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Abstract

Knowledge of the temperature distribution on the membrane electrode assembly (MEA) surface and heat transfer processes inside a proton
exchange membrane fuel cell (PEMFC) is helpful to improvement of cell reliability, durability and performance. The temperature fields on the
surface of MEA fixed inside a proton exchange membrane fuel cell with a serpentine channel flow bed were measured by infrared imaging
technology under non-humidification conditions. The temperature distributions over the MEA surface under whole channel region were achieved.
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he experimental results show that the downstream temperatures are higher than the upstream. The hot region on the MEA surface is easy to locate
rom the infrared temperature image. The mean temperature on the MEA surface and the cell temperature both increase with the current density.
igher current density makes the non-uniformity of temperature distribution on the MEA surface worse. The loading time significantly affects the

emperature distribution. Compared with the electrical performance of the cell, the MEA’s temperatures need much more time to reach stable. The
esults indicate that isothermal assumption is not appropriate for a modeling of PEMFCs, and monitoring the temperature of external surface of
he flow field plate or end plate cannot supply accurate reference to control the temperatures on MEA surface.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Thermal and fluid processes encountered inside proton
xchange membrane fuel cells (PEMFCs) considerably influ-
nce the cell performance. Currently, more and more research
ctivities focus on the thermophysical issues inside fuel cells
1]. However, so far, the advances in modeling of the PEMFC
ave outpaced the ability to experimentally verify the predicted
henomena [2] such as the distributions of various parameters.

Temperature plays a significant role in achieving high per-
ormance of fuel cells because it deeply influences the activity
f the catalyst, dehydration of solid polymer membrane, mass
ransfer and heat management of PEMFCs [3]. Even small vari-
tions in temperature have dramatic effects on inlet humidity,
ocations of condensation/vaporization and membrane longevity
4]. The temperature distribution over the membrane electrode
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assembly (MEA) surface has a close relationship with the per-
formance, lifetime and reliability of PEMFCs. Heat generated
in PEMFCs affects the water distribution by increasing temper-
ature and changing the local saturation pressure of the gases. A
too high local temperature on MEA surface may lead to mem-
brane dehydration, and a too low temperature may result in
water condensation or even flooding. The temperature distribu-
tion is of critical importance to water management in a PEMFC.
The heat, accompanied with the electrical energy produced by a
PEMFC, is required to keep the working temperature of PEM-
FCs within safe level. Without proper thermal management, the
performance of the fuel cell may not be maintained. The tem-
perature is not distributed homogeneously over the active area
of the fuel cell [5]. The non-uniform temperature distribution
over the MEA surface may decrease the reliability and durabil-
ity of the membrane applied in PEMFCs. The hot spot should
be avoided for the membrane reliability and durability under the
operating of PEMFCs. Therefore, determining the temperature
field on the MEA surface inside PEMFCs is essential to ensure
proper heat management and make the PEMFC work safely.
378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2005.08.012
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In addition, knowledge of temperature distribution and heat
transport inside fuel cells is helpful to understand distributions
of other parameters, to optimize design and operating of fuel
cells and to validate the increasingly complicate model of fuel
cells.

There is limited modeling and experimental work in the area
of temperature distribution on MEA surfaces. Several models
had been developed to demonstrate the influence of temperature
change on the water management and relationship between tem-
perature and current density by considering the energy equation
[6–8]. The temperature distributions along the direction perpen-
dicular to a MEA surface [9–13], as well as the temperature
profiles over the membrane surface along a single straight chan-
nel [8], were simulated. Recently, experimental studies were
conducted to determine the temperature at the electrolyte [14]
and the temperature distribution over the MEA surface of an
operating PEMFC [4,5,15]. Mench et al. [4] embedded eight
micro-thermocouples at different positions within the electrolyte
to measure the temperature distribution. Only three thermo-
couples gave reliable output. The results showed that the elec-
trolyte’s temperature rises with the current density. The method
is not easy to perform because it is very difficult to prevent the
destruction of and interference with the thermocouple embed-
ded in the electrolyte. Hakenjos et al. [5] designed a PEMFC,
which permitted simultaneous measurement of current density,
temperature distribution and flow field flooding. In that study,
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In this paper, a new design was presented to measure
the MEA’s temperature under whole channel region with the
infrared imaging technology. The aims of the paper are to
achieve the temperature distribution under whole channel region
over the MEA surface and to explore the change trend of tem-
perature distribution change with loaded current and loading
time.

2. Experimental

Fig. 1 shows the structure of the specially designed test cell
for measuring the MEA surface’s temperature distribution. A
serpentine channel (3 mm channel width, 1.5 mm rib width and
2.5 mm channel depth) was machined through stainless steel
plates to form an active cell area of 29 mm × 39 mm. The anode
channels were completely broken through to allow a straight
view onto the anode surface of the MEA. The reason for tak-
ing the anode, not the cathode, side of MEA as the measuring
surface is that liquid water emerged at cathode side would lead
to untrue temperature distribution over the MEA surface [5,15].
The plates were coated with gold for corrosion protection. A
barium fluoride was applied to close the anode gas channels.
As barium fluoride is transparent for infrared light, the anode
temperature distribution of the MEA could be observed with an
infrared thermo tracer. The thermo tracer (NEC, TH5102) is sen-
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nfrared imaging technology was used to measure the tempera-
ure distribution over a MEA surface. A zinc selenide window
as adopted to act as transparent material for infrared light. The

uthors measured the temperature distribution at the cathode
ide of the test cell. Locations of liquid water can be confirmed
hrough the images of temperature distributions. The MEA’s
emperature distributions under partial channel region, not whole
hannel region, were got because liquid water condensed on the
urface of infrared material. The current density loaded to the
est cell was less than 0.3 A cm−2. Schimoi et al. [15] applied
nfrared imaging technology to measure the temperature fields
t the MEA’s cathode side inside a PEMFC with three parallel
hannels. Only the temperature data of the center channel region
ere analyzed because there was liquid water at other channels.
rom above-mentioned literatures, it is known that so far, all

he published experimental results did not wholly demonstrate
he temperature distribution over the MEA surface. The effect
f loading time on the two-dimensional temperature distribution
as also not mentioned in published experimental results.
However, it is necessary to achieve the temperature distribu-

ion under whole channel region for locating the hot spot region
ver the MEA surface, which would accelerate membrane phys-
cal degradation and ultimately result in membrane failure [16].
he characteristics of temperature distribution change with cur-

ent and loading time are also important because they are related
o cell operation such as start-up and changing cell load. Know-
ng the temperature distribution under whole channel region
nd its change with current and loading time can supply more
ccurate reference for improvement of cell design and operat-
ng, proper water/heat management and validation of numerical

odels.
itive to a range of infrared wavelength between 8 and 12 �m.
atalyst (Pt/C, 0.8 mg cm−2) was applied onto the gas diffusion

ayers (carbon paper) with NafionTM solution. The electrodes
ere hot-bonded onto a NafionTM membrane (89 �m thick) so

s to be a single sheet.
In order to get more accurate temperature readings, the real

missivity of the measured surface of the MEA should be found.
black body and the MEA were maintained at the same tem-

erature. The window protective cap of the thermo tracer was
sed as the black body. First, the thermo tracer was used to
et the temperature of the black body by setting emmissivity as
.0. Then, the temperatures of the MEA surface were measured
ith the thermo tracer at various emmissivities. The emmissivity
nder which the temperature on MEA surface was equal to that
f the black body was considered as the emmissivity of the MEA
urface. With the method presented above, the emmissivity of
he surface was set as 0.96.

The transmission of the barium fluoride was measured with
Fourier spectrometer (BRUKER, EQUINOX55). Fig. 2 shows

he transmission over the sensitive infrared wavelength. The

Fig. 1. Structure of the experimental PEMFC.



M. Wang et al. / Journal of Power Sources 157 (2006) 181–187 183

Fig. 2. Fourier spectrogram of the barium fluoride window between 8 and
12 �m.

mean transmission is 87.8%, which is enough for the material
to act as an infrared window.

In this case, both the precision of the thermo tracer and the
absorption of the barium fluoride result in a measurement error.
A calibration was conducted to overcome the problem. The real
temperatures measured with a copper constantan thermocouple
(0.5 mm diameter of copper and constantan wires) were com-
pared with the temperatures captured by the thermo tracer behind
the barium fluoride when the emmissivity was set as 0.96 and a
correlation between the two sets of temperature was obtained.
The curve and the fitted equation are given in Fig. 3. All the
data from Figs. 7–10 were converted with that equation. After
conversion, the deviation of the converted temperature against
temperature measured with thermocouple was less than ±0.3 ◦C
in the range of 20–80 ◦C.

The flow rates of hydrogen and oxygen were controlled by
mass flow controllers. A temperature and heating control unit
was applied to heat the cell and control the cell temperature. An
ARBIN FCTS LNR was used to supply required electric loads
to the cell.

F
t

Fig. 4. Polarization curve of the test cell without humidification.

A T-type thermocouple was inserted into the middle of the
cathode flow field plate to monitor the temperature, which is
taken as the cell temperature in this paper. A heating pad was
installed behind the cathode flow field plate to preheat the cath-
ode flow field plate to an initial temperature. The initial temper-
ature before loading current is called preheated cell temperature
in this paper.

In order to avoid the appearance of liquid water in the anode
side, dry oxygen and hydrogen without preheating were supplied
in our experiments. The atmospheric temperature was 14 ◦C.
A polarization curve showing the performance of the test cell
without humidification is shown in Fig. 4.

3. Results and discussion

The typical images of temperature fields over the MEA anode
side at different current densities are shown in Fig. 5. The inlet
is the upper left corner and the outlet is the lower right corner.
Each photo is taken at 60 s after loading current. The flow rates
of hydrogen and oxygen are 300 and 500 ml min−1, respectively.
As seen, the temperature of the MEA surface increases with the
current density. That is the result of the fact that heat generation
increases with cell current density [4]. Also, the downstream
temperatures are higher than the upstream in those images. In
this case, because the dry reactants are supplied in experiments,
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ig. 3. Correlation of the temperatures measured with the thermo tracer and the
hermocouple.
ll the water needed in the membrane and the anode come from
he cathodal product of the electrochemical reactions. As a result,
oth the membrane hydration and water activity in the anode
ncrease along the flow path. Proton conductivity of the solid
olymer membrane depends on the rate of hydration [17]. There-
ore, the local current increases along the channel, which leads to
igher temperatures at downstream. The hot spot (local higher
emperature region) over the whole MEA’s surface is easy to
e located in these images. Knowing the position of hot spot
y the method presented in this paper benefits to proper heat
anagement and to suggest better cell design.
In order to compare in a chart temperature fields under differ-

nt operating conditions, the temperatures at 27 points in the flow
eld, as shown in Fig. 6, were taken from visualized temperature
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Fig. 5. Images of temperature fields on the MEA surface at different current densities.

fields and converted with the equation shown in Fig. 3. Fig. 6
also shows the active area (39 mm × 29 mm), which is transpar-
ent for infrared.

Fig. 7 describes the effect of the loaded current density on
the temperature field on the MEA surface. The data were taken
from the images in Fig. 5. As can be seen, both the temperatures
and non-uniformity of temperature distribution over the surface
increase with the loaded current density. At high current den-
sities, the temperatures at the outlet points are not the highest
in the temperature field. Although the hydration of the mem-
brane at the outlet area is the highest, the depletion of oxygen
due to oversaturation of vapor and the accumulated liquid water
at the cathode side will weaken the mass transportation to the
catalyst layers, which will lead to lower local current densities
[18]. As a result, the temperatures at outlet regions decrease
slightly.

Fig. 8 shows the plot of the temperature rise with current
density. As shown, the average temperature of the MEA surface
increases with the current density. With the increase of current
density, more reactants react and the cell voltage (efficiency)
decreases, and thus waste heat increases. Compared with the
MEA temperature, the cell temperature increases slowly. For
the convective heat transfer between the reactants and the MEA
surface and heating from the cathode side, the mean temperature
of MEA anode surface is lower than the cell temperature before
loading current. With increasing of current density, the mean
temperature of the MEA surface exceeds the cell temperature
and the gap between them widens. This means that the heat gen-
erated by reactions cannot be radiated to environment quickly
through the cell. A material with higher conductive heat coef-
ficient is helpful to decrease the temperature gradient between
the MEA and ambient.
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Fig. 6. The positions of the temperature points taken from the visualized tem-
perature field.

Fig. 7. The effect of current density on the temperature distribution over the
MEA surface.

Fig. 8. The variations of the MEA temperature and the cell temperature with
the current density.

Fig. 9. The effect of loading time on the temperature field of the MEA surface.

As seen from Fig. 8, both the lowest and highest tempera-
tures on the surface increase with current density. However, the
highest temperature increases faster than the lowest tempera-
ture, which leads to the increase of the maximum temperature
difference with the current density. Compared with the low tem-
perature region, higher water activity and membrane hydration
at the high temperature region make the local current density
increase more when a higher current is loaded to the cell. There-
fore, increasing the loaded current density would deteriorate
the current distribution, and then deteriorates the species and
temperature distributions. These characteristics indicate that the
temperature management inside PEMFCs becomes more seri-
ous and more attention should be paid for the application of
higher loaded current densities.

The change of temperature field with loading time at constant
current density of 1.379 A cm−2 is presented in Fig. 9. All the
temperatures at selected 27 points increase with loading time.
The basic contour of temperature distribution has formed at 10 s
after loading current. Fig. 10 shows the variations of temper-
atures of the MEA surface and cell with the loading time. As
shown, the average temperature of the surface increases with the
loading time within 1800 s. The reason is that the heat generated
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ig. 10. The variations of the MEA temperature and cell temperature with load-
ng time.
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by electrochemical reactions cannot radiate quickly through the
test cell to environment. The time of 1800 s is not enough to
reach a heat balance between the cell and environment. In other
words, the cell’s ability to remove heat is not good. The cell
voltage becomes stable after a loading time of about 180 s. The
difference between the MEA mean temperature and the tem-
perature of cathode flow field plate no longer changes after an
initially sharp increase with period of about 180 s. It implies
that the heat conduction between the MEA and the cathode flow
field plate becomes stable after 180 s. However, the heat trans-
fer between the cell and the environment is still unstable within
1800 s because both the MEA and cell temperatures increase
continuously. It is implied that the stabilization of electrical
performance of the cell does not stand for the heat transfer bal-
ance achieved inside the cell. The change of MEA’s temperature
should be monitored for safe operating of the cell. Temperature
variations of the MEA and the cathode flow field plate within
1800 s are shown to be about 20 and 13 ◦C, respectively. The
increase with loading time of the highest temperature and the
lowest temperature over the surface is also shown in Fig. 10.
At the beginning after loading current, the highest temperature
increases much faster than the lowest temperature because the
highest local current density at location where highest tempera-
ture occurs produces much more heat after loading current. The
difference between the highest temperature and the lowest tem-
perature tends to be stable after initial 300 s. From the results and
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PEMFCs. Knowing the knowledge is helpful to improve cell
design and operation, to proper water/heat management and to
validation the numerical modeling of PEMFCs. The following
conclusions can be drawn from this work:

(1) The temperature distributions over the MEA surface under
whole channel region were achieved. In the serpentine flow
field, under non-humidification, the downstream tempera-
tures are higher than the upstream over the MEA surface
because of the increase of membrane hydration, and the hot
spot on the MEA surface is easy to locate from the infrared
temperature image.

(2) The MEA’s mean temperature, the cell temperature and non-
uniformity of temperature distribution all increase with the
current density. The increase of cell temperature is slower
than that of the mean temperature on the MEA surface.

(3) After loading a constant current density of 1.379 A cm−2,
the MEA temperature and the cell temperature increase with
loading time within 1800 s. The maximum temperature dif-
ference tends to be stable after an initial 300 s sharp increase.
The gap between the MEA mean temperature and the cell
temperature no longer changes after an initial increase with
time of 180 s.

(4) The experimental results indicate that an isothermal
assumption is not accurate enough for modeling purposes in
PEMFCs. Monitoring the temperature of external surface of
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iscussion on the temperature change with loading time, it is rec-
gnized that the heat transfer processes inside PEMFCs needs
uch longer time to reach stabilization than the electrochemi-

al processes. The change of temperature distribution of MEA
urface after loading current is important because it is related to
ell start-up and changing load for practical application. Learn-
ng the feature of temperature distribution change with loading
ime is necessary for safe start of a PEMFC. The experimental
esults of temperature field change after loading can help the
afe starting and operating of the cell.

The non-uniformity of temperature field over the MEA sur-
ace and the big variation of MEA and cell temperatures with the
oaded current and loading time indicate that the assumption of
sothermal temperature distribution is not appropriate for mod-
ling purposes in PEMFCs. The gap between MEA temperature
nd the cell temperature and the non-uniformity of temperature
eld over the MEA surface also reveal that monitoring the tem-
erature of external surface of the flow field plate or end plate
annot supply an accurate reference to control the MEA’s tem-
erature. So, it is essential to explore the detailed heat transfer
rocesses inside PEMFCs with experiments and numerical sim-
lations. Novel methods need to be found to effectively monitor
he temperatures of the MEA.

. Conclusions

With the new designed PEMFC with serpentine flow bed
nd infrared imaging technology, the temperature distributions
n the anode surface of the MEA were studied experimen-
ally under non-humidification conditions. The results enrich our
nowledge of temperature distribution and heat transfer inside
flow field plate or end plate cannot supply an accurate ref-
erence to control the temperatures over the MEA surface.
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