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a b s t r a c t

The process of heat transfer within porous media is usually considered as a transport through large
numbers of straight channels with uniform pore sizes. For the prediction of effective thermal conductivity
of gas diffusion layer (GDL), morphological properties such as the tortuosity of channels and pore-size
distribution of this porous layer should be considered. Thus in this article, novel parallel and series-parallel
prediction models of effective thermal conductivity for the GDL in proton exchange membrane fuel cell
(PEMFC) have been derived by fractal theoretical characterization of the real microstructure of GDL. The
prediction of fractal parallel model for carbon paper, a basal material of the GDL, is in good agreement
with the reference value supplied by Toray Inc. The prediction results from the proposed models are also
reasonable because they are distributed between the upper and lower bounds. Parametric effect has been
investigated by using the presented models in dimensionless formalism. It can be concluded that dimen-
sionless effective thermal conductivity (k′

eff) has a positive correlation with effective porosity (ε) or the
pore-area fractal dimension (Dp) when ks/kg < 1; whereas it has a negative correlation with ε or Dp when

ks/kg > 1 and with tortuous fractal dimension (Dt) whether ks/kg < 1 or not. Furthermore, these fractal
models have been modified by considering the effect of polytetrafluoroethylene (PTFE) incorporated into
the pore spaces of carbon paper, and the corresponding model prediction shows that there is an increase
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. Introduction

Thermal conductivity is generally considered as a significant
aterial parameter in the heat transfer within a gas diffusion

ayer (GDL), which is modeled as a uniform porous medium,
nd is inevitably used in the thermal simulation of a proton
xchange membrane fuel cell (PEMFC). In this article, the pro-
ess of heat transfer within porous GDL has been investigated and
uitable prediction models of effective thermal conductivity have

een suggested by fractal theoretical characterization of the real
icrostructure of GDL.
The complexity of heat transfer in inhomogeneous porous media

s due to both solid and fluid phases and random pore morphology.
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tivity due to the filling of PTFE that has high thermal conductivity.
© 2008 Elsevier B.V. All rights reserved.

he process of heat transfer follows different patterns for varied
ore structures. In general, heat transfer is controlled by the mech-
nisms of convection, radiation, and conduction.

Convective heat transfer occurs when fluid flows within pores.
enerally, the effect of convection is more apparent in the case of

arge pore sizes, whereas it can be neglected for small pore sizes
<100 �m) at lower temperatures (<373 K) [1] because of lack of
ntensive fluid-circulation within the pores.

Radiative heat transfer occurs through the adsorptive or radia-
ive heat emission of pore walls. From a study on coal chars, it has
een found that the mechanism of radiation has a significant effect
n heat transfer through large pore sizes (>10 �m) at high temper-
tures (>1000 K) [2], whereas for most carbonaceous materials, the
ffect of radiative heat transfer can be neglected for temperatures
elow 1000 K.
For the GDL of PEMFCs, because the working temperature is
ower than 373 K and because the pore sizes of GDL are smaller
han 100 �m [3], neither convection nor radiation is significantly
nvolved. Thus, heat transfer within GDL is controlled only by the

echanism of conduction. Although the process comprises only

http://www.sciencedirect.com/science/journal/03787753
mailto:a_laly@163.com
mailto:jsxiao@whut.edu.cn
mailto:quanshuh@263.net
mailto:panmu@whut.edu.cn
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eat conduction, it is still complex because it involves the following
hree processes:

1) Heat transport within carbon fiber;
2) Heat transport within fluid in pores;
3) Heat transport between connected carbon fibers.

The dominant mode of transfer is determined by the contribu-
ion of the solid and fluid phases to thermal conductivity. If the
hermal conductivity of the fluid is greater than that of the carbon
bers, the heat transfer through fluid becomes dominant. The com-
lexity of the heat-transfer process is attributed to various factors,
uch as material properties of the solid phase; shape, size, and size-
istribution of pores; and type of component, state, and properties
f fluids. In addition, pressure and temperature also have signifi-
ant effects on heat transfer. Therefore, the exact determination of
he effective thermal conductivity is highly difficult.

. Prediction methods for effective thermal conductivity of
orous media

In general, thermal conductivity can be predicted by empiri-
al formulas, numerical simulations, or theoretical models. Table 1
hows some specific values of thermal conductivity, which are
erived from experimental measurements [4].

.1. Empirical formulas

Most of the pure empirical or semiempirical formulas with sev-
ral empirical constants are derived by polynomial fitting methods
2,5,6]. Generally, these empirical constants do not indicate any
pecific physical meanings, and their values derived from different
esearches lack uniformity.

.2. Numerical simulations

Numerical simulations can be used for the research of het-
rogeneous media with discrete hierarchies. For the study of a
orous medium, it is necessary to build a geometrical model of
he porous medium and specify one of the numerical methods,
uch as finite element method [7], finite difference method [8], or
oundary element method [9]. Subsequently, through simulation,
hermal conductivity can be predicted and parametric effect can
e studied. However, because the geometrical model varies with
he microstructure of porous media, it always needs rebuilding for
ifferent research objects; moreover, numerical simulation is time-
onsuming, and this prediction method is unsuitable for fast and
onvenient prediction of thermal conductivity.
.3. Theoretical models

Theoretical model prediction of thermal conductivity is carried
ut by using theoretical expressions. For the theoretical researches

able 1
arious specific values of thermal conductivity

aterial Thermal conductivity
(W m−1 K−1)

Material Thermal conductivity
(W m−1 K−1)

ilver 4.186 × 102 Hydrogen 0.167
luminum 2.093 × 102 Oxygen 0.025
uartz 8.392 Air 0.026
andstone 3.767 Benzene 0.159
lay 0.837–1.256 Petroleum 0.147
ater 0.461 Glass 0.502–1.088
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n porous media with idealized structures, there are two types of
heoretical models, effective medium model and layer model.

.3.1. Effective medium model
Typical effective medium models are sphere, ellipsoid, cube, and

ube models.
Hashin and Shtrikman [10] have applied the sphere model, along

ith the variation principle, to find the upper and lower bounds
f the effective magnetic conductivity for a multiphase mixture
n the basis of uniform and isotropic assumptions. These bounds
re also applicable to the thermal conductivity. Furthermore, the
ower bound klow and upper bound kupper can be determined by
he following equations:

low = k1 + ε2

1/(k2 − k1) + ε1/3k1
(1)

upper = k2 + ε1

1/(k1 − k2) + ε2/3k2
(2)

here k2 > k1, they are the widely accepted bounds for uniform
nd isotropic materials and are dependent only on the volumetric
raction.

Grant and West [11] have adopted a three-dimensional tube unit
o emulate a two-phase system and have obtained the effective
hermal conductivity keff as

eff = 1
3

Xmkm + (1 − Xm)ks (3)

here km and Xm are the thermal conductivity and the volumetric
raction of tubular inclusions, respectively, and ks is the thermal
onductivity of the second phase.

Hsu et al. [12] have used a three-dimensional lumped-parameter
odel for the derivation of the effective thermal conductivity of

patially periodic porous media and have obtained the following
esult:

keff

kf
= 1 − �2

a − 2�a�c + 2�2
a �c + �2

a �2
c

�
+ �2

a − �2
a �2

c
1 − �a + �a�

+ 2(�a�c − �2
a �c)

1 − �a�c + �a�c�
(4)

here kf is thermal conductivity of the fluid phase, �a = a/l, �c = c/a,
and a are the geometrical lengths, c is the contact length, � repre-
ents fluid/solid thermal conductivity ratio.

Every parameter in these effective medium models has a clear
hysical meaning, but it is difficult to obtain some of the model
arameters; moreover, the above models, not the general ones, can
e only applied to specific porous media.

.3.2. Layer model
The parallel or series layer models are widely used for prediction

f the effective thermal conductivity of a two-phase system. The
ffective thermal conductivity kp can be calculated by the parallel
odel using the following equation:

p = k1ε1 + k2ε2 (5)

here ε1 and ε2 are the volumetric fractions, respectively; and k1
nd k2 are the effective thermal conductivities of the two phases,
espectively.

Using the series model, effective thermal conductivity ks can be
btained as

1 ε ε
ks
= 1

k1
+ 2

k2
(6)

Both parallel and series models are usually used for the deter-
ination of the upper and lower bounds of the effective thermal

onductivity.
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of heat transfer for the solid phase is εA. The heat transfer within a
porous GDL can be simplified as a transport through parallel chan-
nels of the solid and gas phases as shown in Fig. 3, where the parallel
gas channels have fractal structure, and Rg and Rs are the ther-
mal resistances of the gas and solid phase, respectively, kg and ks
Fig. 1. Porous medium composed of pores in two directions.

For porous media, numerous capillary channels both parallel
nd perpendicular to the flow direction (Fig. 1) exist; therefore, the
ffective thermal conductivity can be determined by the series-
arallel model:

eff = 1
((1 − �)/kp) + (�/ks)

(7)

here � is the ratio of the number of perpendicular channels to the
otal number of channels.

Usually, ideal geometrical models are used for inferential rea-
oning formulas. Among these models, the straight capillary model
ith uniform pore sizes is widely used. Because these geometrical
odels are regularly arranged, they are inapplicable to real porous
edia with disordered microstructural characteristic.
Thompson et al. [13] have found that real porous media have

fractal characteristic. Several studies have focused on the appli-
ation of the fractal method to the prediction of effective thermal
onductivity [14–19]. It can be accomplished by two methods. One
ethod is the application of fractal geometrical models such as

andom Sierpinski carpets in the simulation of thermal equations
14,15]. In contrast with the normal volume-average models, the
ractal models are more realistic because they consider the disor-
ered characteristic, but the numerical simulation needed in this
ethod is time-consuming. The second method is the application

f fractal theoretical models, along with the effective medium and
ayer-analog methods [15–19]. This method is suitable for both ana-
ytical solution and fast prediction. Therefore, this method has been

dopted here.

A previous study by the authors has shown that microstructures
nd pore-size distribution of the GDL in PEMFC have a fractal char-
cteristic [3]. In the following section, the analytical solution model
f the effective thermal conductivity is derived on the basis of the
ractal description of GDL. Subsequently, the effects of microstruc-
ural parameters on effective thermal conductivity are investigated.
rces 185 (2008) 241–247 243

. Fractal model of effective thermal conductivity of GDL in
EMFC

.1. Fractal parallel model

Experimental investigations on permeation in porous media
ave shown that the channels through which liquids permeate have

ractal characteristics. Similarly, the heat-transfer routes within
orous media may also have fractal characteristics and can be rep-
esented as random Koch curves. Porous carbon paper, made from
raphite fibers, is used for the preparation of the GDL in PEMFC. The
eat transfer within GDL is assumed to be similar to that within
he tortuous fractal parallel channels with different pore sizes and
s depicted in Fig. 2.

The length L(�) of the capillary pathway is related to the capillary
ize � (i.e. the pore diameter) by the following fractal relationship
20]:

L(�)
L0

=
(

L0

�

)Dt−1
(8)

here L0 is the representative or linear length of these capillary
athways towards the flowing direction, and Dt is the tortuous
ractal dimension.

The tortuosity of the capillary pathway � can be obtained by

=
(

L(�)
L0

)2

=
(

L0

�

)2Dt−2
(9)

Another characteristic of porous media is that the cumulative
ore population N in a unit cross-section may be mathematically
xpressed as follows [20]:

(L ≥ �) =
(

�max

�

)Dp

(10)

here Dp is the pore-area fractal dimension, and � and �max are the
ore size and the maximum pore size of porous media, respectively.
he first derivative of Eq. (10) with respect to � is

dN = Dp�Dp
max�−(Dp+1) d� (11)

The total area of the unit cell A can be described as follows [21]:

= �Dp�2
max

4ε(2 − Dp)

[
1 −

(
�min

�max

)2−Dp]
(12)

On the basis of the above fractal descriptions of the GDL, the heat
ransfer through parallel channels is studied, and than the proposed

odel is modified by the series-parallel method. A schematic rep-
esentation of a porous medium with parallel channels is shown
n Fig. 3, where ε is the porosity and A is the cross-sectional area
erpendicular to the direction of heat flow; then, the effective area
Fig. 2. Effective fractal path of heat transfer.
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ig. 3. Parallel paths for the conduction of heat within the gas and solid phases of
he GDL.

re their respective thermal conductivities, L0 indicates the linear
engths of the channels for the transfer of heat flux Q, and L(�)
enotes the actual length of the tortuous channel.

First, a fractal parallel model of effective thermal conductivity
or the GDL is deduced as follows.

The thermal resistance of a single channel, R(�), can be
xpressed as

(�) = L(�)
A(�)kg

= L(�)
(��2/4)kg

= 4L(�)
��2kg

(13)

urthermore, the number of channels with pore size � is −dN; their
arallel thermal resistance RN(�) can thus be expressed as

N(�) = R(�)
−dN

= 4L(�)
��2kgDp�Dp

max�−(Dp+1) d�
(14)

ubstituting the definition formula of L(�) into Eq. (14), the follow-
ng relation is obtained:

N(�) = 4LDt
0 �1−Dt

�kgDp�Dp
max�1−Dp d�

= 4LDt
0

�kgDp�Dp
max�Dt−Dp d�

(15)

ccording to the parallel principle of electric resistance, the thermal
esistance of the gas phase, Rg, can be calculated by the expression

g = 1∫ �max

�min
1/RN(�)

= 1∫ �max

�min
(�kgDp�Dp

max�Dt−Dp /4LDt
0 ) d�

= 4LDt
0 (Dt − Dp + 1)

�kgDp�Dt+1
max [1 − (�min/�max)Dt−Dp+1]

(16)

The thermal resistance of the solid phase, Rs, is as follows:

s = L0

(1 − ε)Aks
(17)

Thus, the total resistance of the porous medium, R, can be
btained as follows:

= 1
(1/Rg) + (1/Rs)

= L0

Akeff,p
(18)

here keff, p is the parallel effective thermal conductivity of the
orous GDL, and from Eq. (18), the following expression is derived:

eff,p = L0

(
1 + 1

)

A Rg Rs

= �kgDp�Dt+1
max [1 − (�min/�max)Dt−Dp+1]
4ALDt−1

0 (Dt − Dp + 1)
+ (1 − ε)ks (19)

ubstituting Eq. (12) into Eq. (19), keff, p is obtained:

k

k

rces 185 (2008) 241–247

eff,p = �kgDf�
Dt+1
max [1 − (�min/�max)Dt−Dp+1]

4LDt−1
0 (Dt − Dp + 1)

× 4(2 − Dp)ε

�Dp�2
max[1 − (�min/�max)2−Dp ]

+ (1 − ε)ks

= kg(2 − Dp)ε�Dt−1
max [1 − (�min/�max)Dt−Dp+1]

LDt−1
0 (Dt − Dp + 1)[1 − (�min/�max)2−Dp ]

+ (1 − ε)ks

(20)

his is the fractal model of effective thermal conductivity for the
DL based on parallel theory.

When the channels are straight, i.e. Dt = 1, substituting this value
nto Eq. (20), the following relation is obtained:

eff,p = kgε + (1 − ε)ks (21)

t is the general formula for the calculation of effective thermal
onductivity for a two-phase parallel system.

The comparison of Eq. (20) with Eq. (21) indicates that their
econd terms are the same, whereas the first ones are not. Eq. (20)
hows that the microstructural parameters affect only the thermal
onduction of the gas phase because the fractal characteristics of
he pores that have an effect only on gas phase are considered.

From Eq. (20), it also can be observed that the parameters have
lear physical meanings and there are no empirical constants. This
eneral theoretical model can be used both for prediction of effec-
ive thermal conductivity of two-phase porous systems and for the
tudy of the effect of porosity and other microstructural parameters
such as tortuous fractal dimension Dt and pore-area fractal dimen-
ion Dp). From the viewpoint of characterization of microstructure,
his fractal model is closer to reality than the common models based
n volume average.

.2. Modification of the fractal parallel model

Because there are channels both parallel and perpendicular to
he direction of heat flow within GDL in PEMFCs, both their effects
hould be considered. For the ultrathin GDL with a thickness of
.9 × 10−4 m, there may be a few channels perpendicular to the
irection of heat transfer. The series theory can be applied to modify
he fractal parallel model proposed above and to obtain the effective
hermal conductivity of the gas and solid phases in series:

eff,s = 1
ε/kg + (1 − ε)/ks

(22)

sing the series-parallel model, the effective thermal conductivity
f the GDL can be expressed as

eff = 1
((1 − �)/keff,p) + (�/keff,s)

(23)

here � is the ratio of the number of perpendicular channels to the
otal number of channels, with values ranging from 0 to 1.

Eqs. (20), (22), and (23) can be rewritten in terms of dimension-
ess variables, by dividing both sides of these equations by kg:

′
eff,p = keff,p

kg
= (2 − Dp)ε�Dt−1

max [1 − (�min/�max)Dt−Dp+1]
LDt−1

0 (Dt − Dp + 1)[1 − (�min/�max)2−Dp ]

+ (1 − ε)
ks

kg
(24)
′
eff,s = keff,s

kg
= 1

ε + (1 − ε)/(ks/kg)
(25)

′
eff = keff

kg
= 1

((1 − �)/k′
eff,p) + (�/k′

eff,s)
(26)
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In the above derivations, the GDL is considered as a two-phase
ystem and a general fractal model has been deduced. Because
arbon paper, a basal material of GDL, is always treated with polyte-
rafluoroethylene (PTFE) before being applied to PEMFC, the effect
f the PTFE incorporated into the pore spaces of carbon paper
hould be considered as follows:

eff,p = kg(2 − Dp)ε�Dt−1
max [1 − (�min/�max)Dt−Dp+1]

LDt−1
0 (Dt − Dp + 1)[1 − (�min/�max)2−Dp ]

+ 0.22ks1 + (0.78 − ε)ks2 (27)

eff,s = 1
ε/kg + 0.22/ks1 + (0.78 − ε)/ks2

(28)

eff = 1
((1 − �)/keff,p) + (�/keff,s)

(29)

here ks1 and ks2 are the thermal conductivities of the carbon fiber
nd PTFE, respectively. The modified equations are suitable for the
rediction of the effective thermal conductivity of a GDL.

Eqs. (23), (26), and (29) are all functions of the fractal dimensions
p, Dt, and other microstructural parameters, among which there

s only one empirical constant with a clear physical meaning.

. Results and discussion

.1. Fractal prediction of effective thermal conductivities

The effective thermal conductivities keff can be predicted by Eq.
23) or (29) when air is passed through the samples (two sam-
les are used: sample ‘a’ is the TGP-H-060 carbon paper; sample ‘b’

s the TGP-H-060 carbon paper treated with PTFE). Subsequently,
comparison is made between different theoretical models. The

arameters of GDL used in the study are listed in Table 2; the values
f fractal dimension are derived from scanning electron micro-
copic micrographs of the two samples.

The fractal parallel model (Eq. (20)) can be used to pre-
ict the upper bound of keff of sample ‘a’; the result obtained,
eff = 1.771 W m−1 K−1, is in good agreement with the reference
alue supplied by Toray Inc. (1.7 W m−1 K−1). With this reference

alue, � can be calculated as 0.0008 using Eq. (23), which indicates
hat the number of perpendicular channels in the GDL is very small.
f the effect of the perpendicular channels is ignored, keff can be pre-
icted by the fractal parallel model, and an error of 4.2% is found
etween the two models for sample ‘a’.

able 2
icrostructure and material parameters of the samples ‘a’ and ‘b’

arameter Sample ‘a’ Sample ‘b’ Description

max 8 × 10−5 m 7 × 10−5 m Maximum pore
diameter

min 3.079 × 10−8 m 1.487 × 10−8 m Minimum pore
diameter

0.78 0.55 Porosity
0 1.9 × 10−4 m 1.9 × 10−4 m Thickness of the

gas diffusion layer
s1 8 W m−1 K−1 8 W m−1 K−1 Thermal

conductivity of
carbon fiber

g 0.02624 W m−1 K−1 0.02624 W m−1 K−1 Thermal
conductivity of gas

s2 0.25 W m−1 K−1 0.25 W m−1 K−1 Thermal
conductivity of
PTFE

p 1.9669 1.9276 Pore area
dimension

t 1.1447 1.1447 Tortuous
dimension

d
i

ig. 4. A comparison of the effective thermal conductivities between the proposed
ractal models and the series-parallel layer models.

keff and its upper bound of sample ‘b’ are 1.7694 W m−1 K−1

nd 1.8251 W m−1 K−1 calculated using Eq. (29) with the value
f � substituted, and Eq. (27), respectively. If the effect of the
erpendicular channels is ignored, keff can be predicted by the
ractal parallel model (Eq. (27)), and there is an error of 3.2%
etween the two models.

The comparison between the results of the two samples shows
hat the keff value of sample ‘b’ is greater than that of sample ‘a’.
he increase in keff is attributed to the filling of PTFE, which has a
igh thermal conductivity, in the pore space of carbon paper.

Fig. 4 shows the prediction results of the fractal models (Eqs.
24) and (26)) and the series-parallel layer models (Eqs. (5) and (6)),
ith � = 0.05. It can be observed that the fractal model prediction

esults are distributed between upper and lower bounds, indicating
he rationality of these models.

.2. Microstructure parametric effects on effective thermal
The effect of the microstructural parameters, the pore-area
imension Dp, the tortuous dimension Dt, and porosity ε on k′

eff
s studied using Eq. (26) with the data of sample ‘a’.

Fig. 5. Effect of Dp on the effective thermal conductivity of carbon paper.
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Fig. 6. Effect of Dt on the effective thermal conductivity of carbon paper.

Fig. 5 shows the variation of k′
eff with Dp at a fixed value of Dt = 1.1.

here are two trends in the variations: k′
eff decreases with increase

n Dp when ks/kg > 1, whereas it increases with increase in Dp when
s/kg < 1. It also can be observed that the effect of Dp on k′

eff becomes
ore significant when ks/kg < 1 than when ks/kg > 1. On one hand,

he increase in Dp corresponds to the increase of pore area of a
epresentative carbon-paper unit, which leads to an increase in the
roportion of the gas phase. On the other hand, the relationship of
s/kg > 1 indicates that the solid phase has a higher capacity of heat
ransmission than the gas phase. With the synthesis of the effects of
oth Dp and ks/kg, an important role is detected for the solid phase

n heat transfer when ks/kg > 1, and the decrease in the proportion
f the solid phase with the increase in Dp results in the decrease in
′
eff; whereas the gas phase plays an important role in heat transfer
hen ks/kg < 1 and the increase in proportion of the gas phase with

he increase in Dp results in the increase in k′
eff.

The variation of k′
eff with Dt is plotted in Fig. 6 at a fixed pore-area
ractal dimension of Dp = 1.98. It can be observed that k′
eff decreases

s Dt increases. The decrease in k′
eff with increase in Dt is due to

he increase in thermal resistance caused by the longer distance of
eat transport through more tortuous channels. Furthermore, the

ig. 7. Effect of porosity on the effective thermal conductivity of carbon paper.
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ffect of Dt on k′
eff becomes more significant when ks/kg < 1 than

hen ks/kg > 1. The reason is that Dt has a significant effect on the
eat transfer of the gas phase, which plays the leading role when
s/kg < 1, whereas it becomes insignificant when ks/kg > 1.

Fig. 7 shows the effect of the porosity ε on k′
eff, which is similar to

he effect of Dp. There are two trends of variations in this case also:
′
eff decreases with increase in ε when ks/kg > 1, whereas it increases
ith increase in ε when ks/kg < 1.

. Conclusions

A novel fractal prediction model for the effective thermal con-
uctivity of the GDL in a PEMFC was presented by considering the
eal microstructures with the fractal theory. The prediction of the
ractal parallel model for carbon paper, a basal material of GDL,
s in good agreement with the reference value supplied by Toray
nc. The prediction results from the proposed models are also rea-
onable because they are distributed between the upper and lower
ounds. By using the fractal series-parallel model, the ratio of the
umber of perpendicular channels to the total number of channels
as obtained as 0.0008, which indicates that few perpendicular

hannels exist in the GDL; therefore, the fractal parallel model can
e used for the prediction of keff with a low level of error. Moreover,
he comparison between the keff values of two samples showed that
here is an increase in the keff of GDL due to the filling of PTFE, which
as a high thermal conductivity.

Finally, the microstructural parametric effect on k′
eff was stud-

ed using the herein-presented model in dimensionless formalism.
t could be concluded that k′

eff has a positive correlation with the
ffective porosity (ε) or pore-area fractal dimension (Dp) when
s/kg < 1, whereas it has a negative correlation with ε or Dp when
s/kg > 1 and with tortuous fractal dimension (Dt) whether ks/kg < 1
r not.

The above fractal models have the following merits: (1) The
quations deduced above, except Eqs. (27)–(29), are generally
pplicable for the prediction of the effective thermal conductivity
f two-phase systems. (2) Every parameter in the model has a clear
hysical meaning. (3) Due to the consideration of the effect of pore-
ize distribution, this fractal model is more realistic in comparison
ith empirical formulas and other fractal models. (4) By using

his model, it is possible to quantitatively analyze the relation-
hip between the microstructure and the macroscopical material
arameters of the GDL.
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