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Abstract

Water concentration in proton exchange membrane (PEM)delks strongly influences performance and durability whileh
mands for fundamental understanding of water transporhar@ésms. The systentfeiency can be significantly improved with
greater understanding of water flux dynamics through the Ionene and its dependence on the internal conditions of #lecéll.
Therefore, a two-dimensional, non-isothermal, dynamicdeh@f a 100 W open cathode, self-humidified PEM fuel cell eyst
has been developed, that is capable of representing systetifis control mechanisms for water and thermal manageniédre
model consists of three coupled sub models based on enengyenium and water mass balance of the system. The work id base
on experimental observations of the investigated fuelstaltk, for which the crucial céiécients for water transport, namely the
diffusion and the electroosmotic drag (EOD) €méent have been determined. Thédsivity of water vapor through the MEA at
30°C was determined to be3x 108 m?s™! and increases by 831071°m?s! per°C up to 50°C stack temperature. The EOD
codficient was measured as 0.47 to 0.48 water molecules per progiack currents from 1 to 3 A. Validation of the steady state
and the dynamic model by using experimental data, direditgined from laboratory tests, has shown that the modelgirens
match the experimental data well.
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1. Introduction by pressure dierence. EOD always transports water from the
anode to the cathode whereafukion can occur in both direc-
For the past 20 years astonishing progress in terms of PEMons.
fuel cell materials, component design, production, andesys  \Water is needed to maintain good proton conductivity and
power density improvements have been achieved. Howevefherefore has to be kept in the membrane, however liquid wa-
there is still a lot to be done in the field of fuel cell systemter on the catalyst reduces the active area, and in the GDL it
controls, which makes it essential to understand tfierdint  hinders the reactant gases fronffasing to the catalyst surface
physical phenomena within a fuel cell and how they need tand thus reduces performance. The goal is to maintain an op-
be controlled in order to improvefiiciency, operating range timal water concentration in the membrane electrode asgemb
and durability. The hypothesis is that if the water movemen{MEA) by keeping a balance between the two conflicting re-
within a PEM fuel cell could be controlled quickly to maintai  quirements. Thus, to control water transport within a fuel ¢
optimal membrane water content and minimal liquid water, ef system and thereby optimize the membrane hydration at any
ficiency would be improved. As shown in the experiments Ofoperation point, proper dynamic water management st@egi
Springer et al. [1], membrane proton conductivity is a sgron have to be developed. This has recently been analyzed by Hus-
function of water content. Thus, the performance of PEM fuelkaini & Wang [2].
cells is sensitive to membrane hydration. Although water is |n order to characterize, understand and manipulate therwat
produced during the reaction, the anode catalyst layerténof {ransport mechanisms, experimental work is needed as well a

dehydrated because water is dragged from the anode to the cal mathematical model that describes the physical phenomena
ode by protons moving through the membrane, which is caIIetflg]_

electro-osmotic drag (EOD). A 2D isothermal model of the MEA of a PEM fuel cell in-
Besides the EOD, the main water transport mechanism in g,4ing the influence of convection in the gas flow channels

PEM fuel cell is difusion through the membrane due to con- a5 developed by Gurau et al. [5]. This model accounts for

centration diferences between anode and cathode. The thirghe concentration variations along the interface betweergas

transport mechanism is hydraulic permeation, which is@dus giysion layer and the catalyst layer, which is related to thee ga

transport in the coupled domain of the gas flow channel and

I - ) the gas dtusion layer. However, fluid dispersion in the porous
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Symbols

A Cross-sectionalarea ....... ]

c . Concentration ............. mpl nT3]
Cp Specific heat capacity ...... JmortK1
D Diffusion codficient ....... s

€ EOD codficient ........... [1]

n . Efficiency ................. [1]

Do Water mass flux ........... kfstm?]
Dq Heatflux ................. W nT?]
Hiny Lower heating valuéi, [kJ mof?]

I . Current .........ccovvo.... A

J . Molar flux ................ rhol st m2]
kK . Thermal conductivity ...... W nTt K-
K . Permeability .............. n¥]

M Molar mass ............... k@ mof?]
m Mass ..., 0]

m Mass flowrate ............ kg s

u Dynamic viscosity ......... Had

Nbpp Number of bipolar plates [1]

Neell Numberofcells ........... [1]

Nepp Number of channels per plate  [1]

P Pressure .................. P

Q Heatenergy ............... W]

o . Density ...........ooia... kp nT3]

T Temperature .............. K]

t . Time ... .. S

VoL Velocity .............ii... msY
Vstack Stack voltage .............. V]

w Work ... W]

XH20 Humidity massratio ....... [1]

similar to its electrical power output, depending on itstvol
age. Moreover it only tolerates a small temperature denati
from its design point for best performance, stability anchdbil-
ity. Therefore a three-dimensional, non-isothermal maokes

bi-polar plate
gas channel

gas diffusion layer
i catalyst layer
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& catalyst layer
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gas channel

bi-polar plate

Figure 1: 1D and 2D modeling domains for a PEM fuel cell [4]

the field of study concentrates on the analysis of reactasgga
and water vapor concentration along the channel, the x-@eino

is preferred. The two models can be combined to describe the
overall behavior of PEM fuel cells in all directions, as simow
by Shi & Wang [10].

The water transport equations in most of these models are
based on thex situwater transport experiments of a Nafion
117 membrane performed by Springer et al. [1]. These ex-
periments have created a baseline for the industry and show
the relationship between EOD and wateffuion through the
membrane with respect to membrane water activity and mem-
brane temperature. Even though théwudion and EOD data
for the membrane were accurate, direct application of sath d
to a real fuel cell may not be appropriate due to the fact that
this data was collecteex sity and can not be considered con-
stant because the daeients vary significantly depending on
the membrane type and on the operating conditions, such as
temperature.In situ experiments of Husar et al. [11] showed
that the EOD of a Nafion 115 membrane increases significantly
with temperature and current density and that watgusiivity
of membrane is lower than reported by Springer et al. [1].

developed by Ju et al. [6]. The model accounts for various A recently published review of water balance in the MEA by

heat generation mechanisms and combines them with the eleP@i et al. [3] states that further work is needed to better un-
trochemical and mass transport models. A three-dimenkionaderstand the fundamentals of water transport in the MEA, not

non-isothermal, two-phase flow model was developed by Wan
and Wang [7], which was applied by Basu et al. [8] in order

g
Subscripts

to study the phase-change phenomena in the cathode GDL of a

PEM fuel cell and has finally been extended to a complete twg
phase model for an entire PEM fuel cell, including two phass

flow in the gas channels, by Basu et al. [9].
Similar to the model of Gurau et al. [5], but considering

fluid dispersion in the porous media, two modeling modes of &

2D isothermal model have already been implemented in COM
SOL Multiphysics by Shi & Wang [10]. As defined in figure 1

the computational domain of a 2D model can either be a pat

tial cross-section parallel (x-z-direction) or perpendéc (y-

z-direction) to the gas flow direction in the gas channel. The

y-z-model serves for analysis of fluxes and concentratians i
the gas diusion and catalyst layers and includes tiffeet of

ribs or lands between the channels. This model is also use

for investigating fuel cells with interdigitated flow pattes. If

-act ........ active
an ........ anode
ca ......... cathode
ch ......... channel
, cons ... consumed
d dry
dp ........ dew point
el .. electrical
gen ....... generated
Lin L. inlet
m ......... measured
out ........ outlet
dsC e short circuit
tot ........ total




only to improve performance, but also to develop new mateanalysis software environment. By means of COMSOL the

rials for better water management and to improve durabilitymodel can be solved numerically for the specific geometry.

In order to develop and simulate dynamic water management The trade & between accuracy and computing capacity

strategies that match the application load requiremerdsfa  should be considered in choosing the model dimension. Withi

operating conditions, new models need to be based on a brodis work a 2D model is developed that provides better simula

understanding of water transport in the MEA. tion accuracy than 1D models and has a higher computational
This article describes the developed dynamic thermal anéfficiency than 3D models, which also already exist in the liter-

water distribution model, as well as the performed expenime ature [6], [7], [9].

tal work and the model validation of an open cathode, self-

humidified PEM fuel cell.

Anode channel in GDL
Grafoil gasket

2. Specific stack characteristics

This work treats the modeling of the water and heat trans-
fer of the commercially available 100W PEM fuel cell system
H-100 from Horizon Fuel Cells. This open cathode system is
self-humidified and air cooled. It includes a cooling fan di-
rectly attached to the fuel cell housing, which removes heat
from the stack by forced convection and at the same time pro-
vides oxygen to the cathode. The anode system has electro-
magnetic valves on both the inlet and outlet. The outletevédv
usually closed and the pressure is controlled by a forwazd-pr
sure regulator. It mainly runs in a dead-ended mode, howeever
periodical hydrogen purge removes water and nitrogen st h
crossed over from the cathode that would otherwise hinder th 1.5
transport of reactant gas to the catalyst layer. A very gsinzkt
circuit is applied to the fuel cell to create water and hedh#
cathode catalyst. With the manufactures’ controller theriral Figure 2: H-100 stack configuration and modeled section
of the hydrogen purge and the short circuit is independetteof

stack conditions. This means that even if the fuel cell dags n Referring to figure 2, the 2D model describes water and heat
require a purge or a short circuit, the system performs it anypropagation and distribution in the x-z-cross-section sihgle
way, which reducesficiency. In order to increasdfiency,  cell within the stack. The cross-section can either go thiou
without reducing the robustness or operating range of tee sy 3 rib of a bipolar plate or through a channel. Since the pri-
tem, a broad understanding of the water transport insiditle  mary objective of the model is to describe théeets of water
cellis necessary, which can be studied by the developedimodgransport, the air mass flow through the channel plays animpo
tant role and so the second option for the cross-sectiotidoca
is chosen. A 2D thermal analysis in the y-z-cross-sectian ha
shown that the temperaturefidgirence at the channel walls in
the same plane is negligible, due to the relatively highrttar
conductivity of the solid sections and the fully developexivfl
The developed model is used to simulate and study the ethrough the channel. Thus, the heat removal through the two
fects of the dynamic control mechanisms for water managetand sides of one channel, that do not appear in the 2D model
ment, namely the fan, the periodical hydrogen purge and thia the x-z-cross-section, is assumed to be equal to the beat r
short circuit to relate them to the fuel cell performance. Bymoval through the other two channel walls. This simplificati
controlling the concentration of water vapor and the addal s valid in this model, because the channel is square and the
creation of water due to the short circuit, membrane hyonati thickness of the land is equal to the side of the square, assho
and fuel cell flooding can be managed. As water distributionn figure 2. Considering also that the x-z-model is infinite in
and transport is dependent on temperature the model has to ithe y-direction, which means that there is an infinite channe
clude not only the mass balance but also the energy balance without any land, the féective heat removal area in both mod-
the H-100 fuel cell system. Since this model concentrates osls is equal. Thus the overall heat removal from the cell @n b
the water transport within the cell, the current densityritis-  modeled by just one 2D model in the x-z-cross-section.

25

3. Model description

3.1. Modeling Strategy

tion is not modeled. In order to facilitate the model, therent Figure 3 shows the geometry in the x-z-plane of the modeled
density at the cathode catalyst layer is assumed to be ednstacell within the H-100 stack referred to the cross-sectionkea
in the direction along the flow channel. in red in figure 2. The modeled sub-domains for the simulation

To visualize the simulation results, the mathematical rhodeof water propagation and distribution are the cathode floaneh
is implemented in COMSOL Multiphysics, a finite element nel, the cathode GDL (including a microporous layer) and two
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‘H‘ N in the MEA and the flow channels. In order to describe convec-
L tive transport, the water transport sub model is coupledhé¢o t
momentum transport sub models of anode and cathode, which
themselves are linked with the water transport sub model be-
cause the density of the reactant gases is dependent on the
il amount of water in the gas. Since density is also dependent
Cathods flow chanrel izl ol Seeol on temperature, the energy transport sub model has to be in-
Moo cluded, as well. As shown in section 4, th@dsion codficient
is also a function of temperature, which links thé&waive mass
transport to the temperature distribution. The water parts
g 7 from anode to cathode due to the electroosmotic dfiageis a
function of the stack current, which is set by the externadllo
: F i The energy transport model, which describes the temperatur
L distribution within the cell not only includes conductivedt
transfer through the MEA, the grafoil gasket and the bipolar
plate, but also the convective cooling by the fan. Therefore
is coupled to the velocity field in the cathode channel, oledi
anode GDLU’s (including a microporous layer). To simulate th by the momentum transport sub model, as described in section
heat transfer within the cell, the Grafoil gasket and thekip  3.2.2.
plate also have to be considered, due to conductive hea:-tran
fer. The right boundary of the bipolar plate is equal to ttHe le y
boundary of the cathode flow channel in terms of heat transfer | |
because only one repeating unit of the stack is modeled. ‘
In terms of modeling, the material properties and dimerssion l

surface

Cathode catalyst active

Figure 3: Model geometric subdomains

PEM fuel cell

Chemical reaction at the cathode catalyst

of the components, as well as the anode channel configuration
have to be known. The thicknesses of th&atent layers are
listed in table 1. The channel length is 25 mm.

Temperature distribution, T

, Convective heat Conductive heat transfer, T
Com ponent Th|Cknes$r[n"] / Gaﬂmtldms ﬂow’c;ann‘el MEA, Grafoil, Bipolar plate
Blp0|ar plate Web 070 Water distribution, cuzo
G rafOII g as ket 0 ) 55 <— Electroosmotic drag = (I) <«— .
Anode GDL (flow channel) 0.20 _ — :
Anode GDL (cover) 0.20 Cronepor e | anspor oy | tanapors v
. cathode flow channel MEA anode flow channel,
Microporous layer 0.20 Vo Dizo= (T Grzo)
Membrane 0.05 Ll L L ‘\
‘ \
Cathode GDL 0.20 Momentum Mormentum™
Cathode flow channel 1.50 ) R
\ Vea = T(OA1) _4 - Van = f(pr2)

Pair= f(P.T,Crz0) Prz= f(P.T.Crz0)

Table 1: H-100 component thicknesses

Since the material of the membrane is unknown, a butkidi Figure 4: Model schematic
sion codficient for the whole MEA was determined experimen-
tally. The MEA on the cathode side includes the GDL and the Depending on the external load, a certain amount of heat and
microporous diusion layer and the cathode catalyst layer. Onwater is generated at the cathode catalyst surface due to the
the anode side the MEA includes the membrane, anode catalyslectrochemical reaction. This generation can be destiilge
layer, microporous diusion layer, and two GDL's. To clarify, the stack current and voltage that is set by the external load
the membrane is included in the first anode GDL, which is deThe resulting fluxes of water and heat are treated as an input
noted by the dashed line in figure 3. Thus, in terms of wateto the water and energy transport sub model, respectivélg. T
transport and generation the more important cathode satalydifferent sub models are explained in the following sections.
boundary still remains. A further sub model that describes charge transfer and po-

According to the model geometry, figure 4 shows a schematitarization curve fiected by the dierent types of voltage losses
of the diferent physical phenomena that occur within the fuelis not included in this work, because the needed parameters t
cell, how they are coupled to each other and how they aréetermine voltage losses, such as exchange current dansity
treated in the model. charge transfer cdigcient, are dficult to validate within situ

The heart of the model is the water transport sub modeltesting.
which describes the distribution of water vapor concerarat This model considers that water enters and exits the fukl cel
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in the vapor state on both anode and cathode. Regarding the Assuming that all the generated heat energy is released on

cathode, water vapor that enters the cell has the relative hithe cathode catalyst layer, the heat flux through this baynda

midity of the environment. On the cathode outlet there is alis determined by the generated heat divided by the activa are

ways a stoichiometry greater than ten that does not allow the

gas to reach 50% relative humidity at an outlet gas tempera- Dy = Quot [W nT?] (6)

ture of approximately 4%, which has also been verified by Aact

experiments. Thus, a single-phase model on the cathodésside Heat is transferred by two mechanisms within the fuel cell.

accurate. The only controversial part would be the anodeavhe The cathode flow channel is dominated by forced convection

the water could condense. Since the anode reaction is artlersdue to the fan, whereas the heat transfer through the MEA and

magnitude faster than the cathode reaction and hydrogén’s d the bipolar plate is mainly by conduction, which can be seen i

fusivity is much higher than oxygen’s, th&ects of liquid water ~ the heat transfer simulation results in figure 5. Althougtréh

on the anode can be neglected for the sake of model simplifis also convection due to thefflising reactants, this transport

cation. So the model properly predicts water and tempezaturcan be considered negligible because of the high thermal con

distribution in the flow channels and the GDL, even withoutductivity of the GDL material [6].

including two-phase flow. Several thermal analyses and models of non-insulated PEM
Table 2 shows how the COMSOL application modes are apfuel cells e.g. by Miller & Stefanopoulou [12] have shown that

plied to the specific subdomains. These application modes athe heat loss to the environment by convection and radiation

linked to the diferent submodels, which are explained in thebetween 10 and 20% of the total waste heat. Since the fuel cell

following section. stack used to validate the model is encased in a plastic suppo
structure, it is assumed that the heat loss to the envirohimen
3.2. Mathematical model description minimal and thus neglected. Therefore, only heat remowa fr

the system by convective heat transport through the cathasle
8.2.1. Energy transport channel is considered.

The amount of energy brought into the fuel cell system is
given by the lower heating value of hydrogen, because it-is as
sumed that all of the product water leaves the stack as vapor.

The energy output is split into electrical energy and hémais t 00z P B

0.026 Meml

the energy balance of the system is given by: 0024

Surface: T K] Max: 314.51

312

310

Whi, = Wel + Qtot 1) oo

The total generated he@t,; can be determined using the fuel 0012
cell efficiency, which is defined by the ratio of the energy output 0008
and the energy input of the system. According to equation 1 0004

this is the ratio of useful electrical work and the work of the oo N
consumed hydrogen: o002
oo
Wel 0 02040608 1 12141618 2 22242628 3 323436 3):0.3 Mi:;D;Q]”eEB
= 2
= W, 2)
The work of the consumed dry hydrogen at25can be cal-  Figure 5: Typical temperature distribution in the cell anel ¢athode flow chan-
culated using hydrogen’s lower heating value [4]: nel (xand y axis dimensions are in meters)
Wiy, = Hiny 1 N [W] 3) Using conservation of energy, the heat equation that de-
> 2-F scribes conduction and convection within the fuel cell lssu
Combining equations 2, and 3 leads to the fuel cell stack efln [4]:
ficiency: ST
(Cp) - =+ (pCp) -V-VT =V(k-VT)+Se  (7)
Vstack ot
MLHV,stack = (4)

The first term of the left-hand side describes the heatirg rat
and the second term the heat flux due to convection. The first
term on the right-hand side accounts for conductive heat flux
through the media with the thermal conductivkydescribed
by Fourier's law. The source ter® represents heat flux due
to other heat sources or sinks, which in this case is the sourc

1.254' nce”

Current and voltage values that are used to calculfite e
ciency are obtained by in-house experimental data of ttek stu
ied fuel cell stack. The stackifeciency can then be used to
describe the total generated heat energy by including eouat

4into L. heat flux through the catalyst surface, described by equétio
The velocity vectorV is obtained by solving the Navier-
1 Stokes equation for momentum transport within the cathode
Qiot = Whi = Wer = Wer (m_Tstack -1 Wl (3 fiow channel, which is explained in section 3.2.2.



General Incompressible Darcy’s law Convection and
heat transfer Navier-Stokes Diffusion
Cathode flow channel X X X
Cathode GDL X X
Andoe GDL+ membrane X X X
Anode channel in GDL X X X
Bipolar plate+ Grafoll X

Table 2: COMSOL application modes used in thfetent model subdomains

The input parameters of the model are the inlet air temper-
ature of the cathode, which is necessary to determine the hea p(a_v V. VV) -v {—Plﬁ+,u [V\?+ (V\-/)T]} ©)
removal from the cell by convection, as well as the cell volt- ot
age and current that are used to calculate heat generatioa at By solving this equation numerically, the velocity field in
cathode catalyst as already described in section 3.2.1sdlhe the cathode flow channel can be obtained. Figure 7 shows
model schematic, including all inputs and outputs, is shown g schematic with all input and output parameters of the sub

figure 6. model.
Momentum
transport Energy Water
cathode transport transport
flow model model
channel
P
J?
Stack current | Heat transfer (\ Veain
External load i . > bl ‘ Navier-Stokes
ensity PcoL , Peee =  AigesE,
Stack voltage ¥ Thermal coi:uctivity k S e O 14 Bl s
Inlet air temperature Tea b Specific heat capacity C, [ Flow channel geometry e
Figure 6: Schematic of the heat transfer model Figure 7: Schematic of the cathode flow model

The energy model is coupled with every other sub-model be- Since the velocity is dependent on the gas density, which is a

cause tempere}ture has a significaffitet on th? fluid prqu[ties, function of temperature, pressure and water concentratiis
such as densities of the reactant gases, their dynamicsitisso model has to be coupled with the energy and water transport

and also on the dusivity of water through the MEA. sub model. The boundary conditions for the model are an inlet
In the H-100 system heat is produced due to the electrocherr\1/-elocityVO and a constant outlet pressure

ical reaction, as well as periodically due to the short éirthat

is applied every 10 seconds, as described in section 2.
During a short circuit the useful electrical energy is zero.

This means that all the energy is transformed into heat, whic

increases temperature inside the fuel cell stack. NeJeghke

some energy is lost due to circuit and contact resistandas bu

neglected at this point. Thus, knowing the short circuitrent,

as defined later in section 3.2.4, the released heat of ohe ¢

can be calculated using equation 3:

As the cathode air flow determines the amount of heat that
is removed from the stack, it has to be controlled by the fan
according to the stack temperature. Control strategiesbean
tested in the model simply by changing the inlet boundary con
dition from a constant velocity to the desired temperatee d
pendent boundary expression, which is then coupled to the en
&rgy transport model.

3.2.3. Anode momentum transport

H As already described in section 2 the anode is purged pe-
Wiy, = —¥ L (1) = 8 I : i ;
H: = 5T F sc(t) = Qsc (W] (8) riodically every 10 seconds. This results in a convective flu
through the anode GDL which removes product water from the
3.2.2. Cathode momentum transport GDL and the catalyst layer. Because this pressure driven con

In order to describe convective mass transport and heakttranyective flux occurs in a porous media, the velocity field can be
fer through the cathode flow channel forced by the fan, the mocalculated by Darcy’s law [13]:

mentum transport has to be determined.

The Reynolds number for the H-100 cathode flow channels V= _“yp (10)
at maximum flow velocity turned out to be 120. Knowing that H
the air flow through the channels is laminar and that the press ~ where x denotes the hydraulic permeability of the porous
difference along the channels and the change in fluid density areedium and: the dynamic viscosity of the fluid.
also very small, the Navier-Stokes equation for an incosgre  The anode inlet gas velocity is determined by the measured
ible fluid can be used to model the momentum transfer througmass flow rate. Thus, knowing the velocity and pressure dif-
the cathode flow channels [13]: ference from inlet to outlet, the permeability of the GDL; in



cluding the microporous layer, turned out to be @7, which
accords to the work of Shi et al. [14] and also is used in the
models of Shi & Wang [15] and Meng & Wang [16]. The calcu-
lated velocity vector is coupled to the water transport nhade

the anode GDL during a purge to describe the convective mass
transport. Figure 8 summarizes the inlet and outlet paremet

of the model.

Energy Water
transport transport
model model

|

=

Darcy’s law
Permeablility k
Density prz= f(P,T,Cz0)
Dynamic viscosity p = f(T)

. Anode inlet B
Pressure regulator i
H2

[ Ambient pressure Pan,out

Figure 8: Schematic of the anode flow model

Just as in the cathode flow model, the anode flow model also
has to be coupled to the energy and water transport model due
to the changes in gas density.

3.2.4. Water transport

In order to determine the water transfer rate, which is re-
quired for proper water management in the fuel cell and te val
idate experimental and modeling work, the water mass balanc
across the fuel cell is needed. The full water mass balange eq
tion is:

r.nHZO,ca,in + r-nHZO,an,in + r.nHzO,gen = r-TIHZO,(:a,out'f‘ r.nHZO,an,out (11)

This equates the water that enters and is generated in the fue
cell to the water that leaves the fuel cell. Water that erders
exits the cell at the cathode is assumed to be in the vapor, form
as already explained in section 3.1. The only controvensaass
flow would be the anode outlet, where the water could con-
dense. However, this is solved by placing a gas line heater at
the exit of the anode, which heats the gas up to abot€C#ik-
fore measuring the dew point temperature which allows fer th

measurement of all the water leaving the anode. Conseguentl 3.

the mass flow of water is in the vapor form at the location where
the dew point temperatures are measured.

Generally the mass flow rate of water vapor can be expressed
as a fraction of the dry gas mass flow rate:

[kgs'] (12)

wherei stands for anode or cathode gjrfdr inlet or outlet. The
determination of the five éfierent terms in equation 11, accord-
ing to the measurable variables of the test station, is exgda
below:

Mu,00,) = M j, * XH,04j

1. Anode inlet: The total anode inlet mass flow rate is a sum
of the hydrogen mass flow rate and the water vapor mass
flow rate, if hydrogen is humidified:

[kgs™]

r.nan,in = r;nHz,arLin + rT'Hzo,an,in (13)

Knowing the amount of water vapor entering hydrogen by
measuring the dew point temperature and measuring the
inlet mass flow rate of dry hydrogen, the anode inlet mass
flow rate of water vapor can be calculated by equation 12:
[kg/s]

r'nHZO,amn = r'nHz,an,in : XHZO,an,in (14)

. Cathode inlet The total cathode inlet mass flow rate is a

sum of oxygen, nitrogen and water vapor mass flow rate:

r.nca,in = r.nOg,ca.in + r.nNg,ca.in + r.nHZO,ca,in [ka S_l] (15)
Moreover a mass flow rate of a gas stream can be described
by the gas density, the velocity and the cross-sectional
area, through which gas flows. As the cathode inlet ve-
locity is measured within the test station the cathode inlet
mass flow rate is described by:

[kgs™] (16)

whereA¢, is the cross-sectional area of the fuel cell hous-
ing structure within the environmental chamber. Assum-
ing that the median flow velocity4in is constant for wet
and dry air, because the change in mass flow rate results
from the change in density by adding water, the cathode
inlet mass flow rate of water vapor can then be calculated
by combining equations 16 and 12:

rhca,in = \7ca,in : Aca',oca.in

MH,0.cain = Mairind * XH,0.cain = Veain * Aca * Paird * XH,0.cain

[kgs™]
17

As the cathode inlet air velocity is measured in a housing
structure outside the fuel cell stack, but has to be used to
model a single channel, the velocity has to be adapted to
the smaller flow channel dimensions:

Ahousing —
- = . Vm
r]bpp . ncpp : Ach

Anode outlet The total anode outlet mass flow is defined
as:

[ms? (18)

Veain =

[kgs™]

This mass flow rate of water vapor can be calculated simi-
lar to the inlet flow rate, but adding the fact that hydrogen

is consumed inside the fuel cell. Therefore the anode out-
let mass flow rate of hydrogen is:

Manout = My, .anout + MH,0,anout (19)

[kgs™]

Using Faraday’s law, the consumed hydrogen mass flow
rate of one cell is found by:

r-T'|H2,r=1n,out = (mHz,anin - r-T'|H2,r=m,cons) (20)

M,

mHz,arLcons= f - [kg 571] (21)



Combining equations 12 and 20 the anode outlet mass flow Mass flow rate  Absolute valueng s?]

rate of water vapor is described by: MH,0.anin 0.40
MH,0.cain 60.12
r.nHZO,an.out -0.52
r'nHZO,anout = (mHz,an,in - mHz,an,conQ . XHZO,an,out [kg 371] r."‘Hzo,ca,out -65.60
(22) M,0.gen 5.60

4. Cathode outlet Regarding that only oxygen is consumed
at the cathode and the amount of nitrogen stays the same,
the total cathode outlet mass flow rate results in:

Table 3: Contributions to the water mass balance equatiofat 3

Since water in a fuel cell is transported by convectioftfudi
sion and is also generated within the cell, th@atent equations

Meaout = (Mo,.cain — Mo, .cacond + MN,.cain + My O,caout . . .
2 2.ca 208 208 2oea for each transport mechanisms have been combined in a mass

~1
[kgs~] balance equation [13]:
(23)
The consumed oxygen mass flow rate of one cell can be 0Ch,0
. o . —— + V(- \Y =V -Vv-V
calculated using Faraday’s law similar to the consumption at (=Drz0VCr,0) = Vo = V- Vehyo (29)

of hydrogen. The only dierence is that the number of

electrons per molecule @, is 4. The first term on the left-hand side of the equation corre-

sponds to the accumulation of water in the system. The second
] Mo, ) term accounts for the flusive transport within the MEA, de-
Mo, cacons = =~ ' (kg s~] (24)  scribed by Fick's law. The first term on the right-hand side re

F
According to equation 12. the cathode outlet mass fIOWresents a source flux of water due to the chemical reaction and
9 quatl _— . also the EOD. Finally, the second term on the right-hand side
rate of water vapor is determined by the following equa-

tion- accounts for the convective t_ran_spo_rt due tp a velocity ﬁe_ld

’ the cathode flow channel this field is obtained by coupling the
Navier-Stokes momentum transport to the equation system, a
described in section 3.2.2, whereas in the anode GDL the mo-

m = My - X kgs? 25 . : .
H0caout = Mhivoutd - Xrpocaou (kST (29) o o transport during a purge is described by Darcy’s law,

where the outlet mass flow rate of dry air can be deter@S explained in section 3.2.3. .
mined by subtracting the mass flow rate of consumed oxy- Water is also transported by the electroosmotic drag from an

gen from the inlet mass flow rate of dry air: ode to cathode. This flow rate can also be described by Fara-
day’s law, because the EOD is proportional to current [4]:

r-Tkair,outd = r-Tkair,in,d - moz,ca,cons [kg S_l] (26) . MHZO 1
MH,0E0D = € —=— | [kgs~] (30)

5. Generated water The water that is generated in the fuel
cell is a product of the reaction of hydrogen and oxygen The EOD cofficient ¢ represents the number of water
and is directly proportional to the current passing throughmolecules that are dragged from anode to cathode per proton.
the fuel cell stack, based on Faraday’s law. Thus, the masphis cosficient is determined experimentally, as described in

flow rate of generated water results in: section 4. Regarding the model, the EOD is treated as an in-
M ternal source flux at the cathode and a sink flux at the anode.

Mi,0.gen = % N [kgs™] (27)  Atypical water concentration dl_strlbunon for constanthzale _
and anode flows is shown in figure 9, where the streamlines

As water is only produced at the cathode catalyst surfacejescribe the flux of water from the cathode catalyst layer to
the cathode catalyst boundary condition in the 2D modethe cathode and anode flow channel. As the H-100 is an open
is given by the flux of generated water through the activecathode stack, the cathode inlet conditions are ambientheAt

area: anode dry, pure hydrogen enters without humidification.
) Figure 10 summarizes all input and output parameters of the
Dpyy0gen = MH,0,gen [kgstm?] (28) modell, as well as fche ﬁnfluences of the other sub models.
Aact During a short circuit heat and water are produced at the cath

Table 3 depicts the fierent contributions to the water mass pde catalyst layer. This mass flow rate of generated water dur

balance equation 11 at 3 A. As it can be seen, the majorityeof th!nd a short circuit can be calculated usin_g equation 27 and re

water enters and leaves the stack at the cathode side, vsshichqlacmg_ the_ stack cgrrent by _the sh_ort circuit current. /e th

relatively large compared to the generated water at thigotr Short circuit C“Tre”t Is & function of time, the root meanagu
This water mass balance is used to determine the bulk WatéBMS) current is used to calculate the mass flow rate.

vapor difusion codicient Dy,o of the MEA, as described in _ M0 .,

section 4 and to validate experimental results. Mi,0gense = e~ *lse  [kgs7] (31)
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Figure 11:1-t-plot of a short circuit
Figure 10: Schematic of the water transport model

which would generate water at the cathode side. The experi-
ment was carried out with a dry anode and a wet cathode. The
= diffusive water mass flux across the membrane is the outlet wa-
lec = \/i f (s)?dt  [A] (32) ter mass flux at the dry side which should equal thedence
tse Jo between inlet to outlet water mass flux of the wet side. Since
the H-100 is an open cathode fuel cell it igfdiult to perform
a similar difusion experiment in the opposite direction, with a
a\é/et anode and a dry cathode. However, random tests at stable
points where the anode humidity was higher than at the cathod
side have shown a direction independence of tifesion coef-
ficient. The dew point temperature of the wet cathode was kept
constant at 20C, which means that the partial pressure of water
4. Experimental determination of codficients vapor in air does not change with temperature, unlike with us
ing a constant relative humidity. The ambient temperatuae w
The difusion codicient of water vapor through the MEA (as increased from 30 to 5@ with a step size of 10C by using an
stated in section 3.1 also includes all th&ukion layers) is de- €nvironmental chamber. At each point enough time was given
pendent on temperature and water content. In order to qmaek) for the anode dew pOint temperature to become Stable, so that
mathematical relation betweerfidision, temperature and water @ steady state can be assumed. The chamber temperature then
content, water diusion has to be separated from the other wateduals the stack temperature. Moreover, the maximum cathod
transport mechanismS, name|y EOD and hydrau"c permeatiorfllow rate was applled in order to minimize the concentration
As the experiments of Husar et al. [11] have shown, watestran difference from inlet to outlet at the wet side.
fer due to hydraulic permeation is at least an order of magdait Figure 12 shows the membrandfdsivity of water vapor at
lower than that due to the two other transport mechanisnts, ardifferent temperatures. Compared to the work of Springer et al.
therefore can be neglected. To separaf@sion from the EOD, [1] the experimentally obtainedfilision codicient is smaller.
the fuel cell is disconnected from the external circuit aittbn ~ This might be due to the flerent membrane type and thick-
gen is used instead of hydrogen, which also guaranteesdhat mess used in this work. However, similar results were found
water can be generated due to possible crossover of hydrogdny McKay & Stefanopoulou [17], who also performédsitu
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where:

The RMS short circuit current of the measurettcurve,
shown in figure 11, results in 23 A.

Table 4 lists the additional model input parameters, such
physical properties, dimensions and constants, which sed u
in the model.



Description Value Unit
Active catalyst are@act  «...vovevevenrerinenennnn. 0.00225 n¥
Bipolar plate densitypgpp ... .voviveiiiiiiann 1850 kgnts3
Bipolar plate thermal conductivitkgpp . ........... 14 WK 1m?
Cross-section channédey, ......ooveineininenn... 5x10°% P
Faraday constanE ...................ciiiiii.. 96487  Cmol?
GDL deNSItY,06DL  + v v evereeieieieieiaeaeaannn. 440 kgnt3
GDL permeabilityAGDL  ««vvvvvrereranaaneannns 1012 P

GDL POFOSItY,EGDL  «+ vt v v v ve et eeeiieeeeeaaaaans 0.78

GDL thermal conductivity inplan&kgpiin = «........ 21 WKIm1?
GDL thermal conductivity through-plankgpi through 1.7 WK 1tm?
GDL thiCKNESSZEDL  «« v e v vee et e e %10 m
Number of bipolar platesypp .....oovvvvvinnt. 21
NumberofcellsSnee «ovvveviii i 20

Number of channels per platgpp ................ 51

Universal gas constar® .................ovvnn.. 8.314 JmoFt K1

Table 4: Physical parameters and properties

measurements of thefflision codicient with a fuel cell stack.

phenomena or experimentally determined fiomnts can be

checked. Therefore, experimental data of the H-100 fuél cel

44E08 stack, directly obtained from laboratory tests, were camegéo
42608 the simulation results. The initial conditions were a huifired
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~, 38E-08
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g
a
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3.0E-08

25 30 35 40
Temperature [°C]

Figure 12: Membrane [usivity as a function of stack temperature

anode and cathode, and a constant fan flow rate. Even though
the regular working conditions of the H-100 suggest a dry an-
ode, these tests were performed in order to check the model
behaviour even under conditions that don’t appear in a nbrma
operation. The stack current was stepwise increased fram 1 t
3 A. Figure 13 shows the measured and modeled values of the
cathode and anode outlet water concentrations, as welleas th
fuel cell stack temperature atfférent currents.

2.8

T T
— cH20,an,out modeled
| — cH20,ca,out modeled 415
4 cH20,an,out measured
| | « cH20.caout measured 40.0
= T_fc measured

g
=)

N
IS

In order to determine the EOD cfiieient experimentally,
diffusive water transport through the membrane has to be mini-
mized. This can be obtained by keeping the water conceortrati
on both sides equal and as close to 100% relative humidity as
possible, which is achieved by setting the same dew point tem
perature for the anode and cathode inlets. The measured EOD
codficient slightly increases from 0.47 to 0.48 by increasing
the stack current from 1 to 3 A, which is in accordance with the
data of Husar et al. [11], but their test was performed atdrigh
current densities and using a thicker membrane.

H20 concentration [mol m“’]

N
)

N

©

o

IS

[N

T_fc modeled

©
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Stack temperature [°C]
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o

05

1.5 2 25 3 35
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To determine a specific heat capacity for the stack. a COhStaﬁigure 13: Anode and cathode outlet water concentrationfasaion of cur-
’ nt

. . . I
current is drawn for a short period of time, and the stack tem-
perature evolution is measured. The test resulted in afgpeci

heat capacity of 1260 Jk§K*. A similar value is also used 5.2, Dynamic validation

in the heat transfer model of He et al. [18].

5. Results and Discussion

5.1. Steady-state validation

The model has also been compared to dynamic experiments
performed with the studied PEM fuel cell stack. These tests
have shown that the model is able to give a proper dynamic
representation of the actual stack behavior. Figure 14 show
the comparison of the simulated cathode outlet water cencen

By validating the steady-state model, the general modefration with the measurement data, when changing the apolin
settings such as the boundary conditions, applied physicdhn velocity at a constant working point of 5 A.



1 o8 rent set points. Table 5 shows the model input variablerggsti
and the resulting output variable values at a stack curfehfo
It also includes the variable variations for the sensitiéhal-
ysis. The variation of the anode and cathode inlet water mass
fraction represents a variation in the measured inlet dawt po
temperature of 1C, from 20 to 2T C at the cathode and from
25 to 26°C at the anode. The bigfiérence between anode and
cathode water mass fraction is not only due to thedénce in
Coor m o ey e dew point temperature but rather due to the much higher gas
Measured et ir velocity ~Programmed nietarvelocty flow rate at the cathode. Since the anode inlet temperatgre ha
 Measured cahode Oulet 20 concentiaon — Simulated cahode outet 20 concentaton no dfect it is not included in this analysis.
By changing the input variableg;(), according to the vari-
Figure 14: Dynamic validation - Humidity fan test able variations 4¢in), defined in table 5, the impact of input
signal dfsets or variable deviations on each output variable can

The test results show that there is a delay in the cathodetoutl be observed. Table 6 shows the sensitivity matrix, dejgdtie

dew point measurement, which is due to the response time 5?.&““”9 output yarlable_values f.o.r gach input variabkéat@n
with the respective relative sensitivigy

the dew point sensor used in this experiment. However, dis- As a result it can b 0 that increasing th thode inlet
regarding this unavoidable measurement error, the sietllat dews ?)ine'ztstlém ecrztur: bse"eI: haz alrchsisthg sa?n;?ecfoerzl €
cathode outlet water concentration gives a good represamta P P y . . .

the anode outlet water mass fraction as increasing the anode

of the experimental results. . . .

The second validation parameter is the stack temperaturéntletkdew pomr: tempgra_llture, howe;]ver no(tjwce ;/ersa. Al th
which was also measured and simulated within the same tesﬁ;;io%urli/?grteoa\l/se? errrilnacjf:;;gr;; tﬁeazgthiggtiﬁltevggﬁéigass
The comparison s illustrated in figure 15. of 0.1 ms*! has the samefkect as a 2C change in the ambient
temperature at these conditions. These observationsaiedic
- ) that the cathode mass flux dominates the energy and mass bal-
/| | \ | \ ance in this stack. All variables show very low sensitivibtyat
variation of the stack voltage, but are sensitive to a chamge
the stack current. Repeating the experiment at higher anetlo
stack currents leads to similar variable sensitivities.
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6. Conclusion

o
Y
»
&

S A two-dimensional, non-isothermal, dynamic model of a
Measured inlet air velocity Programmed inletair velocity 100 W open cathode, self-humidified PEM fuel cell system has
— Measurd seck emperae Smiaed sack temperatue been developed with respect to water and heat transporinwith
the cell. The crucial cd&cients for water transport, namely the
Figure 15: Dynamic validation - Temperature fan test diffusion and the EOD cdicient, have been determined ex-
perimentally. The dfusivity of water vapor through the mem-
A delay in the measured stack temperature can be noticesrane at 30C was determined to be®x 108 m2s? and in-
here as well. This is not only due to the response time of thereases by & 101°m?s™! per°C with increasing temperature
sensor but also due to theffdirences between the programmedto 50°C. The EOD cofficient was found to be 0.47 to 0.48 wa-
velocity curve and the measured curve, which shows a smalleer molecules per proton at stack currents from 1 to 3 A. More-
slope at low velocities and therefore the temperature ak®ng over, the bulk specific heat capacity for one cell unit, cstirsg
slower than in the model. Regarding the temperature gregjien of a MEA plus a bipolar plate, was experimentally determined
the model matches the experiment, especially during thé cooto be 1260 Jkgt K~1. The model has been validated by using
ing phase. The modeled fuel cell stack temperature incseasexperimental data directly obtained from laboratory tegth
faster than the measured temperature when the fan velocitie investigated fuel cell stack, which has shown that thdeho
is reduced. The slower increase in the measured temperatuséedictions match the experimental data well. The modedjis k
could be caused by small amounts of convective and radiativeimple and is capable of representing system specific dontro
heat removal from the stack, which is notincluded in the rhode mechanisms for water and heat management, as demonstrated
The conclusion of both tests is that the model demonstrategithin the dynamic validation. As it combines most of the phy

an accurate dynamic representation of the fan. ical phenomena that occur within a PEM fuel cell, it permits f
o _ a comprehensive study of these control mechanisms. However
5.3. Sensitivity Analysis the model can still be improved by including charge transfer

In order to quantify the sensitivity of the input variables o two phase flow characteristics as well as temperature driven
the model, a sensitivity analysis was performed fedent cur-  water transport. Moreover, further experiments are ne¢ded
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Tea [OC] Tan [OC] XH20,ca XH20,an Vca [m S_l] I stack [A] Vstack [V]

in 30.00 30.00 0.01475 0.23937 0.4 3.0 13.5

out 35.84 38.10 0.01577 0.50157 - - -

Aéin 1.0 - 0.00096 0.01424 0.1 0.1 0.1

Table 5: Input and output variable values and input variabl&tions
Teaout S(Tca,out) Tanout S(Tanout) XH20,caout S(XHZO,ca,out) XH20,anout S(XHZO,arLout)

éin [°C] [%0] [°C] [%] [%] [%]
Teain 36.86 2.85 39.10 2.62 0.015788 0.13 0.502341 0.15
XH20cain | 35.84 0.00 38.10 0.00 0.016744 6.20 0.509306 1.54
XH20.anin | 35.84 0.00 38.10 0.00 0.015789 0.14 0.509386 1.56
Veain 34.84 -2.80 37.30 -2.10 0.015570 -1.25 0.499355 -0.44
I stack 36.04 0.56 38.37 0.71 0.015802 0.22 0.510875 1.85
Vstack 35.79 -0.14 38.03 -0.18 0.015765 -0.02 0.501492 -0.02

Table 6: Sensitivity matrix at 3 A

observe the dynamicfiect of water storage in the membrane [7]
and the anode GDL, and finally include them in the model. The
developed model is intended to be used to simulate and stud
the dfects of water transport and its influence on the system
performance, and to develop new water management control
strategies, that are strongly demanded, as recent papess hal®l
shown. The model is easy to handle by the user-friendly CFD
software COMSOL Multiphysics, and can be easily extended;g
Furthermore, it is applicable to other PEM fuel cell systems
following the developed modeling strategy and performimg t (1]
experiments in order to determine the specificfioents.
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