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Abstract. Measurements of electrode temperatures withimotop exchange membrane fuel
cell were performed using platinum wires. A tempera difference of 7°C between the
electrodes and the bipolar plates was observed foll operating at a current density of 1.5
A.cm? These measurements show a strong non-uniforrhitiyeotemperature profile through

membrane electrode assembly (MEA) that future pimsmwmlogical models must take into
account. In addition, the simultaneous measurenateat and water flux through the MEA
leads to the conclusion that produced water cradeediffusion layer in vapor phase. A very
simple heat transfer model is proposed.

Nomenclature

F Faraday constai@.mol* Greek symbol

RH relative humidity 05 Heat fluxwW

T temperatur8C A conductivityW.m*.K*
U voltageV Subscripts and superscripts
I current intensityA a anode

] current densityh.cm? c cathode

N water fluxmol.s* cond conductive

LHV lower heating valukJ.mot* e electrode

HHV higher heating valukJ.mol* [ inferior

Lv latent heat of watdeJ.mol* S superior

€pL  porous layer thicknegan th theoretical

R thermal resistance of the porous lagew®

1. Introduction

Proton exchange membrane fuel cells (PEMFC) maklgossible to convert efficiently chemical
energy into electrical energy. Using hydrogen a4, fthey can produce electricity over a wide range
of power without on-site emission of greenhousegathe only reaction product being water. PEMFC
is currently used for powering electric vehiclesrtpble electronic applications and cogeneration of
small and medium poweT.hey operate at nominal temperatures low enougha®@ °C) and start at
room temperature.



Despite recent technological advances, their laogde commercialization is still hampered by
issues of cost (platinum catalyst and polymer mamgrprices) and durability that can be related to
water management within the cell (electrode coomsdissolution of platinum, oxygen transport).
The study of water transport in a proton exchangmbrane fuel cell is therefore fundamental.

50% to 70% of the energy exiting the cell as hesent works have therefore examined the impact
of the temperature field on water transport infilng cells MEA [1-10]. In 2002, Djilali and Lu [1]
focused on the modeling of non-isothermal and obaric effects (including Knudsen diffusion and
Soret effects). They found a typical mean tempeeatifference of 1 to 5°C, between the bipolarelat
and the cathode, function of the current density drermo-physical properties of materials. Weber
and Newman [2] and Wang and Wang [3] showed, bidening a non-isothermal operation of the
fuel cell, that evaporation/condensation (heat paflect) through the porous layer may have a
significant effect at high current densities. Elkay [4] also showed that at a current density of 1
A.cm’?, the evaporation rate at the electrode is sufficie remove all water produced at the cathode
in vapor phase. To visualize this phenomenon, Hiclat al. [5,6], Kim and Mench [7,8] and Fu et al.
[9], used neutron radiography highlighted the intioce of evaporation at high current densities. The
temperature influence on the water is significamt,its state but also on its transport. Indeed, the
works of Kim and Mench, Fu et al. or Hatzell et[&D] showed that water goes preferentially towards
the colder side of the fuel cell. Because of thermpmenon, it is important to realize accurate
measurements of temperature in all parts of tHe cel

Temperature measurements within an operating fekklhave been already performed. In 2004,
Vie and Kjelstrup [11] were the first to measure tlocal temperature near the electrodes using
thermocouples (12@m in diameter). By measuring the temperature at rtfeanbrane/electrode
interface and channel/GDL interface, they calcaldbe thermal conductivity of the membrane and of
the electrode+GDL. Zhang et al. [12,13] used theouples with a diameter of 1Q0n that they
placed at the GDL/electrode interface to measusetemperature difference between the air flow at
the inlet and at the outlet of the cathode compamtmThey observed a correlation between the local
temperature and the local current density. A diffee of 5°C was measured between the electrode
and the bipolar plate for a current density of T2 A correlation between local temperature,
current density and the presence of liquid wates alao put forward by Maranzana et al. [14] using a
segmented and transparent fuel cell; the temperangasurement was done using thermocouples
inserted along the air channels.

To complete these studies, an experimental appr@developed in this work. It consists in
measuring internal temperatures in a proton exahamgmbrane fuel cell, using small platinum wires
which diameters are more adapted to the electroid&ness than thermocouples. Beside, heat and
water fluxes are measured on the anode and casidete These measurements allow confirming - at
least for our operating conditions - that produeeder crosses the diffusion layer in vapor phase. |
addition, the effective thermal conductivity of pas layers, a key parameter for the analysis of hea
transfer in the fuel cell is estimated in situ.

2. Experimental set up

A hydrogen fuel cell is a cell in which the electli power generation is obtained by hydrogen
oxidation at the anode and oxygen reduction atéteode. For this, a membrane electrode assembly
(MEA) is sandwich between porous layers (to obtalmomogeneous diffusion of gases over the entire
surface of electrodes) and bipolar plates whicluenthe supply of hydrogen and air.

The MEA considered for this experiment was purctiasem Johnson Matthey Technology. It
consists of a 3@m perfluorosulfonated membrane and twaqrhOthick electrodes with a platinum
loading of 0.2 mg.cffiat the anode and 0.6 mg.émt the cathode. The square surface of the MEA is
25 cnf. Hydrogen and air flow in plates consisting off28allel channels of 50 mm in length, 1 mm
in width and 0.4 mm in depth. The porous layeracg@tl between the plates and the active layers, are
developed by Sigracet ® and consist of a gifbthick porous medium made of carbon fibers coated



with 5% PTFE called GDL (Gas Distribution Layerjdaa 45um thick microporous medium (MPL)
strongly hydrophobic (30% PTFE).
[ . } [ . } The scheme of the experimental setup is shown in
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Figure 2. Position of the 8 wires at the electrode/MPL irded. Gases flow from top to bottom.

Wires allow measuring the average temperature aloadviEA in the direction perpendicular to the
flow. They are manually spaced 1lcm out from eadterntConsequently, we measure the average
temperature perpendicularly to the gas flow ortheowords, locally along the gas flow direction.

3. Measurement protocol

3.1. Temperature measurement protocol

The temperature measurement is based on the demendkthe electrical resistance of the platinum
wires with the temperature. To obtain the resistanc each wire, a calibration is performed. This
operation consists in setting bipolar plate temjpees at the same values, varying between 57°C and
63°C (passing four times by 60°C) without fuel agkerates. Figure 3 shows the variation of theswire
voltage (a direct current of 25 mA is set withirreg) during the calibration. This calibration alldwy



measuring the voltage of each wire during operating
fuel cell, to obtain the average temperature along
each wire.

The voltage of 6 of the 8 platinum wires as a

> function of the plates temperature are shown on

g figure 3. Two wires Tal and Tcl) have been

% . broken during the compression and/or the setting

> plate temperature (their very small size makes them
: O Ta3 very fragile). The voltage varies linearly with the
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T %e ™ 62 &3 measurement technique was verified, no change on
Figure 3. Scheme of the experimental the performance of the fuel cell or the water flixe
setup measurements were noted.

3.2. Heat flux measurement protocol

Tangential gradient heat flux sensors deliver daaga proportional to the incident heat flux. After
calibration stage, the proportionality coefficieca)led the sensor sensitivity, was found to beakt
27.8+3%uV/(W/m?2) at the anode side and 23.2+3%/(W/m?) at the cathode side. The surface of the
sensors is equal to 36 &nTo obtain the heat flux through the porous layeosrections are made on
the raw flux measurements. These corrections tatkeaiccount the heat flux lost due to the imperfect
insulation (about 1W per plate measured when0A), the heat flux given by the feeding gases tha
are overheated after the bubblers (calculated fyases flow and overheat temperatures) and the heat
flux associated with water condensation due todbesumption of the gases. When hydrogen and
oxygen are consumed, water vapor that saturates the gases condenses and thus yields a heat flux
that should be subtracted to find again the theymanhics prediction.

4. Resultsand discussion
All measurements presented below were performed aviitoichiometry of 1.4 for hydrogen and 3 for
air. Results are given for a current densities eanfg0.04 to 1.5 A.cih Three thermal configurations
are studied:

- plates temperature$4 for the anode andc for the cathode) are equal to 60°C.

- temperature of the cathode plate is set to 62aBfCthe anode to 57.5°C.

- temperature of the anode plate is set to 62.5i€ {tze cathode to 57.5°C.
As bubblers temperature is kept constant equalt@ 6whenTc = Ta, relative humidities at the anode
(RH,) and at the cathod®K,) are equal to 100%. Whért > Ta, at the inleRH, = 89% andRH. =
100% and inversely, whera> Tc, RH, = 100% andRH, = 89%. Thermal configurations were
selected to keep a constant average temperatéf 6.

4.1. Electrodes temperature measurement
Temperatures measured at the electrodes are shmofigure 4. The drawings show the temperature
rise at the anode and cathode for three currersitits) 0.04, 0.8 and 1.5 A.¢nand three thermal set-
ups for the bipolar plates. For each electrodetahgerature values are the average of those nezhsur
by each wire.

For the three setups, there is an electrode tertopenase of 7°C for a current densjtgqual to 1.5
A.cm’, corresponding to a temperature gradient of aB66C.mm'". The same temperature increase
was observed by Weber and Hickner [15] in the aafsequal bipolar plates temperatures. They



measured an electrode temperature 6°C higher tharplate temperature ft= 1.25 A.cnt for
equivalent membrane and porous layers thicknesses.
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Figure 4. Electrode temperature (°C) vs. current density

A reversal of temperature gradient is observedj for1.5 A.cn when the plates have a different
temperatureTc> TaandTa> Tc). A difference of 5°C betweeha andTc is not sufficient to obtain a
heat flux directed from the hottest plate to thédest over the entire range of current densities.
Moreover, one can notice that the MEA temperatsralinost uniform. These measurements show a
strong non-uniformity of temperature within thelc€onsidering the cell as an isothermal system is
not justified.

4.2. Heat fluxes through the porous layers meanerd
In the cas@a=Tgc, figure 5.a shows heat fluxes through the poraysris,¢ in blue at the anode side
and @ in green at the cathode side, as a function ottheent density. Figure 5.b showg and @

minus the condensation heat of the water flowirmgnfithe electrode to thef*™ = ¢ —N_Lvand

@™ =@ - N_Lv, where water fluxesl, andN. were obtained thanks to a mass balance [16].
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Figure 5. Heat fluxes measurements on the anode siglead cathode sideg), minus heat of
water condensation (b) and comparison with thezaksources (c) vs. current density. By convention,

heat fluxes are considered positive when they @ectéd from the source (MEA) to the outside.
Thermal casda=Tc.

This quantit;{ﬁOnOI can be interpreted as the heat transfer by coiduittrough the porous layers in
the case where water crosses the layer in vapa@ephahout thermal interaction with it. To validate

these measures, the total heat flgx € @) is compared, on figure 5.c, with the theoretlugdt source
corresponding to the difference between the tatalgy supplied by the combustion of hydrogen and
electrical power given byl:

@, = LHVZI—F—UI and @ = HHVZI—F—UI
LHV is the lower heating value (240 kJ.ioandHHYV the higher heating value (284 kJ.fol
It must be noted thaty + @is very close tg . This validates the heat fluxes corrections and
measurements, and provides information that watier liquid form caused by the condensation on the
coldest part of the cell. Figure 5.c also shows ¢+ ¢f°™ is close tag, . This indicates that water

measurements are accurate and water transportnwtiei porous layers can be therefore in vapor
phase.

Of course, an increase of heat fluxes with theenirdensity is observed because the entropic heat
of reactions, and irreversibilities (kinetic overgatial and ohmic losses) increase with the ctirren
density. WhenT=T,, heat obtained at the cathoggis larger than at the anodg (figure 5.a)
However, if the heat corresponding to water condems is subtracted (figure 5.b), it is very

interesting to observe that the so amended heed|yf*™ andgf*™, are the same at the anode and

cathode sides whatever the current density. lufspesed thatgf*" andgf**“are conductive heat

fluxes through the gas distribution layers. Theyuldobe the same for both sides because materials
and thermal gradients are the same. Thus, heatférathrough the diffusive layer appears as a

conductive heat transfer through the GDLs in patalith phase change heat flux as shown in figure
6.
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Figure 6. Thermal model of the cell

To confirm this assumption, heat fluxes as fundiai the temperature difference between the
electrode Teand the plate facing ifTé@ or T¢), for the three thermal caseBa(= Tc = 60°C,Tc =
62.5°C >Ta=57.5°C and@a= 62.5°C >Tc=57.5°C) are plotted on the figure 7.
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Figure 7. ¢f*“andgf*“as a function of the measured temperature differebetween the
electrode and the plate facing it for the threertts cases.

The linearity of heat flux as a function of the memature difference is a signature of conductivet he
transfer. Thus one can estimate the equivalentrideresistance to the porous layers:

T.-T,
R= F%,c:

=325 =0.45KW*

. . .
g

This measurement is performed in situ and so imdutthe contact resistances between the porous

layer and the plate. An equivalent thermal conditgtcan be derived too:



p) =% = 0.3W mt.K!

The same order of magnitude has been found by Resaat al. [17] using a standard ex situ hot plate
method. Note that in our case, this effective tl@roonductivity take the contact and constriction
resistances into account.

5. Conclusion

Temperature measurements in the heart of a fuelveet performed using platinum wires inserted at
the electrode/MPL interface. Three thermal configions with different flow field plate temperatures
were examined. A temperature rise of 7°C betweenrethctrodes and the plates was observed for a
current density of 1.5 A.ch) demonstrating the existence of strong temperajtadients through a
cell in operation.

Concomitant measurements of water and heat flul@sed asserting and validating, whatever the
plates temperatures, a simple thermal model thasider a conductive heat transfer through the
porous layers in parallel with a phase change tnaasfer driven by the water vapor flow through the
pores. The only thermal parameter of this mod#héseffective thermal conductivity which has been
estimated in situ to 0.3W:hK™. To close this problem, a coupled mass transfedeinbas to be
developed in order to explain the water fluxes digdwater sharing between the anode and cathode.
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