INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 41 (2016) 6833—6841

Available online at www.sciencedirect.com International Journal of

ScienceDirect

journal homepage: www.elsevier.com/locate/he

Counter-intuitive reduction of thermal contact
resistance with porosity: A case study of polymer
electrolyte membrane fuel cells

@ CrossMark

Hamidreza Sadeghifar %%, Ned Djilali ©, Majid Bahrami "

@ Department of Chemical and Biological Engineering, University of British Columbia, 2360 East Mall, Vancouver, BC
V6T 1Z3, Canada

® Laboratory for Alternative Energy Conversion (LAEC), School of Mechatronic Systems Engineering, Simon Fraser
University, Surrey, BC V3T 0A3, Canada

¢ Institute for Integrated Energy Systems and Energy Systems and Transport Phenomena Lab (ESTP), Department of
Mechanical Engineering, University of Victoria, Victoria, BC V8W 3P6, Canada

4 Vancouver International CleanTech Research Institute, 4475 Wayburne Dr. Suite 310, Burnaby, BC V5G 4X4,

Canada

ARTICLE INFO

Article history:

Received 23 July 2015

Received in revised form

8 March 2016

Accepted 9 March 2016
Available online 30 March 2016

Keywords:

Contact resistance
Porosity

Micro porous layer (MPL)
Gas diffusion layer (GDL)
Fuel cells

ABSTRACT

The present study reveals that the conventional notion that thermal contact resistance
increases with porosity does not necessary hold. It is proved through a mechanistic robust
model that, under specific circumstances, the porosities of two contacting bodies attain a
critical value beyond which the contact resistance counter-intuitively drops. The model
focuses on micro porous layers (MPLs) coated on gas diffusion layers (GDLs) of polymer
electrolyte membrane fuel cells (PEMFCs) and is validated with the MPL-GDL thermal
contact resistance measured over a range of pressure.

The counter-intuitive reduction of the contact resistance with porosity can find
important applications in energy conversion systems such as PEMFCs and batteries where
contact resistance plays a major role in ohmic loss and heat management. This game-
changing finding can lead to improving mass and heat transfer, diffusivity and perme-
ability of porous materials by increasing the porosity without any compromise on contact
resistance or ohmic loss. The present cutting-edge research can also open new avenues for
fuel cell and any other manufacturers to develop state-of-the-art materials with higher
porosities but lower contact resistances, which are currently not available in the market.
Copyright © 2016, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
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Introduction

Contact or interfacial resistance plays a major role in ohmic
loss and electrical and heat management of energy conver-
sion systems such as fuel cells, batteries and capacitors
comprised of microstructural porous materials [1—3]. This
interfacial resistance, together with the bulk transport prop-
erties, is a strong function of porosity [4—6]. A high porous
material provides higher heat [7] and mass transfer, diffu-
sivity and permeability but also higher contact resistance and
ohmic loss [8,9]. This crucial trade-off dramatically influences
heat, electron and ion transfer in fuel cells and batteries.
Contact resistance (ohmic loss) reduction and heat transfer,
diffusivity and permeability improvement are simultaneously
favored in energy conversion devices [10]. However, no
reduction of contact resistance with porosity has been to date
reported. All attempts have failed to resolve the tradeoff be-
tween porosity-based transport properties and contact resis-
tance (or ohmic loss).

The aim of this study is to explore the possibility of contact
resistance (or ohmic loss) reduction with porosity through a
mechanistic robust model. The focus will be on the interface
of two widely-used carbon-based porous materials: a fibrous
porous medium called gas diffusion layer substrate and its
neighboring micro porous layer (MPL) (see Fig. 1) of polymer
electrolyte membrane fuel cells (PEMFCs). The MPL carbon
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particles clusters and their contact with one fiber are sche-
matically illustrated in Fig. 2. The present model allows the
systematic investigation of the effect of GDL and MPL poros-
ities on their contact resistance and provides insights and
guidance for the development of new and improved materials
for energy conversion systems.

Model development
Geometrical model

A schematic of the contact between spherical carbon particles
of an MPL and cylindrical carbon fibers of a GDL is shown in
Fig. 3. The random distance between the fibers of the GDL
surface [11] and the carbon particles of the MPL surface are
exaggeratedly illustrated in Fig. 3. This figure also shows some
ellipses as the contact areas between one fiber and several
carbon particles. The assumptions of the proposed model
include: 1) steady state heat transfer; 2) constant thermo-
physical properties; 3) cylindrical GDL fibers; 4) spherical MPL
carbon particles; 5) elastic deformation; 6) static mechanical
contact, i.e., no vibration effects; and 7) short-range surface
forces are negligible (Hertz/Surface forces ~ 10? for carbon
particle-fiber contacts) [12—14]. The geometrical equations
and parameters of the GDLs and MPLs required in the present
model are summarized in Table 1. Further details on the
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Fig. 1 — Images of an SGL MPL-GDL 24BC surfaces (present study) and MPL carbon black (CB) agglomerates, clusters and

particles [25].
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tvpL: MPL
thickness

Arrangement of CB particles along
the MPL thickness

a CB particle

a CB cluster CB agglomerates

b

Fiber surface in coﬁ‘tact to\'pa‘rticles

Carbon particles clusters and aggregates of an MPL

Fig. 2 — (a): Geometrical modeling of spherical carbon particles arrangementinside an MPL: The number of MPL carbon particle
layers can be obtained as ‘%‘:’"’L. (b): MPL carbon particles clusters and agglomerates, as the unit components of an MPL,
contacting fibers (not to scale for the purpose of illustration); only carbon particles on the MPL surface touch the GDL fibers.

¥
Carbon particles at the first layer of MPL
contacting the fibers at the GDL surface

Fig. 3 — MPL carbon particles in contact with a GDL fiber: Increasing pressure (F < F < F') increases the number and contact
area of Hertzian contact ellipses (the size of particles and contact areas have been exaggerated for clarity).
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structure and composition of the GDL and MPL surfaces can be
found in “Supplementary Materials A”".

Mechanical model

Heat transfers from one GDL fiber to MPL carbon particles
through the contact spots at the interface and the resistance
to heat conduction depends on the contact area dimensions,
which are summarized at the end of Table 2. GDL surfaces
have a random distribution of surface asperities (see Ref. [15]).
Following Mikic [16] and Bahrami et al. [15,17], a Gaussian
distribution of spacings between fibers and the MPL surface is
assumed, which is a function of pressure:

1 /my2exp(—2v?)

T (?) erfc(y) A (162)
et (PP

vy =erfc <Hel> (16Db)

where m, o, v, A, Hq and P are respectively asperity slope,
surface roughness, apparent (total) area, elastic micro-
hardness, and pressure (see Table 1). The number of fibers
contacting the surface (Nf) at a given pressure of P can be
obtained by the same proportionality as Eq. (16) proposes:

Table 2 — Hertzian equations of a sphere-cylinder and
sphere-plane contact [12].

Contact Contact radius Equation

Sphere-cylinder
& _(/REER) -KE) (14
d K(k)—E(k)

K =vi-k (14b)

b \3/3FkE(k') (1 . 1)*1 e (140

47E* \d, ' dr
Sphere-plane

contact e 5 3de (15)
8E*
Ny  nspr
o - 17
Nj  nseor 17)

where Ny is the total number of fibers as given in Table 1. ngsp
is obtained at the pressure applied on the sample (e.g,
P = 2—-20 bar) and nggpy at a pressure where the main gaps

Table 1 — Geometrical specification and mechanical properties of fibers for typical GDLs.

Symbol Parameter Units Value or equation  Basis Eq./Figure
E Young modulus of fiber & MPL carbon particles GPa 210 & 210 [2] [9] Meas. =
v Poisson ratio of fiber & MPL carbon particles = 0.3&0.3[2] [9] Meas. =
k Thermal conductivity of fiber & MPL carbon particles Wm Kt 115 [21] & 1.5 [16] Meas. —
lfap GDL apparent fiber length pm 3000 [6] Meas. =
ds GDL fiber diameter pm 7.5 [6], 8.5 [9] Meas. —
dp MPL carbon particle diameter nm 10—100 Meas. Fig. 5
A Fiber amplitude pum 4 dy [6] Meas.
A Fiber wavelength pm 50—1900 [6] Meas. =
Ng Number of troughs of each fiber = Ns = L‘% +1 Derv. (1)
I GDL fiber length m 2(Ns — 1)1/A% + 2 Derv. @
= 1fup [6] 3
S Arc length of fiber circumference that can come to contact to particles m dr tan~? (2%’ V14 i) Derv. (3)
typL MPL thickness um 45 [26] Meas. —
empL MPL porosity = 0.42 (MPL mass = 0.029 gr) Meas. =
£GDL Nominal substrate porosities of GDLs SGL 24BA and 25BA = 0.88 and 0.92 [26] Meas. =
Np Total number of fibers at the GDL surface = %ﬁf‘m Derv. (4)
Nyt Total number of carbon particles at the MPL surface - Derv. (5)
\/idpA(lfs'l\;pL)

A GDL and MPL cross-sectional area (apparent surface area) m? 0.000507 Meas. =

: : R (NflySare) 1-PEEL )
VacGDL Active area percentage of a GDL surface at compression of P m</m s Derv. (6)

: : () (1-0igE)
YacmpL Active area percentage of an MPL surface at compression of P m?/m? % Derv. (7)
Pyy GDL-MPL solid-phase contact probability = YacMp LX VacGDL Calc. (8)
N, _ i  Total number of carbon particles that come into contact to one fiber — — % Derv. 9)
aGpL Roughness of GDLs SGL 24BA & SGL 25BA um 17, 31 [27] Meas. —
Mepr Asperities slope for GDL - 0.07602%52 [15] [22] Calc. (10)
He oo Effective elastic modulus Pa E"‘% [15] [22] Calc. (11)
oMPL MPL roughness of GDLs SGL 24BA & SGL 25BA um 2.5, 1.3 [27] Meas. -
MyipL Asperities slope for MPL - 0.0766%22 [15] [22] Calc. (12)
Ha mpr. Effective elastic modulus Pa E"‘% [15] [22] Calc. (13)
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between consecutive fibers [18] disappear as a result of pres-
sure. This pressure (Ps) corresponds to the compression at
which no practical change can be observed in the population
density of the contact spots on a pressure indicating film [19]
pressed against the sample, see “Supplementary Materials B”.

The number of MPL carbon particles that can contact all
the fibers at a pressure of P is

N,  ngup
Ny _ 18
Npt  Nsmpr (18)
The number of MPL carbon particles contacting one GDL
fiber will therefore be:
N

NY =P 1
= (19)

Thermal model

Due to the very small area of the contact (10~ —10"** m?), the
heat transferred from one GDL fiber to the MPL carbon parti-
cles encounters a large resistance, known as spreading/
constriction resistance. According to Bahrami et al. [15,20], the
total thermal contact resistance of non-conforming surfaces,
here for one fiber, is a summation of the macrocontact and all
the microcontact resistances:

Rf—MPL _ Rf—MPL + Rf—MPL (20)

tot mac mic

The spreading/constriction macrocontact resistance that
occurs on each cylindrical fiber surface contacting the carbon
particles of MPL can be obtained by Ref. [6]:

1 4d 1
REML = () -~ 21
mac Wlfkf Sarc ZIfkf ( )
where kf is the thermal conductivity of fibers (=115 W/
m K [2,6,21]). The microcontact resistance for each fiber is an
inverse of the parallel summation of all the microcontact re-
sistances created on its surface:

-1

o N{)—MPL )
Rmic = Z Rf -p (22)
i=1 mic;

where R ? is the spreading/constriction resistance between one

mic;

fiber and one arbitrary carbon particle contacting that fiber:

Rf*P — Rf

mic; mic;

+RP 23)

mic;
Since a and b are much smaller than the fiber diameter (a/d¢

~1073), the concept of heat transfer on a half space is used for
the fiber side of any fiber-particle contact [2,6]:

3
g1 / dt
mic;

Zﬂ'kfao V1-n2sin’t

1

2
b
()
And for the particle side, since a = b (circular contact spots)
and the fibers can be considered as flat surface against the

small particles of MPL, the equation of smooth sphere-flat
contact can be employed [15,22,23]:

1.5

2

mic; o 2k
Rk, )4

where k, is the thermal conductivity of carbon particles
(=1.5 W/m K [16,24]). The thermal contact resistance between
the GDL and MPL for one carbon particle diameter can be ob-
tained as:

R -MPL
TCRy, = —2— (27)

Ny
Ultimately, the TCR between the GDL and MPL is the TCRs
of different carbon particle diameters (Eq. (27)) averaged based
on their occurrence probability in an MPL:

Nptotal

TCR = Z pdm‘ TCRdw‘ (28)

=1

where pq, is the probability of occurrence of each particle
diameter (dp) already provided in “Supplementary Materials A”.

Results and discussion
Model validation

The interfacial thermal resistances of the MPL-coated type of
the GDL substrates SGL 24BA and 25BA were measured in the
previous work of the same authors [5]. Fig. 4 compares the
present model with the experimental GDL-MPL contact re-
sistances for these GDLs. The model results are in acceptable
agreement with the experimental data and the model well
captures the trend of the experimental TCRs over a wide range
of pressure. Fig. 4 also shows that, as mentioned earlier, the
model result is not sensitive to Pg;.

® Exp., SGL 24BC
0.4 Model, P, =40 bar (24BC)
Model, P, =50 bar (24BC)
Model, P, =60 bar (24BC)
® Exp., SGL25BC
. 03 — = Model, P, =40 bar (25BC)
T; — = Model, Py,=50 bar (25BC)
“ — — Model, P,,=60 bar (25BC)
<=
5 0.2
=
0.1 -
0.0 T T .

P (bar)

Fig. 4 — Comparison of the present model with
experimental data for SGL 24BC and 25BC: P, the
compression at which all fibers can come into contact to
the MPL surface, is a constant parameter to which the
model is not sensitive, but the model is sensitive to
varying compression P (fuel cell stack clamp pressure).
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d=8.5 pm, d,;=60 nm,
0.8 | £yp=0.6, [=3000 um
P=2
0.6 4
=
)
5 04 P33
S —
P=4 //\
|P=5 //
0.2 Pt //_
P
P=10
P=l5 —m——  ——
0 P=20 bar‘ : : :
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Fig. 5 — Effect of GDL porosity on the TCR at three different
pressures: a critical porosity (eqpr. or) of approximately 86%
is observed at the low pressure of 2 bar. With increasing
the pressure, the critical porosity increases and at high
pressures, it may disappear.

Effect of GDL porosity (egpr) on TCR

The influence of GDL porosity on the TCR plotted in Fig. 5 re-
veals that TCR is more sensitive to porosity at lower pressures
and higher range of porosities. It is visible from Fig. 5 that
increasing the pressure reduces its impact on the TCR, irre-
spective of the GDL porosity. One important point to notice
here is that TCR counter-intuitively decreases beyond a
porosity of approximately 86% at the low pressure of 2 bar.
Overall, at low pressures, there can be a critical porosity
beyond which the TCR may decrease. This can be attributed to
the tradeoff between the size of each contact spot (Fig. 6a) and
the number of contact spots (Fig. 6b).

(a) 27
d=8.5 pm, d,=60 nm,
epp=0.6, [=3000 um
23
fa\ 19 -
g
S
15 - p=2
P=3
P
11 - p=6
P=8
P=10
P=15
7 P=20 bar : : :
0.64 0.72 0.8 0.88 0.96
€gpr (-)

It is well known that the size and the number of contact
spots determine the TCR. For a fixed pressure, the radius or size
of contact spots decreases with their population (Fig. 6a) since
the force divided between more spots will be lower. This effect
is more pronounced at lower number of contact spots, i.e.,
higher porosities and lower pressure as shown in Fig. 6a. (e.g.,
compare a change from 1 to 2 spots with a change from 1
million to one million and one (or even one million and a few
thousands) spots). In other words, for typical GDLs porosities,
the number of fibers is so high that any reduction in it (as a
result of the porosity increase) can lead to little increase in the
size of the contact spots and, hence, TCR increases with
porosity. However, as the GDL porosity approaches very high
values close to unity, the number of contact spots (Fig. 6b) be-
comes so low that the effect of the spots size growth on the TCR
becomes competitive with, and beyond specific (critical) values
of porosity (see Fig. 5), dominant over, the effect of the spots
population. This effect becomes more critical at lower pres-
sures where the number of contact spots is (much) lower
(Fig. 6b). For this reason, as shown in Fig. 5, with increasing
pressure, higher critical porosities are observed and at very
high pressure, the critical porosity (peaks) may disappear. This
is animportant trend that may be used for GDL manufacturing
and fuel cell design. Finding this novel concept of the contact
resistance reduction with porosity can help fuel cell and any
other manufacturers develop new state-of-the-art materials
with higher porosities but lower contact resistances. At the
present, such materials are not available in the market.

Effect of MPL porosity (emp) on TCR

Fig. 7 shows that the trends of the TCR variations with MPL
porosity are similar to the ones observed for the case of GDL
porosity, i.e., Fig. 5. At lower pressures, the effect of porosity
on the TCR is more pronounced and with increasing pressure,
the effect decreases and an almost linear trend is observed at
the high pressure of 20 bar. At the pressure of 2 bar, a reduc-
tion in TCR is observed with increasing MPL porosity to values

(b) 40
P=20 d=8.5 pym
35 4 d,=60 nm
Enpr=0.6
_ 30 - 173000 um
:‘-é 25 +P=15
,><1 20 -
=
= 15 -
P=10
10 -p=8
P=6
P=3
0 P=2 §
0.64 0.72 0.8 0.88  0.96
&eoL ()

Fig. 6 — Variations of the radius of each contact spot (a) and the number of contact spots (b) with the GDL porosity.
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d=8.5 pm, dp=60 nm,
08 eGp1=0.85, [=3000 pm
P=2
706 -
)
~ P=3
04 -
S
P=4
02 522
P=8
P=10 -
P=ly ——
0 P=20bar : ‘ ‘
0.3 0.4 0.5 0.6 0.7 0.8

evpr (-)

Fig. 7 — Effect of MPL porosity on the TCR at three different
pressures: a critical porosity (emrL r) Of approximately 60%
is observed at the low pressure of 2 bar. With increasing
the pressure, the critical porosity increases and at high
pressures, it may disappear.

higher than 0.60. A similar trend was observed in Fig. 5 for the
same pressure. In other words, as MPL porosity goes up, the
contact spot radius a increases and the number of contact
points decreases, which lead to the appearance of a maximum
value for the TCR for a wide range of pressure (Fig. 7). This is
because with increasing MPL porosity beyond certain values
(>0.6), the rate of the growth of each contact area, or the rate of
decreasing of the TCR at each contact spot, becomes higher
than the rate of reduction in the number of contacts. This
important finding can be implemented for the design and
manufacturing of fuel cells, GDLs, MPLs, and in general, any
other porous materials.

Summary and conclusion

Through robust mechanistic modeling, it was shown that the
conventional notion that contact resistance increases with
porosity does not necessary hold. Under certain circum-
stances, a critical porosity value is reached when the trend is
reversed making it possible for the contact resistance between
two mating porous materials to drop with porosity. The crit-
ical values of the dominant parameters, determined by the
model, provide reference values for GDL manufacturing and
design for improving the heat/electrical management of
polymer electrolyte membrane fuel cells. The novel finding of
contactresistance reduction with porosity brings the potential
for improving mass and heat transfer, diffusivity and perme-
ability of porous materials by increasing the porosity without
any increase in contact resistance or ohmic loss.
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Nomenclature

a Major radius of contact area between one fiber and
one carbon particle, m

b Minor radius of contact area between one fiber and

one carbon particle, m

Calc. Based on calculations

Derv Derived parameter or equation

u Half of the width of the rectangular channel area, m

F Force exerted on the entire GDL, N

Exp. experimental value

E Young's modulus, Pa

F Force, N

de GDL fiber diameter, m

dp MPL carbon particle diameter, m

A GDL cross-sectional area, m?

Ap The area of that part of each fiber surface that MPL
carbon particles come in contact with, m?

lap Apparent fiber length, m

Ng Number of troughs each fiber has

Ny Number of fibers contacting the MPL surface at a
pressure of, P

N, Number of carbon particles that can contact all the
fibers at a compression of, P

N;f Number of carbon particles that can contact all the
fibers at a compression of, P per one fiber

N, _ iy Number of carbon particles that may contact one

fiber at a compression of, P

* 1-vZ | 1-v2 . .
E' = -t Effective elastic modulus, Pa

Ny Total number of fibers
GDL Gas Diffusion Layer

I real Real fiber length, m

k Thermal conductivity, Wm™*K~*

Meas. Measured value or parameter

ng Number of asperities contacting the surface of
another body in contact

Nst Total number of asperities

PEMFC Polymer electrolyte membrane fuel cell

P Pressure on the entire GDL, Pa

Pst Pressure at which all the fibers contact the surface

p probability

Pa, Probability of having carbon particles with a
diameter of dp;

R Thermal resistance, KW !

R Spreading/constriction resistance on cylinder side
resistance, KW 1!

Re Spreading/constriction resistance on flat surface
side, KW?

TCR Thermal resistance correction, KW~?!

TCRa Thermal contact resistance per unit area, KW~ m~2

t thickness, m

Greek letter
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<« Q82 >

Amplitude of fiber waviness, m

Wavelength of fiber waviness, m

Non-dimensional separation

Porosity

GDL roughness, m

Active area percentage of GDL (MPL) surface that can
come to contact to MPL (GDL)

Poisson's ratio

Superscript
f— MPL Contact between one fiber and MPL carbon particles

f-p Contact between one fiber and one carbon particle
Subscript

@ Cylinder

cr Critical value

el Elastic

f Fiber

F Flat surface

GDL GDL or related to GDL

i Carbon particle i

j Carbon particle with the diameter of d,;
m Measured

mac Macro

max Maximum value

mic Micro

min Minimum value

MPL MPL or related to MPL
n Summation index

p Carbon particles of MPL
t Total value

tot Total resistance

?2?

Related to probability of active areas of GDL and/or
MPL that may come to contact

Appendix A. Supplementary data

Supplementary data related to this article can be found at
http://dx.doi.org/10.1016/j.ijhydene.2016.03.073.
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