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Abstract

The feasibility and restrictions of feeding oxygen to a PEM fuel cell through free-convection mass transfer were studied through theoretical
analysis and experimental testing. It was understood through the theoretical analysis that the free-convection mass-transfer coefficient
strongly depends on the difference in mass fraction or concentration of oxygen at the cathode surface and in the quiescent air. Thus, the mass-
transfer rate has a strong dependence on the oxygen concentration at the cathode surface, which can be viewed in terms of the relationship of
the fuel cell current density and the fuel cell voltage. Through this analysis, the maximum applicable current density was derived, beyond
which there will be an abrupt drop in the output voltage, which results in excessively low power in the fuel cell. Experimental tests were
conducted for one PEM fuel cell stack and two single PEM fuel cell units. An excessive drop in output voltage was observed when the free-
convection mass-transfer mode was utilized. It was also found that the orientation of the cathode surface affects the performance of the fuel
cell, which is mainly due to the fact that the free-convection mass-transfer coefficient depends on the orientation of the involved mass-transfer

surface, which is analogous to free-convection heat transfer.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

A fuel cell is a device which converts chemical energy
from a chemical reaction directly into electrical energy, and
thus has a high energy conversion efficiency compared to
devices based on thermal-mechanical—electrical energy
conversion processes [1,2]. The low emission of pollutants
and high electrical conversion efficiency make this technol-
ogy attractive, and it is currently being considered as the
most promising candidate for a variety of scales of power
sources, from portable devices to stationary and automotive
applications. There is no doubt that fuel cells might even-
tually supplant traditional power systems (batteries, thermo-
electric power plants and internal combustion engines) [3,4].

A fuel cell must be continually fed with fuel (hydrogen,
methanol, etc.) and oxidant (oxygen). Since it is easy to get,
air is used in most situations to provide oxygen to a fuel cell
[5,6]. Although a fan or blower could be used to feed air to a
fuel cell, each consumes a certain amount of power and may
most probably be adopted for large-scale fuel cells and fuel
cell stacks. For small power fuel cells or where pumping or a
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fan system is not available, the present authors propose that
natural convection mass transfer be utilized for the fuel cell
to obtain oxygen from the air. There is no doubt that free-
convection has a smaller mass-transfer coefficient and thus
restricts the maximum available current density of the fuel
cell. This is analyzed and reviewed in the paper, and an
experimental investigation for a miniaturized fuel cell is
conducted which relies on natural convection mass transfer
for its oxidant/oxygen.

From the point of view of free-convection heat transfer,
the orientation of the heat-transfer surface might affect the
heat-transfer coefficient [7,8]. Analogous to free-convection
heat transfer, free-convection mass transfer will have similar
characteristics. This will also be investigated through both
theoretical analysis and experimental testing.

2. Analysis of free-convection mass transfer
2.1. Analogy of free-convection heat and mass transfer
Free-convection mass transfer will have common char-

acteristics with free-convection heat transfer, the latter
having been studied extensively, if they share analogous
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Nomenclature

D mass diffusion coefficient (mz/s)

E electromotive force (EMF) of fuel cell (V)

f represent a function

F Faraday’s constant (96496.7 C/mol)

g gravitational acceleration (9.807 m/s%)

AGy standard state Gibb’s free energy change for
water, formed from oxygen and hydrogen

Gr Grashof number

h mass-transfer coefficient (m/s)

i current density of fuel cell (mA/cm?)
L characteristic length (m)

m mass flux (kg/(m2 S))

M formula weight (g/mol)

Nu Nusselt number

P pressure (Pa)

Pr Prandtl number

R universal gas constant (8.314 J/(mol K))
Ra Rayleigh number

Sc Schmidt number

Sh Sherwood number

T temperature (K)

w mass fraction (0-1.0)

Greek symbols

Y expansion coefficient due to mass fraction
gradient

v kinematic viscosity (mz/s)

0 density (kg/m?)

Superscripts

H,O water vapor

0, oxygen

Subscripts

1 gas number 1 of a two-gas mixture

air air

H, hydrogen

H,O water vapor

L based on characteristic length L

M mass transfer

N, nitrogen

0, oxygen

P at pressure P

w at surface or wall

00 in quiescent air

boundary conditions and the same geometry [7]. In studies
of free-convection heat transfer, the heat-transfer coefficient
can be obtained from empirical equations in terms of the
Nusselt number as a function of the Grashof number or
Rayleigh number as well as the Prandtl number [8]:

Nu = f(Ra, Pr) (1)

On the other hand, it is known that the analogy between the
boundary-layer equations describing heat transfer and equa-
tions for isothermal mass transfer can lead to the conclusion
that there exists for every heat-transfer situation a corre-
sponding mass-transfer situation with analogous boundary
conditions and the same geometry. For such an analogous
mass transfer, by simply replacing Nusselt number in the
corresponding relation for heat transfer by the Sherwood
number, the Rayleigh number, Ra, by the Rayleigh number,
Ray,, for mass transfer, and the Prandtl number, Pr, by the
Schmidt number, Sc, the following can be obtained:

Sh = f(Ray, Sc) (2)

In an analogous derivation, one can obtain the Grashof
number:

Wiw — Wieo )L
78w > 10o) 3)

Gr M =
or the Rayleigh number:

) w 00 L3
Ray = GrySc = 181 le ) 4)
V.

for mass transfer.

As with the expansion coefficient in free-convection heat
transfer, the mass-transfer free-convection effects depend on
the expansion coefficient, y:

1/ 0p
(2= = 5
p<8w1>P Y 4)

The manner in which 7y is obtained depends on the gas
mixture. For mass transfer between two ideal gases, it can be
further expressed, through derivation, as

Y e
p\Owi)p (wid) + (1 —wi)M))

While there are rarely equations specifically for the free-
convection mass-transfer coefficient, some well-known
empirical equations of the free-convection heat-transfer
coefficient can be utilized based on the above discussion.

A few useful equations for free-convection heat-transfer
coefficient are further outlined here. For the heat transfer of a
plate with the orientation that the heated surface is horizon-
tally upward [8]:

(6)

Nup = 0.54Ra)* (10" < Ra, < 107) 7)

Nup = 1.5Ra)> (107 < Ray < 10') (8)

If the heated surface is horizontally downward:
Nup = 0.27Ra)*  (10° < Ray < 10') 9)

When the heated surface of the plate is oriented vertically,
the applicable equation for the heat-transfer coefficient is

0.67Ra)’*

[1 + (0.492/Pr)*/1%/°

Nug, = 0.68 + (Ray < 10°)

(10)
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Turning to the mass-transfer problem, we can derive the
following analogous equations:

Sh, = 0.54Ra))*  (10* < Ray < 107) (11)
Shy = 0.15Ra))> (107 < Ray < 10') (12)

for the case that reaction surface is oriented upward. And
when the reaction surface is downward:

Shy = 0.27Ray)*  (10° < Ray < 10'0) (13)
In case the reaction surface is oriented vertically, we have:
_ 0.67Ra\)*
Shy = 0.68 + W (Ray < 10°)
[1+ (0.492/Sc)” ')
(14)

Even though the precision of these mass-transfer equations
may be subject to some uncertainty, they are, however, very
useful for qualitative analysis.

2.2. Applicable fuel cell current density due to the
restriction of free-convection mass transfer

Considering the free convective diffusion of oxygen from
ambient quiescent air to the electrochemical reaction site of
the cathode surface, the available mass flux at the cathode
surface can be expressed as

mo, = h/(\)/lzpair(‘/vgo2 - Wgz) (15)

The mass fraction of oxygen in the ambient air is approxi-
mately 0.21 [9]. From knowledge of the electrochemical
reaction of a PEM fuel cell [10-12], the correlation between
the current density and the mass flux of oxygen is

i =0 4 (16)
Mo,
Given a series of current densities, one can find the corre-
sponding mass fractions or concentrations of oxygen at the
cathode surface. This mass fraction at the cathode surface
has to be restricted between 0 and 0.21 for oxygen, which
conversely is a condition to restrict the maximum mass flux
of oxygen or the maximum potential current density of the
fuel cell.

Here we consider a cathode surface having a characteristic
length of L = 0.08 m (to allow for a Ra,, large enough and
applicable for Egs. (11)—-(14)) and exposed to ambient
quiescent air in three orientations, downward, upward,
and vertically under the conditions of 25 °C and 1 atm.
When the diffusion of oxygen is considered, we neglect
the existence of water vapor at the PEM fuel cell cathode
surface. Then the diffusion of oxygen in nitrogen can be
treated using the method outlined above. Simply from a
mass-transfer point of view, Fig. 1 gives the applicable
current density of a fuel cell against the surface oxygen
mass fraction based on free-convection mass transfer. A
monotonic decrease of the oxygen mass fraction can be
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Fig. 1. Current density vs. mass fraction of oxygen at the cathode surface
based on free-convection mass transfer.

seen in the figure. Due to the different orientations of
the reaction surface and the correspondingly different
mass-transfer coefficients, the available current density
shows some differences. It is clear, however, that the
available current density may increase with an increasing
mass-transfer coefficient. This indicates that a higher
mass fraction or concentration of oxygen on the cathode
surface may be maintained if one selects a better orienta-
tion of the surface for obtaining a higher mass-transfer
coefficient.

The mass fraction of oxygen at the cathode surface will
influence the fuel cell voltage, which can be seen from the
Nernst equation:
_ —AGy +E In PHZP%25

E P’
2F ' 2F Pio

A7)

The partial-pressure of oxygen in the equation can be
expressed in terms of the mass fraction of the oxygen:
WSZ / Mo,

Po, = P 18
O = (W Mou) + (1 — w) /M) (19

In order to see the influence of the oxygen mass fraction on
the fuel cell electromotive force from the curves in Fig. 1, the
oxygen partial-pressure-related term, ln(P%ZS), in Eq. (17) is
plotted versus the current density in Fig. 2. An excessive
drop of In(Pg?) can be found when the current density is
beyond a certain extent; for example, 300 mA/cm? for the
downward orientation. The contribution of the term ln(P%'f)
to the electromotive force, E, is positive. Therefore, an
excessive drop of ln(P%f) could result in an excessive drop
of the electromotive force, E.

In a similar manner, when considering the free-convection
mass transfer of water vapor at the cathode surface, the
existence of oxygen is neglected. Therefore, for the two
gases’ diffusion of nitrogen and water vapor, there are
similar equations to find the relationship between the fuel
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Fig. 2. Relationship of the current density and the logarithm of the oxygen
partial-pressure at the cathode surface.

cell current density and the mass fraction of water vapor at
the cathode surface:

my,0 = h}l{jopair(wgzo - WI;CIZO) (19)
. mMy,0
=0 Hp (20)
MHZO( )
H,O M
Pino W/ Mo P 1)

~ (W0 Mino) + (1 — wik0) /M)

Suppose the mass fraction of water vapor in the quiescent
ambient air is zero. The mass fractions of water vapor at the
cathode surface could be derived via a series of current
densities of a PEM fuel cell. Fig. 3 shows that the water
vapor mass fraction increases with an increase in current
density. Corresponding to the higher mass-transfer coeffi-
cient, the mass fraction of water vapor at the cathode surface
is relatively low under the same current density.
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Fig. 3. Current density vs. mass fraction of water vapor at cathode surface
based on free-convection mass transfer.
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Fig. 4. Relationship of the current density and the logarithm of partial-
pressure for water vapor at the cathode surface.

Using Eq. (21), the logarithm of the partial-pressure of
water vapor, ln(PHzo), can be deduced as function of the fuel
cell current density based on the curves in Fig. 3. Fig. 4
shows that In(Py,0) increases with the fuel cell current
density. Due to the different values of the mass-transfer
coefficients under the different orientations of the mass-
transfer surfaces, the value of In(Py,0) shows some varia-
tion. For the case of a downward oriented mass-transfer
surface, which corresponds to a lower mass-transfer coeffi-
cient, the In(Pp,0) is higher under the same fuel cell current
density.

Shown in Fig. 5 is the difference between the logarithm
partial-pressure terms of oxygen and water vapor, which
reflects how the free-convection mass transfer at the cathode
surface affects the cell voltage. Because the value of
(In(PEY) — In(Py,0)) partly reflects the variation of the fuel
cell electromotive force, it shows a very similar style to the
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Fig. 5. Relationship of current density and the difference of the logarithm
partial-pressures for oxygen and water vapor at the cathode surface.
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V-I curve of a fuel cell. An excessive drop in
(In(PgY) — In(Py,0)) can be found at a certain fuel cell
current density. This can be viewed as a limitation of current
density due to the weak mass transfer from using the free-
convection mode.

In the above analysis, the existence of water vapor is
ignored when the mass transfer of oxygen is reviewed, and
vice versa when the water vapor is analyzed. This gives the
optimum estimate of the mass-transfer coefficient and the
maximum applicable current density by free-convection
mass transfer. There is no doubt that a smaller maximum
applicable current density below the estimated one will
actually occur. Nevertheless, this analysis allows one to
approximately estimate the capacity of the current density
of a fuel cell if one selects the free-convection mode to

supply oxygen.

3. Experimental results and discussion

Experimental work was performed using three types of
PEM fuel cell units. The first two were purchased from
Heliocentris Energy System Inc.: one is a stack of four fuel
cells, and the other is a single-cell unit. The third fuel cell,
which was designed by the authors and made in a laboratory,
has a quite different structure from the commercial ones.
The purchased cell stack and single-cell units’ airside
structures are illustrated in Fig. 6a, and the laboratory-made
single-cell unit can be viewed in Fig. 6b. The purchased fuel
cells were originally designed to use a forced airflow, while
the new laboratory-made fuel cell is designed to use free-
convection.

The two purchased fuel cells were installed with the air
channels vertically oriented. A small fan could also be
installed at top of the air channels to collect airflows from
the channels in a suction mode. The voltage supplied to the
small fan designates the airflow conditions of the fuel cell.
For example, the nomenclature of Al and A3 means that the
voltages supplied to the small fan are 1 and 3 V, respectively.

(a) (b)

Fig. 6. Structure of air convection channel/surface (1: collector for air and
cathode current, 2: electrode membrane assembly (EMA), 3: plate of
anode collector with fuel channel). (a) The purchased cell stack and single-
cell units’ airside structures; (b) the laboratory-made single-cell unit.
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Fig. 7. Comparison of the cell stack performance between the different
mass-transfer modes for oxygen. (a) Output voltage vs. current density, and
(b) output power vs. current density for the cell stacks.

The free-convection case is represented by AO. The pur-
chased cell stack and single-cell unit have active areas of
8.667 and 6.125 cmz, for electrochemical reaction, respec-
tively, while the laboratory-made single-cell unit has an
active area of 0.3324 cm”.

The output voltage and power versus the current density
for the cell stacks are shown in Fig. 7a and b, known as the
V—-I and the P—I curves. In the low current density region, the
free-convection mode can maintain the same performance as
do by the forced convection mode. At high current densities,
it is clear that forced convection airflow can feed oxygen
while maintaining sufficiently high output voltages. For the
free-convection mode, however, a dramatic drop in the
output voltage occurs at a current density more than
200 mA/cm?. Corresponding to this condition is a power
output of 4 W from the cell stack. Qualitatively, this phe-
nomenon agrees with the theoretical analysis conducted in
the previous section.

In a similar manner, the purchased single fuel cell unit was
tested and its electrical output versus the current density is
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Fig. 8. Comparison of the single-cell performance between different mass-
transfer modes for oxygen (SCU: single-cell unit). (a) Output voltage vs.
current density, and (b) output power vs. current density for the purchased
single fuel cell unit.

plotted in Fig. 8a and b. The same trend can be found that
when the current density exceeds a certain value, the output
voltage has an excessive drop for the free-convection case,
while the case of forced airflow can still maintain a higher
voltage. Because it depends on the different detailed struc-
ture and size of the fuel cell, the maximum current density
available through the free-convection mode is relatively low
in this case.

For the laboratory-made fuel cell unit illustrated in Fig. 6b,
the free-convection air can reach the cathode surface through
the mesh-like holes. As shown in Fig. 9, three orientations of
the cathode surface (downward, vertical, and upward) were
tested to find any differences in the fuel cell’s performance.
It was found that at a current density of around 185 mA/cm?,
the fuel cell reaches its maximum power, and after that the
output power decreases dramatically. This is actually
because of the significant drop of the output voltage of
the fuel cell. Interestingly, the orientation of the cathode
surface can result in a certain difference in output voltage.
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Fig. 9. Comparison of the single-cell performance at different orientations
of the cathode plate.

Qualitatively, this phenomenon agrees with the conclusion
of the theoretical analyses, although the difference of the
output voltage is much less than in the analyzed results. The
upward case has the best performance, while the downward
orientation is not preferred because of its non-satisfactory
performance. Through proper arrangement of the cathode
surface, a current density of 200 mA/cm” might be main-
tained by adopting the free-convection mass-transfer mode
to feed oxygen to the cathode surface.

4. Concluding remarks

The analogous phenomenon of free-convection heat and
mass transport allows us to analyze the feasibility and the
restrictions when a free-convection mass-transfer mode is
utilized to feed oxygen to a PEM fuel cell.

It was shown in the theoretical analysis that the free-
convection mass-transfer coefficient strongly depends on the
difference in concentration of oxygen at the cathode surface
and in the quiescent air. This is the reason that the mass-
transfer rate strongly depends on the oxygen concentration
at the cathode surface. We may view this in terms of the
relationship of the fuel cell current density and the fuel cell
voltage. Therefore, an investigation was conducted to see the
applicable maximum fuel cell current density which the
free-convection mass-transfer mode can sustain. Three
important conclusions may be drawn from the study.

The theoretical analysis has derived expressions to obtain
the maximum applicable current density for a fuel cell based
on a free-convection mode at the cathode side; beyond the
maximum point, an excessive drop of output voltage can
occur, and output power is thus excessively reduced. Experi-
mental testing has verified the existence of such a drop when
the free-convection mode is adopted for PEM fuel cells.

However, at low levels of current density, a PEM fuel cell
utilizing the free-convection mass-transfer mode does not
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show any significant difference in its performance compared
to a fuel cell using a forced air convection mode. Therefore,
under such circumstances, free-convection mass transfer of
air can be a very good choice for PEM fuel cells. A current
density of up to 200 mA/cm?” was experimentally operated
for a commercial PEM cell stack and a laboratory-manu-
factured PEM fuel cell based on free-convection mode,
which did not show any deterioration of output voltage
compared to that operated in forced convection mode.

Orientation of the cathode surface can result certain
differences in the performance of a PEM fuel cell. Due to
its good performance, an upward orientation of the mass-
transfer surface is preferred from our study. The maximum
output power may be reduced by over 10% if one selects a
downward orientation.
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