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Abstract

In this paper, a new, simple method for measuring the current density distribution in fuel cells with meander flow fields is described. This
method has been used to investigate the reactant activity along the meander channel. The corresponding experimental hardware is very simg
cost-effective and easy to integrate into the fuel cells. A thin semi-segmented plate made of expanded graphite serves as a passive resis
network. The set-up is based on the idea that the electronic conductivity of the expanded graphite is relatively low in current direction. For
typical current densities in polymer electrolyte fuel cell (PEFC), this leads to voltage drops in the range of several millivolts using usual
current densities. On the other hand, the conductivity in-plane is considerable higher which is beneficial for equalizing the potential across
the segment area. The new set-up can be used to measure the current density distribution in a single cell as well as in a stack at any desi
position. The local potential difference across the graphite plate is caused by the local current flowing through it. By mapping these potentia
differences at different locations, the current distribution in the fuel cell can be derived. This experimental set-up has been used to investigat
the current distribution of a 240 &GREFC single cell with different operating conditions. The real-time current density distributions measured
by the present method are described in this paper.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction inhomogeneous current distribution over the electrode area.
However, the current distribution is not apparent in conven-
The worldwide reserves of conventional fuels are limited. tional fuel cell stacks with current collectors at the end plates,
To provide a longer lifetime for these conventional fuels, since only the collective values of the current and voltage
efficient converters should be introduced. Fuel cells show are measured. Thus, it is very important to have an idea
excellent potential in portable, mobile and stationary applica- of the influence of the different parameters on the perfor-
tions because of their high power density and adaptability for mance of the fuel cell. This can be achieved by measuring
different system requirements. In order to achieve optimum the local current density inside the fuel cell rather than mea-
performance in commercial-scale fuel cells, the optimisation suring the integrated current from the whole area of the fuel
of the electrochemical activity over the whole electrode area cell.
is of special importance. During the fuel cell operation, inho- Efforts have been made to measure the current density dis-
mogeneities in the reactant concentration as well as othertribution in the polymer electrolyte fuel cell (PEFC) as well
influences, such as contact pressure, temperature distribuas in the direct methanol fuel cell (DMF)] by different
tion, water management, etc., along the flow field cause anapproaches.
Stumper et al[2] studied the current distribution by the
— ] ) ] ~ partial MEA method as well as by the isolated subcell method.
N* _Correspond_lng author. Present address: Ph)_/5|cal Chemistry Division, The isolated subcell method bases on conveniently chosen
ational Chemical Laboratory, Pune 411008, India. . . . . .
Tel.: +91 20 25893300x2270. locations in the MEA where isolated circular sections of the
E-mail address: pc.ghosh@ncl.res.in (P.C. Ghosh). anode and cathode are inserted into a single cell. These sec-
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tions can be measured separately but the experimental efforified bipolar plates. The new measuring set-up can be easily

is relatively high. inserted into existing bipolar plates. Our method combines
To measure the current density distribution the printed the advantages of the above-mentioned existing method.

circuit board (PCB) approach was adopted on the segmented

anode side of a PEFC as a current collector by Cleghorn et al.

[3]. Brettetal[4] also used the PCB to constructisolated cur- 2. Experimental set-up

rent collectors to avoid segmentation of the cell. @&diauer

et al.[5] introduced the PCB inside a bipolar plate, which In the present approach, a segmented expanded graphite
enabled them to measure the current distribution not only in plate is used as a passive resistor network. Its particular
a single cell but also in a stack. design allows an easy integration into a single cell or a stack

The measurement of current distribution on the segmentedand does not require any modification of the bipolar plate
cathode side of a free-breathing fuel cell was reported by or the membrane—electrode assembly (MEA) as reported by
Noponen et al[6]. Stumper et al[2]. The easy integration is enabled by the

Hauer[7] describes a method basing on two steps. The very good sealing behaviour of the plate made of expanded
first step is the measurement of the magnetic field outside thegraphite, i.e. it can be inserted between two adjacent cells
stack caused by the current inside the cell. In the second steplike a sealing. Therefore, the manifolds and cooling supplies
the corresponding current density distribution is calculated. of the bipolar plate can be left unchanged. The resistor net-

Wieser et al[8] introduced hall sensors inside the seg- work on a graphite plate is realised by partially segmenting
mented flow field of a cell to measure the magnetic field the graphite plate. In order to guarantee mechanical stability
caused by the current flowing through the segment. The cur-and to create a resistor network on a single graphite plate,
rentdistribution was constructed from the measured magneticonly the corners of each segment are left connected to the
field. Rajalakshmi et al[9] and Yoon et al[10] used seg-  adjacent graphite segment as showhiip 1a. Each graphite
mented flow field on the cathode as well as anode sides of asegment represents a resistor in the resistor network simi-
single cell. lar to the method reported by Stumper et[2]. The partial

To date, all approaches for measuring current distribution segmentations minimize the lateral flow of the current in the
have used partially or fully segmented bipolar plates or MEA. expanded graphite plate. When a current flows through a seg-
This causes a deviation in the operational behaviour of the ment, a potential difference occurs across the segment due to
cell under observation from the real unsegmented fuel cell. the finite bulk resistance of the graphite segment. As the con-
The main objective of this paper is to demonstrate a very sim- ductivity of expanded graphite perpendicular to the in-plane
ple and cost-effective way of measuring the current density direction is much lower than that of the in-plane direction,
distribution in the fuel cell without the need of special mod- the potential difference is in the range of several millivolts
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Fig. 1. Semi-segmented graphite plate and position of the different segments with respect to the flow field on the cathode side (thickness, 1 mm).
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Fig. 2. Semi-segmented resistor matrix on graphite plate with the isolated copper wire.

even when using a relatively thin (1 mm) graphite plate. The ments are numbered along the flow field on the cathode side
potential differences across different segments depend lin-from the gas inlet to the outleEig. 1b shows the superim-
early on the local current density. The potential difference posed diagram of the cathode flow field on the numbered
is measured at the centre of each resistor segment by thirresistor segment. On its lengths, the serpentine flow field is
copper wires. To prevent short circuits, the copper wires are divided into 5x 4 sections.

isolated by lacquer. Measuring the potential difference across A set of 40 isolated copper wires is connected to both
each graphite resistor segment, the current density distribu-sides of the 20 segments to detect the potential difference as

tion can be calculated from the following equation: shown inFig. 2 The wire has a diameter of only 0.15mm
v and is fixed on the graphite plate as showiig. 3. Due to
i= ,o_L Q) the mechanical properties of the expanded graphite, the wire

is pressed into it if a mechanical pressure is applied on the
whereVis the potential difference across the segmented plate,bipolar plate.
p the resistivity and. is the thickness of the plate. The measuring unit consists of five layers. The layer in
For the experimental validation of the present approach, the middle is the semi-segmented resistor matrix with the
a single PEFC of dimension 24 crnl6 cm with an active  isolated copper wires (sé&gg. 3). To protect the connections
area of 244 crhhas been tested. A plate made of expanded between the wires and the expanded graphite plate against
graphite of thickness 1 mm and of the same outer dimensionmechanical stresses, the middle layer is sandwiched between
asthe fuel cellis chosen to construct the resistor network. Theanother two semi-segmented graphite plates. The outermost
area of the measuring plate adjacent to the active area of thdayer on both sides, i.e. an expanded graphite plate with-
cellis divided into 20 equal segments of area 32 mB2 mm out any segmentation, is necessary for sealing reasons. The
leading to a 5« 4 resistor network as shown ifig. 1a. This whole measuring unit is placed between the end plate and the

is realised by creating gaps of dimension 2 mr80 mm, bipolar plate on the cathode side of the fuel cell as shown in
which leave the segments connected to the adjacent segmentgig. 4.
through the corners of area 4 mo¥ mm. A 14-channel ser- The measured current density distribution is the one that

pentine flow field is opted for in the present experiment. The occurs at the interface of the cathode bipolar plate and the
position of the different resistor segments with respect to the measuring unit. Due to lateral exchange currents in the gas
flow field on the cathode side is shownhig. 1b. The seg- diffusion layer and the bipolar plate, this current density dis-
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Fig. 3. Design of the electrical connection on both sides of the extended
graphite plate.

tribution may vary slightly from the one which is present at
the MEA. As the lateral dimensions of the segments used in

187

In summary, the limitations of this measuring method are
the following:

o sufficient lateral Ohmic resistance in the bipolar plates
must be provided,;

¢ the ratio between the lateral dimension of the segment and
the thickness of the bipolar plate should be high, a value
of 5 at minimum is recommended.

A sufficient lateral Ohmic resistance is given in the case
of graphite bipolar plates with a conductivity of typically
0 =100ScnT?, which is low compared to that of metallic
materials § = 1E5 S cnml). The second condition refers to
the ratio between the lateral dimension of the segment and
the thickness of the bipolar plate. With increasing thickness
of the bipolar plate, the lateral Ohmic resistance decreases
and as a consequence the current density distribution has a
tendency to equalize.

In general, the resistance can be calculated as:

11

R==
oA

(2)
whereo is the conductivity (Scmt), I (cm) the length of
the current path andl (cn?) is the cross-sectional area of the
current.

In the chosen experimental set-up, the resistances of the
resistor network are the following:

the experiments are large with respect to the thickness of the Ry, is the resistor describing the lateral resistance from the

gas diffusion layer and bipolar plate the differences of the
current distributions are small.

center of one segment to the nekis the distance from the
center of one segment to the next. In the set-up used,
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Fig. 4. Schematic diagram of the measuring unit inside the fuel cell.



188 P.C. Ghosh et al. / Journal of Power Sources 154 (2006) 184-191

34 mm. The area is the thickness of the bipolar plate multi- 3. Results and discussion
plied by the width of the segment, inour case 3.2¢c@.1 cm.
R, is the resistor describing the orthogonal resistance  Inthe following, the results of the measurements with the

through the measuring set-up. dummy cell are described. In order to calculate the absolute
In the experimental set-upis the thickness of the bipolar  values of the current flowing through different segments, the
plate which is in the range of 0.1cm. Thef,is signif- product in the denominator of equati@h) is determined by

icantly higher compared to the above-mentioned case aspassing a known current through each segment and detect-
it corresponds to the total area of the segment which is ing the corresponding Ohmic voltage drop. An average value

3.2cmx 3.2cm. of pL was found to be 5.02& 103 Q2 cm?. No remarkable
Using the geometry of the measuring set-up the corre- influence of the temperature and pressure on the electronic
sponding values for the resistors are: conductivity is observed (<0.2% K and <0.25% bar).
The influence of different types of end plates on the current
R, — 1 3.4cm 10610 3 density distribution is observed in the dummy cell. End plates
/I~ 100Sceml32cmx 01lcm ) made of stainless steel with and without additional gold coat-
ings were tested at a total current of 100 A (410 mAén
and Fig. 5 shows the local current densities in the dummy cell
using stainless steel without gold coating. The local current
R, = 1 0.1cm —01m () density varies by a factor of 10. The current densities at the
100Scnrl3.2cmx 3.2¢cm centre are found to be low and the maximum values are found

o o at the corners of the cell. This effect can be explained by the
As R, is significantly lower tharky, it is assumed that the  formation of electrically insulating oxide layer on stainless
equalization of the current distribution in the set-up can be contact pressure in the corners is relatively high whereas the

observed. _ contact pressure in the center is low.
In the present study, the whole experiments were per-  \when using gold-plated end plates, the influence of the
formed in three parts as follows: contact pressure on the contactresistance is much lower. Con-

o _ ) ~sequently, the current density distribution using gold-plated
e determination of the Ohmic properties of the measuring steel is found to be comparatively homogeneous as shown
plate; in Fig. 6. The remaining inhomogeneity may be caused by

o testing of dummy cells without membrane—electrode the contact pressure and local surface roughness. Thus, the
assemblies (to investigate the influence of the temperature

and the pressure on the Ohmic properties of the measuring
set-up);
e testing of a fuel cell under real operating conditions. o o o o

The knowledge of the Ohmic properties is needed to cal- © |:| ] |:| ©
culate the absolute value of the current density from equation
(1). The different influences, such as contact pressure, choice |
of the material of the end plates, etc., on the current den-
sity distribution is studied in a dummy cell. In the dummy

590 433 || 433 590 O

cell, current is fed from an external source into the celland | © s 7 h TR BN | O
the corresponding Ohmic drops in the measuring plate are

detected. In general the dummy cell consists mainly of the o usfl_ 700l 197 o
same parts as a real ceHig. 4) except the MEA which is

replaced by gas diffusion layers only. The bipolar plates and B4l 25 197) 354

the gas diffusion layers are sandwiched between the two end | © O

826 551 551 826

plates by 20 screws, which produce a total force of 40 kN
that corresponds to an average pressure of 10 bar. It could be
seen that the choice of the end plates material has a signifi- © l:l I;l |:] ©
cantinfluence on the current distribution. Untreated stainless O O @) @) /
steel shows an inhomogeneous current density due to non- ﬂ

conducting oxide layers on the surface. As described below,

gold-plated stainless steel end plates showed the best current

den5|ty homerne't.y.and were used throthOUt the eXperI_Fig. 5. Current density distribution (mA crd) in the dummy cell using
ments for characterizing MEAs. untreated steel as end plates.

Position of the current collectors (100A)
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Fig. 6. Current density distribution (mA crd) in the dummy cell using

gold-plated steel as end plates. i =

gold-plated steel is used as the end plate to study the current :

density distribution in a real fuel cell. § i, . .
The current density distribution measured in an actual fuel Airoutlet - Water H, outlet

cell using a commercial membrane (catalyst loading 0.4 and :

0.6 mgcnT?) is shown inFig. 7. The cell temperature was :

maintained at 79C.and the relative humidity of the reac- ig. 7. Current density (mA cr?) distribution in the fuel cell (inlet pres-

tant gases was adju§ted to 100% by the means of eXtem"’{ures, 2 bar; stoichiometry gihir), 1.1/2.0; cell temperature, 7C; total

humidifiers. For cooling purposes, the cell was connected cyrrent, 122.1 A; current density, 500 mA ch cell voltage, 0.635 V).

to a cooling water loop. The inlet gas pressures of anode

and cathode were maintained at 2 bar. The stoichiometry of ¢ cell air outlet worked better. The change of the cell volt-

hydrogen and air was kept at 1.1 and 2, respectively. Underage was relatively small with a change of only 5mV from

these conditions, the cell showed better performance in its g35 15 640 mV.

middle area. The cell voltage was 635mV and the total cur- |, Fig g the change of current density distribution along

rent_measured atthe outS|d_e of the cellwas 122.1 A, whichis ihe flow field on the cathode side for two different inlet

equivalentto a currentdensity of 500 mA cfaThe total cur- pressures are shown. In this case, the other operating param-

rent summarized by the single currents through the segments

was 121.2 A, which corresponds to a very small deviation

from the total current of less than 1%. 07

Withthi ‘ qditi | ‘ ; q = L] Cell temperature: 67.5°C
ith this set-up, additional measurements were performe B oo | .0 Stoichiometry Hot 1.
to get informatiorlzJ about the influence of the operapting con- = b * e o ;:::T::L:y 222 11[1\
ditions on the current density distribution. § 30 SN Inlet pressures: 2 bar

The change of current density distribution along the flow Z e o L
field on the cathode side for different values of air stoichiom- 8 0] P
etry are shown ifrig. 8 The air stoichiometry was increased % ol s s e 1s 17 1o
from2to 4. The graph shows the resulting difference between > Seament number ¢
the current densities of the two stoichiometries, whichisthe 5 30- - L e
current density of iy = 2 subtracted by the current density of % ° e o oo
Aair = 4. The cell temperature was maintained atC@nd the 5 -50 N
reactant gases were fully humidified as previously described. o

The total current from the fuel cell was maintained at 121.1 A. 70

It was observed that with the increase in the stoichiometry, Fig.8. Change of currentdensity atdifferent position at different stoichiome-
the performance was more homogenous, i.e. the regions atries of air ¢4 =2 and 4).
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The data logger used for measuring the potential differ-
ences across the graphite in the present method can mea-
-ra " Yk i sure up to V. This causes an error of about 0:5% for
; 3 A the lowest current density (40 mAcrf). The experimen-
tal error due to the instrumental limitation decreases with the
increase in the current density and drops to a level as low
as 0.02%.

As during the voltage measurements no current is fed
through the thin detection wires the Ohmic resistance of these
wires is not relevant with regard to the accuracy of the mea-
50 . surements.

The physical properties of graphite change with the tem-
perature and pressure. In the present method, the pressure
over the active area of the fuel cell may vary by 4bar

90 J (6—10 bar), which causes an error of less than 1%. Though
the cell temperature was kept at a constant temperature still
Fig. 9. Change of current density distribution at different inlet pressures there was a fluctuation arounifl °C. The resistivity of the
(g=2 and 1.5bar) of the reactant gases. Other operating parameters as "graphite used for the present experiment changes by 0.2%
Fig. 8 per°C, which causes0.2% error in the measurement.
Lateral currents in the graphite as well as the bipolar plate
eters were kept constant and only the inlet reactant pressureause an error in the measurement. The error due to the mix-
is increased from 1.5 to 2bar. It is observed that with the ing of the currents from different portions of the active area is
increase in the inlet pressure, the performance near the inletsneasured as high as 4.5% at maximum level. All the above-
becomes better. Thus, the current density near the outletsmentioned errors occur when the absolute current density
decreases to keep the total current constant. At 1.5bar, thejistribution is measured.
cell voltage decreases to 586 mV compared to 635mV at an
inlet pressure of 2 bar.

Inthe present method of currentdistribution measurement, 5. Conclusion

the resistor network is constructed on a single graphite plate.

Therefore, some more detailed views on the possible errors  The approach discussed in this present paper has been
are necessary. Thus, the resistors in the resistor network argound to be convenient for the current density distribution
connected to the adjacent resistors through the corners, whicheasurement inside fuel cells with graphite bipolar plates.
causes a lateral flow of current in the resistor network and the Fyrthermore, this approach provides a cost-effective tool for
currents from different resistor segments can be mixed. In petter insight into the reactant activity inside the single cell
addition to that, as the measuring set-up is placed behind thezs well as in the fuel cell stacks. The influences of the inlet
bipolar plate the current will also be mixed over the bipolar pressure and stoichiometry variation of the inlet gases on
plate. The lateral current flowing through the bipolar plate as the performances of a single cell are studied. The present
well as the resistor segment is determined by measuring themeasuring technique reveals the current density distribution,
potential difference on the different points at the interface \yhich supports the theoretical expectation. The overall per-
of the bipolar plate and the graphite plate. The maximum formance of the fuel cell at a particular current density is
observed lateral current was measured as Only 4.5% of theimproved Signiﬁcant'y at h|gher inlet pressure' The air sto-
current flowing through the resistor segment and average lat-ichiometry has a significant impact on the current density
eral current is only 60 mA per resistor segment. As there are gjstribution whereas the variation of the power output of the
20 segments and the cell current is adjusted to 122.1 A, thecg|| is remarkably lower. At present, investigations of the

total average lateral currentis 1.2 A, which is approximately influences of the other parameters on the performance of the
1% of the total current. fuel cell are in progress.

50 -

10

Change of current density (mA/cm?)
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