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� A compact analytical relationship for
the MPL thermal conductivity is
developed.

� Transient plane source technique
used to measure MPL thermal
conductivity.

� Effect of compression on thermal
conductivity is investigated.

� A multi objective genetic algorithm is
used to find optimal MPL structure.
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A new compact relationship is developed for the thermal conductivity of the microporous layer (MPL)
used in polymer electrolyte fuel cells as a function of pore size distribution, porosity, and compression
pressure. The proposed model is successfully validated against experimental data obtained from a
transient plane source thermal constants analyzer. The thermal conductivities of carbon paper samples
with and without MPL were measured as a function of load (1e6 bars) and the MPL thermal conductivity
was found between 0.13 and 0.17 W m�1 K�1. The proposed analytical model predicts the experimental
thermal conductivities within 5%. A correlation generated from the analytical model was used in a multi
objective genetic algorithm to predict the pore size distribution and porosity for an MPL with optimized
thermal conductivity and mass diffusivity. The results suggest that an optimized MPL, in terms of heat
and mass transfer coefficients, has an average pore size of 122 nm and 63% porosity.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The membrane electrode assembly (MEA) used in polymer
electrolyte fuel cells consists of a membrane, two electrodes for the
anode and cathode side, and two gas diffusion layers (GDLs). The
heh-Tadbir), ekjeang@sfu.ca
GDL is responsible for providing the pathways for transport of the
reactant gases from the flow channels to the catalyst layers as well
as mechanical support for other porous layers in the MEA. GDL is
typically a dual-layer carbon-based material composed of a macro-
porous substrate, which usually contains carbon fibers, binder, and
polytetrafluoroethylene (PTFE), and a thin delicate micro-porous
layer (MPL), which is usually made of carbon nano-particles and
PTFE.

Apart from the improvements in polymer electrolyte membrane
fuel cell (PEMFC) water management [1,2], MPL is known to affect
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the electrical/thermal contact resistances between the GDL and
catalyst layer [3,4]. This is mainly due to the homogenous and softer
structure of MPL that can provide a ‘transition region,’ filling the
gaps between the substrate and catalyst layer. Although the contact
resistances might reduce after using MPL, bulk properties of MPL
could affect the overall fuel cell performance considerably. Hence, it
is necessary to have an in-depth understanding of the factors
affecting the effective properties of MPL.

MPL is a recently developed material and few studies focused
on this thin layer have been published [5e12]. The authors have
proposed an analytical relationship to estimate the effective
diffusivity of MPL in Ref. [11]. El Hannach et al. [12] also recently
published a novel stochastic tool for reconstruction of the MPL
structure and calculation of its properties. Few experimental
investigations have focused on MPL effective transport proper-
ties, e.g., thermal/electrical conductivity, diffusivity [13e15].
Measuring the MPL thermal conductivity is challenging as MPL
needs the physical support of a substrate [14]. Numerical tools
utilizing 3D FIB/SEM reconstructions of MPL are being used to
model MPL properties [13,16]. These numerical models, while
experimentally validated, are complex and require significant
computational resources to reconstruct the structure, and to
solve the governing equations. In most cases, only a small portion
(1e2 mm3) of the material is reconstructed and modeled [12,13].
Although numerical models provide accurate results, it is ad-
vantageous to have an analytical relationship that correlates
design parameters to the MPL thermal conductivity to reduce the
computational costs.

In this investigation, a unit cell approach is used to analytically
model the thermal conductivity of porous MPL. A unit cell is a
simple geometry that inherits the most important specifications of
a porous medium and represents the entire medium structure. Our
colleagues in Refs. [4,17] utilized this approach to model the ther-
mal conductivity of GDL substrate successfully. To the best knowl-
edge of the authors, there is no relationship available in the
literature for estimation of MPL thermal conductivity based on its
structure. Existing relationships for the effective properties of
porous materials [18e22], have not been specifically developed for
MPL and do not produce accurate values for MPL properties.

The present study proposes a new compact relationship to
accurately calculate the effective thermal conductivity of MPL as a
function of pore size distribution and porosity. The relationship
between the structure of the MPL and its heat and mass transport
coefficients is explored and the best design point is chosen from the
pool of optimal designs obtained from multi objective genetic al-
gorithm based on a criterion which will be explained in the
manuscript. Moreover, the present model is suitable for imple-
mentation in complex performance models that require an
Fig. 1. (a) SEM image from MPL cross section; (b) simplified geometry of the MPL based on
sphere, i.e., domain I, and dII is the pore size for domain II.
accurate estimation of the effective transport properties with less
computational cost.

2. Modeling approach

This work is a continuation of our publishedmodel [11]. Herewe
utilize the same unit cell model, which was used for diffusivity
modeling, to model the MPL thermal conductivity. Unlike the mass
diffusion coefficient estimation that only considers the mass
transport through the gas phase domain, for the thermal conduc-
tivity estimation, the heat conduction through the solid structure
plays an important role. The considered unit cell is shown in Fig. 1.
The unit cell consists of a spherical pore (domain I) inside a porous
cube (domain II); details on obtaining the geometrical model pa-
rameters from the pore size distribution can be found in Ref. [11].
The required equation for calculating the effective thermal con-
ductivity for such geometry is [23]:

keff ¼
3kIIkIaþ ð2kII þ kIÞkIIð1� aÞ
3kIIaþ ð2kII þ kIÞð1� aÞ (1)

where, kI and kII are the thermal conductivities for the domains I
and II, c.f. Fig. 1; and a is the ratio of sphere volume to the total cube
volume and is calculated from Eq. (2), in which a is the unit cell
dimension as shown in Fig. 1.

a ¼ p

6

�
dI
a

�3

(2)

The spherical pore, domain I, only contains stagnant gas, with
thermal conductivity kI. The pores are small (dI < 300 nm) and bulk
thermal conductivity of the gas needs to be modified to include the
rarefied gas or Knudsen regime effects. In Knudsen regimes, the gas
thermal conductivity is a function of pore diameter inwhich the gas
is stored. Kaganer [24] proposed the following relationship to
approximate the gas thermal conductivity as a function of pore size.

kI ¼
kg;0

1þ 2b l
dI

(3)

where kg,0 is the gas thermal conductivity at standard conditions
when Knudsen number is sufficiently small and the regime is
continuum. The coefficient b is a parameter that is calculated from
the gas accommodation coefficient, aT, and the specific heat ratio of
gas, g.

b ¼
�
9g� 5
2gþ 1

��
2� aT

aT

�
(4)
unit cell approach; (c) considered unit cell in the present model, dI is diameter of the
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There is a complicated relationship for the gas accommodation
coefficient [25], but aT is 0.7e1.0 for common gases at room tem-
perature [26]. For air at 25 �C, g is 1.4, aT is 0.8, b is ~3 [26] and the
mean free path, l, is 68 nm [27].

Domain II, the MPL porous packed bed of spherical carbon
nanoparticles, has a thermal conductivity, kII, that can be approxi-
mated using the equation of Hsu et al. for a packed bed of spheres
[28], which here, it is modified to include the gas rarefaction effects.

kII ¼
 
1� 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� εII
p

!
kg;0

1þ 6 l
dII

þ
 

1� r2sffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� εII

p
!
kgs þ

 
r2sffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� εII

p
!
ks

(5)
kgs
kg

¼ 2
1� xBþ ð1� xÞuB

 
ð1� xÞð1þ uÞBð1þ uBÞ2
½1� xBþ ð1� xÞuB�2

ln
�

1þ uB
ð1þ uÞBx

�
� Bþ 1þ 2uB

2
� ðB� 1Þð1þ uBÞ
1� xBþ ð1� xÞuB

!
(11)
In Eq. (5), the first term is the thermal conductance of the gas
stored in domain II pores with diameter dII, the second term is the
equivalent conductance of a mixed gasesolid region, and the third
term is the conductance of the solid phase. Parameter ks is the solid
phase thermal conductivity (carbon-PTFE), and rs is the dimen-
sionless contact radius. Here, the effect of PTFE is considered by
assuming an effective value for ks based on the mass fraction of
PTFE. This might not be the most accurate approach to include the
effect of PTFE on thermal conductivity; however, it is the least
complex method. It is shown in Ref. [15], that the PTFE content is
affecting theMPL thermal conductivity significantly; however, PTFE
distribution in the MPL structure can influence the overall MPL
thermal conductivity.

r2s ¼ 1� 1

ð1þ uBÞ2
(6)

In Eq. (6), B is the particle shape factor and u is the deformed
factor, which dictates the amount of contact area between the
particles.

According to the Hertzian theory [29], the radius of the contact
area between two identical spheres, h, under compression has the
following relationship with the applied force, F.

h ¼
�
3FR
8E*

�1=3
(7)

where R is the effective radius, and E* is the effective modulus of
elasticity that can be found from the Poisson's ratio, n, and the
elastic modulus, E, of carbon.

1
E*

¼ 2
1� n2

E
(8)

Fig. 2 shows a free body diagram of a layer of MPL in which the
area of particles in contact with the compression plane is deter-
mined from the solid fraction of MPL. Therefore, the amount of
force exerted on each particle is F¼ 4PR2/1 � εMPL. Substituting this
in Eq. (7), the final relationship for calculating the contact radius is
found as a function of compression pressure.

h ¼ R
�

3P
2ð1� εMPLÞE*

�1=3
(9)
Equating dimensionless contact radius, h/R, to Eq. (6), the
equation for the deformed factor, u is:

u ¼ 1
B

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

1�
�

3P
2ð1�εMPLÞE*

�2=3

vuuuut � 1
B

(10)

The equivalent conductance of the mixed solidegas can be
calculated from Eq. (11).
where x is the ratio of gas to solid conductivity, and the shape factor,
B, is calculated as follows [28].

B ¼ 1:25
�
1� εII

εII

�1:11
(12)

εII is the domain II porosity, which can be found as a function of the
MPL porosity and pore size distribution, using Eq. (13) [11].

εII ¼
�
dI � davg

�
εMPL�

dII � davg
�
εMPL þ dI � dII

(13)

The unit cell size is [11]:

a ¼ dI

0
@ p

6
�
1� 1�εMPL

1�εII

�
1
A

1
3

(14)

To calculate the thermal conductivity of MPL, the porosity and
pore size distribution of the MPL are used to generate the
geometrical parameters of the model, i.e., dI, dII, and davg, as
explained in our previous paper [11]. The sequence of calculations
is depicted in Fig. 3.
3. Experimental study

3.1. Sample specifications

Measurement of MPL properties is challenging because MPL is
not available as a stand-alone layer. In this study, the microporous
layer of SIGRACET® GDL is selected for measurement and model
validation purposes. GDLs 24 BA and 34 BA have different thick-
nesses but almost identical structure and porosity. The MPL coated
versions of these substrates, SGL 24 BC and 34 BC, have 45 and
35 mm MPL layers, respectively. Specifications of the samples used
in this work are listed in Table 1.
3.2. Thermal conductivity measurements

A thermal constants analyzer (TPS 2500S, ThermTest Inc.,
Fredericton, Canada) capable of precise measurement of thermal
conductivity, diffusivity and specific heat was used for this study.
The instrument has different sensor types and software modules to



Fig. 2. Schematic of the carbon particles of the porous MPL under compression.
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perform measurements on bulk materials (isotropic and aniso-
tropic), thin films, powders and liquids. This machine uses the
transient plane source method and theory in accordance with ISO
Standard 22007-2. In this work, a thin film sensor (7280) with a
29.4 mm diameter nickel double spiral insulated in a thin layer of
Kapton is used for both transient heating of the sample and precise
temperature measurements.

For thin film measurements, a pair of identical samples are
placed on either side of the sensor and compressed between two
smooth stainless steel blocks. After 20 min for temperature equil-
ibration, measurements are performed on each sample at different
compression pressures between 1 and 6 bars. The sample-sensor
assembly and the corresponding equivalent thermal resistance
network including the contact resistances between the sample and
sensor and the sample and steel are shown in Fig. 4. The power
from the heat source, _Q , the temperature rise between the sensor
and steel block, DT, the sensor area, A, and the sample thickness,
tsample, are used to calculate the apparent sample thermal
conductivity.

ksample ¼
_Q
A

DT
tsample

(15)

Contact resistances are included in this measured apparent
thermal conductivity and can be significant, especially for porous,
Fig. 3. Steps to calculate thermal condu
rough or rigid thin materials with air gaps between the sensor and
sample. Therefore, for accurate values for the thermal conductivity
it is needed to remove those effects.
3.2.1. Removing the contact resistance effects
To determine the keff, the total resistance, Rtot¼ tsample/ktot, is

calculated, in which ktot is the uncorrected value of the thermal
conductivity which is reported by the TPS software. The corrected
thermal conductivity value, keff, should be found after removing the
contact resistance effects following the two thickness method [4].

Rtot ¼ Rsample þ Rc; Rsample ¼
tsample

keff
(16)

By measuring the resistance for two different thicknesses of the
same material, it is possible to calculate keff and Rc, the two un-
knowns in two measurements.

keff ¼
tsample;2 � tsample;1

Rtot;2 � Rtot;1
; Rc ¼ Rtot;1 �

tsample;1

keff
(17)

For each GDL type, five pairs of 4 � 4 cm2 samples were pre-
pared. The thermal conductivity of each pair of samples was
measured three times with a rest interval of ten minutes between
measurements.
ctivity using the proposed model.



Table 1
Specifications of SIGRACET® samples used in the present study.a

Porosity (%) Substrate thickness (mm) MPL thickness (mm)

SGL 24 BA 84 190 e

SGL 24 BC 76 235 45
SGL 34 BA 83 280 e

SGL 34 BC 75 315 35

a Reported by SGL Group with inter-lot intra-lot homogeneity of less than ±10%
[30,31].
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3.3. Thickness measurements

The thickness of GDLs under compression loadwasmeasured by
a custom-made tool at Ballard Power Systems. GDL samples of each
type were prepared with a circular punch (24.5 mm). Thickness
measurements with accuracy of ±1 mmwere made with loads from
1 to 6 bar. The MPL thickness is calculated by subtracting the
thickness of the BC type GDL from the corresponding BA type GDL.

4. Results

Thermal resistance network for a GDL sample that has MPL in-
cludes the MPL resistance, the substrate resistance, and the contact
resistance between these two layers. Subtracting the total re-
sistances for two GDLs that has MPLs with different thicknesses,
result in omitting that interfacial resistance, by assuming the
interfacial resistances are identical due to the similarities in mi-
crostructures. Therefore, the MPL thermal conductivity can be
calculated from the following equation.

kMPL ¼
tMPL;24BC � tMPL;34BC�

R34BC;tot � R34BC;sub
�� �R24BC;tot � R24BC;sub

�
R24BC;sub ¼ t24BC;sub

ksub
; R34BC;sub ¼ t34BC;sub

ksub

(18)

In Eq. (18), tMPL,24BC and tMPL,34BC are the MPL thicknesses for the
24 BC and 34 BC GDLs; R24BC,tot and R34BC,tot are the total resistances
of SGL 24 BC and 34 BC; and R24BC,sub and R34BC,sub are the thermal
resistances of the substrate for the SGL 24 BC and 34 BC.

4.1. GDL thicknesses and total resistances

The changes in the GDL thickness under compression for various
GDL types are plotted in Fig. 5(a). Note that the overall GDL thick-
ness reduces up to 5% with the applied compression.

Fig. 5(b) presents the total measured resistances for the four
GDL types at various compression pressures. The uncertainty of the
Fig. 4. Schematic of the sample arrangement in TPS 250
total resistance measurements, including the standard deviation of
the apparent thermal conductivity measurements, was less than 2%
for all sample types. The error bars are less than the height of the
markers used for data in the plot. These resistances include the
contact resistances, which their effects should be removed to
obtain the effective thermal conductivities. As mentioned in Sec-
tion 3.1, thermal conductivity of SGL 24 BA and 34 BA are identical;
and its corresponding value can be calculated from Eq. (18).

4.2. Effective thermal conductivity of MPL

Fig. 6 shows the effective MPL thermal conductivity obtained
from Eq. (18). The measured values for the substrate thermal con-
ductivity are consistent with the reported values for the same GDL,
i.e., SGL 24 BA, in Ref. [4]. However, there is a discrepancy between
the obtained MPL thermal conductivity values in this work and
tests conducted by our colleagues using a different apparatus [4].
The average uncertainty of measurements is less than 8% for the
GDL substrate and is less than 18% for MPL. The uncertainty analysis
is discussed in Appendix A.

The MPL model results are plotted in Fig. 6. The model predicts
the thermal conductivity values as a function of pressure with a
good accuracy within the uncertainty of the measurements. While
the substrate shows a stronger dependence on compression, a
slight functionality of pressure is observed for MPL. The same slope
of the thicknessecompression curve for samples with and without
MPL shows that the majority of the thickness changes occur in the
substrate, c.f. Fig. 5. Hence, one may conclude that due to the
slight changes in the structure of MPL up to 6 bar, there is no
significant alteration of thermal conductivity. However, this state-
ment is not valid for the substrate that exhibited a sizable defor-
mation under compression, and therefore a steeper thermal
conductivityepressure curve.

4.3. Compact relationship development

The analytical model was used to generate over 200 values for
MPL thermal conductivity as a function of dI, dII, davg, and porosity.
For the generated points, the range of pore size varied between 80
and 150 nm for dI, dII, davg, and porosity was kept between 0.4 and
0.6. A compact relationship between thermal conductivity and
these parameters was developed that provides an estimation of the
MPL thermal conductivity with less than 10% deviation from the
predicted value by Eq. (1).

If all parameters are substituted in Eq. (1), it can be seen that
dI� davg/davg� dII is a suitable candidate for selection as a dimen-
sionless characteristic pore size. Hence, it is chosen as one of the
0S and the equivalent thermal resistance network.



Fig. 5. (a) Variations of thickness under compression for different GDL types; and (b) total thermal resistance calculated from the raw data from TPS 2500S.

M. Andisheh-Tadbir et al. / Journal of Power Sources 296 (2015) 344e351 349
independent variables of the correlation. Denoting this parameter
by d*, the effective thermal conductivity would be only a function of
d*, εMPL, and compression pressure, i.e., keff¼ f(d*,εMPL,P). LAB Fit
software [30] is used to find the best fit on the data out of 572
equations. The best fit to the data is shown in Eq. (19).

keff ¼
�
3� 10�7P þ 0:90

��
� 10:76ε�1þ0:003=d*

MPL þ 10:77
εMPL

�
(19)

The variations of thermal conductivity versus porosity for
several d* values at 1 bar compression are shown in Fig. 7. The
thermal conductivity is higher for lower porosities, i.e., materials
with higher solid fraction and fewer air gaps. Therefore, the overall
thermal conductivity is higher for low porosity MPLs, which is
desirable; however, it is shown in our previous investigation [11]
that mass diffusion coefficient decreases as the porosity de-
creases. Hence, there should be optimal conditions, where both
mass diffusivity and thermal conductivity are high. In Section 4.4,
specifications for an optimal MPL structure are proposed to get the
maximum thermal conductivity and diffusivity.

4.4. Optimal MPL structure for enhanced heat and mass transfer

Better performance of fuel cells will not be achieved unless their
Fig. 6. The measured thermal conductivity of the substrate (:) and MPL (-), and the
MPL thermal conductivity predicted by the present analytical model (line).
components are designed optimally. In this section, a multi objec-
tive genetic algorithm (“gamultiobj” in MATLAB [35]) is used to find
the optimal structural specifications of the MPL for the maximized
effective thermal conductivity and diffusivity. The objective func-
tions for the genetic algorithm are Eq. (19) and the relationship for
diffusivity in Ref. [11]. The design variables are {dI, dII, davg, εMPL} and
the lower and upper bounds for these variables are set as {100 nm,
40 nm, 90 nm, 0.45} and {200 nm, 80 nm, 150 nm, 0.65}, respec-
tively. The genetic algorithm parameters, e.g., mutation and cross
over, are left at their default values.

Fig. 8 presents the effective diffusivity and thermal conductivity
at optimal design points. Each of the points in this figure corre-
sponds to local maximum values for the diffusivity and thermal
conductivity. Based on an arbitrary criterion chosen by the authors
(keff> 0.2 and D > 0.1), the yellow shaded area in Fig. 8 shows the
high diffusivity region, and the blue shaded area shows the high
thermal conductivity region. The corresponding limiting current
density for D > 0.1 is calculated to be higher than 1.4 A cm�2 by
assuming purely gas diffusion inside the MEA by using Eq. (20). In
Eq. (20) Deff represents the effective diffusivity of the entire cathode
electrode (entire GDL and catalyst layer), and C∞ is the oxygen
concentration in the cathode channel. The temperature gradient at
this current density can also be obtained from 1D heat conduction
assumption. At 1.4 A cm�2 the obtained temperature drop along the
MPL thickness is 2.3 K for the MPL effective thermal conductivity of
0.2 W m�1 K�1 and 4.6 K for 0.1 W m�1 K�1. To have less
Fig. 7. Variations of thermal conductivity at various d* and porosity values.



Fig. 8. Effective diffusivity and thermal conductivity at optimal design points.
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temperature gradient, it is preferred to choose the thermal con-
ductivities higher than 0.2 for the optimal MPL conditions. The
green area presents the region where both diffusivity and thermal
conductivity are high. Therefore, the only design point within this
region is selected as the optimal design point. The specifications of
this design point, which is the optimal MPL structural properties,
are listed in Table 2.

iL ¼ nFDeff
C∞
d

(20)

This data reveals that the MPL structure should have large pores
in between dense agglomerates of carbon; the large pores acts as
the mass transport pathways, while the dense agglomerates pro-
vides the heat transfer pathways.
5. Conclusions

In the present study, a new analytical model was developed to
estimate the effective thermal conductivity of MPL as a function of
pore size distribution, porosity, and compression pressure. A series
of experiments were performed to obtain the MPL thermal con-
ductivity at various pressures. The changes in the thickness of the
GDLs due to compression were also measured. The effects of the
contact resistances between the samples and the sensor in the
apparatus were removed using four GDL types. The measured
thermal conductivity values for the MPL under 1e6 bar compres-
sion fell between 0.13 and 0.17 W m�1 K�1 with less than 18%
measurement uncertainty. The observed changes in thermal con-
ductivity due to compression were more pronounced in the sub-
strate and only a slight increase in the MPL thermal conductivity
was observed as a result of compression.

The model results were validated against experimental data and
a compact correlation was proposed based on more than 200
thermal conductivity values generated by the analytical model. The
obtained correlation for the MPL thermal conductivity and the
diffusivity were used in a multi objective function to suggest an
optimal MPL structure.
Table 2
Specifications of an optimal MPL design.

dI(nm) dII(nm) davg(nm) εMPL(%) keff(Wm�1 K�1) Deff ¼ D
D0

O2

128 71 122 63 0.28 0.11
The following highlights the findings of this work:

� A new analytical relationship was developed for the MPL ther-
mal conductivity as a function of pore size distribution, porosity,
and compression pressure.

� MPL thermal conductivity was measured using transient plane
source technique at various compression pressures, where ef-
fects of contact resistance on the TPS data were removed.

� A compact relationship was proposed to estimate the MPL
thermal conductivity.

� A multi objective genetic algorithmwas used to find an optimal
MPL structure that operate optimally for mass and heat transfer.
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Appendix A

Eqs. (17) and (18) are the final relationships used for calculating
the substrate and MPL thermal conductivities from the measured
thermal resistances by the TPS 2500S. Uncertainty in function q
that has several variables can be obtained using the following for-
mula, in which di is the error associated with variable i [31].

dq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
vq
vx

dx
�2

þ/þ
�
vq
vz

dz
�2

s
(21)

Implementing this approach to calculate the uncertainties, the
average error for the substrate thermal conductivity is found to be
8%. However, considering the error propagation due to the several
mathematical operations on the obtained data, the average un-
certainty of MPL thermal conductivity is 18%. Note that this is the
maximum error, which is so pessimistic. The other thermal con-
ductivity values reported by other researchers neither do have error
bars nor show a lower uncertainty [4,15,32]. For instance in
Ref. [32], the authors reported a range for the MPL thermal con-
ductivity due to the uncertainties inmeasuremen ts; and there is no
error bar for the MPL data in Refs. [4,15]. To the knowledge of au-
thors, apart from Refs. [4,15,32], there are no other experimental
data available for the MPL thermal conductivity.
Nomenclature

a unit cell dimension, m
A area, m2

B shape factor, Eq. (12)
C∞ Oxygen concentration, Eq. (20)
d diameter, m
D diffusion coefficient, m2 s�1

E modulus of elasticity, 220 GPa
F force, N
k thermal conductivity W m�1 K�1

P compression pressure, Pa
Q heat transfer rate, W
R thermal resistance, K W�1, and radius of carbon particle,

m
rs dimensionless contact radius, Eq. (6)
t thickness, m
TCR Thermal contact resistance, K W�1
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Greek Symbols
a volume fraction of sphere in the medium, Eq. (2)
aΤ accommodation coefficient
b model coefficient obtained from Eq. (4)
DΤ temperature difference, K
ε porosity
h contact radius, m
g specific heats ratio
x gas to solid thermal conductivity ratio
l mean free path, m
n Poisson's ratio, 0.3
u deformed factor, Eq. (9)

Subscripts
c contact
I primary
II secondary
L limiting
tot total
avg average
eff effective
s solid
sub substrate
g gas
gs gasesolid
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