ m —
Ni o =NI o atz= L, (40)
c N pro _
o =Nho*NEY atz=Lel,  (@41)
where NP is the water produced by the redox

H,0
reaction. For a given load current density j.,, the

gas consumptions and the water produced are

equal to:
_ jcell _
No, =uF onz=L4+L_, (42)
Jeell -
H, :% onz=Ly (43)
Jeell
II)JIr;O = ;eF onz=L4+L,, (44)

D. Membrane resistance

As the membrane resistance depends on the
humidification state of the fuel cell, one can say the

conductivity of the membrane [16] is related to the
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water content of the membrane. Increasing of
water content in the membrane (PEMFC well
humidified) will result in the increasing of the
membrane conductivity and decreasing of the

membrane resistance.

Lyg+Lpy
Ry= [ "—' a7, [Qm?] (45)
Ly GH+ (2)

where O+ is the membrane conductivity and

expressed as follow:
11

12 ( j
o =(051390-0326)c % T/ for A >1
(46)
If A is less than 1, the ionic conductivity is

assumed constant [18].

3. RESULTS AND DISCUSSION

In this part, we will first show the influence of
the porosity and the pore size on the molar
fractions and on the water flux in the membrane.
The simulations will be made for different porosity
from 0.3 to 0.6 and for various radius pore sizes
from 5um to 15um. Table Il shows the

simulation parameters.

A. Influence of the porosity
The diffusion of oxygen and water are plotted
along the GDLs when fixing the radius pore to

10 pum .

0,199

0,198

—y02(0,4)
---y02 (0,6)
—y02 (0,3)

0,197

0,196

Molar fraction

0,195

0,194

0,193 T T T T ]
4,00E-04 5,00E-04 6,00E-04 7,00E-04 8,00E-04 9,00E-04
Ld

Fig. 3. Oxygen molar fraction along the GDL

without Knudsen diffusion effect
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TABLE Il
SIMULATION PARAMETER

Anode and Cathode

operating pressure (atm) 1
Cell temperature (°C) 50
Rha(%) 0
Rhc(%) 65
Lm (10° m) 15
Ld (10° m) 400
EW (kg.mol) 0.95
pay (kg.m) 2020
n* (10° m) 8,61
n° (10° m) 19,52
T /2
| (A) 10

* depends on the temperature and the relative

humidity of the inlet gas.

The O, molar fraction at the membrane/cathode
interface increases with the porosity with both
models as it can be seen in Fig. 3 and 4. However,
a difference can be noticed on the variation of the
molar fraction along the gas diffusion layer. As the
Knudsen diffusion is neglected, the molar fraction
increases linearly with the distance, which is not the
case in Fig. 4 as we can see a non-linear profile of

0, along the diffusion distance.

0,198
0,197 4
——y02_knudsen (0,4)
yO2_knudsen (0,6)
§ 0,19 ——y02_knudsen (0,3)
k]
o
&
&
°
2 0,195
0,194 1
0,193

4,00E-04 5,00E-04  6,00E-04 7,00E-04  8,00E-04 9,00E-04
Ld

Fig. 4. Oxygen molar fraction along the GDL with

Knudsen diffusion effect



If we compare the oxygen and water molar
fractions computing with the both models, we can
notice in Fig. 5 that the Knudsen diffusion allowed
less molecules of oxygen to reach the
membrane/electrode interface (we can see the
same effect with H,). Since the sum of the molar
fraction is equal to unity, if the oxygen molar
fraction decreases the vapor molar fraction will
increases as shown in Fig. 6 and 7. The
increasing of vapor molar fraction at the
membrane/electrode interfaces affects the water
content of the membrane as shown in Fig. 8, and
then, results in the decreasing of the membrane

resistance.

0,198

0,197 4

02_knudsen
yo2

=3
©
>

Molar fraction
o
©
a

0,194

0,193 . . . . .
4,0E-04 5,0E-04 6,0E-04 7,0E-04 8,0E-04 9,0E-04
Ld (m)

Fig. 5. Oxygen molar fraction (&= 0.3 ) with and

without Knudsen diffusion

0,08 -

0,07 1
0,06 -
c
s
° ——yH20c (0,4)
£ 0,05 yH20c (0,6)
k- ——yH20c (0,3)
o
£
0,04

0,03

0,02 : : : : .
4,00E-04  500E-04  600E-04  7,00E-04  800E-04  9,00E-04
Ld (m)

Fig. 6. Water molar fraction diffusion along the

GDL without Knudsen diffusion effect
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0,08
0,07
0,06
<
S
§ 0,05 - ——yH20c_knudsen (0,4)
5 yH20c_knudsen (0.6)
E ——yH20c_knudsen (0,3)
0,04 -
0,03
0,02 ! T T T 1
4,00E-04 500E-04 600E-04 7,00E-04 800E-04 9,00E-04

Ld (m)
Fig. 7. Water molar fraction diffusion along the GDL

with Knudsen diffusion effect

3.2

2,8

2,4

—water content knudsen
-~ water content

water content

1,6 T T T ]
4,00E-04 4,04E-04 4,08E-04 4,12E-04 4,16E-04
membrane thickness (m)

Fig. 8. Water content of the membrane with and

without Knudsen diffusion (¢=0.3)

B. Influence of the radius of the pore size

The pore sizes parameter is appeared only in
the model that incorporated the Knudsen diffusion
effect. The following numerical results are obtained
by using the data given in table 1 and with £ =0.3.
As one can expect, the O, molar fraction at the
cathode membrane interface is varied according to
the radius of the pore size.

Water profiles are also affected by the radius of
the pore size and eventually influence the

membrane resistance as shown in Fig. 11.
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0,196 4
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0,193 T T T T |
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Fig. 9. Diffusion of O, along the gas diffusion layer
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By comparing the membrane resistance computed
with both models, we can highlight that the two
curves are not close to each other. The study
shows that neglecting the effect of Knudsen
diffusion can lead to about 9% relative error on the
membrane resistance value which is quite

significant.

4. CONCLUSION

In this paper the 1-D simulations for a steady,
isothermal, humidified PEM fuel cell have been
made. The simulation pays particular attention to
the transport phenomena occurred in the gas
diffusion layers and the membrane. Various effects
from varying parameter such as porosity or radius of
pore size have been shown. The simulation results
show that the simplification by neglecting the
Knudsen diffusion effect introduces about 9% of
relative error to the membrane resistance which is
quite significant. Then, if a high precision for the
membrane resistance is needed, the Knudsen
diffusion effect should not be removed from the

model.
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