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ABSTRACT

The thesis consists of three parts. The first one is the simulation of
1-D model. The obtained results of oxygen distribution and cell
polarization curve are compared with these of Gurua [13]. In the
oxygen distribution, they are, almost identical with the same
application of three different poresities in GDL. On the other hand,
with single value of porosity, 0.3 in"GDL, the present study predicts
a lower oxygen concentration.. .The polarization curve obtained from
the present study is exactly the'same as the one by Gurau [13].
The second part is the 2-D model. In this model, the distributions of
oxygen, water, pressure and the cell polarization curves are
compared with four different tapering ratios (100%, 75%, 50% and
25%). The results indicate that the cell performance is improved
with a lower tapering ratio. The cell polarization curves in present
1-D model and 2-D model are compared each other, and it shows
that the performance of 2-D model is lower than 1-D model due to
the lower reaction of oxygen, resulting from one additional diffusion.
The third one is the 3-D model. In this 3-D model, we also compare

the distributions of oxygen, water, pressure and cell polarization



curves with four different ratios. The results are similar to the ones
in 2-D model and the cell performance is better with the lower ratio.
Finally, we compare the cell polarization curves in present 2-D and
3-D models. The results show that the performance of 3-D model is

lower than 2-D model with the same reason mentioned previously.



AESEFEELE EBRFe SR LY P RERE
FHURE T R Bt L GEER B S PERT  HRRET
BRPOFEADT R Ry RN IR o Ay
REARG e q o Bdck 2 A3F 5 A cnfp s i g 4 B4
hd A m2EIR S TR g Ay F oo B AR R B

BRI A L biEa & 5 PR EAE IRE Y 1 gL

FIEF O ORTRATWEA DI RAA LT R E R X RE
K

A BB 3 A A Adnraed o BEARA

-a;\\-

BFTT o (B
Ep A eBE A 2o REBR MR A W £ 72 2 4r
FOLG OB P RATAML B N R § G R ens .
FHREFOFFNE LHLT 0 > A BOERF LT L5 o e K
EE RIBFBAFTLAET V- ATEE - A F - AR

P 5 EPRERT > 4 P T PR TSR X RS T B F e

1A B AERE B AT I TTE TR i E e

BRI - R RS L B LA RFES & keppFk o



CONTENTS

ABSTRACT(CHINESE). ...ttt ettt e et e e e e e e e e e e |
ABSTRACT(ENGILISH) ..ot 1
ACKNOWLEDGMENT ..ottt s e e e e e e e eeaaaa s s e e e e e eeennnnnns v
(IS IO o N = I s SR VI
LIST OF FIGURES ......ooiiiieiiieiiiieteeeeteeeetee ettt aaaaaaaaeaasseanesnassnnnnnnnes Vil
NOMENCLATURE . .....cittiie et e e e e e e e e e e e e e e aaan s X
CHAPTER 1 INTRODUCTION ....cootiiiiiiee et 1
1.1 BACKGIOUNG. ....ouuuiiiieeeiieeeiiitee ettt e e e e e e e s 1

1.2 LIterature REVIEW .......uuuiiiiiiiii et e et e e e e e eees 6

1.3 Scope of Present Study ............coccviiiiiiiiiiiii 11
CHAPTER 2 Mathematical Model.............coouiiiiiiiiii e 15
2.1 Model ASSUMPLIONS. ... cttieiiieeeeeeeeeeitefar e eeee et 15

2.2 Governing Equations-and Boundary.Conditions ..............ccccceeeeeenn. 16
2.2.1 Gases Channels ... il e 16

2.2.2 GaS DiffUSION LAY IS it oo iei e 18

2.3 Nondimensionalization.of The Governing Equations ........................ 21
2.3.1 The Gases Channels | e, 21

2.3.2 The Gas Diffusion LaYerS ........ccoooeeieeieeeieeeeeeeeeeeeeeeeeeeeeeee e 23

P N[0T 0 4 F= 1 [1€= 1 o | o 24
CHAPTER 3 A Brief Introduction of FEMLAB .........cooovviiiiiiiiii e 29
G 200 I = 1 T 29

3.2 The Finite Element Method............ccooviiiiiiiiiiiic e 30

3.3 Computational ProCedUre ............uuuiiiiiiieiieeeeicis e 34

I N 4 o [ [=T] £ TR PPPPRRPPIIN 36
CHAPTER 4 RESULTS AND DISCUSSION ......coiiiiiiiiieiiiiiie e 41
4.1 ONE-DIMENSION CASE .....uuoieiiiiiiieeiiiieee ettt eaaans 41

4.2 TWO-DIMENSION CASE....cvvuiieiiiiiiieeeeeie et eaaans 44

4.3 Three-DIimeENSION CaASE .......cccevvuiieeiiiiiieeeeeeiee e e e e eeeeaae e e eeae 47
CHAPTER 5 CONCLUSIONS ...t 73
REFERENCE ... ottt e e e e e e e eaanaas 76



LIST OF TABL

Table 4.1 The Parameters for one-dimension case

Table 4.2 The Parameters for two-dimension case

Table 4.3 The Parameters for three-dimension case

VI

ES



LIST OF FIGURES

Fig. 1.1 The basic structure of PEM fuel cell............cccoooiiiiiiiiiiie 13
Fig. 1.2 The basic theory of PEM fuel cell..........ccccoiiiiiiiiiiieee 13
Fig. 1.3 The schematic diagram of serpentine, interdigitated, parallel flow
CHANNEIS. ... e e e e e eaa 14
Fig. 2.1 The computational domainin three-dimension case....................... 28
Fig. 2.2 The configuration of parabolic eight node element..............ccccceeee. 28
Fig. 3.1 The numerical computation flow chart.................ccccvviiiiiii s 39

Fig. 3.2 The grid test with the velocity profile at the middleof the gas

channelwith the same inlet VeIOCItY..........coviiiiiiiiiii e 40
Fig. 4.1 The scheme of the 1-D model...........ccccccviriiiiiiiiiiiieeeeee 52
Fig. 4.2 The oxygen distribution cross section of the cell and compare it with
LU = LU 115 | USRS 53
Fig. 4.3 The water cross section of the cell....u ..o, 54
Fig. 4.4 Typical fuel cell polarization CUNVe. ik, v oooeveeiiiiiiieiieieeeeeeeeeeeeeeee 54
Fig. 4.5 The 1-D and Gurau’s [13] polarization CUrves...........ccccccceeveeeeeneennnnns 55
Fig. 4.6a The scheme of the 2-D model'with 100% ratio ..................cceeeeeees 55
Fig. 4.6b The scheme of the 2-D modelwith 75% ratio ..............cccccuvvvieeeeeen. 56
Fig. 4.6¢c The scheme of the 2-D model with 50% ratio.................ccccvvvvveennnn. 56
Fig. 4.6d The scheme of the 2-D model with 25% ratio..............................56
Fig. 4.7a The oxygen distribution along the channel with 100% ratio ............ 56
Fig. 4.7b The oxygen distribution along the channel with 75% ratio .............. 58
Fig. 4.7c The oxygen distribution along the channel with 50% ratio............... 58
Fig. 4.7d The oxygen distribution along the channel with 25% ratio .............. 59
Fig. 4.8 The comparsion of oxygen distribution along the channel with four
QITFEIENT FALIOS .. .cceei e 59

Fig. 4.9 The comparsion of pressure distribution along the channel with four

QIFFEIrENT FALIOS .. cceeiieee e e e e e e e e 60
Fig. 4.10a The water distribution along the channel with 100% ratio ............. 60
Fig. 4.10b The water distribution along the channel with 75% ratio ............... 61
Fig. 4.10c The water distribution along the channel with 50% ratio ............... 61
Fig. 4.10d The water distribution along the channel with 25% ratio................ 62

VI



Fig. 4.11 The comparsion of water distribution along the channel with four
QIFFEIrENT FALIOS .. ceevei e e e e e e e 62
Fig. 4.12 The comparsion of the cell polarization curves in present 2-D model
=L T0 I = T T 1 ) PO PRUPPPPPRRTRRN 63
Fig. 4.13 The comparsion of the cell polarization curves in present 2-D model
with four different ratios..........cooouviii i 63

Fig. 4.14 The comparsion of the cell polarization curves in present 1-D model

aNd 2-D MOEI.. ..o 64
Fig. 4.15a The scheme of 3-D model with 100% ratio ..............ccoeeccvvvvvveeennnn. 65
Fig. 4.15b The scheme of 3-D model with 75% ratio ..............ccvvvieiiieeeeniennnns 65
Fig. 4.15c The scheme of 3-D model with 50% ratio..............cccuvvieiieeeeeneennnnns 65
Fig. 4.15d The scheme of 3-D model with 25% ratio .............cccuuvciiiiiiiiiinnnnn. 65
Fig. 4.16a The oxygen distribution aolong the channelat several axial stations
WILh 20090 FALIO ...ueeeiii e et e e e e e e e e s e e r e e e e e b e e e e eaaanes 66
Fig. 4.16b The oxygen distribution aolong.the channelat several axial stations
WILh 75%0 Fatio ..vvueeeeiii e B i et e e e et e e e e et e e e e et e e e enaanas 66
Fig. 4.16¢ The oxygen distribution aolong.the channelat several axial stations
WILh 5090 FALIO c.vvueeeiii e et e e ei et e e s e e B e e e ettt e e s e et e e e e et e e e eeaaanes 67
Fig. 4.16d The oxygen distribution aolong the channelat several axial stations
WILHh 25%0 FALIO c.vveeieiii e s e e b e et e e 67

Fig. 4.17 The comparsion of oxygen distribution along the channel in 3-D
model with four different ratios ..............cooei i, 68
Fig. 4.18 The comparsion of pressure distribution along the channel in 3-D
model with four different ratioS..........ccoooevviiiiiiiiiii e 68

Fig. 4.19a The water distribution along the channelat several axial stations with

007 = 1 J PP 69
Fig. 4.19b The water distribution along the channelat several axial stations with
LN - ([0 RSSO PPPORR 69
Fig. 4.19c The water distribution along the channelat several axial stations with
L0 - L1 [0 TS 70
Fig. 4.19d The water distribution along the channelat several axial stations with
AT - 1[0 TSSO PPPORR 70

Fig. 4.20d The comparsion of water distribution along the channel in 3-D
model with four different ratios ............ccooeeviiiiiiiii 71

VIl



Fig. 4.21 The comparsion of polarization curves in the 3-model and Chen [8]

......................................................................................................... 71
Fig. 4.22 The comparsion of cell polarization curves in 3-model with four
AIFfEreNt FatiOS.....cceeeeie e 72

Fig. 4.23 The comparsion of cell polarization curves in 2-model and 3-D model



NOMENCLATURE

u Velocity of x direction

Vv Velocity of y direction

w Velocity of z direction

p Pressure

u Viscosity

) Air density

T Temperature

Yo, Oxygen mass fraction

Yh,0 Water mass fraction

Yn, Nitrogen mass fraction

D; Diffusion coefficient

M Molecular mass

£ Porosity

T Tortuosity

K, Permeability of. GDL

Jc Current density

F Faraday constant

cgjf Reference oxygen concentration
jo Exchange current density

n Over-potential

g Average current density

A, The cross section area of channel
A, The chemical reaction surface area



Chapter 1 Introduction

1.1 Background:

With the increasing greenhouse effect by vehicle-generated
pollution and the lower efficiency of power generated by convention
power station, fuel cells are gaining more attention as an alternative
electric power source. Fuel cells convert chemical energy of
hydrogen and oxygen directly into electricity. Their high efficiency
and lower emission have made them a prime candidate for the next

generation of power source.

Emphases for fuel cell applications are placed on high power
density with adequate energy..conversion efficiency for portable
application and on high-energy efficiency with adequate power

density for stationary applications:

Right now, there are many uses for fuel cells, and could be

classified few parts as follows:

1. Residential: Fuel cells are ideal for power generation, either
connected to the electric grid to provide supplemental power and
backup assurance for critical areas, or installed as a
grid-independent generator for on-site service in areas that are

inaccessible by power lines.

2. Stationary: Fuel cell systems have been installed in hotel,
commercial building, hospital, factory, airport, and so on, supplied

primary power or backup.



3. Transportation: All the major automotive manufacturers of the
world have developed fuel cell vehicle, such as Honda, Toyota,

Daimler Chrysler, GM, Ford, Hyundai, Volkswagen and so on.

The fuel cell is unlike convention combustion engine, which
produces energy through combustion process, therefore, it won't
be restrained efficiency from Carnot cycle, and the efficiency will be
higher than conventional power generator. A fuel cell consists of
two electrodes sandwiched around an electrolyte, which consists of
a perfluorinated polymer backbone with sulfonic acid side chains.
When fully humidified, this material becomes an excellent protonic
conductor. Oxygen (oxidant)..passes over one electrode and
hydrogen (fuel) over the.!other;jgenerating electricity, water and
heat, to be reunited with-the hydrogen and oxygen in a molecule of
water. The hydrogen atom ‘has‘a‘proton and an electron. The
proton would be arrested by oxygen on the other side of membrane
to produce water molecule. The electrons create a separate

current that can be utilized before they return to the cathode.

There are many types of fuel cells, such as PEMFC, AFC, SOFC,
PAFC, MCFC, DMFC and so on. Recently, technologies for
proton exchange membrane fuel cell, solid oxide fuel cell and direct

methanol fuel cell have better advancement.

In general, the structures of all kinds of fuel cell are similar.
They are anode, catalyst of anode, cathode, catalyst of cathode,
electrolyte and membrane electrode assembly (MEA). Therefore,

proton exchange membrane fuel cell (PEMFC) is chosen to
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illustrate the characteristics of fuel cell. Its basic structure is
illustrated in Fig. 1-1. The electrodes are porous composites made
of electronically conductive material (teflonated porous carbon
paper or cloth), in which the reactants and water can diffuse
through. On the other hand, the electrons travel through the solid
portion of the electrode. Note that the electrolytes are different for

different types of fuel cells.

Fig. 1-2 illustrated the basic theory of proton exchange
membrane fuel cell. At the catalyst layer of anode, the hydrogen

splits into protons and electrons according to:
Pt
2H, >4H" +4e” (1-1)

The oxygen diffuses from gas channel of cathode through
toward the interface of catalyst-‘where it combines with the

hydrogen protons and the electronsto produce water according to:

O, +4H" +4e” - 2H,0 (1-2)
The overall reaction can be written below:

2H, +0, — 2H,0 + Heat (1-3)

Theoretically, the chemical reaction is reversible reaction in
thermodynamic, all the energy of chemical reaction convert to
electricity. However, according to the second law of thermodynamic,
the reaction must be irreversible, consequently, a segment of

chemical energy convert to heat.



PEMFC operates at comparatively low temperatures (about
80~105°C). It has high power density, can vary their output
quickly to meet shifts in power demand, and is suited for
applications, such as in automobiles where quick startup is required.
The proton exchange membrane is a thin plastic sheet that allows
hydrogen ions to pass through it, but not the electrons. The
electrolyte used is a solid organic polymer poly-perflourosulfonic
acid. The membrane is coated on both sides with highly dispersed
metal alloy particles (mostly platinum) that are active catalysts. The
electrolyte is separated from membrane. The solid electrolyte is an
advantage because it reduces corrosion and management
problems. Hydrogen is fed.to the anode side of the fuel cell where
the catalyst encourages-the hydrogen.atoms to release electrons
and become hydrogen ions. :The electrons travel in the form of an
electric current that can be‘utilized before it returns to the cathode
side of the fuel cell, where oxygen has been fed. At the same time,
the protons diffuse through the membrane to the cathode, where
the hydrogen atom is recombined and reacted with oxygen to
produce water, thus completing the overall process. This type of
fuel cell is, however, sensitive to fuel impurities. Cell outputs

generally range from 50 to 250 kW.

PEMFC performance is limited by polarization, which consists
of three parts; (1) region of activation polarization, (2) region of
Ohmic polarization, and (3) region of concentration polarization.

Activation resistance is determined by the type of catalyst, the



contact area of catalyst and the electrolyte. Ohm’s resistance is
caused by the contact resistance, electrode, membrane, proton
conductivity and electron of reactant gas. The insufficient amount of
reactant gas can cause the voltage drop. The voltage drop by
Ohm'’s resistance or insufficient amount of reactant gas is related
with water balance of the interior of cells. Apparently, the three
factors mentioned above are the key issues for improving the
performance of fuel cells. Therefore, a good understanding of the
design effects and operation conditions on the cell potential is
required in order to reduce the polarization. Fig. 1-3 shows the
schematic diagrams of serpentine, interdigitated, parallel flow
channels. In the serpentine design, the.flow snakes backward and
forward, from one edge-of.cell to the other, in a small number of
channels grouped together. It.creates,a long flow path for reactants
in the cell. In the interdigitated.design, it has inter-linked finger-like
channels with dead ends. In the parallel design, it consists of a

series of narrow parallel rectangular channels.

This work is interesting in the design of channel, which
corresponds to the mass transportation of the reacting gases and
water. Inside the fuel cell, the reactant concentration is influenced
by the mass transport between the gas channels and gas diffusion
layers. Therefore, the design of the gas channels is one of the
important factors to determine the fuel cell performance. It
motivates the present study to carry out such research subject by

using the numerical simulation.



1.2 Literature review:

Kornyshev [1] et al. investigated the gas or liquid consumption
rates in the feed channels of a PEM fuel cell. Analytical expressions,
which define profiles of feed concentration along the channel, and
expression for characteristic length of feed consumption were
computed. Nguyen [2] aimed the reactant gases (liquid) in the
channel and mass and thermo transport along the channel. The
conclusion indicated that the optimum of improving cell
performance is increasing the saturated water temperature of inlet
gases. Yi and Nguyen [3] extended the work of last reference. They
showed that: (1) a higher gas flow'rate through the electrode will
improve the electrode performance (i.e., average current density)
only when it helps to make| the diffusion layer thinner; (2) The
electrode average current-density decreases with an increase in
the shoulder width of the gas channel; (3) The electrode average
current density decreases with an increase in the electrode
thickness when all other dimensions and the pressure gradient are
kept the same. Kumar [4] simulated the effects of channel
dimensions and shape on hydrogen consumption at the anode. The
results showed the optimum values for each of the dimensions
(channel width, land width and channel depth) and shapes of
cross-section (triangular, hemispherical and square). Yi and
Nguyen [5] developed the interdigitated flow channel, which had a
dead-end to force the gases through the porous electrode. Such

design furthermore improved the mass-transport limitations in the
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porous electrode by flooding. Nguyen [6] investigated the effect of
liquid water on interdigitated flow channel. The results indicated
that the cell performance can be improved with the adequate
thickness for membrane and with increasing the number of flow

channels.

Kazim [7] and Chen [8] compared the PEM fuel cell
performance of the serpentine and interdigitated flow channels. He
found that the limiting current density with an interdigitated flow
channel is about three times with the serpentine one. The results
also demonstrated that the interdigitated flow channel can double

the maximum power density. Yan [9] investigated the effects of the

different inlet velocity and the ratio of channel width (1 .., /1. ) ON

the performance. They:also investigated the effects of channel
number (single, two and four channels) on the cell performance.
This study indicated that the single channel will cause dead-zone at
the shoulder of the bio-polar plant, therefore, the cell performance

increases as the number of channels increases.

Bernardi [10] focused on the humidification requirements of the
inlet gases in order to maintain water balance in a PEM fuel cell.
Bernardi and Verbrugge [11] investigated the model of reactant
gases transportation. They used Nerst-Planck equation to
describe the proton transportation. They also revised the effect on

potential gradient, pressure gradient and convection in porous

media according to Schlégl's velocity of proton transportation



equation. Further, they used Bulter-Volmer equation to describe
the value of electric current, Stefan-Maxwell equation to describe
the transportation for multi-component gas diffusion, and
developed a one-dimensional isothermal cell model. Wang [12]
applied a transient, multidimensional model, which included the
source term in momentum equation to revise the transportation in
porous media, and they reduced the momentum equation to Darcy
equation. The two-dimension electrochemical and gases transport
simulations revealed that in the presence of hydrogen dilution in the
fuel stream, hydrogen is depleted at the reaction surface, resulting
in substantial anode mass transport polarization and hence a lower
current density that is limited by hydregen transport from the fuel

stream to the reaction site.

Gurau [13] developed ~a one-dimensional half-cell model,
which considered the presence ofiwater and liquid water in the gas
diffuser and catalyst layers, accounting by means of effective
porosities that describe the porous media when the pores are
partially filled with liquid at thermodynamic and hydrodynamic
equilibrium. The results showed the value of the limiting current
density decreases when the gas diffuser is flooded, but the excess
liquid water in the catalyst layer dose not influence the value of the
limiting current density. The liquid water content in the catalyst layer
influences the polarization curve at values of current density is
lower than the limiting current, especially at those regimes where

diffusion is the rate-limiting step. Springer [14] and Rowe [15]



developed an isothermal one-dimensional model; they applied the
water and water vapor balance in the interface between membrane
and electrode, and used Stefan-Maxwell equation to describe the
transportation of reactant gases. The results showed the
temperature distribution within the PEM fuel cell is affected by
water phase change in the electrodes, especially for a saturated
reactant streams, and large peak temperature occurs within the cell
at lower cell operation temperature and for partially humidified
reactants as a result of increased membrane resistance arising
from reduced membrane hydration. Singh, Lu and Dijilali [16]
developed a two-dimensional mass transport in PEM fuel cell. The
results showed that the 2-D model is more conservative than 1-D
process. Specially, the 2-D.model results in: (1) slightly lower cell
voltage; (2) severe concentration polarization taking place at much
lower current density; and (3) more -humidification requirements at
lower current density. Hsing and Futerko [17] used the finite
elements method to solve the continuity, potential and
Stefan-Maxwell equations in the flow channel and gas diffusion
layer. Their results inducated that the resistance of Nafion
membrane in PEM fuel cell is a function of operating current density
and pressure, and the fluid flow streamlines, gas mole fractions,
membrane water content are shown as a function of pressure.
Springer [18] investigated the electrochemical reaction and mass
transport of the cathode and cathode gases diffuser. In this study,
the voltage loss at the cathode side was the major loss of the cell

performance. Also, they indicated the voltage loss relative small

9



when the inlet fuel was oxygen rather than the air. In fact,
consider the cost factor; the inlet fuel is usually feed with air. They
also investigated the effects of catalyst layer thickness to the cell
performance. The results indicated that the cathode voltage loss
decreases with catalyst layer thickness because the resistance of
the catalyst layer is smaller when the catalyst layer is thinner. Both
Dutta [19] and Berning [20] included the source terms by revising
the chemical reaction term. They computed the velocity and mass
fraction distributions of reactant gases by three-dimensional model.
They showed that the significant temperature gradients exit within
the cell, whereas the slight temperature differences of several

degrees K exist within the MEA.

Kim et al. [21] indicated that the mass transport limitation will
quickly decrease the cell voltage when cell operates at high current
density. Furthermore, they investigated the effects of temperature,
pressure and the feed fuel to the cell performance. The predictions
indicated that flow distribution and current production are affected

significantly by each other

Hum and Li [22] developed a two dimensional, steady state,
isothermal, fully humidified PEM fuel cell model, whose
electrochemical reaction was determined from Butler-Volmer
equation. The results showed that the cathode catalyst layer
exhibits more pronounced changes in potential, and the reaction
rate and current density generation are than those of anode

catalyst layer counterparts due to the lager cathode activation

10



over-potential and relatively low diffusion coefficient of oxygen.
Therefore, the voltage loss in the anode catalyst layer is negligibly

small due to the much fast hydrogen oxidation kinetics.

Amphlett et al. [23, 24] developed a parametric model of a
single PEM cell by using a mechanistic approach. A number of

grouped parameters are identified and fitted into the empirical data

measured from a Ballard Mark IV single cell.

1.3 Scope of present study:

By the literature review mentioned above, the design of
interdigitated flow channels indeed has great influence on the mass
transport between inlet gas channel'and gas diffuser that affects
the performance of PEM:fuel cell.:" However, the mass transport of
outlet gas channels is restricted by transport limitation, and the
pressure drop especially near dead-end is so large that it might ruin
the MEA. In the present work, it intends to modify the parallel flow
channels by using tapering cross section area along the gases
channels, which are expected to enhance the convection to
improve the mass transport between the gases channels and the
gas diffuser.

In the present simulation work, which uses a commercial
code FEMLAB as the tool, it takes a step-by-step procedure. At
the first, the one dimensional (1-D) simulation is taken, and its
predicted results are compared with the ones obtained from the

analytical solution of Gurau [13]. Then, the two dimensional

11



simulation is carried out, and its predictions are compared with
those by Yan [9]. The main purpose of using 1-D and 2-D models
are to verify the importance of convection effects in the PEM fuel
cell. Finally, the 3-D model also considers the convection effects.
However, its main emphasis is the effect of flow channel design on
the fuel cell performance. The parametric studies will be
introduced and discussed in Chapter Four. Eventually,
according to the resultant effects of convection to mass transport of
cell performance, this work can design the optimum tapering-ratio
of gas channel outlet cross section to improve the efficiency of the
mass transport and gas transport limitation between the gases

channel and the gas diffuser.
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2 of PEM fuel cell
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Fig. 1-2 The basic theory of PEM fuel cell
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Chapter 2

Mathematical Model
Since the present work considers the three models, which are
1-D, 2-D and 3-D, respectively, only the 3-D model is presented for

the general purpose.

2.1 Model assumptions

The model region consists three major parts: they are gas
channel, gas diffusion layer and catalyst layer. Because the
activation over potential of hydrogen is much lower that that of
oxygen, the effect of the chemical reaction at anode can be
neglected [21]. In this thesis, the effects of inlet velocity and
tapering ratio of the outlet gas channel cross section to inlet one on
the flow dynamics and electrochemical reaction will be investigated.
The three-dimension caomputational: domain employed for
simulation is shown in Fig. 2-1.

In order to acquire a numerically tractable solution, it is
necessary to make some simplifications but without losing the main
physical features. The assumptions are:

1. The flow in the channel is considered incompressible, laminar
and isothermal.

2. The fuel cell operates under steady-state conditions.

3. The inlet fuel is fully saturated with water vapor.

4. All gases are assumed as ideal gases.

5. The product water is assumed to be in gas phase.

6. The diffusion coefficient is assumed to be constant.

15



7. The over-potential is used as an operational parameter and is
specified as a fixed value at each current density.

8. The catalyst layer is assumed to be a thin interface, where sink
and source terms for the reactants are specified. Therefore, it
iIs assumed a very thin interface without specifying its

thickness.

2.2 Governing equations

The governing equations include the continuity equation,
momentum conservation equations (Navier-Stokes equations) and
mass conservation equation. In the 1-D model, the y- and
z-direction are ignored; in the 2-D.model, the z-direction is ignored.
Based on the above assumptions, the 3-D model governing

equations are given below.

2.2.1.1 Gases channels

Continuity equation:

au) o) alw) i
p&x i oy TP oz =0 (2-1)

The momentum conservation equations:

,oua—u+,ova—u+,owa—u __ %, o + o + o (2-2)
x Poy e T T Mo Ty T
N v op (o o o
— N —+ PN— = ——+ +—+ 2-3
APy ™y ’“‘[ax2 oy o7 (2-3)
pu@+pv@+m@——@+ 82W+62W+82W (2-4)
x Py e T Tw M Ty
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The species equation for multi-species is according to the mass

transport equation:

oly), oly), . aly)_ g( %j Ay oy g( %j
oo TPy P e TP P ) Py Py ) P D e
(2-5)
where i represents oxygen, nitrogen and water vapor, respectively,

and D,; is the diffusivity of the species.

For the binary diffusivities, D, ., it should be derived from the

ijo
Stefan-Maxwell equation, which has a very complicated formulation.

In this thesis, it adopts the experimental value according to [10],

which is obtained at atmospheric, pressure p, and taken and

scaled with the temperature and:pressure:

15
pT

D, =D, (Ty, p) — | =— 2-6
0,00 2] T (26)
The average molecular mass of gas mixture is calculated by:

1

- Yo, Yo 1=Yo, =V,
+ +
|\/Ioz M H,0 M N,

(2-6)

The mass fraction of the saturated water vapor is related to
the molar fraction by:

sat

y _ Ph,0 MHZO
H,0 D M

(2-7)

where the water saturated pressure is calculated from the following
expression [18]:
log,, piro = —2.1794+0.2953T —9.1837x107°T? +1.4454x107'T*

(2-8)
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Boundary conditions of gas channel:

At the inlet of gas channel:
u =u,(specified),v=w=0

Yo, =0.17,y,,, =0.12,y, =0.71

(2-9)
At the walls of the gas channel, the boundary conditions are no-slip
conditions
u=v=w=0
i _g (2-10)
0z
At the outlet of the gas channel, the boundary conditions are:

Y _g (2-11)

At the interface between the gas.channel and Gas Diffusion Layers,
the boundary conditions for mass fraction.are:

N _,.p M ;

— =D, (2-12)

Yi_gp, N (2-13)
oy oy

Yi_gp, N (2-14)
z "oz

2.2.2 Gas Diffusion Layers (GDL)

The gas diffusion layers are made of graphite cloth and formed
as porous media. The momentum equation has a source term for
the porous media, used for flow through diffusion layer, which is

described by Darcy’s law [19].

Continuity equation:

ou) o) alw) i
PP oy e =0 (2-15)
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Momentum conservation equations:

2 2 2 2t
81,[ ou_ du au)__gl,aergl, [au o%u auJ_gl “,

N pW— |=—g, = +—+
Ao Py e x e Ty ar) Tk,
(2-16)
& ,OU@+WQ+/JW@ ——gra—p+gr 82V+82v+82v _512f,uv
Ty T )Ty e Ty )k
(2-17)
& ,OU@+,0\/@+,OW@ ——57@+5T 82W+82W+82W _512fluw
s Ty T e )T w T e Ty T )k,
(2-18)

where the ¢ and r are the porosity and tortuosity of the gas

diffusion layer, respectively, and they are assumed to be constant,
and k, denotes the hydraulic permeadbility.

The species equation is:

glrpu6(yi)+p\,6(yi)+ma(yi)}glr[p6([) ayi}pa([)i'j%jwa([) o,

ox oy oz oxt ex ) Doy oy oz
(2-19)
Boundary conditions:
No-slip conditions are applied at the GDL walls.
u=v=w=0 and Yi_Yi_g (2-20)

oX oy

Interface conditions between gas diffusion layer and catalyst
layer:

At the interface between the GDL and catalyst layer, the boundary
conditions are:

and %=0 (2-21)

+ 0z

As mentioned before, the catalyst layer is treated as a thin

interface and adhesive on the boundary wall of the gas diffusion
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layer, where sink and source terms for the reactants are
implemented. Due to the treatment of infinitesimal thickness, the
source terms are actually implemented in the last grid cell of the
gas diffusion layer. At the interface between the GDL and catalyst

layer, the boundary conditions for mass fraction are:
Y,

& (Di,j &"'UYi) =35, (2'22)
ng(Di,j%-"vyi):Sk (2'23)
‘911(Di,j %"'WYi) =35, (2'24)

When s, is the source term for oxygen at the cathode side, it is

described by [19] as

0, = _4FJ'CCref (2-25)
0,

For water, it is given by:

Suo = 5g o (2-26)
o,

where j, is the local current density, described by the

Bulter-Volmer equation:

j _ jref Coz exp aaF —exp _acF
© el RT RT

in which ¢ denotes the concentration of the reactants and « is

nﬂ (2-27)

the transfer coefficient. The over-potential » can be measured a

priori. The range of the over-potential depends on the loading of the

catalyst and exchange current density ( j;), which is related with
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operating temperature.
The local current density generated at the reaction interface

is calculated by the Tafel equation [13]:

¥,

= nFD, = (2-28)

2-H
where n is the number of electron transferred during the ORR
(oxygen reduction reaction) and H is the total height of the Gas
channel and GDL.

The average current density on the ORR reaction interface is

determined as:

. 1 WL
Iavg = W % L JO IO I(X’ y)dXdy

(2-29)

where W and L are the total width and length of the model scale.

2.3 Nondimensionalization of the governing equations

In this thesis, the model is solved nondimensionally.
Therefore, a nondimensional procedure is carried out throughout
the model. The following dimensionless variables and parameters

are introduced in advance:

u="L v=Y w2 x_-*X y_-Y -2
U, U, U, D, D, D,
-p : — k
P:pulz.’ Re:pU'De, kp:Dpz’ SCZLD (2-30)
| H c P

The resultant nondimensional governing system is described
as follows.
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2.3.1 The gas channel
Continuity equation:
oU oV oW

oX oY o0z

Navier-Stokes equations:

oU oU oU oP 1 06U 90U oWl
U—+V—tW-— =t — (5t 5+ =)
X oY oz OX Re oX? oY? oz

oV oV oV oP 1,0 0N oWV
U4V —tW ==t — (5t 5+ =3)
OX oY 0z oY Re oX? oY? oz

oW oW oW oP 1 0°W oW oW
U +V +W =——+— st t—>)
OX oY oz 0Z Re dX? oY? oz

Mass transport equation:

2 2 2
S. U%+V%+W% _Lfe yzi +8 yz' +6‘ yzi
oX oY oz Re{ oX oY oz

Boundary conditions:

At the inlet of the gas channel:
U=1and V=W =0

Yo, =0.17,y,,, =0.12,y, =0.71

At the walls of the gas channel and gas diffusion layer:

U=v-w=0 and Y-Y _g
oy oz

At the outlet of the gas channel:

oX oX

At the interface between the gas channel :

o _ & oy
oX ReS, oX
8y, 517 ayl
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(2-31)

(2-32)

(2-33)

(2-34)

(2-35)

(2-36)

(2-37)

(2-38)

(2-39)

(2-40)



¥ _ & M (2-41)
0Z  ReS, oZ
2.3.2 Gas diffusion layers

Continuity equation:
N N Wy (2-42)
oX oY oz

Navier-Stokes equations:

2 2 2
i(ué_U+V8_U+W6_UJ=_8_P+ 1 (8U2+ali+ag)—éu (2-43)
& oX oY oz oX Reg oX oY oz kp

2 2 2
1(U8—V+Va—v Wa—VJ:—a—PJr ! (avz+a\£+a\£)—év (2-44)
g\ oX oY az) oY Reg oX® av?: azt K,

2 2 2
—EJF ! (8V\2/+8V\2/+8V\2/)_éw (2-45)
oL yRegf .0X oY oz kp

i( aw+vaw+wawj
g\ X oYz

Mass transport equation:

2 2 2
sc(u%+v%+w%j=i TYIFOV, 0, (2-46)
oX oY az) Relox? ov? ez

Boundary conditions:
At the interface between the GDL and catalyst layer:

~k,-vP=V and %:0 (2-47)

At the GDL walls:

U-v-w=0 and Y_-%i_g (2-48)
oX oY

At the interface between the GDL and catalyst layer, the

boundary conditions of mass fraction are:
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H(Ehu-y) =5, (2-49)

o (Zav oy =s, (2-50)
ef%w-yo _s, (2-51)

where S, is the dimensionless source term.

For oxygen:

1 . pb
S, =—"-j,—= 2-52
‘ 4F J :uctotal ( )

and for water:

1 . pb
g, =L j L 2.
“ToF ke, (2-53)

2.4 Normalization

The concept of subdividing.a physical domain into elements is
adopted for problem of deseribing a variation in the variable across
the whole domain such that it becomes far simpler since the
variation can now be related within each element. Therefore, it
has to change the globe coordinates into the local one. This
procedure is termed as normalization.

According to the Galerkin Weighted Residuals Approach, the

Navier-Stokes equations can become

J Ni[u&v&vvﬁjmi_&(ﬁz“ ﬁZUﬁZUHdQ:o (2-54)
o U

. +
"X RelX? o a&?

B 2 2 2
j Ni(Uﬂ+Vﬂ+Wﬂj+Ni£—& oV OV L9V Nda=0 (2-55)
o, X N & XN RelX? o2 a?

24



N N N ® N,

o'W W W
+ +

.. {N (U§+VW+W ﬂj S Re(

By Reducing the second order te

@(2

through Gauss integration formula, it give

IQE Ni%szLe P N;n, dl"—er P %dg

er Ni%szjre P N;n, dF—jQ P %dQ
2 AN
L:E N, ﬁUdQ j N. %dr j —%dﬂ
N 52Ud9 -[ Nﬁdr —de
I, Niiz—gdg =[N, Edr —EdQ
oN N ANIAL
jQ Ni@(ZdQ =j Nigdr—j X&dg
o ﬂgdg
av NI
——dQ
T
j Né)WdQ j Nﬂdr j ﬂﬂolQ
X2 X X
j N;de j N%dl‘ j ﬂ%dﬂ
j N dQ j der —EdQ

H do=0 (2-56)

XN oa?

rms and pressure terms

S

(2-57a)
(2-57b)
(2-57¢)
(2-57d)
(2-57¢€)
(2-57f)
(2-579)
(2-57h)

(2-57i)

(2-57j)

(2-57K)

By including Eq. 2-54~2-56 into above equations, they become:

J‘ N(U£+V£ WOUJ N LN A ﬂ£+ﬂ£ do

Q X XN a X Re\l XX NN A

:ij N.ﬁdr—j P N.n dr (2-58a)
Re’. ' Lo

J‘ N(Uﬁ Vﬂ Wd/j P ﬂ 1 ﬂﬂ+ﬂ_+@ﬂ dQ

Q X N a XN Re\l X X a
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— [ N[ P Nn,r

(2-58b)

& X XN a

a aZ Re

1 AN
=R_eJ'FeNiEdF—LEP N,n,dl

X X

N XN

(2-58¢c)

Through normalization, the governing equations can be

expressed by matrix form:

0O =N
\Vj (e) _ [N] {V }(e)
w® = [N]{W }(e)
[N]l><8:[N1'N2’ 'Na]
Ul
-1
U,
Vl
. V
Vim=1."
VS
Wl
. W
i - "
WB

where the shape functions are given by,

N, = (1= ) (1= Ja+ £4)

N, = (1-¢" )(1-7)
N = (14 6) (17 )(E-n-1)
N4=%(1+§)(1—772)
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(2-59a)
(2-59D)
(2-59¢)

(2-60)

(2-61a)

(2-61b)

(2-61c)

(2-62a)

(2-62b)

(2-62c¢)

(2-62d)



NS:%(1+§)(1+77)(§+77—1) (2-62¢)
NG:%(l—g2 )J(1+7) (2-62f)
N, = (1) (Lo Jar &) (2-629)
Nf%(l—é)(l—nz) (2-62h)

Fig. 2-2 shows the parabolic eight node element, which
possesses the typical node numbering for associated discrete
variables.

The single element can be expressed as matrix form,
(1 + <17+ 2L Jia) = {1} (2-63)

where {9/“=[u,,U,, ..U, .V,.V,, ...V, .6,.0,,....6, |
[c]®: The matrix of the;non-linear intera of velocity
[K]®: The matrix of shape functions and time terms
[L]?: The matrix of penalty function

{£}¥: The matrix of the given vectors of right hand side
The matrix of the single element is,
([Cl+[K]+2[L]){aj={f} (2-64)
The criterion of convergence is,
mAX|({a}™* ~{a}" )/ fa}™| < 10 (2-65)
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Fig. 2-2 The configuration of parabolic ei'ght node element
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CHAPTER 3
A Brief Introduction of FEMLAB

3.1 Briefing

FEMLAB is an interactive environment foe modeling and
simulating scientific and engineering problems based on partial
differential equations (PDESs), which are the fundamental basis of
the laws of science.

FEMLAB’s multi-physics feature is allowed to simultaneously
model any combination of phenomena. The ability to define
multi-physics problems is supported by numerical machinery that
guides the solver to the carrect solution, even for highly nonlinear
problems. The current .available medules with associated
application areas are:

(1) The Chemical Engineering-Module:
This module includes transport phenomena and chemical
reaction in reactors and operations.
(2) The Electro-magnetic Module:
This module includes wave propagation and mode analysis in
microwave engineer and photonics.
(2) The Structural Mechanics Module:
This module includes static, dynamic, and eigenfrequency
structural analysis.
The Chemical Engineering Module provides tailored interfaces
and formulations for problems involving momentum, mass and heat

transport coupled with chemical reactions. Characterizing the flow
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with Navier-Stokes equations in chemical module, the chemical
reactions are easily represented by source or sink terms in the
mass and heat balances and can be of any arbitrary order. All
formulations exit for both Cartesian coordinates and axisymmetry

and for stationary and time dependent cases.

3.2 The Finite Element Method

The mesh is a partition of the geometry into small units of a
simple shape. In 1-D the method partitions the subdomains into
small intervals or mesh elements. The endpoints of the mesh
intervals are called mesh vertices. In:2-D, the method partitions the
subdomains into triangles, or mesh:elements. The sides of the
triangles are called mesh edges, and 'their corners are mesh
vertices. A mesh edge must not contain mesh vertices in its interior.
Similarly, the boundaries defined in the geometry are partitioned
into mesh edge (so-called boundary elements) that must conform
with the triangles if there is an adjacent subdomain. There might
also be isolated points in the geometry. These also become mesh
vertices. Similarly, in 3-D the method partitions subdomains into
tetrahedrons, whose faces, edges and corners are called mesh
faces, mesh edges, and mesh vertices. It partitions boundaries in
the geometry into triangular boundary elements (mesh faces); it
partitions geometry edges into mesh edges; and isolated geometry
vertices become mesh vertices (sometimes called node points).

Since we have a mesh, we can introduce approximations to the
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dependents variables. The idea is to approximate u (assumed
single variable) with a function that we can describe with a finite
number of parameters, the so-called degrees of freedom (DOF).
Inserting this approximation into the weak form of the equation
generates a system of equations for the degrees of freedom.
Assume that a mesh consists of just two mesh interval: 0<x<1

and 1<x<2. Linear elements mean that on each mesh interval the

continuous functions u is linear. Set x =0, x,=1, and x,=2.
Denote these as U,=u(0), U,=u@), U, =u(?, these are the
degrees of freedom. Now we can express u(x) as:

U(x) =U,0,(X) +U,0,(X) +U,;0:(X) (3-1)
where ¢, (x) are certain_piecewise linear:functions. Namely, ¢, (x)
is the function that is linear on each mesh interval, equal 1 at the
i node point, and equal O at the other node points. For example:

1-x if 0<x<1

0 if 1<x<2 (3-2)

@, (X) = {

The ¢,(x) are called the basis functions. The set of functions

u(x) Is a linear function space called the finite element space.

For batter accuracy, consider another finite element space
corresponding to quadratic elements. Functions u in this space
are 2"%-order polynomials on each mesh interval. To characterize

such a function, introduce new node points at the midpoint of each

mesh interval: x,=05, x,=15. The 2"-order degree polynomial
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u(x) is determined by the degree of freedom at the endpoints and
the midpoints. The u(x) is expressed as:

U(X) =U,0,(X) +U 0, (X) +U 305 (X) + +U ,00, (X) + U 39 (X) (3-3)

where the basis functions ¢ (x) now have a different meaning.

¢,(x) is the function that quadratic on each mesh interval, equal 1

at i™ node point, and equal O at the other node points. For

example:
C[@-x)1-2x) if o<x<1
) = {o if 1<x<2 (3-4)

In general, we specify adfinite element space by giving a set of
basis functions. The description:-of the basis functions is simplified
by the introduction of local coordinates. Consider a mesh elements

dimension d in a n-"dimensional “geometry (whose space

coordinates are denoted x,,..,x, ). Consider also the stander

d-dimensional simplex.

£,20,¢,20,...,¢ +..+¢, <1 (3-5)
which resides in the local coordinated space parametrized by the
local coordinates ¢,,...¢,. If d=1, then this simplex is the unite
interval. If d=2, itis a triangle with 45 degree angles, and if d=3 it

iIs a tetrahedron. Now we can consider the mesh element as a

linear transformation of the stander simplex. Namely, by letting

global space coordinates x, be suitable linear functions of the local

coordinates, we can get the mesh element as the image of the
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stander simplex.

When described in terms of local coordinates, the basis
functions assume one of a few basis shapes. These are the shape
functions. In the example with elements in 1-D, any basis function

on any mesh elements is one of the following are:
¢:§1’ ¢:l_§11 ¢=0 (3'6)
Thus the first two are shape functions in the example (0 is not

counted as a shape function). In the example with quadratic

elements in 1-D, the shape functions are:
¢=01-0)A-25), ¢=4¢,(1-8), ¢=¢(2¢ -1 (3-7)
For the Lagrange element, the preceding examples are special
case of the Lagrange element. Consider. a positive integer k, the
order of the Lagrange: element. The function u in this finite
element mesh are piecewise polynomials of degree k, that is, on
each mesh element u is a polynomials of degree k. To describe
such a function it suffices to give this value in the Lagrange points

of order k. These are points whose local coordinates are integer

multiples of 1/k. For example, in 2-D with k =2, this means that we

have node points at the corners and side midpoints of all mesh

triangles. For each of these node points p,, there are exits a
degree of freedom U, =u(p,) and a basis function ¢ . The
restriction of the basis function ¢, to mesh element is a polynomial

of degree k in the local coordinates such that ¢ =1 at node i,
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and ¢ =0 at the other nodes. Thus the basis functions are

continuous and we have:

u= Zui(oi (3'8)

The Lagrange element of order 1 is called the linear element.

The Lagrange element of order 2 is called the quadratic elements.

3.3 Computational Procedure

The present work adopts Chemical Engineering Module in
FEMLAB to simulate the channel flow in a PEMFC. The Module

modeling procedure involves the following steps.

(1) Create or import the geometry in 1D, 2D or 3D:

In the draw mode, it is used to‘draw the geometry of the model.

(2) Select the equations to‘define the system:
The Model Navigator is multipurpose dialogs box, in which
controls the general setting of a FEMLAB'’s session.
Multi-physics page allows to select application modes,
dimension and other setting for multi-physics model. Model
Navigator also shows the dependent variables, types of element

and types of solver.

(3) Specify the physical properties in the selected equations:
The physical properties can be entered as constants in the
Add/Edit Constants dialog box of the Options menu. The values

used are all in SI units.
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(4) Set the boundary and initial conditions:

Set the boundary conditions through choosing Boundary Setting
from the Boundary menu. The dialog box has different options in
different application modes. The coefficients in the governing
equations can be interpreted, depending on the application
mode from the Subdomain Setting of Subdomain menu. Initial
values are also set in the Subdomain Setting dialog box.

(5) Generate and refine the finite element meshes:

Because FEMLAB is based on the finite element method (FEM),
it needs a subdivision of the geometry, known as a mesh. A
standard mesh is created automatically as entering the mesh
mode. In the Mesh Parameters dialog:box, it can change a
different resolution or:require the mesh;to be denser in some

parts of the geometry than in others.
(6) Execute the simulation:

There are two types of solvers; the direct solver and the iterative
solver. The direct solver solves the linear system by Gaussian
elimination. This is stable and reliable process and is well-suited
for ill-conditioned system. It requires less tuning and is often
faster than the iterative solvers in 1D and 2D. The elimination
process sometimes needs large resources of memory and
computing times. The iterative solver generally uses
substantially less memory than the direct one, and it is often
faster in 3D. The iterative solver needs a careful selection of
preconditioner for optimal performance. FEMLAB has three
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iterative solvers. The Good Broyden iterative solver works well
for most elliptic problems, such as the Possion, Helmholtz, and
Navier-Stokes equations. The GMRES iterative solver is
recommended for the Navier-Stokes equations and other
non-elliptic PDE’s. The third solver is transpose-free QMR. The
default preconditioner is incomplete LU factorization. This is the
most general preconditioner, and it works well also for difficult
problems, but it requires a careful choice of drop tolerance. The
incomplete LU factorization is the preferred preconditioner for
the structural mechanics and the incompressible Navier-Stokes
3-D application mode. The default drop tolerance is 107, which
Is the condition of convergence. As the drop tolerance
approaches 0, the incomplete LU factorization will become more
and more similar to that of-using,a complete LU factorization,
which is equivalent to usingthe direct solver. The mesh quality is
important for the iterative solver. By increasing the mesh quality,
the iterative solver will use less iteration.

(7) Visualize the results:

In post mode, it can add additional types and set parameters for
the different plots. The post processing utilities can visualize any
valid MATLAB expression, containing, e.g., the solution

variables, their derivatives and the space coordinates.

Fig. 3-1 Shows the numerical computation flow chart.

36



3.4 Grid tests

In order to reduce the effects of mesh (elements) size and
number on the accuracy of the final results, it is important to test the
gird accuracy before simulation. There are three factors, which the
grid tests need to take into consideration. They are the accuracy,
the stable numerical process and the time, which is used to solve.
In general, the more meshes (elements) the results are more
accuracy, nevertheless, it costs more time. The primary sources of
error associated with the application of the finite element method

are:

(1) Numerical round-off resulting from the necessary
numerical manipulations within a computer.

(2) The tolerance set for the termination of the iterative
type solution.

(3) The discretization errors arising from the finite

elements approximation.

A tolerance limitation, (¢,., — @, )/?.., <0.1, has been set in
the model, which ¢,,, is updated value of a variable (u,v,w) or vy,
and ¢,, isthe weighted initial value used as the iteration to
evaluate ¢, . In order to avoid the domination of round error, this

check is omitted when ¢, ., <10™. The actual magnitude of the
convergence criterion can be changed to suit a particular problem.
The discretization error accrues according to three main
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factors; the order of the interpolation functions; the size of the

meshes (elements); the shape or arrangement of the elements.

Fig. 3-2 shows the resultant velocity profiles at the middle of
the gas channel(x-direction) with different applications of meshes
under the same inlet velocity condition. The grid tests apply four
different number elements; they are 3100, 4100, 5100 and 6100,
respectively. The results show that discrepancies among the
velocity profiles of 4100, 5100 and 6100 number elements are not
appreciated. Consider the trade-off between solution accuracy
and computational time, this study computes the model with 5100

number element.
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Fig. 3-1 The numerical computation flow chart
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Fig. 3-2 Grid test with the velocity profile at the middle of the gas
channel(x-direction) with the same inlet velocity condition
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Chapter 4
Results and Discussion

4.1 One-dimensional model

This thesis starts with the one-dimensional numerical
simulation. Fig. 4-1 shows the schematic configuration of the 1-D
model. The parameters for this case are presented in Table. 4-1. In
such simulation, the convention effect cannot be considered and
the mass transport is only dependent on diffusion. The inlet
conditions are specified as follows. The mass concentration of

oxygen is fixed at 0.17, water is 0.12 and nitrogen is 0.71. The
temperature is specified at 60°C, and the diffusion coefficients of
oxygen, water and nitrogen are the: same constants. The

over-potential (7 ) is equal to'0.3.

The oxidization of hydrogen is so fast that it results in a very
low activation over-potential, almost equal to zero. The reduction of
oxygen has the more complicated steps, causing its activation
over-potential to be quite larger than the former one. Therefore, the
activation over-potential of total reaction can almost regarded as
the oxygen reduction in the cathode side. In this study, it uses the
activation over-potential as the input parameter in the model.

Diffusion describes the movement of a given species relative to
the motion of the other species in a mixture. The important modes
of diffusion are ordinary, Knudsen, configurationally and surface

diffusion. Ordinary diffusion almost always occurs in most diffusion
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modes; Knudsen diffusion is important only when the pore is small;
configurationally diffusion takes place when the characteristic pore
size is on the molecular scale; and surface diffusion involves the
movement of adsorbates on surface. In a typical fuel cell model, the
pores are so large that configurationally diffusion dose not occur.
Surface diffusion may play an important role in interfacial reaction,
but it is not considered in this study.

According to the Tafel equation (Eq. 2-28), the relationship
between current density and oxygen concentration is determined
by given over-potential, therefore, oxygen concentration affects the
cell performance directly. Fig. 4-2 shows the predicted oxygen
distribution across the cell; and it coampares with the analytical
solution obtained by Gurau [13]; which uses three different
porosities (0.7, 0.5 and 0.4,.respectively) in GDL. With the same
applied conditions, including..the -application of three different
porosities in GDL, the predicted oxygen concentration profile is
almost identical with the one of Gurau [13]. On the other hand,
with the single value of porosity, 0.3, in GDL, the present study
predicts a lower oxygen concentration over there since the lower
porosity allows less oxygen to pass over GDL. The oxygen
concentration decreases linearly in the gas channel and gas
diffusion layer, respectively.  Nevertheless, at the interface
between two layers, the oxygen reduction level is much faster in
gas diffusion layer because it is made of porous media.

The diffusion layer used in the fuel cells is to maximize the

interfacial area of the catalyst layer per unit geometric area. Thus, it
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must be designed to maximize the available catalytic area while
minimizing the resistances to mass transport in the electrolytic and
gas phases and the electronic resistance in the solid phase.

Fig. 4-3 shows the water vapor distribution across the cell. The
water vapor increases linearly in the gas channel and gas diffusion
layer because its production rate is stoichematically proportional to
consumption rate of oxygen. The maximal concentration of water
vapor occurs at the catalyst layer, and it diffuses backward from
catalyst layer to the gas channel.

Fig. 4-4 shows the typical fuel cell polarization curve. The
curve includes a sharp drop in potential at low current density due
to the sluggish kinetics of.oxygen reduction reaction (ORR). This
parts of the polarization curve is commonly called kinetic regime. At
larger current density, it-enters-an-ehmic regime, where the cell
potential varies nearly linear with current density. At large current
density, the mass transport resistance dominates and the cell
potential declines rapidly as one of the reactant concentrations
approaches zero at the corresponding catalyst layer. This defines
the limitation of mass transport.

Fig. 4-5 shows the comparison of the cell polarization curves in
present 1-D model (¢= 0.3, 0.4 and 0.5, respectively) and Gurau
[13] (¢=0.3, 0.4 and 0.5, respectively) with a reversible cell voltage

(v,.=0.9). In general, the polarization curve decreases quickly at

the high current density, since the cell is operated under limiting of

mass transport so that there is not enough oxygen for chemical
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reaction. The polarization curve obtained from the present study is

exactly the same as the one by Gurau [13].

4.2 Two-dimensional model

In 2-D model, we consider the effects of convection along the
gas channel with the tapering cross section to the outlet gas
channel to enhance the gas to enter the gas diffusion layer to reach
the catalyst layer. The tapering ratio is defined as the tapering
cross section at the gas channel outlet divides by the non-tapering

one at inlet. The inlet velocity is specified as functions of the

average current density, i geometrical area of the reaction

avg. !
surface A, , channel cross section area A, and stoichiometric

flow rate ¢. The stoichiometric flow. rate ¢ is used to provide

enough oxygen for the chemical reaction at the catalyst layer. The

specified inlet velocity is determined by

[
u, =g P 1 RT (4-1)
4F Ach yoz,in I:)in

Figs. 4-6a~4-6d are the schematic 2-D configurations with four
different tapering ratios (100%, 75%, 50% and 25%). The
corresponding parameters for these cases are also presented in
Table. 4-2.

Figs. 4-7(a)~(d) show the oxygen distributions along the
channel as a function of tapering ratios. It shows that the oxygen

concentration decreases by chemical reaction across the cell (or z
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direction). The decreased rate of oxygen concentration near the
gas channel inlet is higher than outlet. It is because of the more
active chemical reaction occurrence at the inlet due to higher
oxygen concentration there.

Figs. 4-8 and 4-9 show the oxygen and pressure distributions
at the interface between the gas channel and gas diffusion layer as
a function of tapering ratios. The results indicate that the oxygen
concentration is the highest with the ratio of 25%. In other words,
the consumption rate is lowest because the flow velocity in the
channel is too fast to have enough time to react. Also, the
pressure drop is the largest for the case of 25% tapering ratio,
whose velocity difference is.greatest among these cases.

Figs. 4-10(a)~(d) show. the water.distributions along the gas
channel as a function of-tapering-ratios. As the cell operates with
dry air at the cathode, the'oxygen is consumed to produce the
water at the catalyst layer by chemical reaction. Since the oxygen
concentration decreases along the gas channel, the maximum
concentration of water is expected to be occurred near the outlet
gas channel.

Fig. 4-11 shows the water distributions at the interface
between the gas channel and gas diffusion layer along the gas
channel as a function of tapering ratios. The water concentration
at the outlet gas channel is smallest with the 25% ratio case. It is
incorporated with the reaction of oxygen, mentioned in Fig. 10
since the lowest reactivity happens in this case.

Fig. 4-12 shows the cell polarization curves obtained by

45



present 2-D and Yan’'s simulations [9]. The result shows that the
polarization curve in the present simulation is slightly higher than
the one by Yan [9] at the limiting current density regime, it is
because that the catalyst layer thickness is infinitely thin in the
present case whereas one used by Yan [9] is finite. The thickness
effect leads to a difference of oxygen concentration at the catalyst
layer under the situation of limiting current density. However, the
results are so close that the assumption of the infinitely thin
thickness of catalyst layer seems appropriate, and, consequently, it
can reduce the computational complexity.

Fig. 4-13 shows the cell polarization curves in present 2-D
model as a function of tapering ratios.. It shows that the limiting
current density is highest with the ratio 25%. It is due to that the
high pressure drop enhances.more-oxygen into the catalyst layer.

Fig. 4-14 shows the resultant.cell polarization curves in 1-D

and 2-D models, respectively, with the same reversible cell voltage

(v,.=1.1). In 1-D model, the inlet oxygen concentration is retained

as a constant (0.17) at the wall of gas channel, and the mass
transport only depends on diffusion. However, in 2-D model, the
concentration of oxygen distribution changes at the wall of the gas
channel due to convection effect.  Therefore, the oxygen
concentration is no longer constant and reduced at the wall along
gas channel. So, it has more oxygen reaching to catalyst layer in

1-D model than 2-D model.
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4.3 Three-dimensional model

Figs. 4-15(a)~(d) are the schematic configuration of the 3-D
model with four different tapering ratios (100%, 75%, 50% and
25%). The corresponding parameters for this case are also
presented in Table 4.3.

Figs. 4-16(a)~(d) show the oxygen distributions along the
channel at several axial stations as a function of tapering ratios.
Figs. 4-17 and 4-18 show the distributions of oxygen and pressure
at the interface between gas channel and gas diffusion layer as a
function of tapering ratios. The decreasing level of oxygen
concentration near the inlet gas.channel is higher than that near the
outlet, it is because that the active-chemical reaction occurs near
the inlet, where the oxygen-concentration-s highest there.

The above results show that-the oxygen concentration and
pressure drop at the interface ‘between the gas channel and gas
diffusion layer are highest with the tapering ratio of 25%. The
reason is the same as that mentioned in Figs. 4-8 and 4-9.

Figs. 4-19(a)~(d) show the water distributions along the
channel at several axial stations as a function of tapering ratios.

Fig. 4-20 shows the water distributions at the interface
between the gas channel and gas diffusion layer along the gas
channel as a function of tapering ratios. The results show the
maximum concentration of water is occurred at the catalyst layer
adjacent to outlet gas channel, and it diffuses backward from gas

diffusion layer to gas channel (or z direction). It is because that the
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consumption of oxygen leads to produce water by chemical
reaction, and the oxygen concentration is the lowest near the outlet
along the gas channel. The concentration of water at the outlet gas
channel is lowest with the tapering ratio of 25%. These results are
similar to these in 2-D model.

Fig. 4-21 shows the the cell polarization curves obtained by

the present 3-D model and Chen [8], respectively. At the low

current density (1 <400A/m?), the oxygen diffuses into the gas

diffusion layer and provides sufficient oxygen for the reaction at
catalyst layer. Therefore, the cell polarization curves with parallel

and interdigitated gas channels,are similar. At the current density

regime about 1 >1000A/m?, the ¢ell performance of interdigitated

gas channel is better than that of parallel gas channel. It is because
the higher pressure drop inthe interdigitated gas channel enhances
the oxygen entering into catalyst layer. However, the pressure
drop is so large that it might ruin the MEA.

Fig. 4-22 shows the cell polarization curves in 3-D model with
four different tapering ratios. The results show that the limiting
current density is the highest with the tapering ratio of 25%.

Fig. 4-23 shows the cell polarization curves obtained by 2-D
and 3-D models. The curves are different, it is because that the
average current density for the 3-D model is averaged over the
reaction interface (face), whereas the average current density for

the 2-D model is over the reaction interface (line).
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Table. 4-1 Properties and Parameters

Gurau [13] Present work (1-D)
Temperature, k 333 333
Inlet oxygen mass
. 0.17 0.17
fraction
Gas channel height, m 1.0x1073 1.0x10°°
Number of gas diffusion 3 1
layers
1% GDL thickness, m 1.0x107*
2" GDL thickness, m 1.5x107
3" GDL thickness, m 1.0x10™*
Total GDL thickness, m 3.5x107* 3.5%x10™
Porosity of 1% GDL 0.7
Porosity of 2" GDL 0.5
Porosity of 3" GDL 0.4
Porosity of GDL 0.3
Tortuosity of the GDL 15 15
Faraday, c/mole 96487 96487
Universal gas constant, 8.314 8314
kJ/(kmol - k) ' '
Diffusion coefficient of " .
) 2.9x10 2.9x10
0,, m/s
Diffusion coefficient of " .
) 3.1487 x10 3.1487 x10
H,0, m/s
Molecular mass of O,,
32 32
kg/kmol
Molecular mass of 18 18
H,O, kg/kmol
Molecular mass of N,,
28 28
kg/kmol
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Table. 4-2 Properties and Parameters

Yan [9] Present work (2-D)
Temperature, k 333 333
Inlet oxygen mass
. 0.17 0.17
fraction
Gas channel length, m 4.12x107 4.12x1072
Gas channel height, m 1.0x1073 1.0x10°°
GDL thickness, m 3.0x107* 3.0x10™*
Porosity of GDL 0.3 0.3
Tortuosity of the GDL 15 15
Faraday, c/mole 96487 96487
Universal gas constant, 8.314 8.314
kJ/(kmol - k) ' '
Diffusion coefficient of 5 5
’ 2.9x10 2.9x10°
0,, m/s
Diffusion coefficient of 1
) 3.1487 x10° 3.1487 x10°°
H,0, m/s
Molecular mass of O,,
oz 32
kg/kmol
Molecular mass of 18 18
H,O, kg/kmol
Molecular mass of N,,
28 28
kg/kmol
Exchange current
, ) 100 100
density, A/m
Reference oxygen
, ) 34.5 34.5
concentration, mol/m
Viscosity, kg/s-m 2.09x10°° 2.09x10°°
Permeability of GDL,
y 1.76x107" 1.76x107™

m2
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Table. 4-3 Properties and Parameters

Chen [8] Present work (3-D)
Temperature, k 333 333
Inlet oxygen mass
. 0.17 0.17
fraction
Gas channel length, m 4.12x107 4.12x1072
Gas channel height, m 1.0x1073 1.0x1073
Gas channel width, m 1.0x107° 1.0x107°
GDL thickness, m 3.0x107* 3.0x10™*
Porosity of GDL 0.3 0.3
Tortuosity of the GDL 15 15
Faraday, c/mole 96487 96487
Universal gas constant, 8.314 8.314
kd/(kmol -k) ' '
Diffusion coefficient of :
) 2.9x10" 2.9x107°
0,, m/s
Diffusion coefficient of X
) 3.1487 x10~ 3.1487x107°
H,0, m/s
Molecular mass of O,,
32 32
kg/kmol
Molecular mass of 18 18
H,O, kg/kmol
Molecular mass of N,,
28 28
kg/kmol
Exchange current
_ ) 100 100
density, A/m
Reference oxygen 34.5 34.5
concentration, mol/m®
Viscosity, kg/s-m 2.09x10°° 2.09x10°°
Permeability of GDL, " "
1.76 x10" 1.76 x10"

mZ

51




Gas channel
[F— 0.001m

GDL H/

0.00035m

T2

12

Caotalyst layer

prs |

1
[15:]

1
14
%10°

Fig. 4-1 The schematic configuration of the 1-D model

52



Y/Y0

1.00
0.90
0.80
0.70
0.60
0.50
0.40
0.30

0.20

n =0.2

gas channel o ; \ ! '

[ G % H

1" qas diffuser laver — : :

1 e— '

2" gas diffuser layer — | ; '
.: _l_..—-—-—""‘-'f‘-_-"

3'! gas diffuser layer — | | ? |

! T

Catalyst layer ——

0.00
0.00

YO
1.00 ‘e

0.90
@.80
0.70
060 |
0.50
0.40
0.20
0.20

0.10

0.10 0.20 0.20 0.40 0.50 0.60 0.70 0.80 0.90 1.00
X,

; _j_"______;?nr-i
3" gas diFuser lay-er —-'—"’_g_-r i |
% -

Catalyst layer _.’__‘__,._.-Ji-

000

0.00

10 020 030 049 050 060 OTF 080 090 100
g,

Fig. 4-2 Oxygen distributions across the cell by present study

and Gurau [13]

53



water mass fraction

04

0.36

0.28

024

02

0.16

T | T | T | T | l | I | l |
0 00002 00004 00006 00008 0001 00012 00014
X [m]
Fig. 4-3 Water distribution-across the cell
15 -
Thannpdynamnc Intrinsic
reversible cell maximum
i Potential (E)  The ideal cell-potential-current relation efficiency ~_
T Cel !lfp'q't'e'ﬁﬁa'i lossesdueto T TTTTTTTTT ]
- 4~ activation overpotential Linear drop in cell potential mainly
= 10 lack of electrocatalysis)  due to ohmic losses in solution
® between electrodes
=
2
o
a
8 o5}
Mass-transport losses cause
decrease of cell potential to zero
0 1 i
0 0.5 1.0

Cell current (A)

Fig. 4-4 Typical fuel cell polarization curve

54



s

e

>

1.20E+00

eoece
’ ® @ ® o Presentwork 1-D model
] L N N
1.00E+00- — ; Gurau [13] -
B.00E-0+ :
6.00E-01+
4.00E-01
(6=03) },,=2385%m
2.00E-01— — - - (=04 |,,=199E%m
3 ‘ ‘ (=05
0.00E+00— T | T T T 1 [
| |
8 2050 4&0 0 GI:JUO 80‘30 1 0&00 12000 14000

i[Arm?]

Fig. 4-5 The polarization-cuirves'for 1-D model and Gurau’s [13]

X

work

Reaction interface (catalyst layer)

y -

4

G.DL

\ R2

i‘

.-. Gas channel

st Outlet |

Fig. 4-6a The schematic configuration of the 2-D model with

100% ratio

55



Reaction interface (catalyst layer)

G.D.L
| i outlet] |
oot nflet :
e . =
” Gas channel
ZL U] 0.005 001 0015 002 0025 003 0035 o4
X

Fig. 4-6b The schematic configuration of the 2-D model with

[ E

< 75% ratioe,,

Reaction interface (catalyst layer)

[

| colL
ol f Qutlet ]
Inlet »
" = Gas channel '
ZL 0 0.005 00 0.015 002 0025 003 0035 004
X

Fig. 4-6¢ The schematic configuration of the 2-D model with

50% ratio

56



Reaction interface (catalyst layer)

»~

1 G.D.L
T = Otiile
Tnlet ' I
Gas channel |
o
0 0005 oo o008 o 0{;25 om 0035 (1)

X
Fig. 4-6d The schematic configuration of the 2-D model with 25%

tapering ratio A =AY Y
=l B =
- N i -
Surface: Concentration, c02 Max: 0.170
%103
0,16
12
0.14
! 0.1z
0.3 0.1
08 0.02
0.05
0.4
0.04
0z
0.0z
u]
x) 0.005 0o 0.015 0.0z 0.025 0.03 0035 0.04
hin: 1.655e-<

Fig. 4-7a The oxygen distribution along the channel with 100%

tapering ratio

57



016
1.2
014
1 0.12
08 0.1
e 0.08
0.06
0.4
0.04
0.z
0.0z
i
[ 0005 0.01 0.015 0.0z 0025 003 0.035 004
hdin: 1.7 13e-¢

Fig. 4-7b The oxygen.-dilétribijti_c'g:ﬁ"alqng the channel with 75%

- tapering ratio -

Surface: Concentration, c02 Max 0,170
2108
016
12
014
1 0.1z
0s 01
xR} r q0.0s
005
04
0.04
0z
0.0z
x)
x) 0.005 oo 0015 0.0z 0.0z5 003 0.035 0.og4
Min: 1.75e-¢

Fig. 4-7c The oxygen distribution along the channel with 50%

tapering ratio

58



og

0.6

0.4

0.z

%10

Surface: Concentration, ¢02

0.005

0.01

0.015 0.0z 0.025

0.03

0.035

0.04

Max: 0470

Min: 1.517 e-¢

016

014

i ]

F 006

0.04

0.0z

Fig. 4-7d The oxygen distribution,along the channel with 25%

Oxygen mass fraction

Fig. 4-8 The oxygen distributions along the gas channel with 4

0.18

0.16

0.14

0.12

0.1

0.08

0.06

0.04

+ tapering ratio -

]
}

different ratios

59

0.045

— 100%
| ] : 75%
50%
— 25%

\\

I ‘ I ‘ I ‘ I ‘ I ‘ I ‘ I ‘ I ‘ I ‘

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
X



100%
—— 75%
120 — — 50%
| —— - 25%
100 —
80 —
g .
e | :
g
gg 60 —
9 |
o
40 —|
20 —
A L L A A L A B B
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045

X [m]
Fig. 4-9 The pressure distribution along the gas channel with the

fou-fﬁaiﬁefen;":"ratios

Surface: Concentration, cHZO bd 3z 0324
w0 o.a2
0.2
12
022
1
F o2
08 b d0.z4
b odo.2z2
06
b doz
0.4
RE!
02 0.18
0.14
0
0 0.008 0.01 0.015 0.02 0.028 003 0.035 0.04 0.12
Min: 0.120

Fig. 4-10a The water distribution along the gas channel with 100%
tapering ratio

60



og

06

0.4

0z

x10®

Surface: cH20+0.12 Max: 0.324
0.22

0.3

0.23

Fq026

Foq0.z4

o022

Foq0.2

0.13

0.16

0.14

Fig.

0.8
0.6
0.4

0z

Fig.

0.005 0.01 0.015 0.0z 0.025 0.0z 0.035 0.04 0.12
Min: 0.120

4-10b The Wat.er"‘:,'"diétg'l_biu_tioin éi'l_ong the gas channel with

75% tapering ratio

Surface: cH2O+0.12 W 0324
w10 032

0.2

0.22

0.26

0.24

0.22

0.2

0.15

0.16

0.14

] 0.005 0.01 0.015 0.02 0.025 0.0% 0.035 0.04 0.12
Min: 0,120

4-10c The water distribution along the gas channel with

50% tapering ratio

61



Surface: cHZO+0.12 hax: 0325

Fig. 4-10d The water distribution along the gas channel with

0.26

0.24

0.22

0.2

0.18

water mass fraction

0.16

0.14

0.12

25% tape;rlng rafio

]
1
J

0 0.01 0.02 0.03 0.04
X [m]

Fig. 4-11 The comparison of water distribution along the gas

channel with four different ratios

62



AT T 1 T T T T v T T T

—h—{ =1 =05x10 'm

——] =] =10x10'm

— ¥ =l = 2010 T

- r—t—t i

0 2000 4000 600¢ 8000 10600 12000 I
I (A/fm*2)

Fig. 4-12 The cell polarization:curvesin present 2-D model and Yan

[9]
12 — ——100%
| 75%
e 50%
i — 25%
0s —
> |
0g —
04 —
0.2
| | | | |
0 2000 4000 E000 2000 10000
| (A/m"2)

Fig.4-13 The cell polarization curves in present 2-D model with four

different ratios

63



02

1D model
2-D model

2000 4000 6000 8000 10000

| (A/m ~ 2)

Fig. 4-14 The cell pola'r_izatiqn':éluryés in present 1-D and 2-D

A Rodelsd

ne

64



Inlet

Gas channel

Interface of catalyst
layer

Gas diffusion layer

(A) 100%

(B) 75%

(C)50%

(D)25%

s

Figs. 4-15(a)~(d) The schematic configuration of the 3-D model

with 4 tapering ratios

65

utlet



Slice: Concentration, c02 Max: 0170

016

0.1

10

Min: 1.584e-9

Fig. 4-16a The oxygen distribution’along the channel at several

axial positions with 100% ratio

Slice: Concentration, c02 Max: 0.170

0.16

0.14

F 0.1z

o1

Min: 1.626e-9

Fig. 4-16b The oxygen distribution along the channel at several

axial positions with 75% ratio

66



Slice: Concentration, c02 hax: 0.170

0.16

0.14

0.0

0.0z

Min: 1.755e-4

Fig. 4-16¢ The oxygen distribution‘along the channel at several

axial positions with- 50% ratio

Slice: Concentration, ¢02 Max: 0170

0. 16

0. 14

0,04

7 0.0z

Min: 1.817e-4

Fig. 4-16d The oxygen distribution along the channel at several

axial positions with 25% ratio

67



0.18 —

0.16

0.14

0.12

0.1

Oxygen mass fraction

0.08

0.06

0.04

— 100%

0

I L L
002 0025 003 0035 004 0045

X [m]

Fig. 4-17 The oxygen distributions at the gas diffusion layer along

the gas channel in:3-D model with-four different ratios

80

60

Pressure [pa]
N
o

20

— 100%

5%

— 50%
25%

0

0.02 0.025 0.03 0.035 0.04 0.045

X [m]

Fig. 4-18 The pressure distributions at the gas diffusion layer along

the gas channel in 3-D model with four different ratios

68



Slice: Concentration, cH2O M ax 0.204
0z

0.1s

016

Foqo0.14

F qo.02

0.08

0.04

ooz

Min: 2.271e-6

Fig. 4-19a The water distribution at Several axial positions along the

gas channel with.200% ratio

Slice: cH20+0.12 hax: 0.329
0.32

0.18

0.16

0.1

0.12
tin: 0120

Fig. 4-19b The water distribution at several axial positions along the

gas channel with 75% ratio

69



Slice: cHZO+0.12 Max: 0.329
0.22

q0.z

0.12

0.15

0.14

0.1z
Min: 0120

Fig. 4-19c The water distribution at several axial positions along the

gas channel with'50% ratio

Slice: cHZO+0.12 Max: 0228

0.32

0.25

F Aoz

Foqozz2

F qo02

0.13

0.15

0.14

0.12
Min: 0120

Fig. 4-19d The water distribution at several axial positions along the

gas channel with 25% ratio

70



0.28 —

0.26

0.24

0.22

0.2

0.18

water mass fraction

0.16

0.14

e L L L
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
X [m]
Fig. 4-20 The water distributions at the gas diffusion layer in 3-D

model along the gas channel with four different ratios

- = we  [nterdigitated gas channel

Q‘ —— DIESENt work

0.9- T T T T T
00 1000

I =]
2000 30060 4000

| (A/m ™ 2)
Fig. 4-21 The polarization curves by present 3-D model and Chen

[8]

71



1.2 —

_ —100%
i 75%
1 — ——— 50%
s 25%
08 —
> |
06 —
04 —
02
| | | | |
0 2000 4000 000 2000 10000

| (A/m”2)
Fig. 4-22 The cell polarization curves:in 3-D model with four

different tapering ratios

12 —

02
| j | | | |
0 2000 4000 6000 8000 10000

| (A/m*2)

Fig. 4-23 The cell polarization curves in 2-D and 3-D models
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CHAPTER 5
CONCLUSIONS

In this thesis, we intend to modify the parallel flow channel by
using tapering cross section area along the gases channels. It is
expected to enhance the convection to improve the mass transport
between the gas channel and the gas diffuser. According to this
model, we discuss the distributions of oxygen, water, pressure
across the cell, furthermore, compare the resultant polarization
curves with different tapering ratios. The purpose of this thesis is to
use the numerical code to verify the effects of tapering cross
section along the gas .channeli;,on the cell performance
improvement.

The thesis consists: of three parts. The first one is the 1-D
model, which assumes the. oxygen concentration as a constant
value. With this assumption, we compare the resultant results of
oxygen distribution and cell polarization curve with these of Gruar
[13]. In the oxygen distribution, it is almost identical with the one of
Gurau [13] in the same application of three different porosities in
GDL (0.7, 0.5 and 0.4, respectively). On the other hand, with the
application of single value of porosity, 0.3, in GDL, the present
study predicts a lower oxygen concentration over there since the
lower porosity allows less oxygen to pass over GDL. The
polarization curve obtained from the present study is exact the
same as the one by Gurau [13].

The second one is the 2-D model, which considers the effects
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of convection along the gas channel with the tapering cross section
from the inlet to the outlet of gas channel. In this model, we
compare the mass transport distributions of oxygen, water and
pressure at the interface between the gas diffusion layer and gas
channel with four different tapering ratios (100%, 75%, 50% and
25%). The results indicate that the mass transport is improved with
a lower tapering ratio. Since the performance is affected by the
mass transport, (especially the oxygen), the cell performance is
better at the lower ratio tapering. Finally, we compare the cell
polarization curves between present 2-D model and Yan [9]. The
comparisons show that the thickness of catalyst layer affects the
cell polarization curve at the limiting current density regime. We
also compare the cell polarization eurves in 1-D and 2-D models.
Although the performance of 1-D-model is better than that of 2-D
model, however, the latter IS much maore realistic.

The third one is the 3-D model. In this 3-D model, we compare
the mass transport distributions of oxygen, water and pressure at
the interface between the gas diffusion layer and gas channel with
four different tapering ratios (100%, 75%, 50% and 25%), and the
cell polarization. The comparisons are similar to these in 2-D model
that the cell performs better with the lower tapering ratio. We also
compare the cell polarization curves in 3-D model with these of
Chen [8]. The cell polarization curves with parallel and

interdigitated gas channels are similar at the low current density

(1 <400A/m?) regime, but at the regime of current density above
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| >1000A/m?, the cell performance of interdigitated gas channel is

better than that of parallel gas channel.

Finally, there are some suggestions for the future extensions of
the present work. First, it could consider the non-isothermal and
two-phase effects in the computational model, which are more
realistic than the present work. Second, it could establish an
experiment to measure the corresponding data, then, compare
them with the simulation results to justify the proper methods to

further improve the cell performance.
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