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Abstract

Three-dimensond numericd sgmulation of trandent response of a Polymer
Electrolyte Membrane (PEM) fud cdl subjected to a variable load is developed. The
modd parameters are typicd of experimentd cdl for a 10-cn? reactive area with
serpentine flow path. Integrated results agree with experiment from previous data The
predictions include trangent responses of the cdl in terms of locad didributions of the
current dendty, water activity, gases mole fraction, velocity, and pressure. The
predictions further show that when a step change in time is used to mode an abrupt
change in the cdl voltage, the numericd results show an overshoot for the average
trangent current dendgty. However, an incrementd chage of the cdl voltage
(corresponding to experimentd voltage variaion due to system response) reduces the
pesk of current overshoot, and diminates this overshoot completely if the cdl voltage is
changed gradudly. Therefore, this overshoot is a function of rate of cdl voltage change
and resdence time of the anode and cathode gas flow rates. The extent of loca hydration

of the membrane is dso predicted for the transent conditions.



Introduction

The issues of acid rain, human hedth problems related to ar-pollution, as wdl as
possble unwelcome changes in the eath’'s climate, are receiving increesing dtention. These
problems are in part associated with petroleum-powered vehicles. Automakers are investigating
ways for ggnificant reduction of emissons. Alterndtives to the interna-combudtion engine are
being proposed because of the concerns about the health hazards posed by nitrogen oxides in
vehicle exhausts and concerns about emissions of the greenhouse gas carbon dioxide. Advanced
rechargeable batteries probably will not play a role due to limitations on the speed of charging
and the range between charges. DOE's current focus includes the use of a polymer-dectrolyte
fud cdl (PEMFC) for transportation gpplications. This is because the PEMFC has a low-
temperature operation and ease of congruction, and because of its cgpability to provide a driving
range and refud time comparable to the conventiona automobile. Proton Exchange Membrane
(PEM) fud cdls producing power for eectric drive motors with sgnificantly reduced pollution
have been shown to be capable of providing the right power to weight and size ratios for use in
automotive agpplications. Design of fud cdls for Urban Driving applications needs to incorporate
trandent variation of the amplitude and the frequency of the load changes to integrate the stop
and gart nature of the driving scenario.

Full three-dimendond solution to the time dependent Navier-Stokes equations for the
flow channd and diffuson layers, is deveoped to invedigate the trandent behavior of the fud
cdl and its performance that can be changed to meet the requirements of the amplitude and the
frequency of the load changes. The FLUENT commercid computationd fluid dynamics (CFD)
solver is used and modified subroutines are added to account for the electrochemica reactions of

hydrogen and oxygen by introducing source terms into the transport equations. The complete



three-dimensond Navier-Stokes eguations are solved with a control volume based discretization
of the computationa domain to obtain the velocity and pressure didribution in the flow channeds
and the gas diffusion layer for every time steps.

The generd concept of fuel cell operation is characterized as gas-mixture transport and
transformation of species by dectrochemica reactions. The hydrogen from anode flow channd
is trangported through the diffuson layer toward the Membrane Electrode Assembly (MEA)

surface. Hydrogen molecules are dissociated to protons and ectronsin the catalyst as.

H, ® 2H* +2¢°
The water that impregnates the MEA hydrates the protons. Electro-osmoss and diffuson
trangport the water in the MEA. The ar mixture in cathode channe is trangported through the

diffuson layer toward the MEA where oxygen reacts with protons as:
1 + i
EOZ +2H" +2¢ ® H,0

The hydrogen supplies the dectrons to one dectrode while the oxygen receives them from the
other electrode. This flow of eectrons produces eectricity to power the dectric motor of an
automobile or other eectrica devices. The by-product of this reaction is water, which is the only
wadte product of PEM fud cdl system.

In preceding studies, models have only focused on the steady behavior of the fud cdl.
Some modds considered only one-dimensond sSmulations, severd models concentrated on
two-dimensona flow with transport of the reectants and products in the flow channds and
across the membranes™!, and recent models put emphass on the three-dimensond
smulaions**!. Merely a single paper published by Um e d.?? provided a solo figure reating to
the prdiminary results of ther draight channd modd. These works have been reviewed by

Shimpdeeet d.?.



In this study, the three-dimensonad modd of Shimpaee et d.'* is extended by induding
time dependent andyss. This is a trandent, three-dimensond, isothermd, single phase, and
multi-pecies invedigation of a dngle PEM fud cdl with twenty channds serpentine passes.
This work is the firg full scde three-dimensond sngle PEM fud cdl sudy which integrates a
time dependent assessment. Different rates of voltage change are chosen to study their effects on
the PEM fud cdl peformance a each time step. Moreover, the details of loca current densty,

water activity, and reacting gas concentrations are investigated.

Model development
This numericd dmulation is based on a transent, isothermd, and three-dimensond mass
trander modd of a full-cdl PEM fud cdl. The actud flow path conssts of a serpentine gas

channd that has 20 passes as shown in Fig. 1.

Fig. 1. Actud flow-field plate with 20 serpentine gas flow channels.

Figure 2 shows the modeled channd geometry and the corresponding coordinate system.
A thin membrane-electrode-assembly (MEA) is sandwiched between anode and cathode
diffuson layers Anode and cathode sde flow channes are symmetric and properly digned on
top of each other™®.
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Figure 2. Modded geometry with actud flow fied dimensions.
Figure 3 shows more details of the computational flow doman, which conssts of the

anode flow channd, anode diffuson layer, MEA, cathode diffuson layer, and cathode flow

channd.
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Fig. 3. The detail of computational domain and grid arrangement used in this model™*.



Fig. 3 further shows different z-locations that are used in defining source terms (see
Table 1). The mode aso takes account of the intruson of diffuson layers into the gas channds
due to the clamping force.

The activities in the membrane are Smulated through source terms in the control volumes
in contact with the membrane. Species consdered are hydrogen, oxygen, nitrogen, and water
vapor. The fuel cdl operation is characterized as gas trangport and transformation of one species
to the other. The hydrogen from the anode flow channd is transported through the diffusion
layer toward the membrane. Hydrogen molecules are dissociated to protons and eectrons in the
caadys and the water that impregnates the MEA hydrates the protons and it is transported by
both electro-osmoss and diffuson. The air mixture in the cathode channd is trangported through
the diffuson layer toward the membrane where oxygen reacts with protons. The water activity in
the membrane is smulated by surface based source terms in the control volumes in contact with
the membrane.

Model eguations

The time dependent conservation of mass equations (Table 1, Equation 1) in the three-
dimensond flow domain is modified to indude the dectrochemicd reections of a fud cdl by
using the respective source terms, S, specified through Equations 7 and 912 of Table 1. Note
that the source terms are zero in most of the computationa domain. These terms corresponds to
the consumption of hydrogen in the anode, and the consumption of oxygen and production of
water in the cathode. The flux of water is adso included as a source term at the anode and
cathode (i.e, Equations 10 and 12) by accounting for the diffuson, water content in the
membrane, and eectro-osmotic drag coefficient as defined by Equations 15, 16, and 17 of Table

2.



The momentum transport equation has a source term within the porous media

representing the flow through diffusion layers based on Darcy’s law?*. The addition of this

. : . o P m
source term  effectively  converts the momentum equation in the x-direction to ®_. —u
X

within the diffuson layer, because by is very smdl and thus the other terms become negligible.
A pressure drop is created in the porous layer that is proportiond to the mixture velocity in the
cal. It can be observed that this source term removes the need for a change in the flow variable
as shown in the model of Ref. 9. The permesahility, by, is assumed to be isotropic and it was
calculated to be 3.3x10°%° nf.

The species trangport equations (Equations 3-6 of Table 1) are solved for the mass flow
rates of the hydrogen, water, and oxygen species based on the mixture component velocities, u,
v, and w, and the diffuson mass fluxes J, for every time sep, The gpecies binary diffuson
coefficients are caculated as $own by Equation 14 in Table 2. There is one inert component on
each sde and the concentration of each was determined from a summation of the mass fractions
of the other species. Fuller and Newmart* integrate the flux expression for the diffusion of water
through the membrane whereas Refs. 5, 7, and 8 assume a linear gradient as shown by Equation
15. In this sudy, the diffuson coefficient of each species in the diffuson layer was reduced
arbitrarily by 50 percent to account for the effect of porosity and pore-tortuodty. The flux of
water through the membrane is criticd to the predictions and here we have used the same
equation for water content in the membrane as given in Springer e d.!. Equation 17 gives
relaionship between the eectro-osmotic drag coefficient and water content in the membrane.
This equdtion is arived a by curve-fitting the vaues of water content in the membrane and
electro-osmotic drag coefficient as presented in Springer et d.l. The diffuson coefficient given

in Equation 18 in Table 2 is taken from Nguyen and White’.



The expressions for water concentration at the anode and cathode sides, C 4 and Cyy ¢, are
cdculated according to Equation 19, and the activity of water is dso defined in Table 2
Moreover, the effects of loca hydrogen and oxygen over-potentids are accounted for as shown
in Equation 23. Thee parameters dong with the permesbility are arived a  through
experimental results and attempting to closdy match the experimenta and numerica VI curves
presented in Figure 4. Note that the overdl peformance (V-1 daa) for cdibration of the input
numerical parameters such as over potentids, permesbility, etc. usng avalable experimentd
data, is shown in Table 4. It is important to note that the source terms in Table 1 correspond to
the control volume and not the boundary conditions a the anode or cathode interfaces. For the
correct determination of the concentrations and activities & the membrane-diffuson layer
interface, the mole fraction for each species used in these equations are extrapolated to the
membrane surface. A linear extrgpolaion with the grid of Fg. 2 resulted in a grid independent

olution.
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Numerical procedure

A control volume technique based on FLUENT (verson 4.52) commercia flow solver
was used to solve the coupled time dependent governing equations. Severd subroutines were
added to caculate and account for the source terms, permeability, eectrochemica reactions, and
flux of protons and water across the membrane.

Figures. 2 and 3 show the geometry of fud cdl arrangement modeled in this work, which
consss of two flow channds separated by diffuson layers and MEA. There ae twenty
serpentine passes in the flow path, so that the flow is goproximady sxty centimeters long in the
axid direction with 0.1 (height) x 0.08 (width) cn? cross-section flow area. Each diffusion layer
hes dimension of 0.025 (height) x 3.20 (width) x 3.20 (length) cn™. A total of 34x200x28 cells
(elements) were used to mode the fud cdl. A separate grid independence test is performed by
increesing and decreasing the number of the grid cdls on a draight channe. The number of grid
cell is decreased and increased by 50 percent of the base case, and predicted results are compared
with the base result. The results are less than 2 percent different from each other. Therefore, the
numerical grid dengity that is used for this work is grid independent. The transport of water and
proton is dmulated by source terms in control volumes in contact with the membrane. The
operating pressure is one amosphere and cell temperature is constant a 70°C. The membrane
thickness used in this smulaion is 50 microns. Changing of the cdl voltage from 0.7 volts a
seady date to 05 volts in a sngle sep, and adso different incrementd dterations, smulate
trangent variable load for amoving vehicle under stop and go driving condition.

The solution procedure used in this commercid flow solver is based on a SIMPLE
algorithm™. For every time step, three momentum equations corresponding to three coordinates

are olved, followed by a pressure correction equation that does the mass balance. Species



transport equations are solved after the bulk flow caculation. The mixture properties at each
control volume are caculated based on the loca species content. The anode Sde gas mixture
contains hydrogen and water vapor. On the other hand, the cathode sde gas mixture contans
oxygen, water vgpor, and nitrogen. Therefore, the dendty and viscosity of the two flow channds
are different and vary from one location to the other. Note that, the solution procedures for time-
dependent flows used in this modd is fully implicit scheme®. In this work, the effects of the rate
of change in cdl voltage on cdl peformance are studied. Figure 5 shows three different rates of
cdl voltage changes, which are step change (condition #1), and two types of incremental changes
(conditions #2 and 3). The flow rates for this study corresponds to 1.2 anode stoic and 2.0
cathode stoic at cell voltage of 0.5V and details of the operating conditions are shown in Table 3.
The initid condition is conddered when PEM fud cdl is in a Seady dae a operaing conditions

corresponding to stoic for 0.5 volts but the cell voltageisat 0.7V.
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Fig. 5. The difference of cdl voltage changes with time used in this Sudy.



Results and discussion
Fig. 4 shows the trandent average current dendty response when the changes in cdl
voltages are step and incremental as shown in Fig. 5. The cdl voltage increment change in this

figure corresponds to condition #2 of Fig. 5.
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Fig. 6. Trandent response of average current density for cdll voltage step change cdll and voltage
incrementa change from 0.7V to 0.5V.

Moreover, there are two different anode flow rates used for cell voltage change of
condition #2, which are for soics of 1.2 and 24 a 0.5V. In this figure when the cdl voltage is
changed in one time step from 0.7 V to 0.5 V, the average current dengity rapidly increases from
0.35 Alcn? to 1.15 A/cn?. Then the current density decreases with time and reaches steady State
condition a t=0.17s with the average current density of 0.95 A/cn?. When the rate of cdl

voltage change is reduced in severd time seps from 0.7 V to 0.5 V as shown in condition #2



with anode goic of 1.2, the current dendty begins to increase with time and reaches the
maximum average current density of 1.10 A/en? at t=0.18 s. Again, the current density decreases
until t=0.35 s when it reaches the steady state vaue of 0.95 A/cn?. When the anode stoic is
increased to 2.4, the maximum current reaches 1.21 A/lcm2 at t=0.18 s. Figure 6 shows that the
average current dendity overshoots its steedy state value corresponding to that of the cdl voltage
of 0.5 volts. Moreover, the peak of current overshoot depends on the rate of change of the cdll
voltage. This figure further reveds that the amount of gas flow rate is one of the parameters,
which controls the magnitude of the current overshoot. Higher gas flow rates result in greater

current overshoot, but it takes longer to reach steady State as compared to lower gas flow rates.
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Fig. 7. Trandent response of average current dengty with different cdl voltage
incremental change from 0.7V to 0.5V.
Figure 7 illudrates the trangent current response with two different incrementa voltage

changes as reveded in Fg. 5. This figure confirms that the magnitude of current dendty



overshoot is affected by the rate of change d cdl voltage. For the rate of change of cdl voltage
corresponding to condition # 3 in Fig. 5, the maximum average current densty reaches 0.92
Alcn? a t=0.8 s and cdl voltage of 0.52 V. The current density reaches steady State value of
091 Alent at £1.0 s If the rate of cel voltage change is carried out with proper dope, the
current dendty overshoot can be completely eiminated as in Fig. 7. This was accomplished by
reducing the cdl voltage from 0.7 V to 0.5 V in 18 s time with smdl incrementa changes both in
time and cdl voltage. The result is shown in Figure 8 (the figure at the end of this document can
be added or not). The study shows that the same can be accomplished in shorter time of about 1 s
if proper dope for the cdl voltage change is implemented. It was edtablished that the dope of
cdl voltage change should be smal when it is reaching the steady date condition of 05 V if the

overshoot needs to be diminated.
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Fig. 9 shows the locd current dendty on the membrane surface a four different time
geps and cdl voltages for condition #1, step change. These figures show that there are spatid
vaiaions of locd current dendgty vaues, which cannot be provided, in one-dimensond and
two-dimensond models. At the steady state corresponding to the cedll voltage of 0.7 V and t=0.0
s the locad current dengty is higher in the inlet region and decreases dong the flow channd
towards the outlet due to the reduction of anode activity of water. The maximum and minimum
loca densities are 0431 Alen? and 0.303 Alcnt respectively, which represents smal variation
over the entire active cedl area. There are dso current dengty variations dong the channd bends,
where the higher current density is Stuated outsde of the bends. This is because the sharp edges
adong the bends produce re-circulation zones around the outward corners (edges), resulting in
higher velocities and hence higher gas concentrations at the inner corners than the outer corners.
When the cell voltage is changed to drop to 0.5 V in 0.01 s time, the locad current densty
gonificantly increases over the membrane surface but the contour pettern is dmilar to the
previous figure. The highest local current density is 1.624 Alent and the lowest value is 0.970
Alcr?. When the time increases to 0.08 s, there is more non-uniformity of loca current density
digribution. The locd current dendty reduces considerably in the region from the center of
membrane surface toward the outlet due to decreasing of oxygen concentration. The highest locd
current density is located around the inlet with a vaue of 1.739 A/cn? and the lowest locdl
current density is a the outlet with a value of 0.634 A/crf. When the time reaches 10 s, the local
current dengty decresses from the center region of the membrane surface towards the outlet
region. The current density in this case vaies from 1714 Alenf? to 0.270 Alcn?, which
represents consderable variations dong the membrane surface. It is noted that after the cdl

voltage isfor the case under consideration, at Steady state cell voltage of 0.5V, the local current
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dendgty does not dgnificantly vary over the firgd hdf of the membrane surface, but it
sharply decreases over the second haf of membrane surface. This is because the high reaction
rate regions accompany excessve hydrogen and oxygen consumptions and therefore they are
depleted in these regions.

Fig. 10 shows the trangent loca oxygen mole fraction contours on the membrane surface
for different time steps and cdl voltages. The figures reved tha the loca oxygen mole fraction
patterns are andogous to the local current dendty contours. When the cell voltage is changed to
0.5 V with a time step of 0.01 s the oxygen mole fraction becomes quite norn-uniform saging a
rapid depletion towards the outlet regions of the membrane surface. The decrease of oxygen
mole fraction in the inlet region of the membrane cdl is about 18%, wheress the decrease is
about 30% for the outlet region. Comparison of the four time step contours shows that the
oxygen mole fraction in the inlet area of the membrane surface reaches its steady State vaue of
0.09 (a 38% reduction) in a time span of 0.1 s. Wheress, it reaches the steady value of 0.002 (a
98% reduction) over the outlet 50% area of the membrane in 10 s time. Under these conditions,
there is not enough oxygen for reections in the outlet 50% area of the cel membrane, which can

cause the resulting decrease of current dendity in this region.
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Fig. 11 shows the trandent loca anode water activity contours on the membrane surface
for condition #1. Comparison of the four figures for the four time Steps expose the smadl
vaiation of locd anode activity on the entire membrane surface which is due to the rate of water
trangport or net water trandfer coefficient per proton, which is a function of eectro-osmoatic drag
of anode water content and concentration gradient between the cathode and anode water. The
figures a the indicated time steps of 0.0 s, 0.01 s, and 0.08 s with cell voltages of 0.7 V, 0.50 V,
and 050 V respectively, indicate that the anode activity is highest in the inlet region and lowest
a near the outlet. This is in good agreement with contour patterns of loca current densty in Fg.
9. When time reaches 10.0 s, the water activity increases from inlet to just about the center of the
membrane surface due to water back diffuson from cathode to anode. Subsequently, the water
activity starts to decrease toward the outlet area as a result of anode water transport to cathode by
electro-osmotic drag.

There is a marked difference in trandent locd current dendty contours when the results
of case 2 and case 3 for the incrementa change of cell voltage (Figs. 12 and 13) are compared
with the results of case 1 which the cdl voltage is changed in one step (Fig. 9). At time t=0.0 s
the current dendty contour plot is the same for dl three cases. In generd, the current dendty
contours for each time step gradually decrease from the inlet to the outlet. The mgor difference
for the three cases is when they are compared for the time step at which the maximum overshoot
occurs. The magnitude of the current dendty for dl three cases is comparable in the immediate
inlet region of the cdl. But, for the incrementa cdl voltage changes, the current dendty has
higher rate of decrease towards the outlet region. At this pesk condition, the current dendty
digribution is more uniform for cases with more regpid cell voltage change. The current dendty

drop is heightened for case #3 with dower rate of cdll voltage change. As aresult, the amount of



Current Density, Alcm2 at t=0.1s

0.00 s

Current Density, A/lcm2 att

0.025

IS}

IS}

W yPIM [BUUBHD

Channel Length, m

Channel Length

= 0.67 volts

Veell

=0.7Volts

Veell

=0.5s

Current Density, Alcm2 at t

0.18s

Current Densit

0.005

Alcm2 att

m

Channel Length,

ChannelLength, m

= 0.5 volts

VceI |

=05Volts

VceI |

Fig. 12. Local transient Current Density (A/cn) contours & different times and cell voltages for

incrementa cell voltage change condition (Condition #2).



0.03

0.025

o
o
]

Channel Width, m
o
&

o
o
=

0.005

0.03

0.025

,m
o
o
N

0.015

Channel Width

=
[S)
=

0.005

B P - = x s -2 3
001 0.02 0.03
Channel Length, m

Vce|| = 0.7 VO|tS

001 0015 002  0.025
ChannelLength, m

Vce|| = 051 VOltS

0.025p
1S
< 0.02
k=]
=
©0.015
c
c
S
e
O o001

0.005 [t

001 0015 002 0025 003
Channel Length, m
Current Density, A/lcm2 att=3.0
o ) ‘
003
0.025

,m
4
=}
N

Channgl Width
=
[6)]

0.005 001 0015 002 0025
Channel Length, m

Vel = 0.5 volts

Fig. 13. Local transient Current Density (A/cn) contours at different times and cell voltages for
incremental cell voltage change condition (Condition #3).



Oxygen Mole Fraction att=0.00 s

e

003 q
i D
& n
0.025 o 3
£ g
£
© 002

Chann(cajl Width
)
Q
(6]

S22oVT O

Totet6
=

I 06 N 1y ) O
0.005 001  0.015
ChannelLength, m

Vce|| = 07 VOItS

Channgl Width, m
=
[6;]

+ DY 4l
001  0.015 002  0.025
ChannelLength, m

003 [

0.025

, m
o
o

[N

0.015

Channel Width

,m

CHanngI Width
=
(4]

0105204

= oY
—=0

ChannelLength, m

Vel = 0.67 volts

0015 002
Channel Length, m

Fig. 14. Locd transent Oxygen Mole Fraction contours at different time and cdll voltage for
incrementa cell voltage change condition (Condition #2)

001 0015 002 0025

0.025




overshoot for the average current dengity is lower for case #3. Moreover, the locad numerica
vaues of the current dengty depend on the concentration of the reacting gases, particularly
oxygen under these operating conditions. The find contours of both Figs. 12 and 13 represent the
local current density contours at the steedy State. These contours for both figures are dike and

gmilar to the case of step cdl voltage change (condition #1).

Figs. 14 and 15 show the trangent loca oxygen mole fraction for incrementa voltage
change of conditions 2 and 3 respectively. The time steps and cdl voltages shown in Figs. 14 and
15 correspond to Figs. 12 and 13 respectively. These figures verify that the variation of locd
current dendty for the specified dtoics, cel voltage and time step change is due to the loca
oxygen concentration. The oxygen decreases from the center of membrane surface and is amogt

depleted toward the outlet when cell voltage is decreased to its steedy state vaue.
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Table 1. Governing equations and sour ceterms.

Non-zero volumetric source
terms and location of

Governing Equations Mathematical expressons spplication
(seeFig. 2)
Sn=SH, tSawatz=z3
Conservation of Sr  Cru)  9Crv) | Crw) _ 1 B _
mass I + x + Ty + 7 Sm N o Sn=S0, *Swatz=2,
. — rm.
rw, Jow, Jrw),  Krw)_ P Te fus, T2 ud T fud o Spx = - o
1t X Ty 2 % e xp S Typ W& T2g ™ o
Trv) Iy 1y, ) =-E+1a?nﬂ9+laemﬂg+l%ﬂ9+spy Spy=- 5
Momentum trangport fit fix fy Tz fy Txe Txo ﬂyg Tyg Tzé fzo y
. mw
ﬂ(rw)+u‘ﬂ(rw)+\v,‘ﬂ(rw)+WM:_E+1&M9+18%1[1\/2+19 9+Sp spZ:-b—
Tt X Ty T % ™ %o V& o ®E ke o bty
(2) 1 4
(8
(X,
Hydrogen transport | f(rmy)  Srmep) | S0rmy) - 10rmhy) _ I03mp) | Wiy ) | I3 \is, @] S %MHZ Au at 2=25
(anode side) 1t T Ty 1z x Y 1z 2 9
__alxy)
=- I{x,y)M
water ransport | f(rmay) | I0Ma) | M) | M) _ I, I0yan) | W0za) o (4) Saw =" =1 Y120 Ay
(anode side) Tt fix v Tz X Ty 1z W atz=z3
(10)
X,
O S02:' ( y)M02 Acv
Xygentrangoort | f(rmoy)  M(rmp,)  f(rmg,)  N(rmoy)  Mdxo,) M(dyoy) MIu0,) 5 4F
. +u +v +w = + + +Sp, ( )
(cathode side) 1t T Y Tz x Ty 1z atz=z
(11)
1+2a(x,y)
=220 (x,y)M
Water transport | f(rmgy) | o), JrMeu) 90 Moy)  $3xn) , ICyen) , 03 yow) © | ™ eF beyIMii20 A
. +Uu +v +W = + + + Sy
(cathode side) it X Ty 1z i Ty Ty atz=z,

(12)




Table 2. Equationsfor modeling electrochemical effects.

Diffuson massflux of gpecies| inx direction

(13)

Binary diffuson coefficient [11]

PD; (xY)

1/3 s5/12, 1 1 440
(Fe-i* B ) (Tei Teo ) (M_I+M_j)

= 3.64x10"8( Tool

\'Tc i Tc— i

12334 (14)

_ __F (Cuec(%.Y)- Cua(x.¥))
Net water transfer coefficient per proton a(xy)=nq(xy) 1(x,y) Dw x.9) tm
(15)
_ . 2 3.
Water content in the mermbrane | =0.043+17.81a, - 39.85a% +36.0a5,0 <a, £ 1 (16)
=14+1.4(as- 1);1<ay £3
Electro-osmotic drag coefficient ng =0.00291 2+0.05! - 3.4x10™ 19 (17)
- 1,821 1
Water diffusion coefficient e S TN
(18)
_ "mgary 2 3.
_ x,y) = (0.043+17.8a, - 398a% +360a3 );ax £1
Water concentration for anode and cathode surfaces o ) m,dry % * KA (19)
of the MEA = m(14+ 14(ak - 1)); forak >1,whereK = aorc
mdry
. Xwi P(X,y)
Water activity = Jwk 2T (20)
PW,K
Local current density 1(%,y) =M{Voc - Vea - h(X,y )} (21)
m
Loca membrane conductivity S m(x.y) = éooosmm—"ry Con(xY)- 000326 exr»élzeg;- B (22)
m,dry
é u
Local over-potential )= T PO, BT, | QPO
05F e|Oo Po, (X, y)u O5F & lopy, R,
(23)

Viscogty of mixture

MFa m m
i

(24)




Table 3. Inlet conditions and parameters

Cdl voltage Volts 0.5 0.7
Vdodity (ms?) 2.6 1.2
Am;%%‘gfs'n'a Mole fraction of Hp 0.729 0.759
Mole fraction of H,O 0.271 0.241
Veodity (ms?) 9.9 45
Cathode channd inlet Mole fraction of O, 0.165 0.170
conditions Mole fraction of N, 0.622 0.638
Mole fraction of H,O 0.213 0.192
Operating Pressure 1 1
(am)
Operating conditions Cdl Voltage (V) 0.5 0.7
Permestiility of
diffuson layer 3.3 3.3
(x10"*° )
Membrane thickness
50
(nm)
Table4. VI data
Cdl Voltage 09 08 07 06 05 04 03
CR-Experiment 0 0.08 04 0.67 0.85 1 1.09
CR-Numerica 0 0.12 0.34 0.76 1.03 1.2 1.28




Conclusons

A three-dimensond time dependent smulation of PEM fud cdl was developed with a
varidble load. Different rates of load change were sdected to study their effects on the PEM fud
cdl peformance. Contours of locad current dendty, anode water activity, and oxygen
concentration were presented and discussed.

For the particular operating conditions and properties used in this study, the results
indicate that there can be current overshoot when the cdl voltage is reduced. This overshoot can
cregte the indability of fud cdl peformance. However, the pesk of current overshoot can be
reduced or eiminated by contralling the rate at which the cdl voltage is changed. Smdler dopes
for the cell voltage change with time curve, decreases the pesk of current overshoot but crestes
added nontuniformity in the current densty contour. Nevertheless, the non-uniformity of locd
current dengity didtribution is dso dependent on anode water activity and loca concentration of
the reacting gases, especidly the oxygen concentration for the conditions of this study. These
results can help our on-going works in order to redesign flow-fiedd plate configuration, operating
of gases flow rates, and rae of load changes These desgn changes should improve the
undesirable fud cdl peformance such as the current overshoot as a result of load change, and

will increase the performance dramatically.
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ax = activity of water in stream K, dimensionless

A = specific surface area of the control volume (c.v.), mit

C = condensation rate (s

Cwk = concentration of water vapor at K interface of the membrane, mol m*

Dn = hydraulic diameter of flow channd, m

Dnj = binary diffusion coefficient of species nin mixturej, st

Dw = diffusion coefficient of water, mfs™*

F = Faraday constant, 96487 C mole-of-dectrons™

I = local current density, A m

lo = exchange current density A m2

Mhk = meass fraction of the species n in stream K, dimensonless

Mmdry = equivalent weight of adry membrane, kg mol™

Mp = molecular weight of speciesn, kg mol™

mass, = mass of speciesn, kg

Ny = electro-osmotic drag coefficient (number of water molecules carried per
proton)

PRk = vapor pressure of water in stream K , Pa

P = pressure, Pa

Pn = partia pressure of iesn, Pa

Q = volume flow rate, /s

R = universal gas constant, 8.314 Jmol* K *

S = source term

t = time (9

tm = membrane thickness, m

T = temperature, K

u, v, w= veloditiesin x, y, and z directions respectively, ms*

Voo = cdl open-circuit voltage, V

Vel = cdl voltage, V

X = channel length measured from anode inlet, m

Xwk = mole fraction of water in stream K

Greek symbols

a = net water flux per proton flux

by = permeghility inthe x direction

h = overpotential for oxygen reaction, V

I = water content in the membrane

m = dynamic viscosity, kg-s mi

Fmdry = density of adry membrane, kgm®

r = density of the mixture, kgm®

Sm = membrane conductivity, ohm* mi*

Subscripts and superscripts

a = anode

o = cathode

LIST OF SYMBOLS



Co, = carbon dioxide

e = electrochemical reaction
H, = hydrogen

K = anode or cathode

N2 = nitrogen

o = oxygen

p = phase change

Vv = vapor

w = water

sat = saturated

X = dummy varigble for direction X, y, or z.
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