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Zusammenfassung

Die vorliegende Dissertation behandelt die numerische Modellierung und

Design/Leistungsoptimierung von Polymer-Elektrolyt-Brennstoffzellen und Direkt-Methanol-

Brennstoffzellen. Direkt damit verbunden, und deshalb ebenfalls Bestandteil dieser

Dissertation, ist die Untersuchung der fundamentalen Mehrphasentransportphänomene in der

Brennstoffzelle sowie neuer mehrskaliger Strömungsstrukturen, einschliesslich sich

verzweigenden, baumartigen Kanalnetzwerken und porösen Strömungsverteilern, mit dem

Ziel, thermodynamisch optimierte Strukturen zu finden, die höhere Leistungsdichten und

Effizienzen ermöglichen, beides Voraussetzungen dafür, dass sich die Polymer-Elektrolyt-

Brennstoffzelle zukünftig als konkurrenzfähiges Energieumwandlungssystem etablieren kann.

In Kapitel 1 werden baumartige, sich verzweigende Kanalnetzwerke als Strömungs¬

verteiler in Brennstoffzellen eingeführt. Um basierend auf diesem Konzept quantitative

Berechnungen durchführen zu können, wird ein analytisches Modell verwendet und die

Polarisierungskurven einer derart konstruierten Brennstoffzelle bestimmt. Der Druckverlust

und die für die Fluidzirkulation notwendige Pumpleistung werden berechnet. Genetische

mehrparametrische Optimierungen zwecks Maximierung der Nettoleistungsdichte bezüglich

konstruktalen Parametern und Betriebsbedingungen führen zu einem optimierten baumartigen

Kanalnetzwerk. Es wird gezeigt, dass baumartige Kanalnetzwerke es ermöglichen, im

Vergleich zu traditionellen, sich nicht verzweigenden Schlangenkanälen in rechteckigen

Systemen, erheblich höhere Zelleistungen zu erreichen, aufgrund ihres Vorteils bezüglich

Stofftransport und Druckverlust. In Kapitel 2 werden Direkt-Methanol-Brennstoffzellen

untersucht basierend auf demselben Konzept, was zu pyramidenförmigen Brennstoffzellen

führt. In Kapitel 3 wird ein neues Konzept untersucht, bei dem die traditionellen, gerippten

StrömungsverteilSysteme ersetzt werden durch permeable, poröse Strömungsverteiler, die es

erlauben, eine Anzahl von bekannten Nachteilen und Leistungsminderungen zu eliminieren.

Ein umfassendes Einphasenmodell, einschliesslich Masseerhaltung, Impulserhaltung,

Energieerhaltung, Spezieserhaltung und Ladungserhaltung unter Verwendung von Butler-

Volmer Kinetik, wird in drei Dimensionen numerisch gelöst, um den Einfluss verschiedener

Strömungskonfigurationen auf die Leistung von Wasserstoffbrennstoffzellen zu untersuchen.

Es wird gezeigt, dass Zellen mit porösen Strömungsverteilern in der Lage sind, erheblich

höhere Stromdichten zu erzeugen, aufgrund geringerer Stofftransportlimitierungen. In

Kapitel 4 wird ein umfassendes nicht-isothermes Mehrphasenmodell für die poröse

Diffusionsschicht einer Polymer-Elektrolyt-Brennstoffzelle eingeführt. Dieses Modell kann
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im Zusammenhang mit den oben aufgeführten fortgeschrittenen Konzepten in zukünftigen

Untersuchungen verwendet werden. Der Effekt der Herunterskalierung von Kanalbreite,

Rippenbreite und Dicke der Diffusionsschicht auf die Leistung von Polymer-Elektrolyt-

Brennstoffzellen wird systematisch untersucht und optimale geometrische Längenverhältnisse

(Diffusionsschichtdicke / Diffusionsschichtbreite, Kanalbreite / Rippenbreite) werden

identifiziert in verschiedenen Längenskalen. Basierend auf diesem Modell wird gezeigt, dass

Mikrokanäle, beispielsweise als Teil eines baumartigen Strömungsverteilers, zusammen mit

Diffusionsschichten die dünner sind als konventionelle Schichten, in der Lage sind, im

Vergleich zu konventionellen Kanälen mit Durchmessern in der Grössenordnung von einem

Millimeter, erheblich höhere Stromdichten zu erzeugen, da die Transportphänomene bei

reduzierten Längenskalen stattfinden. In Kapitel 5 wird ein neuartiges, mehrstufiges Polymer-

Elektrolyt-Brennstoffzellen Konzept eingeführt das auf einer schrittweisen oder

kontinuierlichen Variation des Zellpotentials entlang dem Kanal basiert. Eine übliche

Randbedingung bei der das Zellpotential uniform verteilt ist entlang dem Kanal wird dabei

ersetzt durch eine Randbedingung bei der das Zellpotential nicht-uniform verteilt ist entlang

der Strömungsrichtung. Es wird gezeigt, dass die optimale Zellpotential-Verteilungsfunktion,

die die elektrische Zelleistung maximiert, eine nicht-uniforme Funktion ist. In Kapitel 6, mit

Schwerpunkt auf die Kühlung von Brennstoffzellenstapeln unter Verwendung von

baumartigen, sich verzweigenden Kanalstrukturen zur Verteilung des Kühlmittels, werden die

laminaren, konvektiven Wärmeübergangs- und Druckverlust-Charakteristiken in baumartigen

Kanalnetzwerken numerisch untersucht und mit den entsprechenden Charakteristiken eines

traditionellen, schlangenförmigen Strömungsmusters verglichen, mittels Lösen der Navier-

Stokes-Gleichung und der Energieerhaltungsgleichung für ein inkompressibles Fluid mit

konstanten Eigenschaften in drei räumlichen Dimensionen. Fälle mit konstanten

Wandwärmeströmen und quadratischen Kanalquerschnitten werden untersucht. Die Vorteile

von baumartigen Kanalnetzwerken bezüglich Wärmeübergang und Druckverlust werden

gezeigt. Zusätzlich werden Sekundärströmungen, die an Verzweigungen initiiert werden,

untersucht, sowie deren wichtiger Einfluss bezüglich thermischer Vermischung.
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Summary

The scope of this thesis is the computational modeling and design/performance

optimization of polymer electrolyte fuel cells and direct methanol fuel cells. Directly related

to this goal, hence also a component of this thesis, is the investigation of the fundamental

multiphase transport phenomena in the fuel cell, and the investigation of novel multi-scale

flow structures, including tree network channels and porous materials, aiming at achieving

higher power densities and efficiencies that are required to make the polymer electrolyte fuel

cell a viable and competitive energy conversion device.

In chapter 7, branching, tree-like channel networks are introduced as a fuel cell fluid

distribution concept. In order to perform quantitative calculations based on this concept, a

one-dimensional model is used to predict the polarization curves of a so-constructed polymer

electrolyte fuel cell. Pressure drop and pumping power required for the fluid circulation is

estimated. Multiparametric genetic search is performed to maximize the net power density

with respect to constructal parameters and operating conditions, leading to the optimized tree

network. It is found that the use of tree networks instead of the traditional, non-bifurcating

serpentine channels in rectangular systems can provide substantially improved cell

performance due to their intrinsic advantage with respect to both mass transfer and pressure

drop. In chapter 2, direct methanol fuel cells are investigated with the same concept of

sequentially branching channels as fluid distributors, leading to pyramidal-shaped fuel cells.

In chapter 3, a novel concept is investigated, according to which the traditional ribbed flow

delivery systems are replaced with permeable porous fluid distributors, which circumvent a

number of known performance hindering drawbacks. A thorough single-phase model,

including the conservation of mass, momentum, energy, species, and electric current, using

Butler-Volmer kinetics, is numerically solved in three dimensions, to investigate the impact of

different flow configurations on the performance of hydrogen fuel cells. It is found that cells

with porous gas distributors generate substantially higher current densities due to reduced

mass transfer limitations. In chapter 4, a thorough non-isothermal multiphase model for the

porous diffusion layer of a polymer electrolyte fuel cell is introduced. This model can be used

in connection with the advanced concepts above in future investigations. The effect of

downscaling of channel width, current collector rib width, and diffusion layer thickness on the

performance of polymer electrolyte fuel cells is systematically investigated and optimal

geometric length ratios (i.e., diffusion layer thickness / diffusion layer width, channel width /

rib width) are identified at decreasing length scales. Based on this model it is found that
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microchannels, e.g. as part of a tree network channel system, together with diffusion layers

that are thinner than conventional layers can provide substantially improved current densities

compared to conventional channels with diameters in the order of one millimeter, since the

transport processes occur at reduced length scales. In chapter 5, a novel multistage polymer

electrolyte fuel cell concept is introduced according to which the cell potential is subject to a

stepwise or continuous variation along the channel direction. A common boundary condition

in which the cell potential is uniformly distributed along the flow direction is replaced herein

by a boundary condition in which the cell potential is nonuniformly distributed along the flow

direction. It is shown that the optimum cell potential distribution function which maximizes

the electric cell power density is a non-uniform function. In chapter 6, focusing on cooling

issues in fuel cell stacks and employing the branching, tree-like channel concept for the

coolant distribution, the laminar convective heat transfer and pressure drop characteristics in

tree-like microchannel nets are numerically investigated and compared to the corresponding

characteristics in traditional serpentine flow patterns, by solving the Navier-Stokes and energy

equation for an incompressible fluid with constant properties in three dimensions. A constant

heat flux is applied to the walls of the square cross-sectional channels. The intrinsic advantage

of tree-like nets with respect to both heat transfer and pressure drop is demonstrated. In

addition, secondary flow motions initiated at bifurcations and their important role on thermal

mixing are identified and discussed.
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Introduction

Computational modeling provides a more fundamental understanding of the physical

phenomena occurring inside a thermodynamic system and forms the basis of thermodynamic

optimization. Entropy generation minimization subject to physical constraints that are

responsible for the irreversible operation of a device is the method of modeling and

optimization of real devices for which the thermodynamic imperfection is due to heat transfer,

mass transfer, and fluid flow irreversibilities. Entropy generation minimization is also known

as thermodynamic optimization and finite time thermodynamics in the engineering and

physics literature, respectively. A wide range of fuel cell models of different sophistication

levels are available in the literature, targeted at improving the scientific understanding of the

fundamental processes, while there is a lack of studies concerning constrained thermodynamic

optimization in fuel cells [1]. The present thesis introduces the concept of constrained and

purposeful optimization in fuel cell research. The first two chapters of this dissertation lay the

foundation of such a novel direction in fuel cell science and the results reveal the importance

to further pursue this direction. In this context, branching, constructal-inspired, tree-like

channel networks are introduced as a fuel cell fluid distribution concept, which also optimizes

the shape of polymer electrolyte fuel cells. The resulting double-staircase or pyramidal shape

of the fuel cells differs from the traditional rectangular shape while maintaining simplicity and

it is determined based on the functionality of the flow distribution system.

The models that are used and developed in the first two chapters are based on first

principles. They are quasi two-dimensional and can be quickly solved, a prerequisite for

solving multiparametric optimization problems. While three-dimensional models provide the

most instructive insight into the fundamental mechanisms, today they still require substantial

computational resources and computational time to be solved numerically with respect to

entire cells. Multiparametric system optimization becomes even more expensive or

impossible, especially if the number of optimization parameters within a certain objective

function is large, requiring a lot of evaluations of the objective function. In contrast to three-

dimensional models, quasi two-dimensional models can usually be quickly solved, either

numerically or even analytically, and therefore open the possibility to address complex

multidimensional system optimization issues. Starting with such basic models in the first two

chapters, we proceed with the discussion of a more fundamental and thorough mathematical

formulation in the third chapter. Herein, a fully three-dimensional single-phase model is

considered and used to quantify losses attributed to the non-uniformity of the transport
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phenomena in traditional ribbed flow delivery systems. Porous materials as fluid distributors

are suggested in this context to replace the traditional channeled systems since they allow the

reactive sites to be uniformly covered with high reactant concentrations. In such a system, the

effective lengths at which the transport phenomena occur are reduced compared to the

traditional ribbed flow delivery systems.

Transport and formation of liquid water plays an important role in polymer electrolyte

fuel cells. On the one hand, the electrolyte phase needs to be sufficiently hydrated to provide a

high proton conductivity. On the other hand, the presence of liquid water in the porous

catalyst and diffusion layers can block pores and prevent gaseous reactant species from

reaching the reaction sites, resulting in enhanced mass transfer limitations. In the fourth

chapter, we therefore proceed to introduce a thorough multiphase model, based on which the

transport phenomena in the diffusion zone are discussed. In contrast to the previous single-

phase models, this formulation takes into account transport and formation of liquid water. The

effect of downscaling of channel width, current collector rib width, and diffusion layer

thickness on the performance of polymer electrolyte fuel cells is systematically investigated

and optimum geometric length ratios are identified at decreasing length scales. Based on this

model it is found that microchannels, e.g. as part of a tree network channel system, together

with diffusion layers that are thinner than conventional layers can provide substantially

improved current densities compared to conventional channels with diameters in the order of

one millimeter, since the transport processes occur at reduced length scales. As in the

previous chapter, it is shown that the reduction of the effective lengths at which the transport

phenomena occur allows for substantial cell performance improvements. This is also the

subject of the last chapter, which concerns the thermal management of the fuel cell, as done,

for example, in fuel cell stacks.

Reference

[1] J. Mantzaras, S.A. Freunberger, F.N. Büchi, M. Roos, W. Brandstätter, M. Prestat, L.J.

Gauckler, B. Andreaus, F. Hajbolouri, S.M. Senn, D. Poulikakos, A.K. Chaniotis, D.

Larrain, N. Autissier, F. Maréchal, Fuel cell modeling and simulations, Chimia 58 (12)

(2004)857-868.
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1. Tree network channels as fluid distributors constructing double-staircase

polymer electrolyte fuel cellsa

Abstract

In this paper, constructal tree-like channel networks are introduced as a fuel cell fluid

distribution concept, which also optimizes the shape of polymer electrolyte fuel cells. This

concept is the main contribution of the paper. To perform quantitative calculations based on

this concept, a one-dimensional model, accounting for oxygen consumption in the feed

channel, oxygen mass transfer between the channel and the backing layer, and oxygen mass

transfer through the backing layer to the catalyst layer, is used to predict the polarization

curve of a so constructed polymer electrolyte fuel cell. Pressure drop and pumping power

required for the fluid circulation is estimated. Multiobjective genetic search is performed to

maximize the net power density with respect to constructal parameters and operating

conditions, leading to the optimized tree network. It is found that the use of tree networks

instead of the traditional, non-bifurcating serpentine channels in rectangular systems can

provide substantially improved cell performance due their intrinsic advantage with respect to

both mass transfer and pressure drop. The resulting "double-staircase" shape of the fuel cells

differs from the traditional rectangular shape while maintaining simplicity and it is

determined based on the functionality of the flow distribution system.

1.1. Introduction

In polymer electrolyte fuel cells, chemical energy of hydrogen is directly converted to

electric energy. A proton-conductive polymer membrane separates the anode and cathode side

of the cell where each side includes a fluid distribution system, a gas diffusion layer and a

catalyst layer. Hydrogen is fed to the fluid delivery system on the anode side and diffuses

a

This chapter is published in:

S.M. Senn, D. Poulikakos, Journal of Applied Physics, 96, 842 (2004).



through the gas diffusion layer to the catalyst layer where oxidation of hydrogen occurs.

Protons are transported through the electrolyte phase of the catalyst layers and the membrane

to react with oxygen in the cathode catalyst layer and to form water vapor. Oxygen is fed to

the cathode fluid delivery system, usually by means of humidified air, and it is subject to

diffuse through the cathode gas diffusion or backing layer to the reaction sites in the cathode

catalyst layer.

The cell performance is reduced as a result of the various loss mechanisms prevailing

in the system. Reaction, activation, and concentration overpotentials are identified in the

catalyst layers. Ohmic losses are due to electron flux in the backing layers, the catalyst layers

and the current collector plates, and due to proton flux through the polymer electrolyte phase

of the catalyst layers and the membrane. Concentration overpotentials in the catalyst layers

are caused by reactant species depletion and mass transfer limitations between the bulk fluid

flow in the channels and the reaction sites in the catalyst layers. The influence of mass

transfer resistances depends on operating conditions, material properties of the backing layer,

geometry parameters, and structural parameters. These include the size and the shape of the

channel cross-sections, the topology of the fluid delivery system, the thickness, structure,

porosity and permeability of the diffusion and catalyst layers, and the width of the current

collector shoulders. Operating a cell at elevated temperature and/or pressure levels provides

higher diffusivities for reactant and product species and hence reduces diffusion losses. At

high current densities, substantial amount of liquid water may form on the cathode side,

blocking pores in the backing layer and adding further resistance to mass transfer. In ribbed

fluid distributors, diffusion paths from the channels to the reaction sites under the current

collector shoulders are longer than the diffusion paths from the channels to the reaction sites

straight under the channels. As a result, resistance to mass transfer between the channel and

the part of the catalyst layer under the current collector shoulders is higher, causing increased

concentration overpotential losses in these regions.

One-dimensional to fully three-dimensional mathematical models have been

developed in the past and solved analytically or numerically to obtain a better understanding

of the fundamental transport phenomena inside the fuel cell. While three-dimensional models

provide the most instructive insight into the fundamental mechanisms occurring in the cell,

today they still require substantial computational resources and computational time to be

solved numerically with respect to entire cells. Multiparametric system optimization becomes

even more expensive or impossible, especially if the number of optimization parameters

within a certain objective function is large, requiring a lot of evaluations of the objective
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function. In contrast to three-dimensional models, one-dimensional models can usually be

solved very fast, either numerically or even analytically, and therefore open the possibility to

address complex multidimensional system optimization issues.

In this paper, the use of constructal tree-like channel networks of Bejan and co¬

workers [1-3], also termed as networks of branching tubes [4], is investigated as a fluid

distribution concept in polymer electrolyte fuel cells and compared to traditional, non-

bifurcating serpentine channel systems. Bejan and Errera [5] discussed a deterministic tree

network for fluid flow with minimum flow resistance between a volume and a point,

subjected to two constraints: fixed total volume and fixed channel volume. In this study, the

entire geometric structure of the tree network is optimized with respect to maximum electric

power output and minimum flow resistance, subject to the constraint of a fixed cell area,

leading to an optimized tree network, which also defines the shape of the fuel cell. The

corresponding multiparametric optimization problem is addressed by means of a genetic

optimization algorithm.

1.2. Mathematical model

A one-dimensional analytical model originally proposed and experimentally validated

by Kulikovsky and co-workers [6-8] is used and further developed in this study to more

accurately account for mass transfer resistances on the cathode side. The extended model

additionally accounts for mass transfer resistance between the bulk fluid flow in the channels

and the channel/backing layer interface as well as for mass transfer resistance in the lateral

direction, indicated by the_y axis in Fig. 1.1. While the original model was developed for a

cell with a single, non-bifurcating channel, the extended model is adapted to predict the

current-voltage characteristics of a cell with a tree network fluid delivery system. In this

model, flow resistance in the tree network is further estimated taking also into account effects

from bifurcations. The model comprises a variety of assumptions [6-8]: The anode kinetics is

assumed to be fast such that overpotential losses on the anode side are not significant. The

fluid velocity is assumed to be constant along a channel of a certain branching level. A Tafel-

like expression is used to describe the electrochemical reaction rate of oxygen reduction on

the cathode side, which for large current densities of practical interest is a valid approach. It is

further assumed that the cathode overpotential is constant throughout the cell. Variation of the

overpotential across the catalyst layer is neglected. Water transport through the membrane is

not accounted for and it is assumed that the membrane is ideally hydrated which is justified

for high stoichiometric flow ratios and highly humidified inlet streams. A backing layer with
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a high electrical conductivity is considered such that Ohmic losses can be neglected in this

layer.

h h

h-h.

\

y '

l.X
' r

à

1 •

S h
z y

i

1

'i
• c ' r c

i 1

/
, n

, i.

1

Fig. 1.1. Geometric structure of the cell, including the current collector plate, flow channels,

backing layer, catalyst layer and the membrane. The length hk is the channel width, lh is the

backing layer thickness, lc is the catalyst layer thickness, ln is the membrane thickness, and

the difference bk —hk represents the width of the current collector shoulders. The direction z

indicates theflow direction andy indicates the lateral direction.

The above model is chosen for its effectiveness, if one takes into account its

simplicity, and it will be used to quantify the main contribution of the present work: The

concept of tree based optimization of the fluid distributors, the functionality of which will

also determine the final shape of the fuel cell. The geometric structure of a cell with the

proposed tree network fluid distribution system is outlined in Figs. 1.1 and 1.2. Channels with

square cross-sections of width hk are considered, where the subscript k indicates the branching

level. The length 4 indicates the backing layer thickness, lc indicates the catalyst layer

thickness, and /n indicates the membrane thickness. The lengths 4, 4, and 4 are independent

of the branching level k. The length bk represents the current collector width which is

associated with the considered channel, such that the width of the current collector shoulder

equals bk-hk in parallel channel assembly, as shown in Fig. 1.1. The tree network has one inlet

channel at the zeroth branching level and a number of 2m outlet channels at the mth branching

level, where the number of channels increases by a factor of two between two consecutive

branching levels, as shown in Fig. 1.2. It is assumed that the flow at the interface between two

consecutive branching levels is subject to redistribute uniformly to the channels of the higher

branching level. In practice, this can be simply achieved with a gap of small flow resistance,
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for example. Such manufacturing issues however are not the main theme of this work which

focuses on the basic mass transfer and fluid dynamic aspects of the problem.
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Fig. 1.2. Geometric structure of the tree network. The boundary of the cell is indicated by the

dashed lines. Channels are indicated as black rectangles and are arranged in parallel.

1.2.1. Governing equations: Branching level k

A cell with a tree network fluid delivery system is considered in which the channel

width ratio ç between two consecutive branching levels is constant such that the channel

width at the Mi branching level,

K=K<Pk (1)

5



can be expressed in terms of the channel width h0 at the zeroth branching level where

K+\ = k<P holds. The same is assumed for the current collector width,

bk=b0çt, (2)

where an identical ratio ç is used resulting in a constant bjjhk ratio throughout the net. A

different ratio 0 relates the channel lengths between consecutive branching levels, such that

the channel length at the Mi branching level reads

4=4/- (3)

Mass balance at the interface between two branching levels relates the fluid velocities in the

consecutive branches,

vA2=2v,+A2+1, (4)

and the fluid velocity at the Mi branching level reads

v,=2"V2V (5)

The flux of oxygen mass transfer from the bulk fluid flow in the channel to the

channel/backing layer interface may be written as

^o2^=^(co2^-co2,a), (6)

where c0 hk
is the mean molar concentration of oxygen in the channel, c0 ik

is the oxygen

concentration at the channel/backing layer interface, and JChk is the corresponding mass

transfer coefficient. For a square duct with three adiabatic walls and a wall with a uniform

heat flux, the Nusselt number Nu is constant for laminar fully developed flow, i.e.

Nu = 2.712 (see Ref. [9]). According to the Chilton-Colburn analogy [10,11], the Sherwood

number Sh can be related to the Nusselt number Nu as Sh = NuLe(Pr/Sc) ,
where

Le = a/D is the Lewis number, Pr = v/a is the Prandtl number, Sc = v/D is the Schmidt

number, a is the thermal diffusivity, v is the kinematic viscosity, and D is the diffusion
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coefficient. For the fluid properties in this study, Le(Pr/Sc) ~1, and the mass transfer

coefficient rh k
can be obtained from

shh = ^A/A=2-7- (7)

The diffusive flux of oxygen from the channel/backing layer interface to the catalyst layer is

formulated as

#o2,* = *b,*K.'.*~c°*.c.*) (8)

where c0 1 k
is the molar concentration of oxygen at the channel/backing layer interface and

c0 ck
is the oxygen concentration in the catalyst layer. Since the catalyst layer is much

thinner than the backing layer, mass transfer resistance in this layer can be safely neglected

compared to mass transfer resistance in the backing layer. Therefore, the oxygen

concentration c0 c k
in the catalyst layer is assumed to be constant in the vertical x direction.

The oxygen mass transfer coefficient Kh k
in the backing layer is given as

^k=Dh/kk (9)

in which D\> is the effective diffusion coefficient of oxygen in the porous backing layer. The

Bruggeman model [12,13] relates the free-stream diffusion coefficient D^ to the effective

diffusion coefficient D\> through the backing layer porosity £ according to

Db=Dhe3'2 (10)

with a tortuosity factor of 3/2. The minimum diffusion length for oxygen between the

channel/backing layer interface and the catalyst layer is 4 in the vertical x direction, as seen in

Fig. 1.1. However, oxygen diffuses not only along the vertical x direction to the part of the

catalyst layer situated directly below the channel, it is also subject to diffuse in the lateral y

direction to the parts of the catalyst layers situated under the current collector shoulders. Since

in this study a one-dimensional approach to the problem is required, this issue is accounted

for by defining an effective diffusion length lb k ,
i.e.
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kk=<

Y^qif, hk =(0.1, 0.05, 0.025)cm, 0.6V<//<1.0V
!=0

(11)

Ulb+[lb+{bk-hk)/2]}, hk< 0.025cm, \/jj
L2

with bk=2hk, lhk(ri<0.6V) = lhk(ri = 0.6V) and 4,(^>1.0V) =lhjc (rj = 1.0V) for

hk =(0.1, 0.05, 0.025)cm, where qt are polynomial coefficients, rj is the cathode

overpotential, and hk is the channel width. The coefficients qt are given in Table 1.1 and they

are based on the operating condition parameters of Table 1.2. Linear interpolation between the

three polynomials is used to provide a continuous correlation for lbk. This correlation was

obtained from three-dimensional numerical solutions of the Navier-Stokes and species

conservation equations in a single straight cathode channel including the backing layer, where

the method of local volume averaging was used to describe transport through porous media. A

surface reaction was applied to the backing layer wall describing a source of water vapor and

a sink of oxygen following the kinetics of this study. Kinetic gas theory and JANAF tables

were used to compute the local mixture properties. In addition, Shh=2.7 and

Le(Pr/Sc) ~1 was found to be in excellent agreement with the three-dimensional

numerical results. The latter were computed based on the finite volume method using central

scheme discretization. The oxygen flux between the channel and the catalyst layer can be

written then as

#02,* =

-!
^

-! K.h,*-C02,c,*) (12)
*h,k + Kh,k

Table 1.1. Polynomial coefficients qt

hk (cm) q0 (cm) q\ (cm/V) #2 (cm/V2) q?, (cm/V3)

0.1

0.05

0.025

-0.322 65 1.5640 -2.0786 0.866 67

-0.030 920 0.240 83 -0.300 00 0.11667

0.014 511 0.033 762 -0.042 143 0.016 667



Table 1.2. Invariable geometry and operating condition parameters.

Number of electrons participating in the reaction n 4

Stoichiometric coefficient of oxygen S 1

Transfer coefficient a 0.5
a

Cell temperature T(K) 363
a

Open circuit potential U(V) 1.23
a

Reference molar concentration of oxygen cref (mol/cm ) 3.31x10'

Volumetric exchange current density z* (A/cm ) 3.5 xlO"3

Membrane conductivity a (fi''cm' ) 0.1
b

Diffusion coefficient of O2 in the gas channel D^ (cm2/s) 0.356
c

0

Diffusion coefficient of O2 in the backing layer L\ (cm /s) 0.0318
d

Backing layer wet porosity £ 0.2
e

Fri ction factor/^ Re^ 56.9
f

Dynamic viscosity p. (Pa s) 2.12x10'

Oxygen molar fraction at the inlet Ç 0.0627 g

Total molar concentration of the gas mixture c (mol/cm ) 3.31x10'

Backing layer thickness 4 (cm) 0.017
a

Catalyst layer thickness 4 (cm) 0.006
a

Membrane thickness 4 (cm) 0.01
a

Total flow-field area A (cm2) 9h

a

Reference [7].

b
Reference [6].

"Reference [10].

d
Obtained through Eq. (10).

e

Reference [16].

f
Reference [9].

8 Corresponding to 100% relative humidity at the cathode inlet [15].

h
Assumed.

and it is coupled to the local transfer current density jT k
in the catalyst layer through the

stoichiometric coefficient, S = 1, and the number of electrons, n = 4, involved in the cathode

reaction,
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#02,*=4^T,*> (13)
2 nF

where F denotes the Faraday constant. The transfer current density

kk=hQ^k (14)

is obtained from the volumetric transfer current density

Qik=l^^—QKp\—n\, (is)
Cref V«i

assuming a reaction order of one [6]. Herein, /'* is the volumetric exchange current density,

cref is the reference molar concentration of oxygen, a is the Tafel constant, R is the

universal gas constant, T is the temperature, and 7] is the cathode overpotential. From Eqs.

(12)-(15) it follows

C°-'=ÏM (,6)

where

ft
S

/•
l ( l

4-

l ) faF ') H7^

W^ Cref V *ii,*r ^"b.yfc y

Mass conservation of oxygen along the channel reads

V*Ä*—7" = ^hjch (18)

where Zk indicates the flow direction. Note that jT k depends on z^ The latter is zero at the

beginning of branching level k and equals Lk at the end of branching level k. Integration of Eq.

(18) gives the distribution of the oxygen molar concentration along a channel of the Mi

branching level,
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co,xk(zk) = co,xk(°)QXV
V 4,/fc + 4,/fc J

(19)

where the first factor on the right hand side indicates the oxygen concentration in the channel

at the beginning of branching level k. Note that

L,
'C,k

nF hkvkcreî

S bklcU

ccF
expi ri

1
RT

(20)

is the characteristic length of oxygen consumption related to the Mi branching level and that

T
_

-'kvk

^D,k

hlvj L
+
J_^

V *h,*r *b,*r )
(21)

is the characteristic length of diffusion losses related to the Mi branching level where

ßk =

4,;
L,

(22)
'C,k

applies. Equations (14)-(16), (19), and (22) lead to the distribution of the local current density

along a channel of the Mi branching level,

Jl,k \Zk ) Jhm,k
F

4,/t+4„
-exp

V 4,£ "" 4,/t j

(23)

with the stoichiometric current density

- =nF_h^vL
Jhm,k o , T ^0,,h,k VW ' (24)

Averaging the local transfer current density along the entire channel length,

lk=-r\h,k<<zk)dzki
Lk 0

(25)

yields a length-averaged transfer current density of the Mi branching level,
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1.2.2. Governing equations: Tree network

This concept is now extended to a cell with an entire tree network to predict the

corresponding current-voltage behavior. The cell current density

J =I-M- (27)

is defined as the ratio between the cell current

m

/»=E7*W (28)

and the total cell area

k=0

m

A = ^Lkbk2k. (29)
k=0

Note that Lkbk2k represents the part of the cell area which belongs to the Mi branching level

and that the average current density at the Mi branching level jk is given by Eq. (26). The

total cell area^4 is given if the parameters L0, b0, <p, ç, and m are fixed. In order to compare

different tree network geometries with respect to cell performance, one may alternatively

want to fix the total cell area A and consider L0 as a dependent parameter, i.e.

L0=— • (30)

k=0

The oxygen concentration at the beginning of a channel of the Mi branching level is derived

from Eq. (19) and is written as
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C = (

co2,m> if* = 0

.h.oriexp
i=\

L
'i-\

\ 4,î-i+4,î-iy
if 0<k<m

(31)

where

CO,,h,0 SC (32)

is the oxygen concentration at the channel inlet of the zeroth branching level. Herein, g~ is the

molar fraction of oxygen at the inlet and c is the total molar concentration of the gas mixture.

Equations (31) and (32) can be written alternatively as

"0,Xk
= & exp

L

4,-i +4,-1
fjexp

L

v 4,î-i+ 4,!-i j

(33)

Note that L_x, Lc_x, and L^_x are obtained from Eqs. (3), (20), and (21), respectively, with

k = -\.

The limiting current density of the cell is obtained by evaluating the limits of Eq. (27)

where the cathode overpotential rj tends to infinity. The local limiting current density at the

inlet of the tree network is determined by further taking the limit where the inlet velocity

tends to infinity, leading to

lim lim J
1 nF

~Ä~S~
^

1

Z-.
4A2*

k=o Khk + Kh^k
1 k k (34)

This limit may also be referred to as a maximum limiting current density which is obtained

for very high inlet flow rates of oxygen such that the consumption of oxygen along the

network is negligibly small and that the current density is not subject to decay along the flow

direction. For a tree network with zero branching levels, i.e. m = 0 and L0 =A/b0, which

essentially corresponds to a traditional, non-bifurcating channel of length L0, the limiting

current density reads

lim 7
nF h02v,

S b0L0
-^c<H-exp

*o4

^vo«o+<o).
(35)

13



and the maximum limiting current density is simply given by

lim lim Jm=0 = ^-ç'c
h,0 b,0

(36)

If the flow direction is reversed, Eqs. (31)-(33) are to be replaced by

and

C0,,h,k ~^
.h.mriexp

z=l

4

\ 4,w-!+l "*" ^D,m-i+\ J

Lco2,h,«> tfk = m

",0~,,\\,m Ac,

if 0<k<m

(37)

(38)

"0,,\i,k Ac exp

4

V_ ^C,m+\ "*" ^D,m+1

m-k

riexp
Z=0

4

V ^C,m-i+\ ~*~ ^D,m-i+\ J
(39)

respectively. Reversed flow direction means that the inlet mass flow rate is fed to the m

channels of the highest branching level instead of being fed to the channel of the zeroth

branching level. It is then assumed that the inlet mass flow rate is uniformly divided to the m

channels. By straightforward manipulations it can be shown that the average cell current

density is not altered if the flow direction is reversed. Thus, the cell current-voltage behavior

does not depend on the flow direction in this context.

1.2.3. Pressure drop andpumpingpower

Increasing the inlet velocity provides a higher limiting current density of the cell,

approaching asymptotically the maximum limiting current density if the inlet velocity tends to

infinity. The following is clear from the above set of equations: Very high inlet velocities

imply that the oxygen concentration reduction along the flow direction is negligibly small and

therefore the effect of concentration overpotential due to oxygen concentration depletion

downstream the channels becomes insignificant. However, for higher inlet velocities, the

losses due to pressure drop and the related pumping power required for fluid circulation

increase, and they may not be negligibly small any more, compared to the electric power

generated by the cell. The net power available to the user can then be substantially reduced if

a considerable amount of electric energy is required for pumping power and as a result,
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overall cell efficiency is reduced. In order for the polymer electrolyte fuel cell to become

firmly established as a competitive form of electric power generation in a host of engineering

applications, such as powering of vehicles, laptop computers, cell phones, general portable

power systems, and remote power generations, the overall cell efficiency must be maximized,

i.e. the chemical energy of the respective fuel needs to be converted to net available electric

energy at high efficiency. Consequently, it is indispensable that the pressure drop is accounted

for as a loss mechanism when trying to optimize the fluid delivery system of a polymer

electrolyte fuel cell towards maximum net power densities.

In the following, the pressure drop of the tree network is estimated assuming

geometrically similar shapes of channel cross-sections throughout the network. Pressure drop

of a tree network with m branching levels having one inlet at the zeroth branching level and a

number ofm outlets at the wth branching level can be written then as

m J -..
m—\

k=0 "k k=0

=
c^l-£M2-^

+
^H4^ .^^

hi 1-MV) 2 l-(4^)_1

AAo,o=C^+ ^sPv02/2, if m = 0

K

Note that the tree network with zero branching levels essentially corresponds to one single,

non-bifurcating channel, representing a traditional serpentine fluid delivery system. The

constant C is particular to the considered channel cross-sectional shapes and fluid properties,

p is the fluid density, çt is a resistance coefficient that accounts for pressure drop due to

bifurcations in the tree network, çs is a resistance coefficient that accounts for pressure drop

due to turns in a serpentine fluid delivery system, and x 1S me number of turns. For the

serpentine fluid delivery system, smooth half circular turns are assumed for which a loss

coefficient gs = 1.0 is given in Ref. [14]. For the tree network, çt =1.0 is identically assumed.

In order to compare pressure drop of different tree networks with identical area A, the length

Lq in Eq. (40) is substituted with Eq. (30) in this study. The constant C is given as

C = jUfk Kek /2 where the friction factor for a square cross-sectional channel under fully

developed flow conditions reads [9]

15



/*Re* = 24 1-1? t ^tanhf^] = 56.9. (41)

Herein, fk is the friction factor, Re^, is the Reynolds number, and jl is the dynamic viscosity

of the fluid mixture. The pumping power density, defined as pumping power per cell area, of

a tree network with m branching levels is given then as

Pm=h20v0AptoUmA-\ (42)

1.2.4. Electric power density and netpower density

The cell potential Vm is determined by subtracting the main voltage losses, i.e. the

cathode overpotential and the membrane potential loss, from the open-circuit potential U,

Vm=U-V-JJna-\ (43)

in which 4 is the membrane thickness and a is the ionic conductivity of the membrane. The

resulting electric power density, defined as electric power per cell area, reads

Em=JmVm. (44)

Subtracting the pumping power density yields a net power density

Um=Em-Pm (45)

which is obtained from a cell with a tree network fluid delivery system with m branching

levels. Note that Em=0 and nm=0 represent the electric power density and the net power

density of a cell with a single, non-bifurcating square cross-sectional channel of width h0 and

length La, building up a traditional serpentine fluid distribution system with a number of x

turns.

1.3. Network optimization

The net power density Hm depends on a variety of operating condition and geometry

parameters. The question arising is how to find a parameter set for which the net power
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density, considered as an objective function, provides a global maximum. One may want to

distinguish between fixed or invariable parameters and optimization parameters to reduce the

dimension of the optimization problem. In this study, a constant cell area^4 is considered and

one seeks a tree network geometry, an inlet velocity, and a certain cathode overpotential

which together provide a global maximum of the net power density function. This maximum

can then be compared to the one of a cell with identical area A and with a single, non-

bifurcating channel. The net power density can then be written as a function of two vectors,

Um(l,Q) = g(X,Q) (46)

where the vector

l = (n,F,S,a,R,T,U,cref,h,a,Db,£,fRQ,gt,gs,x,ßA,c,lb,lc,ln,A) (47)

contains all invariable parameters, and the vector

Q = (bo,ho,vo,i],m,<p,0) (48)

contains all the variable or optimization parameters such that the optimization problem can be

formulated as: Find a vector 0max e H such that

nm(À,emax)>ru?t,e), veeH, (49)

where H is the space of the variable parameters of the function Ylm(X,Q). Note that nm=0

does not depend on ç and <p.

1.4. Results and discussion

The effect of optimization parameter variations on the polarization curve, the electric

power density curve, and the net power density curve is discussed in this section. For this

purpose, a base case is considered with è0=0.14cm, /z0=0.07cm, v0 = 20 m/s

(Re0 = 462), m = 6, ç = 2~13, and <p = 2~13. Invariable parameters of the vector A, are listed

in Table 1.2. Individual optimization parameters are varied and the respective impact on the

target curves is discussed. In addition, the multiparametric optimization problem is further
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addressed by means of a genetic algorithm to search for a global maximum of the objective

function leading to an optimized tree network.

1.4.1. Characteristics ofparameter variations

For the base case, the impact of the variation of v0, m , ç, and <p on the polarization

and power density curves is shown in Figs. 1.3-1.6. Herein, the cell area A = 9 cm2 is kept

constant, as well as the channel width h0 and the current collector width b0 of the zeroth

branching level.

By increasing the inlet velocity v0, the high current density end of the polarization

curve is shifted to the right generating a higher maximum electric power density, as shown in

Fig. 1.3. For low inlet velocities v0, most oxygen is consumed along the channels such that the

polarization curves of a channel system with m = 6 (dashed lines) and of a channel system

with m = 0 (solid line) are close together. By reducing v0 towards zero, the polarization curve

of a channel system with m = 6 will approach the polarization curve of a channel system with

m = 0 from the right side. If the inlet mass flow rate is so small that almost all of the oxygen

is consumed along the channels, then it is clear that the tree network fluid delivery system

cannot provide higher performance than a traditional fluid delivery system. By increasing the

inlet velocity v0, the high current density end of the polarization curve of the network system

is shifted more to the right than that of the traditional system. Both ends asymptotically

approach the polarization curves corresponding to the respective maximum limiting current

densities as the inlet velocity v0 tends to infinity. The analogous characteristic behavior is

observed for the electric power density variation and it is seen that for high inlet mass flow

rates of oxygen the tree network system allows for substantially higher maximum electric

power densities than the traditional system. For inlet velocities v0 of 10 m/s, 20 m/s, 30 m/s,

40 m/s, 50 m/s, and oo m/s, it is seen that compared to the traditional system, the tree network

system provides a 8.6%, 12%, 13%, 14%, 14%, and 15% higher maximum electric power

density, respectively. Note that the inlet velocities v0 of 10 m/s, 20 m/s, 30 m/s, 40 m/s, 50

m/s, and oo m/s correspond to inlet Reynolds numbers Re0 of 231, 462, 693, 924, 1155, and

oo, respectively. The inlet Reynolds number is defined as Re0 = cMv0h0 /// where M is the

molecular weight of the fluid mixture. In practice, the Reynolds number is usually not beyond

the critical Reynolds number (~ 2xl03 ) to avoid increased pressure drop in the turbulent flow
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Fig. 1.3. Performance ofa cell with a traditionalfluid distributor (solid lines) and a cell with

tree network fluid distributors (dash-dotted lines) for different inlet velocities v0, i.e.

v0 =(10,20,30,40,50, oo) m/s corresponding to Re0 =(231,462,693,924,1155, oo) and with

£0=0.14cm, /*0=0.07cm, m = 6, ç = 2~ > = 2" and x = 6. Labels indicate values of

vn. (a) Polarization curves, (b) Electric power density curves, (c) Netpower density curves.

regime. For the traditional system with an inlet velocity of v0=20m/s (Re0=462), a

maximum electric power density of 0.12 W/cm is obtained at a current density of 0.41 A/cm

[see Fig. 1.3(b)] corresponding to a stoichiometric flow ratio of ^" = 2.1. The stoichiometric

flow ratio y/ = v0h^cnF/(JmA) defines the ratio of the oxygen fed to the fuel cell to the

amount of oxygen electrochemically converted. For the tree network system with an identical

inlet velocity of v0 = 20 m/s (Re0 = 462), a maximum electric power density of 0.14 W/cm
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is obtained at a current density of 0.47 A/cm2 [see Fig. 1.3(b)] corresponding to a

stoichiometric flow ratio of ^" = 1.9. Note that for the Reynolds numbers at consecutive

branching levels the relation Rek+1/Rek =\/(2ç) holds. For ç = 2~113, Rek+1/Rek -0.63

results, which means that the Reynolds number decays from one branching level to the next

higher. However, increasing the inlet velocity also increases pressure drop such that a larger

pumping power is required for the feed gas circulation, thus reducing the net power density at

high inlet mass flow rates. This effect is clearly seen from the net power density curves in Fig.

1.3. While for the traditional system the maximum net power density already drops down for

inlet velocities larger than roughly v0 = 20 m/s (Re0 = 462), the maximum net power density

of the network system can still be slightly increased for higher inlet velocities. By further

increasing the inlet velocity, this maximum is subject to decrease very fast in the traditional

systems, in contrast to the network system. To exemplify, for an inlet velocity of v0 = 50 m/s

(Re0 = 1155), the maximum net power density of the network system still remains at a high

level while the maximum net power density of the traditional system is almost zero, where

most of the curve is even in the negative net power density range. For inlet velocities v0 of 10

m/s, 20 m/s, 30 m/s, 40 m/s, and 50 m/s, it is seen that compared to the traditional system, the

tree network system provides a 12%>, 26%>, 51%>, 114%), and 485%) higher maximum net

power density, respectively.

The effect of varying the number of branching levels m is demonstrated in Fig. 1.4. A

network with zero branching levels m = 0 corresponds to the traditional non-bifurcating

system. Note that for a network system with m branching levels the flow is subject to

bifurcate m times. By increasing the number of branching levels m, the high current density

end of the polarization curve is shifted to the right, hence increasing the limiting current

density and the maximum electric power density. The higher the number of branching levels

m, the lower the performance improvement by further increasing m. This means that the

polarization curve and the electric power density curve asymptotically approach limiting

curves if m tends to infinity. For values of m of 1, 2, 3, 4, 5, 6, and oo, it is seen that compared

to the traditional system, the tree network system provides a 1.7%, 3.6%>, 5.8%>, 7.8%>, 9.7%>,

12%), and 26%> higher maximum electric power density, respectively. The higher the number

of branching levels, the lower the effect of losses due to mass transfer limitations between the

channels and the channel/backing layer interface as well as due to mass transfer limitations in

the lateral direction, since most of the channels in the network system would become very
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thin, thus reducing the lateral diffusion length towards zero. In the particular theoretical case

of an infinite number of branching levels m, the mentioned mass transfer losses would

become zero.

UJ

Average current density J (A/cm )

Fig. 1.4. Performance ofa cell with a traditionalfluid distributor (solid line) and a cell with

tree network fluid distributors (dash-dotted lines) for different numbers of branching levels

m, i.e. w = (1,2,3,...,8,9,oo) with £0=0.14cm, h0 =0.07 cm, v0=20m/s (Re0=462),

cp = 2~ and é = 2 Labels indicate values of m. Electricpower density curves.

In Fig. 1.5, the channel width ratio ç = hk+Jhk is varied between 0.1 and 0.9. Since the

cell area^4 is kept constant, small ç implies thatZo must be large or that a long inlet channel

is required at the zeroth branching level since the channel diameter decays very fast. On the

other hand, large ç requires that L0 be rather small or that a short inlet channel is required at

the zeroth branching level. In the limiting cases of ç —» 0 and ç = 1, the polarization curve

and the electric power density curve of the traditional fluid delivery system are recovered. In

between, there exists an optimum channel width ratio for which the high current density end

of the polarization curve is shifted most to the right and the maximum of the electric power

density curve is highest. This represents the network configuration with minimum losses due

to mass transfer limitations between the channels and the channel/backing layer interface and

due to mass transfer limitations in the lateral direction. From the net power density curves it is

seen that for high channel width ratios ç the pumping power is small and that for low ç,
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pressure drop becomes dominant. Note that the net power density curves for ç<Q.l are

below the negative bound of the graph. The optimum channel width ratio corresponding to the

maximum net power density is slightly higher than the optimum channel width ratio

corresponding to the maximum electric power density.
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Fig. 1.5. Performance ofa cell with a traditionalfluid distributor (solid line) and a cell with

tree network fluid distributors (dash-dotted lines) for different channel width ratios ç, i.e.

^ = (0.1,0.2,0.3,...,0.9) with è0=0.14cm, h0 =0.07 cm, v0=20m/s (Re0=462), m = 6,

(j) = 2~13, and x = 6. Labels indicate values of ç. (a) Electric power density curves, (b) Net

power density curves.
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Finally, the variation of the channel length ratio (f) = Lk+lILk is discussed with Fig. 1.6

where <p is varied between 0.1 and 1.5. For <p = 0, the polarization curve and the electric

power density curve of the traditional fluid delivery system is recovered. By increasing <p, the

high current density end of the polarization curve is shifted to the right and the maximum

electric power density increases, approaching asymptotically a maximum polarization and

electric power density curve. In such a case where <p is large or tends to infinity, losses due to

mass transfer limitations between the channel and the channel/backing layer interface and due

to mass transfer limitations in the lateral direction become negligibly small.
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Fig. 1.6. Performance ofa cell with a traditionalfluid distributor (solid line) and a cell with

tree networkfluid distributors (dash-dotted lines) for different channel length ratios (j), i.e.

^ = (0.1,0.2,0.3,. ..,1.5) with £0=0.14cm, h0 =0.07 cm, v0=20m/s (Re0=462), m = 6,

and ç = 2~13. Electricpower density curves.

1.4.2. The optimized tree network

Given a certain cell area A, the question arises which geometric structure of the

constructal tree network and which operating conditions can provide the highest net power

density for the specific cell area under consideration. In order to resolve this important issue, a

genetic algorithm [17] has been implemented to address the multiparametric optimization

problem stated above. A fixed cell area of A = 9 cm2 is considered with the constraint

b0 = 2h0 and the parameter set À is assumed to be fixed to the values given in Table 1.2. The

23



optimization parameter space shall be limited to the ranges indicated in the bottom row of

Table 1.3. For genetic search, the ranges of the six parameters h0, v0, 77, m, ç, and <p are

discretized into a finite number of equidistant points. Each discretized parameter is binary-

coded and represents one binary gene such that a chromosome contains six genes, i.e. one for

each parameter. The binary length of a gene includes 20 digits and therefore the length of a

Table 1.3. Genetic optimization of the tree network structure and operating conditions. In

each row the decoded chromosome with the maximum overallfitness Tlm that was obtained

up to the respective generation is listed. This chromosome contains the properties of the

optimum tree network and operating conditions with respect to the current generation

number.

ration (cm) (cm/s) (V) (W/cm2)

1 0.0882 2084 0.8979 2 0.8422 0.2209 0.1200

10 0.0882 2886 0.8979 5 0.8050 0.7902 0.1389

102 0.0985 2442 0.8972 6 0.8320 0.7896 0.1473

103 0.0997 2438 0.8962 6 0.8151 0.7892 0.1476

104 0.0999 2664 0.8966 6 0.8226 0.7928 0.1479

5xl04 0.0998 2679 0.8960 6 0.8260 0.7936 0.1479

0.0</*0<0.1, 0.0<v0<5000, 0.0<77<1.2, 0<m<6, 0.0<p<1.0, 0.0<^< 0.7937.

chromosome contains 120 digits. As a result, each parameter range is divided into a number

of 220-1 = 1,048,575 equidistant intervals and therefore is discretized into 220 discrete

points. A population size of 500 chromosomes is used. The probability for crossover is set to

0.6 and the probability for mutation is set to 0.004. An example of the course of the

maximum, minimum and average fitness of the population as a function of the generation

number is shown in Fig. 1.7. Note that the fitness of a chromosome equals the net power

density. For negative net power densities, the fitness is artificially set to zero. The initial

population is created randomly. It is seen that the maximum and average fitness grow very
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fast within a few generations, and then stagnate or do not increase substantially any more. The

peaks on the bottom of the graph represent the variation of the minimum fitness of the

population which is subject to increase and drop down to zero again due to mutation. The

decoded chromosome which provides the maximum fitness within the first generation is listed

in the first row of Table 1.3. This chromosome is stored and replaced by the chromosome

with the maximum fitness of the next generation if the latter provides a higher fitness. The

decoded stored chromosome is then listed in Table 1.3 for higher generation numbers. This

chromosome includes information concerning the geometric structure and the operating

conditions of an optimized tree network at the respective generation. A net power density of

0.148 W/cm is found for the optimized tree network [see Table 1.3].
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Fig. 1.7. Genetic optimization ofthe tree network. Maximumfitness (upper curve), average

fitness (middle curve), andminimumfitness (lower curve). Thefitness equals the netpower

density ofthe tree network.

For the traditional non-bifurcating fluid delivery system, a maximum net power density of

0.119 W/cm2 is obtained at an inlet velocity v0 =16.2m/s (Re0 =374) and a channel width

h0 = 0.1cm
.
As a result, the concept of tree network channels allows for a 24% improvement

in net power density.

It is seen from Table 1.3 that during the course of the optimization procedure the

values of the parameters m and <p tend towards the values of their higher parameter bounds.

From the previous discussion it is clear that for the optimized tree network structure the

values of the parameters m and <p must correspond to the higher bound of their ranges, since
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the higher these parameters the higher the resulting net current density. From a practical point

of view, the maximum number of branching levels however must be limited since only a

limited number of branching levels can be manufactured onto a plate of fixed area, thus

justifying the artificial upper parameter bounds for m and <p. Continuing the optimization

procedure towards higher generation numbers than the ones listed in Table 1.3 does not

provide further substantial improvement. In view of the accuracy of the analytical model

employed, this would also not be consistent. The implemented genetic optimization algorithm

proves to be very efficient in this context. The results of Table 1.3 have been obtained within

a few minutes on a standard Unix workstation.

1.5. Conclusions

Constructal tree networks, introduced by Bejan and his co-workers in recent years,

were investigated herein, as a fluid distribution concept in polymer electrolyte fuel cells. The

channel distribution was allowed to also determine the shape of the fuel cell, resulting in

double-staircase design, based on functionality alone and without imposing a priori the

traditional rectangular shape. The one dimensional fuel cell model utilized to quantify the

concept, accounts for oxygen consumption along the channel, mass transfer losses between

the channel and the channel/backing layer interface, and mass transfer losses in the normal

and lateral direction in the backing layer. In addition to the current-voltage behavior, pressure

drop is estimated for both systems. It is shown that it is indispensable to consider pressure

drop and the related pumping power as a loss mechanism when trying to optimize the cell

towards high net efficiency.

It is found that the tree network fluid distribution system allows for substantially

increased electric and net power densities compared to the traditional non-bifurcating

systems, due to reduced mass transfer losses in the lateral direction in the backing layer,

reduced mass transfer losses between the channels and the channel/backing layer interface,

and reduced pumping power. In addition to the higher electric power density, the tree network

system can also provide substantially reduced pressure drop and pumping power, leading to a

higher net power density. This aspect becomes important for low diameter channels and high

mass flow rates, both of which are required for high electric current densities. The influence

of a host of operating condition parameters is discussed. An optimized tree network which

provides a maximum net power density is then derived by means of a genetic optimization

algorithm. Due to their intrinsic advantage with respect to both mass transfer and pressure
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drop, constructal tree networks have the potential to significantly improve the performance of

polymer electrolyte fuel cells at different length scales.
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2. Pyramidal direct methanol fuel cells
b

Abstract

The main concept of this article is to allow for the optimized tree-like design of the

flow distributors to actually define the shape of the fuel cell, thereby eliminating problems

associated with the mismatch between a predecided rectangular shape and a functionally

preferred channel distribution system. The work focuses on direct methanol fuel cells

(DMFC). A one-dimensional across-the-cell model is extended to a two-dimensional along-

the-channel model and numerically solved to predict the polarization curves of a direct

methanol fuel cell with tree network channels and of a cell with traditional serpentine

channels. For both flow configurations, pressure drop and pumping power are estimated. Net

power densities are computed in terms of constructal parameters and operating conditions. In

contrast to the traditional rectangular shape of fuel cells, the resulting "pyramidal" or "double-

staircase" shape is based on the functionality of the fluid distribution system. It is found that

tree network channels can provide substantially improved electric and net power densities

compared to the traditional nonbifurcating single serpentine channels, as a result of their

intrinsic advantage with respect to both mass transfer and pressure drop. For six (twelve)

branching levels and inlet channel diameters of 0.05, 0.04, and 0.03 cm, the tree network

channels allow for 14% (21%), 17% (26%), and 30% (46%) higher net power densities,

respectively.

Nomenclature

A total cell area (cm2)

b current collector width (cm)

ca molar concentration of methanol (mol cm"3)

b
This chapter has been submitted for publication:
S.M. Senn, D. Poulikakos, International Journal of Heat and Mass Transfer, 2005.



c° molar concentration of oxygen (mol cm"3)

D diffusion coefficient (cm s"1)

E electric power density (W cm"2)

F Faraday constant, 96485 C mol"1

h channel width (cm)

z exchange current density (A cm"3)

J average cell current density (A cm"2)

j local proton current density (A cm"2)

k concentration factor

L channel length (cm)

lh backing layer thickness (cm)

lm membrane thickness (cm)

lt catalyst layer thickness (cm)

N molar flux (mol cm"2 s"1)

Nu Nusselt number

zz total number of branching levels

zzd drag coefficient

P pumping power density (W cm"2)

p pressure (Pa)

Q local rate of electrochemical reaction (A cm"3)

R universal gas constant, 8.314 J K"1 mol"1

Re Reynolds number

Sh Sherwood number

T cell temperature (K)

Vcell cell potential (V)

v bulk velocity in the channel (cm s"1)

x coordinate across the membrane (cm)

y coordinate (cm)

z coordinate along the channel (cm)

Greek symbols

a transfer coefficient
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X number of turns in the serpentine channel

£ effective porosity

0 channel length ratio

<P channel width ratio

Y effective order of reaction

V local overpotential in the catalyst layer (V)

V, overpotential at the membrane/catalyst layer interface (V)

rioc open circuit potential (V)

K mass transfer coefficient (cm s"1)

ß dynamic viscosity (Pa s)

n net power density (W cm"2)

a proton conductivity (Q_1cm_1)

Z loss coefficient

Subscripts

b in the backing layer

h in the channel

i value at the membrane/catalyst layer interface

k at the km branching level

lim limiting

m in bulk membrane

max maximum

ref reference

s stoichiometric

t in the catalyst layer

w water

0 at the zeroth branching level

X characteristic

Superscripts

a on the anode side

c on the cathode side
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2.1. Introduction

In this article, constructal tree network channels introduced by Bejan [1-3] are

investigated not only as a fluid distribution concept for the anode and cathode side of liquid-

feed direct methanol fuel cells but also as a means to functionally define the shape of the fuel

cells. A simple two-dimensional model is numerically solved to predict polarization curves,

electric power density curves, and net power density curves of a direct methanol fuel cell with

tree network channels as fluid distributors, and compare them to the respective curves of a

cell with a traditional nonbifurcating serpentine channel. Variation of cell performance in

terms of constructal and operating condition parameters is discussed and optima are

identified. Characteristic variations along the channel of methanol and oxygen concentration,

anode and cathode overpotential, and electric current density are discussed for both tree

network channels and traditional nonbifurcating serpentine channels. Three-dimensional

models [4] provide the most comprehensive and fundamental insight into the transport

phenomena in fuel cells. However, their numerical solution still requires substantial

computational time and resources, making them inappropriate for multiparametric

optimization studies that usually require a large number of evaluations of an objective

function. The functionality-optimized pyramidal fuel cell design was recently introduced by

Senn and Poulikakos [5] with respect to hydrogen polymer electrolyte fuel cells, showing

excellent promise compared to traditional alternatives. The fundamental characteristics of

laminar mixing, heat transfer, and pressure drop in tree network channels were also

investigated numerically [6], along with their application for thermal management in polymer

electrolyte fuel cells. Vargas and Bejan [7] recently presented an elemental level

thermodynamic optimization study for the electrodes of alkaline fuel cells. Entropy generation

minimization [8] at the global level presents a major challenge in fuel cell research.
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Fig. 2.1. Schematic drawing of methanol and oxygen concentration distributions across the

cell, including anode channel (I), anode backing layer (II), anode catalyst layer (III),

membrane (IV), cathode catalyst layer (V), cathode backing layer (VI), and cathode channel

(VII).

2.2. Mathematical formulation

A one-dimensional across-the-cell model originally developed and experimentally

validated by Kulikovsky [9,10] is utilized to predict the polarization curves and the electric

power density curves of a direct methanol fuel cell with tree network channels as fluid

distributors. The original model [9,10] accounts for methanol and oxygen mass transfer

through the backing layers, methanol permeation through the membrane, and non-uniform

overpotential distributions across the finite-size catalyst layers. The model is extended to a
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two-dimensional model that additionally takes into account methanol and oxygen

consumption along the channels, mass transfer between the channels and the backing layers,

mass transfer in the lateral direction indicated by the y axis in Fig. 2.1, as well as

overpotential variations along the channel. In addition, pressure drop and pumping power

required for the fluid circulation are estimated considering also effects from bifurcations.

Diffusion mass transport along the streamwise direction z (see Fig. 2.1) is neglected due to the

high Peclet number. The model is based on a variety of other assumptions [9,10]: Ohmic

losses due to electron transport are neglected, thus a high electrical conductivity of the current

collector plates, backing layers, and catalyst layers is assumed. Reactant concentrations are

assumed to be constant across the finite-size catalyst layers. A constant diffusion coefficient

of methanol is assumed inside the membrane. Methanol permeated through the membrane is

assumed to completely react with oxygen in the cathode catalyst layer. The methanol

concentration on the cathode side is assumed to be much smaller than the methanol

concentration on the anode side. The electrolyte phase is assumed to be ideally hydrated and

constant proton conductivities are assumed inside the membrane and the catalyst layers. The

fluid velocity is assumed to remain constant along the channel of a certain branching level.

The model is a single-phase one, two-phase flow [11,12] issues are not considered. Tafel-like

expressions are used to predict the electrochemical reaction rates at the anode and cathode.

The geometric structure of a cell with tree network channels as fluid distributors on the

anode and cathode side is outlined in Figs. 2.1 and 2.2. The anode tree network and the

cathode tree network are identical and congruently superimposed. Schematic distributions of

reactant concentrations across the cell are shown in Fig. 2.1. The white areas in Fig. 2.2

represent schematically the channels of the tree network having one inlet at the zeroth

branching level and a number of 2" outlets at the zrth branching level, where n is the total

number of branching levels. This means that the flow is subject to redistribute n times.

Square cross-sectional channels of width hk are considered, where the subscript k indicates

the branching level. From the current collector width bk, the current collector shoulder width

bk -hk follows. The backing layer thicknesses /ba and Fh, the catalyst layer thicknesses l\ and

l\, and the membrane thickness lm are constant whereas hk and bk vary from one branching

level to the next higher. The superscripts a and c refer to the anode and cathode side,

respectively. The subscripts b, t, and m refer to the backing layer, the catalyst layer, and the

membrane, respectively. It is assumed that at the interface between two consecutive branching

levels, the flow is subject to redistribute uniformly to the channels of the higher branching
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level. This can be achieved with a gap of small flow resistance, for example. However, such

manufacturing issues are not the main subject of this study. The aim of the present study is to

investigate the fundamental mass transfer and fluid dynamics aspects of the problem. The

model is based on first principles and it is chosen for its effectiveness if one takes into account

its simplicity.
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Fig. 2.2. Geometric structure of the pyramidal tree networkfluid delivery system including

channels (white) and current collector shoulders (black).

2.2.1. Governing equations: Branching level k

In direct methanol fuel cells, methanol and water are converted to carbon dioxide and

protons at the anode, according to

-CHX>H+ -H90 -^-C09 +H+ + e"
6

3
6

2
6

2 (1)

Protons are transported through the electrolyte phase of the catalyst layers and the membrane

to react with oxygen in the cathode catalyst layer, according to
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-09+H+ + e"^-H90. (2)
4 2

In this study, the case where dry air is fed on the cathode side is considered. A constant

channel width ratio ç between two consecutive branching levels is imposed, such that the

channel width at the km branching level hk can be related to the channel width at the zeroth

branching level h0 as

K=K<Pk, (3)

where hk+l = hk(p. The current collector width scales identically and

K=h<f (4)

holds, where bk+l = bk<p. The constant length ratio 0 relates the channel length at the zUh

branching level, given by

4=4/, (5)

to the channel length at the zeroth branching level L0, where Lk+l = Lk0. It is assumed that the

number of channels increases by a factor of two from one branching level to the next higher.

A mass balance at the interface between two consecutive branching levels then leads to

vlh2k=2vl+lh2k+l, (6)

where v\ represents the bulk velocity in an anode channel of the km branching level that can

be expressed in terms of the anode inlet velocity v* at the zeroth branching level, given by

vl=2-kç2kvl (7)

In this study, ^> = 2~1/3is assumed and therefore the fluid velocity is subject to decrease by a

factor of 2~l <p~2 -0.79 from one branching level to the next higher branching level.

Replacing the superscript a by c in Eqs. (6) and (7) leads to analogous relations on the cathode

36



side. Herein, it is implicitly assumed that the bulk velocities are constant along the channels

of a certain branching level, that is, v\ = const, and v°k = const. Conservation of electric

current in the anode catalyst layer is formulated as

-v ^k '

dx,

=
Qk, (8)

k

where jk is the local proton current density in the catalyst layer, xk is the across-the-cell

coordinate, and Q\ is the volumetric transfer current density. Ohm's law relates the local

current density to the local electric field through the catalyst layer proton conductivity g\ ,

that is

Mk
<^, (9)

àXk

where the anode overpotential î]k substitutes the local electrolyte phase potential. Note that

î]k is defined as the difference between the solid phase potential and the local electrolyte

phase potential, where the solid phase potential is assumed to be constant. The volumetric

transfer current density can be written as

Qk=K

(<>* V f(fF ^
CUk

VCref J

exp -Tl

yRT j

(10)

where f is the exchange current density, c\k is the methanol concentration in the anode

catalyst layer, craef is the reference concentration, /* is the reaction order, ora is the transfer

coefficient, F is the Faraday constant, R is the universal gas constant, and T is the

temperature. Identical relations can be formulated for the cathode catalyst layer, that is

-v ^k '

dx,

=-QU (H)
k

A=-A (.2)
àXk
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and

(> Y f^TT \

Ql=K.
CUk

VCref J

exp
acF

TJ"

KRT j

(13)

where c\k is the oxygen concentration in the cathode catalyst layer. Note that the local

cathode overpotential rjk is defined as the difference between the local electrolyte phase

potential and the solid phase potential, where the latter is assumed to be constant. The flux of

methanol mass transfer from the bulk fluid flow in the channel to the catalyst layer can be

written as

°Kk °uk
_i
= Jy+Nk, (i4)

«0 +«,) 6F

where c\k is the mean molar concentration of methanol in the anode channel (the subscript h

refers to the channel), ä^^ is the mass transfer coefficient between the bulk fluid flow and the

channel/backing layer interface, K^k is the mass transfer coefficient between the

channel/backing layer interface and the catalyst layer, jik is the value of the local proton

current density at the membrane/catalyst layer interface (the subscript i refers to the

membrane/catalyst layer interface), and

D ca z ca
^k=—r^+nd-y^7 (15)

L F w

denotes the flux of methanol through the membrane. Herein, Dm is the diffusion coefficient

of methanol in the membrane, zzd is a drag coefficient that defines the number of methanol

molecules transported through the membrane by one proton, and w* is the water

concentration on the anode side. In the first term on the right-hand side of Eq. (15) it is

assumed that the methanol concentration in the cathode catalyst layer is much smaller than in

the anode catalyst layer. Similarly, the flux of oxygen mass transfer from the bulk fluid flow

in the channel to the cathode catalyst layer can be formulated as
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cc -cc i 3
Kk u -J^. + ±Nk, (16)

«0 HK.) 4F 2

where cchk is the mean oxygen concentration in the cathode channel. It is assumed that

methanol transported through the membrane completely reacts with oxygen in the cathode

catalyst layer, according to

CH3OH + -02^C02+2H20. (17)

For laminar fully developed flow in a square duct with three adiabatic walls and a wall with a

uniform heat flux, the Nusselt number Nu is constant, that is, Nu = 2.712 (see Ref. [13]). The

Sherwood number Sh can be related to the Nusselt number Nu according to the Reynolds

analogy [14,15], Sh = NuLe, where Le = Sc/Pr is the Lewis number, Sc is the Schmidt

number, and Pr is the Prandtl number. For dry air that is fed on the cathode side, Le~\

applies. For the liquid that is fed on the anode side, the Chilton-Colburn analogy [14,15],

Sh = NuLe{Pr ISc) , suggests that the Sherwood number and the Nusselt number are of the

same order of magnitude in this study. In order to remain consistent in accuracy, ShiNu = \

is assumed in this analysis. The Sherwood number for mass transfer between the bulk fluid

flow in the channel and the channel/backing layer interface is given then by

Shi =2.7 (18)

and the corresponding mass transfer coefficient at the km branching level reads

K,=SKDl/hk, (19)

where D[\ denotes the methanol diffusion coefficient in the anode channel. The Sherwood

number for mass transfer between the channel/backing layer interface and the catalyst layer

shall be empirically defined as

Shi, = l + (bk-hk)/(4i:)V. (20)
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The corresponding mass transfer coefficient at the km branching level reads

<,=^=, D>
,

(21)
/;
b {ib+[i:+(bk-hk)/2]}/2

where D\ is the effective methanol diffusion coefficient in the anode backing layer. The

effective diffusion length scale in Eq. (21), denoted by the denominator, is defined as the

mean value between a minimum diffusion length /a and a maximum diffusion length

l\ + (bk -hk)12 between the channel/backing layer interface and the catalyst layer (see Fig.

2.1). In a previous study [5], three-dimensional solutions of the Nävier-Stokes and species

conservation equations showed that the mass transfer correlation given in Eq. (20) is a good

approximation for low-diameter channels and bk =2hk. The Bruggeman correction [16,17]

relates the free-stream diffusion coefficient Z)a to the effective diffusion coefficient Z)a

through the backing layer porosity £, according to

Dl=Dl£312 (22)

with a tortuosity factor of 3/2. Similar relations hold on the cathode side and can be written

as

Shi =2.7, (23)

<k=SKDl/hk, (24)

Shi, = l + (bk-hk)/(4ll)V, (25)

SKtDl Dl

{i:+[i:+(bk-hk)/2]}/2
<k=:i^ =

T^7—^——> (26)
r

'b

and

Dl=Dl£5'\ (27)
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From Eqs. (8)—(10) and Eqs. (14) and (15) a simple relation between the local anode

overpotential Tflk and the local proton current density jlk, both evaluated at the

membrane/anode catalyst layer interface, can be obtained [9,10]:

where

jJJl=Xlt^X,k ' (28)

XI K exp
f< V

V h. J

y
Y

1-

^ Jhm,k J

X l+ßk+n<
y

yf

>w,k J

f i v
J 1,1

vJxy

(29)

RT

~oTF'
2aX

(30)

i:t(c* ^
t X -h,k

\ Cref J

(31)

•Jhrn^k
"h,k

ßk =

D

(<k)~ + (<*)"

(c)_i+(<*r

(32)

(33)

and

Jvr.k F

W"

[K,)' +(<*)"
(34)

N =

J\\m,k

6F

x

ßk+ndfk/y,k

l+ßk+ndfkUw,kj

\*-~ Ji.k ' Jhm,k )

(35)

A detailed derivation of Eq. (28) is given by Kulikovsky [9,10]. From Eqs. (11 )—( 16) a simple

relation between the local cathode overpotential Tfxk and the local proton current density jlk,

both evaluated at the membrane/cathode catalyst layer interface, can be obtained [9,10]:
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iklf=XltanXi
k 5 (36)

where

XI = K exP

y
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~0C7F
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-\i,k

C

(37)

(38)

(39)

and

/lim,yfc
4F-

-\i,k

(<*)" +(c)"

~/ hm,£ ßk+ndfkUw,k

Am,*: \} ~*~ A: ~*~ Wd7i,yfc
'

A,/fc ^

(40)

(41)

The derivation of Eq. (36) is given by Kulikovsky [9,10]. Note that Eq. (36) is formulated at a

certain position zk. The latter is the coordinate along the flow direction, it is zero at the

beginning of branching level k, and equals Lk at the end of branching level k. Mass

conservation of methanol and oxygen along the channel reads

d(<Y<k(zk=0))_ jv

and

d{zkILk)

d(ctk/clk(zk=0))
d{zkILk)

k -6F^
J, l.

(42)
s,k

.Ät_6iÄ (43)
>s,k >s,k
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respectively. Herein, the quantities

hyk<,(y=Q)
jh=6F kkh*)k

'

(44)

and

h2kvckcchk(zk=0)
Xk=4F rT (45)

represent the stoichiometric current densities of the zUh branching level on the anode and

cathode side, respectively. They are related to the cell stoichiometric current densities y'a and

Â as

X=4o^ (46)

2>V2*
k=0

and

j:=jIo^—. (47)

Y,</>kçk2k
k=0

respectively, where ya = j*0b0L0/ A and f = j^0b0L01A further applies. In Eqs. (42) and (43)

it is assumed that the bulk velocities are constant along the channels of a certain branching

level, that is, v\ = const, and v°k = const. Diffusion mass transport along the streamwise

direction zk is neglected due to the high Peclet numbers Pe\ = v\Lk ID\ and Pe°k = v\Lk IDch

in this study. Averaging the local current density jlk along the channel yields an average

current density of the zUh branching level, given by

fk=L-klC ydzk- (48)

2.2.2. Governing equations: Tree network

The model describing the transport phenomena at a certain branching level k, as

discussed in the last subsection, is used to predict the current-voltage behavior of a cell with
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an entire tree network channel system including n branching levels. The average cell current

density can then be written as

J = A~l±fkLkbk2k , (49)
k=0

where

A = Y.Lkbk2k (50)
k=0

is the total cell area. The factor Lkbk2k in Eq. (49) represents the cell area that belongs to the

km branching level. If the cell potential Vcell is constant along the tree network channels, then

J and Vcell describe the current-voltage behavior of a cell with tree network fluid distributors

on the anode and cathode side.

2.2.3. Pressure drop andpumpingpower

Electrochemical reaction rates depend on local reactant concentrations. Since the

reactant concentrations decrease downstream the channels, the local current density also

decreases along the flow direction. The higher the fluid inlet velocities, the lower the relative

reduction in reactant concentrations along the channels is, for a constant cell potential. In the

limiting case where the inlet velocities tend to infinity, the reactant concentrations remain

constant along the flow direction and the average cell current density corresponds to the local

current density at the inlet. Hence, the electric power density can be enhanced by increasing

the anode and cathode inlet flow rates or the stoichiometric flow ratios, however, the pumping

power required for the fluid circulation is increased at the same time. If a considerable amount

of electric power is required for pumping power, the net power available to the user can be

substantially reduced, implying reduced overall fuel cell efficiency. Consequently, there exists

a thermodynamic optimum in this context. For the optimization of the fluid distribution

system of direct methanol fuel cells, it is therefore imperative that pressure drop be considered

as a loss mechanism.

The pressure drop in the tree network channels can be estimated by assuming

geometrically similar shapes of channel cross sections. On the anode side, the overall pressure

drop can be written as
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or

A^=£Ca^+ f>a(va)2/2, if w*l, (51)
k=0 "k k=0

Lv* l-f+l/(2n+lç4(n+l))

hi l-MV)

'(Vp)2
H^T

2 l-(4^4)"
+

çpyyi i r )
ifw>.

(52)

and

)2

Apa=Ca^+
A'^ v'°;

,
ifzz = 0, (53)^LX+X&\va0)2

hi 2

where zz = 0 indicates a tree network with zero branching levels which essentially

corresponds to a single nonbifurcating channel, representing a traditional serpentine fluid

delivery system. The resistance coefficient Ç accounts for the pressure drop due to

bifurcations in the tree network. An identical resistance coefficient Ç is assumed to account

for the pressure drop due to turns in the traditional nonbifurcating channel. The factor x

indicates the number of turns and /?a is the fluid density. The coefficient Ca is given as

Ca= {ffRe/2, (54)

where the friction factor for a square cross-sectional channel under fully developed flow

conditions is given as fRe ~ 56.9 (see Ref. [13]). The pumping power density on the anode

side, defined as pumping power per cell area A, is given then as

Pa=hlv;ApaA-\ (55)

where /z2va is the volumetric inlet flow rate on the anode side. Replacing the superscript a by

c in Eqs. (51)—(55) leads to the pumping power density P° on the cathode side.

45



2.2.4. Electric and netpower density

The cell potential Vcell is obtained by subtracting the main voltage losses, that is, the

anode overpotential, the cathode overpotential, and the membrane potential loss, from the

open-circuit potential rjoc, and may be written as

K^
= 1_tÙ^_tK!l^_JiA (56)

with jm =crmT}0C/lm, where <rm is the proton conductivity in the membrane and lm is the

membrane thickness. The electric power density E of the cell, defined as the total electric

power per cell area A, is given then as

E = JVM. (57)

Finally, a net power density

Tl = E-PH-Pe (58)

can be defined as the difference between the electric power density and the power density

required for fluid circulation on the anode and cathode sides.

2.3. Solution method

The model is solved numerically along the tree network. The methanol concentration

at the anode inlet, the oxygen concentration at the cathode inlet, and the cell potential Vcell are

prescribed first. The equations governing transport in the across-the-cell direction xk are then

solved numerically. Herein, the local proton current density jlk at the membrane/catalyst

layer interface is first estimated, based on which the anode overpotential Ttk and the cathode

overpotential Tfxk can be numerically obtained through Eqs. (28) and (36), respectively, using

the secant method. The resulting cell potential can then be calculated from Eq. (56). If it does

not coincide with the prescribed cell potential, then a new value for ji k
is estimated and the

previous steps are repeated until convergence is achieved. This outer iteration loop is

addressed again with the secant method. The initial value problem given by Eqs. (42) and (43)
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is numerically solved with a standard Runge-Kutta method, where the just described across-

the-cell procedure is repeated at each integration step. The numerical solution converges very

quickly due to the fourth order error of the Runge-Kutta method.

2.4. Results and discussion

In this section, the effect of geometric and operating parameter variations on the

polarization curve, the electric power density curve, and the net power density curve is

discussed. In addition, the characteristic variations along the tree network of methanol and

oxygen concentration, anode and cathode overpotential, and current density are compared to

the respective characteristics of a single nonbifurcating channel. A constant cell area A is

considered for both flow distribution systems. The numerical results are based on the

parameters listed in Table 2.1.

2.4.1. Concentration variation along the channels

The variation of the methanol concentration c\k and the oxygen concentration cchk

along the channels of a tree network with zz = 6 number of branching levels is shown in Fig.

2.3(a) for different anode inlet velocities va and cathode inlet velocities v°0. The inlet

Reynolds numbers on the anode and cathode side are defined as Re* =/?a va/z0 ///a and

Re°0 = p° v°0h01jU°, respectively. Labels indicate values of v°0 where va = 0.02Vq /5
.
Note that

the along-the-channel coordinate z is defined as z = zk +Lk_x +Lk_2 + ...
+ L0 and that the total

length L is defined as L = L0 +LX +L2 + ...
+ Ln, suchthat z/L = 0 and zlL = \ refer to the

inlet and outlets of the tree network, respectively. Concentration variations along a single

nonbifurcating channel covering the same cell area A are shown in Fig. 2.3(b) for different

inlet velocities. The two graphs indicate how the characteristic concentration profiles along

the tree network fundamentally differ from the characteristic concentration profiles along a

single nonbifurcating channel. In the tree network channels, the reactant concentrations decay

faster towards the outlets than near the inlet [see Fig. 2.3(a)]. The opposite is the case for the

nonbifurcating channel [see Fig. 2.3(b)]. The characteristic concentration profiles along a

single branching level reflect the characteristics of a traditional channel, whereas the sequence

of profiles including more than one branching level has a different characteristic. This

fundamental difference is due the fact that the channel cross section and the Reynolds number
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Table 2.1. Parameters.

Cell temperature T (K) 3 63
d

Anode pressure level p& (bar) 1
d

Cathode pressure level pc (bar) 1
e

Open circuit potential r/oc (V) 1.21

Membrane thickness z*m (cm) 0.0206

Anode catalyst layer thickness l\ (cm) 0.0015

d

d

Cathode catalyst layer thickness /tc (cm) 0.005
d

Backing layer thickness /ba, Th (cm) 0.03

Membrane proton conductivity <rm (fi^cm"1) 0.1
d

Catalyst layer proton conductivity <Jt (fi"1 cm"1) 0.01

d

d

Reference molar concentration caef (mol cm"3) l.OxlO"3

Reference molar concentration crcef (mol cm"3) 3.2xl0"5

Anode exchange current density z'a (A cm"3) l.lxlO"2 d

Cathode exchange current density f (A cm"3) l.lxlO"2 d

Effective order of anode reaction y* 0.5

Effective order of cathode reaction f 1
d

Anode transfer coefficient ora 0.8

Cathode transfer coefficient a° 0.7

Backing layer effective porosity £ 0.2
e

Dynamic viscosity //a (Pa s) 3.2x10

Dynamic viscosity ßc (Pas) 2.1x10

Loss coefficient C 1.0 g

4 f

Drag coefficient zzd 1.0
d

3 e

Inlet methanol concentration c£0(0) (mol cm" ) 1.5x10

Inlet oxygen concentration c£0(0) (mol cm"3) 6.96xl0"6

Total flow-field area A (cm2) 9
à'h

Diffusion coefficient of methanol
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in the channel Dl (cm s" ) 2.0x10"

in the anode backing layer Dl (cm s" ) 1.8x10"

in the membrane Dm (cm2 s" ) 1.0x10"

Diffusion coefficient of oxygen

in the channel Dch (cm2 s"1) 0.29 j

in the cathode backing layer Dl (cm s" ) 2.6x10"

d
Reference [9].

e

Assumed.

f
Reference [19].

g Reference [20].

h
Reference [21].

1

Obtained through Eq. (22).

1 Reference [14].

k
Obtained through Eq. (27).
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(a)

02 04 06 08

Distance along the flow direction zIL

(b)

o

o
o

02 04 06 08 1

Distance along the flow direction zIL

Fig. 2.3. Variation of the methanol concentration clk (solid lines) and the oxygen

concentration clk (dashed lines) along the flow directionfor different inlet velocities va and

v0c [i.e., va =(0.01,0.02,0.04,0.08) m/s and v0c =(2.5,5,10,20) m/s7 corresponding to

Rea0 =(15,30,60,120) and Rec0 = (57,115,229,459), with /30=0.1cm, /z0=0.05cm, and

Vcell =0.3 V. Labels indicate values of vc0 where va =0.01Vq/2.5. (a) Tree network fluid

distributor with n = 6, ç = 2~113, and (j) = 2~113. (b) Traditionalfluid distributor.
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decrease in the tree network from one branching level to the next higher. The Reynolds

numbers of consecutive branching levels are related as Rek+llRek =\/(2<p). For a channel

width ratio ç = 2"1/3, Rek+l IRek ~ 0.63 results.

2.4.2. Current density variation along the channels

The variation of the local current density along the channels is shown in Fig. 2.4 for

both flow configurations and different inlet flow rates. For the tree network, local

discontinuities appear at the interface between two consecutive branching levels, since the

geometric details of the transition are not taken into account and a sudden change in channel

width is considered. The lower the inlet flow rates, the more the local current density decays

along the tree network. For low inlet flow rates the distribution of the local current density has

its maximum at the inlet. For high inlet flow rates, the maximum of the local current density

distribution is shifted downstream the channels. It should be noted that if the inlet flow rates

tend to infinity, the variation of the local current density along the tree network is described

by a right-angled monotonically increasing staircase shaped "curve" with its maximum near

the outlet. The term "staircase-shaped" or "pyramidal" as part of the name of the herein

proposed fuel cell fluid distribution concept refers in fact not only to the geometric structure

but also to the intrinsic nature of the entire transport phenomena. The variation of the local

current density along the tree network is shown in Fig. 2.5 for different numbers of branching

levels zz.
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(a)
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Distance along the flow direction zIL

0 02 04 06 08 1

Distance along the flow direction zIL

Fig. 2.4. Variation of the current density jik along the flow direction for different inlet

velocities vl and vl [i.e., va = (0.01,0.02,0.04,0.08) m/s and vl = (2.5,5,10,20) m/s7 with

/30=0.1cm, /z0=0.05cm, and Fcell=0.3V. Labels indicate values of vc0 where

Vg =0.01Vg/2.5. (a) Tree network fluid distributor with n = 6, ç = 2~113, and 0 = 2~13. (b)

Traditionalfluid distributor.
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02 04 06 08

Distance along the flow direction zIL

Fig. 2.5. Variation of the local current density jik along the flow direction for different

numbers of branching levels n [i.e., n = (0,1,2,3,..,7)J with va= 0.01 m/s, v° =2.5 m/s,

/30=0.1cm, z\ =0.05 cm, <p = 2~13, 0 = 2~V3, and Vcell =0.3 V.
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Average current density J (A/cm )

(b) 0 07 0 07r

Average current density J (A/cm ) Average current density J (A/cm )

Fig. 2.6. Performance ofa cell with a traditionalfluid distributor (solid lines) and a cell with

a tree network fluid distributor (dashed lines) for different inlet velocities vl and vc{) [i.e.,

va =(0.02,0.04,0.08,0.12,0.2,oo) m/s and vc0 = (5,10,20,30,50,00) m/s7 for /30=0.1cm,

/z0=0.05cm, zz = 6, ç = 2~113, (j) = 2~113, and ^ = 6. Labels indicate values of vl where

va =0.02Vq/5. (a) Polarization curves, (b) Electric power density curves, (c) Net power

density curves.
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2.4.3. Electric and netpower densities

The polarization curves of a cell with tree network channels as fluid distributors are

shown in Fig. 2.6(a) for different inlet flow rates, together with the polarization curves of a

cell with a single nonbifurcating channel. If the flow rate is increased, the high current density

end of the polarization curve is shifted to the right, that is, the limiting current density is

increased, approaching asymptotically a maximum limiting current density at infinite inlet

flow rates. It can be seen that for a constant cell potential the tree network channels provide

higher cell current densities than the traditional channels. The corresponding electric power

density curves are plotted in Fig. 2.6(b). For inlet velocities v°0 of 5, 10, 20, 30, 50, and °°

m/s, it is seen that compared to the traditional system, the tree network system provides 3.9%,

4.9%, 5.3%), 5.4%o, 5.5%o, and 5.5% higher maximum electric power densities, respectively.

Herein, the maxima of the electric power density curves are compared. The net power density

curves are shown in Fig. 2.6(c). For inlet velocities v°0 of 5, 10, and 20 m/s, it is seen that

compared to the traditional system, the tree network system provides 6.3%, 14%, and 59%

higher maximum net power densities, respectively. For zz = 9
,
this last sequence reads 7.7%,

17%, and 69% [see Fig. 2.7(a)]. For zz = 12, the sequence reads 8.3%, 19%, and 77% [see Fig.

2.7(b)]. For zz = 15, the sequence reads 8.7%, 21%, and 83% [see Fig. 2.7(c)].

2.4.4. Maximum electric and netpower densities

A fixed geometry of a tree network channel system shall be considered first, for which

the net power density is to be optimized in terms of two optimization parameters: the inlet

flow rate and the average cell current density. From Fig. 2.6(c) it can be seen that there exists

an optimum pair, that is, an optimum inlet flow rate and an optimum average current density,

which together provide a maximum net power density. This maximum can be obtained from

the maximum of the envelope enclosing the continuous set of constant velocity curves in Fig.

2.6(c). The same holds for the traditional fluid distribution system. Note that the maximum

electric power density is simply obtained from the maximum of the curve for which the inlet

flow rates tend to infinity [see Fig. 2.6(b)].

The maxima of such envelopes are plotted in Fig. 2.8 for different inlet channel

diameters h0 and different numbers of branching levels zz. In Fig. 2.8(a), absolute values are

plotted for the electric power density and the net power density. In Fig. 2.8(b), these absolute
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Average current density J (A/cm ) Average current density J (A/cm )

0 07

Average current density J (A/cm )

Fig. 2.7. Performance ofa cell with a traditionalfluid distributor (solid lines) and a cell with

a tree network fluid distributor (dashed lines) for different inlet velocities va and vl [i.e.,

va =(0.02,0.04,0.08,0.12,0.2) m/s and vc0 = (5,10,20,30,50) m/s7 with /30=0.1cm,

/z0=0.05cm, ç = 2~113, (j) = 2~113, and X = n- Labels indicate values of vc{) where

vl =0.02Vq/5. (a) Net power density curves for n = 9. (b) Net power density curves for

n = 12. (c) Netpower density curvesfor n = 15.
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n = 0, x = 6

n = 0, x=12

0 031—
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Inlet channel diameter h (cm)

1
0 03 0 035 0 04 0 045 0 05

Inlet channel diameter h (cm)

Fig. 2.8. Maximum electric power density (dashed lines) and maximum net power density

(solid lines) based on b0 = 2h0, ç = 2 > = 2~ and vl = 0.02Vq 15. (a) Absolute values

for the tree network system [n > 0) and the traditional system [n = 0). (b) Valuesfor the tree

network system [n > 0) are scaled with the corresponding values of the traditional system

(» = 0).
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values are scaled with the corresponding values of a traditional nonbifurcating channel, to

compare the two flow distribution systems. From Fig. 2.8(a), it can be seen that the higher the

number of branching levels, the higher the electric power density is, and the same holds for

the net power density. The net power density increases for increasing inlet channel diameters

h0 due to a reduced pressure drop. In contrast, the electric power density decreases for

increasing channel diameters due to enhanced resistances to mass transfer. The graphs suggest

that in trying to maximize the net power density, the number of branching levels must be

maximized and the inlet channel diameter must correspond to the higher bound of the

parameter range considered here. A finite inlet channel diameter range of practical interest is

discussed. If the higher bound of the inlet channel diameter range in Figs. 2.8(a) and 2.8(b) is

extended towards higher values, the net power density curves in Fig. 2.8(a) are expected to

have a maximum and the scaled net power density curves in Fig. 2.8(b) are expected to have a

minimum, since the electric power density is monotonically decreasing for increasing inlet

channel diameters. The number of branching levels is limited by a manufacturing constraint;

that is, there exists a maximum number of branching levels that can be manufactured onto a

plate of finite size, although with today's MEMS techniques [18] channels of diameters as

small as of the order of 100 nm do not present particular manufacturing challenges. For a tree

network with zz = 6, it is seen from Figs. 2.8(a) and 2.8(b) that compared to the traditional

system with zz = 0 and ^ = 6, the tree network system provides 30%, 17%, and 14% higher

maximum net power densities for inlet channel diameters h0 of 0.03, 0.04, and 0.05 cm,

respectively. For a tree network with zz = 12, it is seen that compared to the traditional system

with zz = 0 and ^ = 12, the tree network system provides 46%, 26%, and 21% higher

maximum net power densities for inlet channel diameters h0 of 0.03, 0.04, and 0.05 cm,

respectively.

It should be noted that the effect of bubbles on the anode side was neglected in this

study. In cases where it occurs, the formation of bubbles is expected to increase the

volumetric flow rate in the channel, according to conservation of mass. The presence of

bubbles will also affect friction, in particular at high void fractions. In addition, the dynamic

wetting behaviour between the liquid phase, the gaseous phase, and the solid phase of the wall

or the porous channel/backing layer interface will play a role in this context, especially for the

smaller channels of the higher branching levels. In the smaller channels, the pressure

differences between the gaseous and liquid phases may not be negligible. Furthermore,
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different two-phase flow regimes are to be expected within the proposed tree network channel

system containing multiple length scales.

2.5. Conclusions

Pyramidal direct methanol fuel cells were designed from tree network distribution

channels. In contrast to the traditional a priori imposed rectangular shapes of fuel cells, the

resulting pyramidal shape of the fuel cell is based on the functionality of the fluid distribution

system. A one-dimensional across-the-cell model was utilized and extended in this study to a

two-dimensional model. The current-voltage behavior was predicted for both flow

distribution systems and it was shown that it is imperative that the pressure drop and the

related pumping power be considered as a loss mechanism when optimizing the fuel cell with

respect to maximum net power densities. It was found that tree network channels can provide

substantially improved electric and net power densities compared to the traditional

nonbifurcating serpentine channels, due to reduced mass transfer resistance between the

channel and the channel/backing layer interface, reduced mass transfer resistance in the lateral

direction of the backing layer, and reduced pressure drop and pumping power. The influence

of the variation of geometric and operating parameters on the electric and net power density

were discussed and optima identified. It was shown that tree network channels on pyramidal

shaped plates have the potential to significantly improve the performance of direct methanol

fuel cells due to their intrinsic advantage with respect to both mass transfer and pressure drop.
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3. Polymer electrolyte fuel cells with porous materials as fluid distributors

and comparisons with traditional channeled systems
°

Abstract

In this study, a novel concept is investigated, according to which the traditional ribbed

flow delivery systems are replaced with permeable porous fluid distributors, which

circumvent a number of known performance hindering drawbacks. A thorough single-phase

model, including the conservation of mass, momentum, energy, species and electric current,

using Butler-Volmer kinetics, is numerically solved in three dimensions, to investigate the

impact of different flow configurations on the performance of hydrogen fuel cells. It is found

that cells with porous gas distributors generate substantially higher current densities and

therefore are more advantageous with respect to mass transfer. Another advantage of porous

flow distributors is the potential for higher power densities and reduced stack weight.

Nomenclature

Latin letters

a effective surface to volume ratio (m2 m"3)

c molar concentration (mol m"3)

Dr binary diffusivity of i in a multicomponent mixture (m2 s"1)

D diffusivity of the pair i-j in a binary mixture (m s" )

d average pore diameter (m)

F Faraday constant, 96485.309 (C mol"1)

h specific enthalpy of gas mixture (J kg" )

I identity matrix (-)

0

This chapter is published in:
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z electric current density (Am)

'o exchange current density (A m"2)

y
'o reference current density (A m"2)

i electric current density (A m" )

J transfer current density (A m" )

i diffusive flux of species i (kg m"2 s"1)

k thermal conductivity (W m"1 K"1)

L channel length (m)

M molecular weight (kg mol" )

N total number of species (-)

P pressure (Pa)

Q heat flux (W m"2)

rr reaction source term of species i (kg m"3 s"1)

R universal gas constant, 8.314510 (JK"1 mol"1)

T temperature (K)

U cell potential (V)

v mixture velocity (m s" )

Xr mole fraction of species i (-)

Greek letters

«a anodic transfer coefficient (-)

®c cathodic transfer coefficient (-)

r concentration exponent (-)

£ porosity (-)

C water activity (-)

T] overpotential (V)

K permeability (m2)

X water content in the membrane

ß dynamic viscosity (Pa s)

p mixture density (kg m" )

A mass concentration of species i (kg m"3)
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a electrical conductivity (Q'W1)

T tortuosity (-)

T stress tensor (N/m2)

O electric potential (V)

û>, mass fraction of species i (-)

m collision diameter (Angstroem)

au collision integral (-)

^ collision integral (-)

Subscripts

avg averaged

d dimensionless

eff effective

f fluid

i species i

j species j

max maximum

min minimum

s solid

sat saturation

w fluid-solid interface, wall

Superscripts

+ cathode

- anode

ref reference

3.1. Introduction

Polymer electrolyte fuel cells (PEFC) have the potential to become firmly established

as a competitive form of electric power generation in a host of engineering applications, such

as powering of vehicles, portable power systems and remote power generations. Even though

low temperature fuel cells have very high theoretical efficiencies, there are several challenges
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to overcome in the way of making the PEFC a competitive, efficient and environmentally

friendly alternative energy conversion device. Current issues in PEFC research are strongly

interdisciplinary and are related to transport phenomena, thermal management, water

management, electrochemistry, materials and manufacturing.

Numerical modeling provides an improved understanding of the fundamental transport

phenomena inside the fuel cell and therefore allows for efficient, scientifically based

optimization which is necessary to aid the PEFC on the road to success. Therefore, substantial

research effort has been focused on the development of mathematical models and their

analytical or numerical solution during the last decade. One-dimensional models [1-4],

pseudo-two-dimensional models [5-8] as well as fully two-dimensional models [9-13] are not

able to predict with the needed accuracy the three-dimensional transport phenomena in a

PEFC and therefore are not ideally appropriate for design or material optimization. Three-

dimensional modeling [14-19] is crucial to capture performance-limiting effects such as mass

transfer limitations to and from the portion of the diffusion layer which is not covered by flow

channels as well as Ohmic losses in the membrane-electrode assembly. In most of these three-

dimensional models [14-18] the catalyst layers are modeled as infinitely thin interfaces,

whereas in Ref. [19] the finite size of the catalyst layers was considered. The existence of two

different electric potential fields, i.e. a solid potential field governing the electron flux and a

membrane potential field governing the proton flux is not accounted for. A two-dimensional

approach is used for the membrane in [15-17]. In contrast, the present mathematical model

accounts for the finite thickness of the catalyst layers as well as of the membrane and the

governing equations inside each of these layers are solved in three dimensions. Two different

electric potential fields are considered, i.e. a solid potential field and a membrane potential

field. In addition, kinetic gas theory is used to determine the thermal conductivity of the gas

mixture, which strongly depends on the mixture composition.

The mathematical model is solved for porous flow distributors, put forth by Bejan and

co-workers [20,21], as well as for the classical parallel and serpentine flow distributors, for

the sake of comparison. Validation of the code at different operating pressures and

temperatures was performed using experimental data from Ticianelli et al. [22]. Parallel and

serpentine flow-fields exhibit limited reactant/product mass transfer to and from the part of

the diffusion and catalyst layer which is not covered by flow channels (i.e. under the current

collector "shoulders"). This effect is most distinct on the cathode side due to the low

diffusivity of oxygen. Removal of water vapor from these regions is also limited. In this paper
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it is shown that porous flow distributors circumvent this drawback which is particular to

ribbed flow-fields and therefore are more advantageous in terms of mass transfer

Porous materials such as carbon or metal foams are available at porosities up to 98%>

which implies the possibility of a reduction in stack weight - a key quantity for applications

in transportation However, the higher the porosity of the foam, the lower the effective

electrical conductivity is On the other hand, mass transfer limitations are higher at the lower

porosities due to reduced effective species diffusivities Parametric studies are performed to

investigate these interactions Finally, appropriate foam materials currently available on the

market are suggested

in

Fig. 3.1. Schematic drawing ofthe partition ofthe computational domain il = Q: u Qn u Qm.

(a) Cell with a channeledflow-field, (b) Cell with a porous gas distributor. The domain il

consists of the fluid subdomain £2: (flow channels iln and ilï2 in (a); porous gas

distributors iln and ill2 in (b); diffusion layers ill3, ill4; catalyst layers ill5, ill6;

membrane ill7), the solid subdomain ilE including the current collector on the cathode side

and the solid subdomain ilm including the current collector on the anode side. The flow

direction is indicated with g~3.

3.2. Mathematical model

Transport phenomena in the PEFC are described by the formulation of mass,

momentum, energy, species and electric current conservation equations The method of local

volume averaging [23-26] is applied to equations governing transport in porous media which

means that the equations are spatially smoothed over a representative elementary volume Its
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diameter has to be much larger than the pore diameter as well as much smaller than the

macroscopic dimension of the corresponding porous layer. The computational domain il

consists of three coupled subdomains QI3 Qn and Qm, as shown in Fig. 3.1. The first

subdomain £2: (fluid subdomain) incorporates flow channels, gas diffusion layers, catalyst

layers and the membrane. Inhomogeneous distributions of material properties inside this

subdomain are defined in order to account for different physical layers. Mass, momentum,

energy, species and electric current conservation is formulated for this subdomain. The

second and third subdomain (solid subdomains), Qn andQm, include the current collector on

the cathode and anode side, respectively, for which conservation of energy and electric

current is formulated. Rates of electrochemical reactions in the catalyst layers are described

by Butler-Volmer equations.

An ideal gas mixture is assumed inside the fluid subdomain £2:,

NN

P = f-RT, P = ply p = YJP, M^xM, (i)

where pressure is defined in terms of partial pressure and mole fraction of species i, mixture

density is expressed in terms of mass concentrations and mixture molecular weight is given

by the molecular weight of individual species. For the ideal gas mixture, the specific enthalpy

is a function of temperature and species mass fractions,

N

h[T,a\,...,(oN) = Y,<oihXT), (2)
1=1

where specific enthalpies h% of individual species, defined as the sum of the enthalpy of

formation at the standard reference state and the sensible enthalpy, depend on temperature

only and are approximated using JANAF tables [27]. In the following, volume-averaged

conservation equations are formulated to describe transport in porous media. Mass

conservation for the ideal gas mixture reads

V[£pv) = 0. (3)

For a porosity of e = l, mass conservation of a free-stream gas mixture is recovered.

Momentum conservation is written as
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Y [zpvv) = -Y (ep) - V • (et) -—£2v (4)

with the stress tensor

g = -ß(Vv + [Yv)T) + -ß[Y-v)l (5)

The last term in Eq. (4) represents an additional source term, Darcy's drag, for porous media

regions in order to account for increased flow resistance. Note that Eq. (4) is a generalized

form of Darcy's law [23-26]. For e = l and k—>°°^ momentum conservation for a free-

stream gas mixture is recovered. The local dynamic viscosity of the gas mixture

with

a=Z-
XA

(6)

e»=W
f », >\

-1/2

1 + Ml

M
V 3 J

1 + A
y2 /,, \i/4

v^ iV
Ym

,

(7)

is determined based on the Chapman-Enskog theory, extended to multicomponent gas

mixtures at low density [28-30]. Within this framework, dynamic viscosities of individual

species are given as

,

J\03MT
u = 2.6693x10"6^——'— (8)

The volume-averaged conservation equation of energy is written as [30]

V V V c V i

Y-[£phv) = -Y-q-(£g.Yv) + v-V[£p)-Jr/ +=^+=L^L (9)

where
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q = -keîfYT + Zhd (10)
1=1

is the heat flux, accounting for heat conduction and energy transport by species diffusion. The

second term on the right hand side of Eq. (9) manifests the irreversible rate of viscous

dissipation and the third term includes the reversible rate compression work. The fourth term

accounts for electric work due to volumetric electric current transfer between the solid

potential field Os and the pore potential field Of in the catalyst layers, where the volumetric

transfer current density J is given by Eqs. (23) and (26) below and rj is the overpotential.

This term appears only in the catalyst layers. The fifth term stands for Joule heating due to

electron flux and the last term accounts for Joule heating due to proton flux in the catalyst

layers and the membrane. Heat generation due to reactions, i.e. conversion of chemical energy

to heat energy, is implicitly accounted for in Eq. (9) through the fourth term on the right hand

side, since enthalpy h% is defined as the sum of the enthalpy of formation at the standard

reference state and the sensible enthalpy [30]. The effective thermal conductivity in porous

media is determined based on the variational approach using composite spheres for

macroscopically homogeneous and isotropic multiphase materials, as introduced by Hashin

and Shtrikman [31], where the higher bound reads

-2k. (11)k

""eff

1

\-£ £
+

Note that keS [£ = l) = kf and keS [£ = 0) = ks applies. The thermal conductivity of the fluid

phase strongly depends on the composition of the gas mixture and is determined within the

framework of the Chapman-Enskog theory [32], i.e.

N rk

k^H^Y^- 02)

Conservation of species reads

Y{£pcoiv) = -Y-3Yr1, ie[l,2,3,...,N] (13)
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with the diffusive flux of species i,

J1=-pDieSY(01 (14)

Note that the species source terms rt on the right hand side of Eq. (13) only appear in the

catalyst layers. Effective diffusion coefficients account for reduced mass transport in porous

media and are determined in terms of the free-stream diffusion coefficients,

DlMÎ=£TD1 (15)

according to the Bruggeman correction [23,25]. The diffusion coefficient of species i.

D,
l-x.

N v

/-"1
D

j=\,j*i %

(16)

is expressed in terms of binary diffusion coefficients which in turn are obtained from the

Chapman-Enskog theory [30,33],

T3
1 1

103M, 103M

D„ =0.018829-
} J

prt&z*
(17)

Note that Eq. (17) is written here in terms of quantities with SI units as declared in the

nomenclature. The electric current flow through the cell is due to electron flux in the current

collectors, the solid phase of the gas diffusion layers, the solid phase of the catalyst layers and

due to proton flux in the polymer electrolyte phase of the catalyst layers and the membrane.

The electron flux is governed by the electric potential field Os and the proton flux is

governed by the electric potential field Of. The steady conservation equation of electric

current in conjunction with Gauss's law for irrotational electric fields leads to

Y-is=-V-(<7svos):

+J+, cathode catalyst layer

-J~, anode catalyst layer

0, else

(18)
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and

V-if =-V-(ö"fVOf):

-J+, cathode catalyst layer

+J~, anode catalyst layer

0, else

(19)

From the sum of Eqs. (18) and (19),

Y-L+YYf =o, (20)

it is seen that conservation of charge is accomplished. Electrochemical surface reaction rates

are determined with Butler-Volmer equations [34,35]. The surface specific transfer current in

the catalyst layer on the cathode side is given then as

i = z0+ < exp
RT

(fc.-fcf) -exp
<F
RT

(fc.-fcf) (21)

with the overpotential rj = Os - Of, where the exchange current density

f
~

Y0* f.

:
-Z'ref+

'o
02,w

Y^~
V °2.w J

\Tn2o

^H20,w
(22)

is expressed in terms of the reference current density and the reactant and product

concentrations cjw =coj wp/Mj at the interface. Multiplying with the surface to volume ratio

a+ in the catalyst layer leads to the volumetric transfer current density

J+=aY (23)

on the cathode side, where a+ is a direct representation of catalyst loading. Similarly,

electrochemical reaction rates on the anode side are expressed as

z =i0 < exp
cÇF_
RT

K-Of) -exp
oÇF_
RT

K-Of) (24)
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r=Y-
'o 'o

f VH2
H,,w

cref
v H2.wy

(25)

and

J~ = a~i~
. (26)

The stoichiometric reactant coefficients of the cathode reaction

-09+H+ + e"^-H90 (27)
4 2

and of the hydrogen oxidation on the anode side

1

H2^H+ + e" (28)

are needed to couple the surface specific transfer current density to mass transfer at the solid-

fluid interface in the catalyst layers. This is written as

t (On ~COn w

Mo2^
= +PD0^ \+°-W (29)

and

^ii2o^ = -pDïl2ofiff
d+

(30)

where (Ol denotes the mass fraction of species i in the middle of the fluid pore, (ûl w is the

mass fraction at the solid-fluid interface where surface reactions occur, d+ is the average pore

diameter and Z)
eff

I d+ represents the mass transfer coefficient. Numerical solution of the set

of nonlinear equations (21), (22) and (29) for coiw [36] allows to determine the volumetric

source terms

r02=-a+pD02eS 0'^°"- (31)

and
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rn2o
=

-a+pDK0_,
"tj,o "tj,o,

eff
d+

(32)

which are used in Eq. (13). Similarly, formulation of these constraints on the anode side

yields

M„ = +pD„ „—2- 2—

H2 2F
y H2.eff d-

(33)

and

y = -a'pD
°k2-°k2,-

eff
dr

(34)

For determining the proton conductivity <7f in the membrane, the correlation by Springer et

al. [1] is used,

(7f =100 exp 1286Y--
^303 T

(0.005139/1-0.00326) (35)

where the water content in the membrane

Â =

'o.043 + 17.81^-39.85^2+36.0^3 if 0<^<1

14 + 1.4(^-1) if K C < 3
(36)

is correlated in terms of the water activity

c-
xn,oP

(37)

The saturation pressure of water vapor is approximated with [1]

log10(/?sat10"5) =-2.1794 + 0.02953 (7-273.15)

-9.1837x10"5(r-273.15)2

+1.4454xl0"7(r-273.15)3.

(38)
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3.3. Numerical solution

3.3.1. Models and boundary conditions

The performance of fuel cells with porous flow distributors is numerically investigated

and compared with fuel cells having either parallel or serpentine flow-fields. For the cell with

the parallel flow-field, one single half-channel assembly is modeled in three dimensions, as

shown in Fig. 3.1(a), using symmetry boundary conditions at £1=£lrnm and ^,=^lmax.

Dirichlet boundary conditions are used for temperature on the top, bottom and front sides with

a constant value corresponding to the temperature of the inlet gas streams. These settings

represent the case of a perfectly cooled flow-field. Newman boundary conditions with zero

flux are used for Of on dil. At the top and bottom boundaries of the channel, Dirichlet

boundary conditions with constant values are set for Os, where zero-flux conditions are

applied to the inlet and outlet front. The difference between the top and bottom boundary

condition value of Os is obviously the sum of all the potential losses inside the cell. Constant

mass flow rates and fixed pressure boundary conditions are applied to inlets and outlets,

respectively. The serpentine flow-field is of quadratic shape; its width is equal to the length of

the parallel flow-field and therefore includes exactly seven connected channels. For the

porous flow distributors, no variations in the direction of g~x are assumed, cf. Fig. 3.1(b).

Therefore, it is modeled in two dimensions.

3.3.2. Solution method

The coupled set of partial differential equations is numerically solved with a finite-

volume central scheme on a structured grid using the licensed solver CFD-ACE distributed by

CFDRC of Huntsville, USA. Coupling of the set of partial differential equations including the

strongly non-linear Butler-Volmer equations requires advanced source term linearization

techniques [37]. Algebraic multigrid solver is used in conjunction with a convergence

criterion of lxlO"10. A first order upwind scheme is chosen to obtain a preliminary numerical

solution for the model with the serpentine flow-field consisting of 647,360 finite volumes,

which is further used as an initial condition for the application of the central scheme.

The computational grid of the two-dimensional model of the porous gas distributor

consists of 2,700 cells. By increasing the cell number to 5,400 (10,800), the average current

density increases by 5.9xl0"4%> (7.6xl0"4%>). When comparing species contours, the three
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Table 3.1. Geometry datafor the half-channel assembly representing the parallelflow-field.

Current collector thickness (mm)

Gas channel thickness (mm) [11]

Gas diffuser thickness (mm) [11]

Catalyst layer thickness (mm) [11]

Membrane thickness (mm) [11]

Gas channel length L (mm)
*

Gas channel width (half-width) (mm)

Current collector or shoulder width (half-width) (mm)

0.762

0.762

0.254

0.0287

0.230

10.6681

0.762(0.381)

0.762(0.381)

* assumed

Table 3.2. Materialproperties.

Porosity of the diffusion layers, £ [11,3]

Porosity of the catalyst layers, £ [11,3]

Porosity of the membrane, £ [11,3]

Permeability of the diffusion layers, K (m2) [11]

Permeability of the catalyst layers, K (m2) [11]

Permeability of the membrane, K (m2) [11,3]

Tortuosity of the diffusion and catalyst layers, T [11,3]

Solid thermal conductivity of the diffusion layers, ks (W m" K" ) [44]

Solid thermal conductivity of the catalyst layers, ks (W m"1 K"1) [44]

Solid electrical conductivity of the diffusion layers, <7S (Q"1 m"1) [3,22]

Solid electrical conductivity of the catalyst layers, as (ilAmA) [3,22]

Thermal conductivity of the current collector, ks (W m"1 K"1) [44]

0.4

0.4

0.28

1.76x10

1.76x10

n

n

18

1 -K
Electrical conductivity of the current collector, as (il' m" ) [44]

1.8x10

1.5

169

169

53

53

169

1.25xl05

grids yield practically indistinguishable results. For the three-dimensional model of the

parallel flow-field, a computational grid consisting of 43,200 cells is used. By increasing the

cell number to 86,400 (172,800), the average current density increases by 0.015% (0.022%).

Again, comparison of species contours yields practically indistinguishable results. The grid
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resolution of the serpentine flow-field (647,360 cells) is consistent with the one of the parallel

flow-field.

Table 3.3. Operating conditions and kinetic constants.

Anode Cathode

Relative humidity of inlet streams [11,3]

N2/O2 mole fraction of dry air

O2 stoichiometric flow ratio [11]

H2 stoichiometric flow ratio [11]

Anodic transfer coefficient ora

Cathodic transfer coefficient ac

Concentration exponent yH [18]

Concentration exponent y0 [18]

Concentration exponent yH0 [18]

Reference current density a~f(f~ l\c^ )

2.6 A/cm equivalent

1/2

1/2

1/2

Tn2 *

Reference current density a Ç I

* calibration parameter

ref

YH2°/ ref VW
ref

\

V 02,w ) V^HjO.w )

0.79/0.21

2.8 A/cm2 equivalent

3/2

3/2

1

0

2.92x107 (A/nrVtmol/m3)1

1.05xl03 (A/m3)/(mol/m3)

3.4. Validation

The mathematical model is validated on a wide range of operating conditions using

data from experiments conducted at Los Alamos National Laboratory, cf. Ticianelli et al. [22].

In their work, the effect of temperature and of pressure on the cell potential-current density

behavior was investigated as part of a comprehensive analysis of electrode kinetics of single

cells. Among other things, cell potential-current density measurements were recorded at 323K

and 1/1 Atm (inlet pressure at anode / inlet pressure at cathode), 323K and 3/5Atm, 353K and

3/5Atm, for Prototech electrodes (20 wt% Pt/C in supported electrocatalyst plus 50 nm

sputtered film of Pt, 0.45 mg/cm of Pt), as shown in Fig. 3.2. The numerical results in Fig.

3.2 were obtained from the three-dimensional parallel flow-field. Corresponding geometry

data are given in Table 3.1, material properties and operating conditions are listed in Table 3.2

and Table 3.3, respectively. Material properties of graphite are used for the current collector
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plates. The reference current densities and Tafel constants listed in Table 3.3 were obtained

by calibration at low current densities, because they are not known from the experiment.

Since the performance of the cell is rate-limited at low current densities, this is a valid

procedure. The open-circuit potentials reported by Ticianelli et al. [22] were used to

determine the cell potentials.

-©- 323K 1/1Atm experimental
323K 1/1Atm numerical

-©- 323K 3/5Atm experimental
323K 3/5Atm numerical

O 353K 3/5Atm experimental
353K 3/5Atm numerical

Average current density i (A/cm )

Fig. 3.2. Comparison of numerical results with experimental results from Ticianelli et al.

[22]. Polarization curvesfor three different operating conditions: 1) 323K, 1/1 Atm; 2) 323K,

3/5Atm; 3) 353K, 3/5Atm.

The comparison shows good agreement between numerical and experimental results,

especially at 323K and 3/5Atm, 353K and 3/5Atm. For the case with 323K and 1/lAtm, cell

performance is over-predicted at current densities higher than 0.6A/cm2. This bound

corresponds to the maximum power output of the cell. The discrepancy is assumed to appear

due to the fact that the current mathematical model does not take into account effects caused

by water vapor condensation which are highest at the high current densities. The presence of

liquid water blocking the pores of the gas diffusion and catalyst layers is expected to add

additional mass transport limitations [38-40]. At the higher temperature and pressure levels,

these limitations become significant at current densities higher than lA/cm [22] due to

enhanced species diffusivities and electrochemical reaction rates.

3.5. Numerical results and discussion

In cells with ribbed flow distributors, the mass transfer rate to and from the reacting

zones under the current collector shoulders is reduced compared to the mass transfer rate to
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zones under the flow channels, due to longer diffusion paths. This phenomenon is most

prominent on the cathode side of fuel cells operated with air and hydrogen due to the low

diffusivity of oxygen in nitrogen. For saturated inlet streams, the diffusivity of hydrogen in

water vapor is much higher and therefore the issue of mass transfer limitations on the anode

side is of minor importance. The limitations on the cathode side manifest themselves in

reduced oxygen mole fractions, increased mole fractions of water vapor and increased

overpotential losses (activation and concentration) under the current collector shoulders, as

shown clearly in Figs. 3.3(b) and 3.4(b). Obviously, removal of water vapor from these

regions is also limited. Therefore, a higher saturation level is observed under the shoulders

which is expected to lead to further mass transfer limitations due to pores clogged with liquid

water which cannot be captured since the current model does not account for condensation.

Therefore, the performance assessment of the porous flow distributors with respect to the

ribbed flow distributors is expected to be a conservative one, especially at the higher current

densities where the saturation level is highest. It is shown in Figs. 3.3(a) and 3.4(a) that the

mole fraction of oxygen in the reacting zone under the shoulders can be markedly smaller

(approximately down to half) compared to the concentration under the flow channels. In

addition, a significant reduction in the oxygen concentration in the downstream region of the

serpentine flow distributor of Fig. 3.4(a) is observed.

Replacing the traditional ribbed flow distributors with distributors made out of a

porous medium eliminates the above mentioned drawback of mass transfer non-uniformity,

since the diffusion layers are continuously covered with the bulk flow through the permeable

porous matrix. Therefore, the oxygen mole fraction and all other quantities vary in the flow

direction ^3 only, cf. Fig. 3.5, and not in the cross-direction ^ .

There are three key properties of the porous medium of the flow distributors which

need consideration in this context: porosity, permeability and effective electrical conductivity.

High permeability and porosity of the foam are required to avoid excessive pressure drop in

the flow-field. However, the higher the porosity, the lower the effective electrical

conductivity, which results in increased Ohmic losses across the foam. Further, mass transfer

through the porous matrix is limited at lower porosities due to reduced effective diffusivities,

as a consequence of the Bruggeman correction (Eq. 15). Both, pressure drop and Ohmic

losses need to be minimized to maximize overall fuel cell efficiency.
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Fig. 3.3. Parallelflow-field at 323K, 1/1 Atm and U = 0.3V. (a) Cross-sectional distribution

of the oxygen mole fraction x0 in three different planes, i.e. B,3 =0.\L (left side), g~3 =0.5L

(middle) and g~3 =0.9L (right side). The subdomains iln, ill3 and ill5 are shownfrom the

bottom to the top. (b) Distribution of the overpotential rj = Os - Of z'zz the middle of the

cathode catalyst layer (g\2 = -129.35 \im). The picture is shrunk in the flow direction B,3. (c)

Cross-sectional distribution of the water vapor mole fraction xH 0
z'zz the three planes, i.e.

4=0.1Z (left side), B,3=0.5L (middle) and B,3=0.9L (right side), (d) Cross-sectional

distribution of the relative humidity xH 0p I psat in the three planes, i.e. B,3 =0.\L (left side),

B,3 = 0.5L (middle) and B,3 = 0.9L (right side).
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(a) (b)

Fig. 3.4. Serpentine flow-field at 323K, 1/1Atm and U = 0.3V. (a) Distribution ofthe oxygen

mole fraction x0 z'zz the middle of the cathode diffusion layer (^2 =-270.7um). (b)

Distribution of the overpotential rj = Os - Of z'zz the middle of the cathode catalyst layer

(g\2= -129.3 5 urn), (c) Distribution ofthe water vapor molefraction xH 0
z'zz the middle ofthe

cathode diffusion layer (g\2 = -270.7um ). (d) Distribution of the relative humidity xH 0pl psat

in the middle ofthe cathode diffusion layer (g~2= -270.7[j,m ).
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Fig. 3.5. Porous gas distributor at 323K, 1/1 Atm, U = 0 3V, f = 09, zr = 1 76x10 9m2 and

(7 = l,250Q~1m~1. (a) Distribution of the oxygen mole fraction x0 throughout the cell

( g~x = const ). The picture is shrunk in the flow direction B,3. (b) Distribution of the water

vapor mole fraction xH 0
zzz the same plane, (c) Distribution of the relative humidity

xH 0pl psat in the same plane.
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Fig. 3.6. Average current density of a fuel cell with a porous gas distributor for different

effective electrical conductivities andporosities £ of the foam at 323K, 1/1 Atm, U = 0.5Y,

—Q 9

«=1.76x10 m
.
The effective electricalfoam conductivity as is nondimensionalizedwith the

electrical conductivity of the solid material (125,000 Q_1m_1 ), i.e. ad = as /(125,000 Q_1m_1).

The average current density z'avg of the cell with the porous gas distributor is

nondimensionalized with the average current density obtained from the parallel flow-field

operated at identical conditions, i.e. z'avg d
= z'avg /(0.62A/cm2). The position ofa cell in which

reticulated vitreous carbon (f = 0.9, 100 ppi) is used for the porous gas distributors is

indicated by the cross-marker.
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experimental

numerical (parallel channel flow-field)

numerical (porous gas distributor) ad
= 10%

numerical (porous gas distributor) cd
= 1.0%

.^
numerical (porous gas distributor) cd

= 0 227%
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Average current density / (A/cm )

Fig. 3.7. Polarization curves. Comparison of the parallel channelflow-field with the porous

gas distributors for different effective electrical conductivities as of the foam at 323K,

1/1 Atm, £ = 0.9, /r=1.76xl0"9m2 with ad =as/(125,000Q_1m_1). The position of

reticulated vitreous carbon (£ = 0.9, 100 ppi) is indicated as a specific example.
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In order to explore the influence of each quantity parametric studies have been

performed on the porous flow distributors. It is seen from Fig. 3.6 that the porous gas

distributors can generate up to 13% higher average current densities than the parallel flow-

field. This improvement is achieved for porosities higher than 0.7. If the effective electrical

conductivity of the foam is about two thousandths of the conductivity of the solid material,

then the same average current density is obtained from the porous gas distributors as from the

parallel flow-field, for foam porosities higher than 0.7. Mass transfer limitations due to

reduction of foam porosity can be neglected at porosities higher than 0.7 but become

important at lower values. If the electrical conductivity of the foam is 103 times smaller than

that of the solid matrix, Ohmic losses are dominant compared to the losses caused by these

mass transfer limitations, as shown in Fig. 3.6.

Reticulated vitreous carbon (RVC) [41] is one example of a potential material to be

used as a porous fluid distributor, due to its high electrical conductivity and low resistance to

flow. It is available down to a recommended thickness of 1.5mm with a maximum of 100

pores per inch (ppi). The performance of reticulated vitreous carbon (£ = 0.9, lOOppi,

zr= 1.76x10"9m2, (7S =1,250Q~1m~1) is marked by a cross-marker in Fig. 3.6.

Polarization curves for cells with the porous flow distributors are given in Fig. 3.7 for

different effective electrical conductivities of the foam and constant foam porosity and

permeability. For performance assessment of the porous flow distributors, the numerically

obtained polarization curve of the parallel flow-field is given in the same graph in conjunction

with the corresponding experimentally obtained curve [22]. These two curves are the same as

the lowest curves in Fig. 3.2. With increasing electrical conductivity of the foam, the

polarization curve is shifted upwards and therefore higher cell power output is achieved. If the

effective electric foam conductivity is higher than about 0.2% of the conductivity of the solid

material, then the cell power output from the porous gas distributors is higher than the one

from the parallel flow-field. At lower conductivities, Ohmic losses across the foam increase

such that the parallel flow-field becomes more advantageous in terms of cell power output.

The performance of reticulated vitreous carbon is also shown as a specific example.

Phase change and transport of liquid water driven by pressure, capillary and gravity

forces are not considered in the present model. Consequently, transport of liquid water

through the membrane by means of electro-osmotic drag is also not accounted for. The effect

of electro-osmotic drag in the membrane is expected to cause a higher water saturation level

in the cathode catalyst layer which may lead to further mass transport limitations for gas
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species to the reaction sites due to enhanced blocking of pores by liquid water [39].

Mazumder and Cole recently showed with their three-dimensional mathematical model

accounting for transport and formation of liquid water [37,39] that in the investigated cases

the effect of electro-osmotic drag on cell performance is not significant.

Pressure drops of 1.56 Pa (0.315 Pa), 74.2 Pa (13.4 Pa) and 9.40 Pa (1.92 Pa) are

obtained for the cathode (anode) side of the parallel, serpentine and macro-porous flow-field

(f = 0.9, zt-=1.76xl0"9m2, o" = l,250Q_1m_1, U = 0.5V), respectively. Hence, pressure drop

in the porous gas distributor is roughly an order of magnitude higher than in the parallel flow-

field but an order of magnitude lower than in the serpentine flow-field. Experimental and

numerical studies on flow characteristics in metal foams [42,43] also report that the pressure

drop in flows through high porosity porous foams is not prohibitingly high.

3.6. Conclusions

A thorough mathematical model describing the transport phenomena in a PEFC has

been presented and numerically solved. A central point of the study was to investigate the

performance of porous flow distributors as a possible replacement for the currently used

ribbed flow distributors of various shapes. As a consequence, the solution of both porous and

ribbed flow distributors was accomplished, which allowed for the necessary comparisons.

Numerical results were validated against experimental data from Ticianelli et al. [22]. Mass

transfer limitations in cells with ribbed flow-fields such as parallel and serpentine flow-fields

were investigated. It has been shown numerically that porous gas distributors are

advantageous in terms of mass transfer and therefore exhibit substantially higher cell

performance. Reticulated vitreous carbon has been suggested as one example of a potential

porous material to be used in this context. The replacement of ribbed flow-fields with macro-

porous gas distributors would also allow for a reduction in stack weight. Finally, the

manufacturing cost could be substantially reduced since the expensive process of machining

the ribbed flow-field would no longer be necessary.
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4. Multiphase transport phenomena in the diffusion zone of a

PEM fuel celld

Abstract

In this paper, a thorough model for the porous diffusion layer of a polymer electrolyte

fuel cell (PEFC) is presented that accounts for multicomponent species diffusion, transport

and formation of liquid water, heat transfer, and electronic current transfer. The governing

equations are written in nondimensional form to generalize the results. The set of partial

differential equations is solved based on the finite volume method. The effect of downscaling

of channel width, current collector rib width, and diffusion layer thickness on the performance

of PEM fuel cells is systematically investigated and optimum geometric length ratios (i.e.,

optimum diffusion layer thicknesses, optimum channel and rib widths) are identified at

decreasing length scales. A performance number is introduced to quantify losses attributed to

mass transfer, the presence of liquid water, charge transfer, and heat transfer. Based on this

model it is found that microchannels (e.g., as part of a tree network channel system in a

double-staircase PEM fuel cell) together with diffusion layers that are thinner than

conventional layers can provide substantially improved current densities compared to

conventional channels with diameters in the order of one millimeter, since the transport

processes occur at reduced length scales. Possible performance improvements of 29%, 53%,

and 96%) are reported.

Nomenclature

Latin letters

a stoichiometric coefficient

b current collector width (m)

d
This chapter is published in:

S.M. Senn, D. Poulikakos, Journal of Heat Transfer-Transactions of the ASME, accepted for publication, 2005.



c molar concentration (mol m"3)

D effective binary diffusion coefficient (m s" )

Z)
0 binary diffusion coefficient (m s" )

e unit vector in y direction

ez unit vector in z direction

F Faraday constant, 96,485 (C mol" )

f[£) porosity function

g [s) saturation function

h channel width (m)

/zfg latent heat of condensation (J mol"1)

i exchange current density (A m"2)

J[S) Leverett J-function

j transfer current density (A m" )

K parameter

k effective thermal conductivity (W m"1 K"1)

L diffusion layer thickness (m)

M molecular weight (kg mol"1)

N mass flux (mol m"2 s"1)

Nu Nusselt number

zzd effective drag coefficient

p pressure (Pa)

pc capillary pressure (Pa)

Q condensation rate (mol m"3 s"1)

R universal gas constant, 8.314 J K"1 mol"1

S reduced liquid water saturation

As entropy change (J K"1 mol"1)

s liquid water saturation

sim immobile saturation

T temperature (K)

w coordinate (m)
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x mole fraction

y coordinate (m)

z coordinate (m)

Greek letters

a Tafel constant

ß heat transfer coefficient (W m"2 K"1)

X effective electrical conductivity (fi"1 m

S film thickness (m)

£ porosity

0 electric potential (V)

r condensation rate constant (s"1)

K absolute permeability (m2)

Kl relative permeability

Ml viscosity of liquid water (Pa s)

n performance number

a collision integral

m collision diameter (Angstroem)

e contact angle (rad)

Pl density of liquid water (kg m"3)

a surface tension (N m"1)

Z parameter

Subscripts

avg average

F fluid

G gas phase

H20 water vapor

h top boundary

L liquid water

02 oxygen

S solid



0 maximum

Superscripts

~ dimensionless

h top boundary

sat saturation

4.1. Introduction

Thermodynamic optimization of finite-size components and finite-time processes

subject to physical constraints is currently emerging as a challenging field in polymer

electrolyte membrane (PEM) fuel cell research [1,2]. The method combines modeling and

optimization of real devices subject to physical constraints which actually cause the

thermodynamic imperfection and irreversible operation of the device [3,4].

Tree network channels constructing double-staircase PEM fuel cells have been

recently introduced as a novel fluid distribution concept [1,5]. The proposed flow architecture

[1] has resulted from a multiparametric genetic optimization analysis subject to physical

constraints. Compared to traditional non-bifurcating serpentine channel systems, the

suggested tree-network-based channel system has demonstrated promise to achieve higher

maximum electric power densities while minimizing the required pumping power for fluid

circulation at the same time, due to its intrinsic advantage with respect to both mass transfer

and pressure drop. It has been shown that the effect of channel size and rib width has a major

influence on the magnitude of mass transfer resistances. The smaller these lengths, the lower

the mass transfer resistance between the channel and the catalyst layer is, due to a reduced

effective length of the diffusion paths. Herein, equal channel and rib widths have been

considered along with a constant diffusion layer thickness. However, channels of smaller

diameters cause a higher pressure drop and require a higher pumping power for fluid

circulation. Compared to non-bifurcating serpentine channels, the suggested multi-scale tree

network channel system provides more favorable downscaling laws, enabling to minimize

mass transfer resistances and pressure drop at the same time. The term "multi-scale" is used

since an intrinsic length scale does not exist in such a tree network channel system. Intrinsic

length scales can be defined at a certain branching level, but they change as we go from one

branching level to the next higher.

Besides diffusion mass transfer, other transport phenomena can be important in the

diffusion layer, such as transport of liquid water, electronic current transfer, and heat transfer.
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Multicomponent diffusion in the diffusion and catalyst layers of PEM fuel cells was

investigated by Kulikovsky and co-workers [6-8] considering two different electric potential

fields governing the transport of electrons and protons. These two-dimensional models were

extended to a quasi three-dimensional approach [9] taking further into account liquid water in

the membrane phase. Herein, the presence of liquid water in voids and in the porous diffusion

layer was neglected and isothermal conditions were assumed in all their studies [6-9]. Nguyen

and co-workers investigated mass transfer in the porous electrodes of a PEM fuel cell using

the interdigitated gas distributor [10]. They also introduced two-dimensional models [11,12]

and a three-dimensional model [13] for the cathode of a PEM fuel cell taking into account

multicomponent diffusion and transport of liquid water. Their models [10-13] are isothermal

and electronic current transfer in the diffusion layer is not considered, that is, infinite thermal

and electronic conductivities are assumed. Two-phase flow and transport under isothermal

conditions along the cathode channel and the cathode diffusion layer were studied in two

dimensions [14,15], neglecting gradients in the direction parallel to the membrane underneath

the current collector ribs. A three-dimensional, nonisothermal, two-phase flow model was

presented by Berning and Djilali [16]. However, one single geometric configuration is

considered in their work and the effect of channel width, rib width, and diffusion layer

thickness on the performance of PEM fuel cells is not investigated. A one-dimensional study

on nonisothermal two-phase transport in the diffusion layer of a PEM fuel cell was presented

by Nam and Kaviany [17]. Another detailed, isothermal, one-dimensional analysis of two-

phase transport in the anode and cathode was presented by Weber et al. [18], taking further

into account transport within the membrane.

In this paper, a model for the porous diffusion layers of a PEM fuel cell is introduced

in which all the governing macroscopic transport phenomena, including multicomponent

diffusion, transport of liquid water, electronic current transfer, and heat transfer are

considered at the same time. While the model can also be used to investigate the transport

phenomena in the anode diffusion layer, it is only applied to the cathode diffusion layer in this

study. The governing equations are written in nondimensional form to generalize the results.

The model is solved in two dimensions, neglecting gradients in the streamwise direction along

the channel. The effect of downscaling of channel width, current collector rib width, and

diffusion layer thickness on the performance of PEM fuel cells is systematically investigated

and optimum length ratios (i.e., diffusion layer thickness / diffusion layer width, channel

width / rib width) are identified. A performance number is introduced to quantify losses in the
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diffusion layer attributed to mass transfer, the presence of liquid water, charge transfer, and

heat transfer.

4.2. Mathematical formulation

A nonisothermal, multicomponent, two-phase diffusion layer model is presented in

this section. A two-dimensional rectangular computational domain including the porous

cathode diffusion layer is considered, as shown in Fig. 4.1. Isotropic porous media are

investigated in this study. The catalyst layer is assumed to be very thin and therefore is treated

as a boundary condition. The _y-coordinate indicates the direction parallel to the membrane

where z indicates the direction perpendicular to the membrane. In fuel cell channels, the

Peclet number (defined based on the channel length) is usually very large and concentration

gradients in the diffusion layer along the flow direction w (i.e., in the direction perpendicular

to_y and z) are much smaller than the corresponding gradients along y and z. This implies that

in the case of high Peclet numbers the transport phenomena between the anode and cathode

channel exhibit a strongly two-dimensional character. Based on this concept, the previously

mentioned quasi three-dimensional models [9] were established.

I

(1*2)

Fig. 4.1. Schematic drawing of the cathode diffusion layer (DL) and the cathode channel

(CH). The catalyst layer (CL) is treated as a boundary condition. The computational domain

is indicated by the dotted rectangle, where b is the diffusion layer width, L is the diffusion

layer thickness, and h is the channel width.
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4.2.1 Governing equations

A fluid consisting of two phases, i.e. a gas phase and a liquid phase, is considered. In

the gas phase, an ideal three-component gas mixture is assumed, consisting of oxygen, water

vapor, and nitrogen. The liquid phase contains only water. Between the phases, mass transfer

can occur by means of condensation and evaporation of water. Ordinary diffusion in

multicomponent ideal gases at low density can be described by the Stefan-Maxwell equations

[19], given by

" xN, -x,N,
?*=£ 'cD' «

z=i cy,j

where x% is the mole fraction of species i, Nt is the molar flux of species i with respect to

stationary coordinates, eis the total molar concentration, and D is the effective binary

diffusion coefficient between species i and j. For the three-component gas mixture, Eq. (1)

yields

r N —r N x N —r N

02
"

cD cD
{)

l"-L>\D2,H20 l"oL>\D2,N2

and

r IV —r IV y IV —r
IV

V7V _

•*'H20-'T02 •v02iTH20 , •A-H2Q-'TN2 "vN2i
T
H20 /">\

VXH20
—

^
"'"

^
J V~V

CMd2,H20 C^H20,N2

where

XN2 = 1 _ X02
_

XH20 • (^)

Note thatx02, xH20, and xN2 are the mole fractions of oxygen, water vapor, and nitrogen,

respectively. Conservation of mass requires [19]

0 = -V-iVO2, (5)

0 = -V-Nmo-Q, (6)

and
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0 = -V-/VN2, (7)

where Q is a source term that accounts for condensation and evaporation of water. Nitrogen

does not participate in the electrochemical reaction and it does not cross the membrane due to

its low diffusivity in the membrane. In the steady state, nitrogen is therefore motionless with

respect to stationary coordinates and Nm = 0 applies in the diffusion layer [20]. Using Eqs.

(2)-(4), the molar fluxes of oxygen and water vapor can then be written as

AT _

CMd2,N2 |__ H20.N2 V
» XH20 "*" ' X02 J X02 ~"~ Md2,H20 * X02 V

-*-""" X02 """ XH20 J J ,_.

V ^"""X02 "*" XH20 /|__^02,N2XH20 _^H20,N2X02 "*" ^02,H20 V
^ """ X02 "*" XH20 )]

and

AT _

C^H20,N2 |_ Md2,N2 V
* XH20 + * X02 JXH20 +Md2,H20 * XH20 V

^ ~"~ X02 ~"~ XH20 J J ,Q.

V -*-"""X02 ~"~XH20 )\_~Md2,N2XH20
_

^H20,N2X02 ~"~ Md2,H20 V
^ """ X02 ~"~ XH20 JJ

respectively. In this study, transport of liquid water in hydrophobic porous media is

investigated. Herein, the capillary pressure equals the difference between the liquid (non-

wetting) phase pressure and the gas (wetting) phase pressure, given by

Pc=Pl-Pg- Q°)

A uniform gas phase pressure is assumed [17,18] such that the capillary pressure gradient

equals the liquid water pressure gradient. The molar flux of liquid water may be written as

[17]

N^=-{y—VPL, (n)

whereVpL = Vpc =[dpc/dS)VS. Note that pL is the liquid water density, MLis the

molecular weight, zris the absolute permeability, zrrLis the relative permeability, //Lis the

dynamic viscosity, pc is the capillary pressure, and
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S =
^^ (12)
l-5.„

is the reduced water saturation, expressed in terms of the liquid water saturation s and the

immobile saturation^. Herein, s is defined as the ratio between the pore volume occupied by

liquid water and the entire pore volume. It is assumed that the capillary pressure pc can be

written as a function of the reduced water saturation [17,21],

<t|cos#|
Pc=-1—uiJ(S), (13)

[Kl£)

where a is the surface tension, #is the contact angle, and £ is the porosity. The Leverett J-

function [17,22,23]

J{S) = \A\1S-2.\20S2 + \.26?>S3 (14)

is used to describe the relation between the capillary pressure and the reduced water

saturation. This correlation is based on experimental imbibition capillary pressure data

obtained by Leverett [24]. He suggested that the semi-empirical nondimensional form

J(S) = [pcl<j)[kI£) can be used to describe capillary versus saturation behavior

[17,21,25], where pc la represents a mean interfacial curvature of a meniscus in a pore and

[kI£) is a pore length scale. Based on Eq. (14), heat transfer considering phase change and

capillarity in porous sand packs (spherical grain shape) was investigated by Udell [23]. For

the relative permeability,

KL(S) = S3 (15)

is used [17]. The derivative of the capillary pressure with respect to the reduced water

saturation is given by

dpr (j\cos0\ dJ
„^^c

-

'
(16)

dS [kIe) dS
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Conservation of mass for liquid water reads

0 = -V./VL+o, (17)

where Q is a condensation source or an evaporation sink. Heat transfer in the porous

electrode is assumed to be dominated by heat conduction, such that conservation of energy

can be formulated as

O = V-[kVT)+x[V0f+Qhîg, (18)

where k is an effective thermal conductivity, Tis the local temperature, ^is an effective

electrical conductivity, 0is the electric potential, and z\g is the latent heat of condensation.

The first term on the right hand side of Eq. (18) accounts for heat conduction, the second term

accounts for joule heating due to electron transfer in the diffusion layer, and the last term

accounts for the latent heat of condensation. Electron transport is governed by an electric

potential field 0, according to

0 = V-(ZV^). (19)

A volumetric molar condensation rate is defined as

cD A 1 - Ysat 1 - Ysat

Q=-^^-\n-^^ = cy\n-^^, (20)
o V 1 — xH20 1 — xH20

where c is the total molar concentration, c>is a film thickness, AI Vis the liquid/gas

interfacial area per unit volume, xH20is the water vapor mole fraction in the gas phase, and

x^20 is the saturation mole fraction. The logarithmic expression on the right hand side of Eq.

(20) is obtained if the idealized problem is considered in which a condensable vapor is

diffusing at steady state through a stagnant film of a noncondensable gas to a cold flat surface

where the vapor condenses [19]. A condensation rate constant is defined

asy=[A/V)(D02AlIlSy In Eq. (20), the driving force for finite-rate phase change is the

deviation of the local thermodynamic state from the equilibrium state. For increasing
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condensation rates, the local thermodynamic state approaches the equilibrium state. The

saturation pressure is correlated according to [26]

log10(^a2O10"5) = -2.1794 + 0.02953(r-273.15)

-9.1837xl0"5(r-273.15)2 (21)

+1.4454xl0"7(r-273.15)3

and it is related to the saturation mole fraction by

Pmo=xmoCRT. (22)

Effective binary diffusivities

Dh]=f[£)g[s)Di]0 (23)

are defined in terms of binary diffusivities Z)
; 0,

a porosity function/(f), and a liquid

saturation function g[s) [17,20]. The binary diffusivities are obtained from Chapman-

Enskog kinetic theory [19],

Jt3 (m;1+m-1)
D 0=5.9543xl0-4V

V '

^, (24)
cRThtU2A,

that is written in terms of SI units. The Bruggeman correction is used for the porosity function

[17,27],

f{£) = £15, (25)

and a quadratic behavior is used for the saturation function [17],

g[s) = [l-sf. (26)
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4.2.2. Boundary conditions

The catalyst layer is assumed to be sufficiently thin such that it can be treated as a

boundary condition. The local transfer current density at the reaction boundary (z = 0) can be

written as [28]

f
aF

^

K1 [yy = {))
(27)

where i is the exchange current density, oris the transfer coefficient, Fis the Faraday

constant, R is the universal gas constant, and 0 is the solid phase potential that substitutes the

cathode overpotential. Note that the electrolyte phase potential is assumed to be zero (i.e.,

uniform) at z = 0 [6]. Three-dimensional models [29] show that this is a reasonable

assumption, since in the catalyst layer, the gradient of the electrolyte phase potential along the

z direction is much larger than the gradient along the_y direction. At the reaction boundary, the

local molar fluxes of oxygen and water vapor are coupled to the local transfer current density

as

ez-NO2[y,z = 0) =-^ (28)

and

ez-Nmo[y,z = 0) = ^l, (29)
flH20^

respectively, where a02 = 4 and amo = 2 are the stoichiometric coefficients of the cathode

reaction, and ez is a unit vector normal to the reaction boundary (see Fig. 4.1). Electro-

osmotic drag in the membrane causes liquid water to be transported from the anode side to the

cathode side. Back-diffusion of liquid water in the membrane can also be an important

transport mechanism. A net liquid water flux is defined at the reaction boundary, given by

Pl <l dpc M[y,z = 0)__n Jill
(30)

ML //L dS dz
d

F
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that takes into account both mechanisms. Herein, an effective drag coefficient zzd =1/2 is

used [17], which means that 1/2 molecule H20 per one proton is transported through the

membrane from the anode side to the cathode side. The heat flux at the reaction boundary can

be written as

jT[y,z = 0) J[y,z = 0)[-As)
k—^

- = -j[y)</>[yy = 0)-j[y)— =r—-, (3i)
dz a02t

where the first and second term on the right hand side of Eq. (31) account for the irreversible

and reversible reaction heat [30], respectively. Note that As is the reaction entropy of the

cathode half-cell reaction [31], and the solid phase potential 0 substitutes the cathode

overpotential. It is assumed that heat fluxes induced by other heat sources in the fuel cell are

not subject to cross the cathode reaction boundary. Such an assumption regarding the thermal

management of the entire cell is required, since only the cathode side is modeled. At the

reaction boundary (z = 0), the electric potential field 0 governing the transport of electrons in

the porous diffusion layer is coupled to the transfer current density as

a^(v,z = o)
z^dz— jW- (32)

At the channel boundary (-hi 2 < y < 0, z = Z) ,
Dirichlet boundary conditions are used for

the oxygen mole fraction, the water vapor mole fraction, and the reduced liquid water

saturation, given by

xO2(-/z/2<.y<0,z = Z) = x*2, (33)

xH2O(-/z/2<>'<0,z = Z) = x^2O, (34)

and

S[-hl2<y<0,z=L) = Sh. (35)

Zero flux boundary conditions are employed for the temperature and the electric potential,

given by

ez-VZ(-/z/2<>'<0,z = Z) = 0 (36)
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and

ez-V(/)[-hl2<y<0,z = L) = 0. (37)

At the current collector boundary (-b 12 < y <-h 12, z = L), Dirichlet boundary conditions

are used for the temperature and the electric potential, given by

T[-bl2<y<-hl2,z=L) = Th (38)

and

4>(-b/2<y<-h/2,z=L) = fa, (39)

where zero flux boundary conditions are used for the remaining quantities, given by

ez-VxO2[-bl2<y<-h!2,z = L) = 0, (40)

ez-Vxmo[-b!2<y<-hl2,z = L) = 0, (41)

and

ez-VS[-b!2<y<-hl2,z = L) = 0. (42)

In fuel cell stacks with cooling flow patterns between adjacent current collector plates [32],

the generated heat is mainly removed by the coolant and not by the fuel cell feed gases, in

order to provide a uniform cell temperature. Since the thermal conductivity of the current

collector material is several orders of magnitude higher than the thermal conductivity of the

feed gas, the heat flux between the diffusion medium and the cooling flow pattern is mainly

directed through the current collector rib. The convective heat transfer coefficient between the

bulk fluid flow in the channel and the channel boundary is given as/?F = [kF I h)Nu, where kF

is the fluid thermal conductivity and Nu is the Nusselt number. In the current collector

material, a corresponding heat transfer coefficient may be defined as/?s =kslh, where ks is

the solid thermal conductivity. Using properties of the fluid, the solid material, and typical

Nusselt numbers for convective heat transfer in fully developed channel flows,

ßslßF = Nu~lkslkF = 103 is obtained, hence justifying in this case the adiabatic condition at
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the channel boundary. At the left and right symmetry boundaries, given by y = -b!2

andy = 0, respectively, zero flux boundary conditions are employed for all quantities.

The average current density j is defined as the length-average of the local transfer

current density j [y), given by

>-=^L->w- (43)

An additional current density is defined as

70=z'Xo2exp

f ocF ^

V^h J

A , (44)

which represents a maximum current density that could be obtained for infinitely large

transport properties (such as mass diffusivities, electrical and thermal conductivities) or for

infinitely small length scales. We define a local performance number, given by

n=j[y)lj0, (45)

and an average performance number, given by

navg=7avg/7o, (46)

that quantify performance losses (1 —O ) attributed to the finite size of the diffusion layer.

Note that IT is a measure for how close we are to the "ideal" case.

4.3. Nondimensional mathematical formulation

The governing equations and boundary conditions are nondimensionalized to

generalize the results. The diffusion layer width b is used as a length scale, the current

collector temperature Th is used as a temperature scale, and the electric potential ^ of the

current collector is used as an electric potential scale, leading to scaled quantities given by

y = ylb, z = zlb, f = TITh, $ = #/&, (47)
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where tilde indicates nondimensionalized quantities. Note that h = hlb is the scaled channel

width and L = Llb is the scaled diffusion layer thickness. In Appendix A, the governing

equations from the previous section are written in nondimensional form. The scaled boundary

conditions are listed in Appendix B and two different sets of scaling parameters are given in

Appendix C. It can be seen from Appendix C, that the problem to be solved depends on a set

of nineteen parameters K1,K2,K3,...,Kig or alternatively on a set of nineteen parameters

^,^2,4,...,^19 in which the current collector width b appears only in^9. The problem further

depends on the functional forms offifi), g(s), J(S), andkiL(S) .

4.4. Numerical solution

The governing equations were discretized based on the finite volume method [33] on a

structured grid using a second order scheme with linear interpolation functions between grid

points. Grid refinement with four different grids was performed to ensure that the numerical

solutions are grid independent. In the standard case, grids consisting of 40x10, 80x20,

160x40, and 320x80 control volumes were used. When comparing contours ofx02, xH20, S,

T-Th, and^, the two finer grids yield practically indistinguishable results. The average

current density j I j0 obtained from the 80x20 grid is 0.26% higher than the average current

density obtained from the 40x10 grid. The average current density obtained from the 160x40

grid is 0.13%) higher than the average current density obtained from the 80x20 grid. The

average current density obtained from the 320x80 grid is 0.068%) higher than the average

current density obtained from the 160x40 grid. The algorithm was implemented in Fortran.

4.5. Results and discussion

In this section, a standard case is investigated that is based on the parameters listed in

Table 4.1. Several transport and geometry parameters are varied and discussed in more detail.

Fig. 4.2 shows the distribution of the oxygen mole fraction x02, the water vapor mole

fractionxH20, the liquid water saturation £, the temperature difference T - Th, and the electric

potential ^ for the standard case. It is seen from Fig. 4.2(a) that the oxygen mole fraction

underneath the current collector rib is substantially reduced compared to the oxygen mole

fraction underneath the channel. In contrast, the water vapor mole fraction exhibits a much
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Table 4.1. Standard case parameters.

b

Total width b (mm) 2.0

Channel width h (mm) 1.0

Diffusion layer thickness Z (mm) 0.25

Condensation rate constant y (s"1) 900
a

Molecular weight of water ML (kg mol"1) 0.018

Viscosity of liquid water /^ (Pa s) 0.000404
b

Absolute permeability K (m2) 2.55x10"

Porosity £ 0.5
a

Total molar concentration c (mol m" ) 35.1e

Density of liquid water pL (kg m"3) 978

Surface tension a (N m"1) 0.0645
b

Contact angle 0 (deg) 100.0
d

Effective electrical conductivity x (^ m ) 1000.0

Effective thermal conductivity k (W m" K" ) 4
a

Latent heat of condensation hfg (J mol" ) 42,034

Tafel constant or 0.5
e

Exchange current density i (Am"2) 0.21
e

Stoichiometric coefficienta02 4

Stoichiometric coefficientamo 2

Effective drag coefficientzzd 0.5
a

Oxygen mole fraction in the channel x02 0.146

Water vapor mole fraction in the channel xH20 0.305

Channel saturation^ 0.1

Immobile saturation^ 0.0 g

Current collector temperature Th (K) 343
a

Current collector potential <ph (V) 0.8

"Reference [17].

b
Reference [35].
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0

Note that c = p l(RTh ), where p = 1 bar
.

d
Assumed.

"Reference [36].

f

Corresponding to 100% relative humidity of air at Th [i.e., xH20 = x^0 (Th ) ]

g In this study, s = 0 is assumed.
J

~

im
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more uniform distribution [see Fig. 4.2(b)]. The highest liquid water saturation is found at the

reaction boundary underneath the middle of the current collector rib (y = ±1/2) [see Fig.

4.2(c)]. The point with the highest temperature is located at the reaction boundary underneath

the middle of the channel (y = 0) [see Fig. 4.2(d)], whereas the lowest temperature within the

domain is found at the current collector boundary. Note that in Fig. 4.2(d) the difference

between the local temperature T and the current collector temperature Th is plotted. The

maximum temperature difference within the diffusion layer is about 2.5 K. The electric

potential varies only slightly [see Fig. 4.2(e)] and the highest potential difference exists

between the current collector and the origin of the frame. It should be noted that the results in

this study are based on the functional forms off(fi), g(s), J(S), and zrrL(S). It is worth

noting that, although the methodology presented herein is general, the accuracy of these

functions with respect to specific types of porous diffusion media for PEM fuel cells affects

the modeling predictions. Microscopic pore-level modeling and experiments with respect to

specific diffusion layer media are currently needed to obtain medium-specific and accurate

functional forms [34], aiding the macroscopic modeling.

Fig. 4.3. Standard case, (a) Volumetric condensation heat source QK6. (b) Volumetric Joule

heat source K5 [ V (j) ) x 104.

Fig. 4.3(a) shows the distribution of the volumetric heat source QK6 due to phase

change. It is seen that in the present case not only condensation (positive sign) can occur in

the diffusion layer, but also evaporation (negative sign). Evaporation occurs in a half-circular

area adjacent to the channel. Note that the water vapor mole fraction at the channel boundary
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equals the saturation mole fraction at temperature Th (see Table 4.1). The reason for the fact

that evaporation can occur is that the temperature at the channel boundary exceeds the current

collector temperature Th [see Fig. 4.2(d)], such that the local saturation pressure is higher than

the partial pressure of water vapor. Fig. 4.3(b) reveals a strongly non-uniform distribution of

the volumetric Joule heat source Z^ (V0J ,
with two local maxima at the edges of the current

collector ribs. Note that the nondimensional quantities QK6 and K5 (V^j need to be

multiplied by kTh lb2 to obtain the respective dimensional quantities Qhfg and^(V^) .

In the

standard case, kThlb2 =343 W/cm3 applies. Integration of the volumetric condensation heat

source QK6 over the rectangular diffusion layer area (-l/2<j)<l/2,0<z<l) gives a

length-specific heat source of 1.2xl0"3 (1.6 W/m). If the absolute quantity QK6 is integrated

accordingly, a value of 4.7x10" (6.5 W/m) is obtained, implying that the heat source due to

condensation is 2.95xl0"3 (4.1 W/m) and the heat sink due to evaporation is 1.75xl0"3 (2.4

W/m). The same integration applied to the volumetric Joule heat source K5 (V^j leads to a

length-specific Joule heat source of 1.2x10" (0.16 W/m). Integration of the irreversible

reaction heat flux Kl3j(j) along the reaction boundary (—1/2 < j> < 1/2) gives a length-

specific heat flux of 1.3xl0"2 (18 W/m). Integration of the reversible reaction heat flux Kl4jf

along the reaction boundary gives a length-specific heat flux of 2.5xl0"3 (3.4 W/m). Dividing

by the current collector width b provides a membrane-area-specific condensation heat source

(0.080 W/cm2), joule heat source (8.2xl0"3 W/cm2), irreversible reaction heat flux (0.92

W/cm2), and reversible reaction heat flux (0.17 W/cm2).

Fig. 4.4 shows the distribution of the absolute values of the oxygen fluxiV02, the water

vapor üuxNmo, and the liquid water fluxiVL . Strong non-uniformities of the magnitudes of

the different fluxes exist. The highest oxygen fluxes are obtained near the edges of the current

collector ribs (see Fig. 4.4). It can be seen that the oxygen flux near the edges at channel

boundary is considerably larger than in the middle of the channel boundary, since oxygen

must be provided to the parts of the reaction boundary underneath the current collector ribs. In

contrast, the highest water vapor fluxes result in the middle of the channel boundary as well as

at the reaction boundary approximately a quarter left and right from the symmetry axis. It is
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Fig. 4.5. Standard case with different effective electrical conductivities [i.e., x = (62.5, 125,

250, 500, 1000, 2000, 4000, 8000) iTlml ]. Distributions at the reaction boundary z = 0. (a)

Current density j[y)lj0. (b) Irreversible reaction heat fluxes -Kl3j 0 (solid lines) and

reversible reaction heatfluxes -Kl4jT (dashed lines), (c) Liquid water saturation S[ylb).
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Fig. 4.6. Standard case with different contact angles [i.e., 6 = (95, 100, 110, 120, 130, 140,

150, 160, 170) deg/. Note that the curves also represent the standard case with different

absolute permeabilities [i.e., K = (0.077, 0.31, 1.2, 2.6, 4.2, 6.0, 7.6, 9.0, 9.9) xlO"13 m2,

respectively]. Distributions at the reaction boundary z = 0. (a) Current density j[y)l j0. (b)

Liquid water saturation S [y lb).
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Fig. 4.7. Standard case with different drag coefficients [i.e., nd
= (0.5, 1.0, 1.5, 2.0, 2.5)7.

Distributions at the reaction boundary z = 0. (a) Current density j[y)l j0. (b) Liquid water

saturation S[ylb).
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interesting to note that the water vapor flux first decreases along the symmetry axis in the

positive z direction due to condensation, then reaches a local minimum in the middle of the

diffusion layer, and finally increases again near the channel boundary due to evaporation. The

highest liquid water fluxes are found near the edges of the current collector ribs. Along the

symmetry axis in the positive z direction, the liquid water flux first increases due to

condensation and then gradually decreases when approaching the channel boundary due to the

onset of evaporation, reflecting the opposite behavior of the water vapor flux. These results

along with the results of the previous paragraph reveal that it is imperative that heat transfer

be included in two-phase models for PEM fuel cells in order to be able to accurately predict

liquid water fluxes as well as heat and mass sources due to phase change. Indeed, an

isothermal model would not predict evaporation here and therefore could also not reflect a

decreasing liquid water flux near the channel boundary. In order to mimic isothermal

conditions for comparison purposes, the standard case with a very high effective thermal

conductivity has been evaluated (not shown here for brevity). The characteristic distribution

of the water vapor flux, the liquid water flux, and the heat and mass sources due to phase

change are affected substantially, and a 6%> higher average current density is obtained in the

isothermal case compared to the nonisothermal standard case. The strong two-dimensionality

of the transport phenomena in the diffusion layer further suggests that a one-dimensional

treatment of the two-phase transport mechanisms along the direction perpendicular to the

membrane can be an oversimplified approach.

In Fig. 4.5(a), the distribution of the scaled local current density j(y)lj0 [i.e., the

local performance numbern^)] at the reaction boundary is plotted for different effective

electrical conductivities x of the diffusion medium. For low conductivities^, a minimum is

found in the middle underneath the channel and two maxima are located underneath the edges

of the current collector ribs. For high conductivities^, a maximum exists in the middle

underneath the channel and two minima are located in the middle underneath the current

collector rib. In the former case, ohmic and mass transfer resistances are dominant whereas in

the latter case only mass transfer resistances are dominant. If the electrical conductivity x is

increased, the two maxima of the current density profile are shifted towards the symmetry

axis converging in one single maximum underneath the middle of the channel. Note that in

this graph the local performance number n = j[y)l j0 is plotted, in which the local current

density j[y) is scaled with the maximum current density j0. It is seen that the local
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performance number ranges between 21% and 63%, which means that performance losses

attributed to the finite length scales of the device range between 79% and 37%. In Fig. 4.5(b),

the corresponding distributions of the irreversible reaction heat fluxes -Kl3j (j) (solid lines)

and the reversible reaction heat fluxes -Kl4jT (dashed lines) at the reaction boundary are

plotted. Similar characteristic distributions are obtained as for the current density

distributions. Fig. 4.5(c) shows the distribution of the liquid water saturation S at the reaction

boundary. Although the transfer current density at the reaction boundary underneath the

channel can be larger than underneath the current collector ribs, the liquid water saturation S

at the reaction boundary has always a maximum underneath the middle of the current

collector rib (i.e., at_y = ±l/2) and a minimum underneath the middle of the channel (i.e.,

at_y = 0). The higher the effective electrical conductivity x of the diffusion medium, the

higher the local transfer current densities and water production rates from electrochemical

reactions are, resulting in enhanced liquid water saturations [see Fig. 4.5(c)].

In Fig. 4.6, the effect of the contact angle 6 (indicative of the wetting of the diffusion

layer material by water) on the distribution of the local current density j(y)l j0 and liquid

water saturation S at the reaction boundary is investigated. Figs. 4.6(a) and (b) show that the

higher the contact angle 6 (less wetting), the lower the local liquid water saturation S at the

reaction boundary is and the higher the local current density j(y)l j0 is. It is seen that the

contact angle 6 has a major influence on the liquid water saturation level. It should be noted

that the nondimensional formulation of the governing equations further allows for a more

general interpretation of the results in Fig. 4.6. The set of curves essentially corresponds to a

variation of the scaling parameter £4 (see Appendix C), such that the results of Figs. 4.6(a)

and (b) can also be understood as a variation of the absolute permeability k. Higher contact

angles 6 and higher absolute permeabilities k provide reduced liquid water saturations. In

Fig. 4.7, the effective drag coefficient zzd for water transport across the membrane is varied. A

rather large variation of the effective drag coefficient is required to obtain a significant change

in the liquid water saturation distribution and the current density distribution at the reaction

boundary.

In Fig. 4.8, the distributions of the water vapor mole fraction xH20, the liquid water

saturation £, and the condensation heat source QK6 are presented for two different

condensation rate constants [i.e., ^=(90,9000)s"1]. Note that y=[AIV)[D02AiJô) applies,
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such that the condensation rate constant is the product of a liquid/gas interfacial area per unit

volume and a mass transfer coefficient. Figs. 4.2(b), 4.2(c), and 4.3(a) are the corresponding

graphs that represent the standard case with y= 900 s-1. The distribution of the water vapor

mole fraction xH20 is shown in Figs. 4.8(a), 4.2(b), and 4.8(d) for y values of 90, 900, and

9000 s"
, respectively. The higher the condensation rate constant is, the lower the difference

between the maximum and the minimum water vapor mole fraction within the diffusion layer.

If the condensation rate constant is increased, a relative humidity of unity is approached

within the diffusion medium. The characteristic distribution of the water vapor mole fraction

changes drastically if the condensation rate constant is increased, which means that the shape

of the contour lines transforms from featuring a minimum to featuring a maximum at the

centerline. The distribution of the liquid water saturation S is shown in Figs. 4.8(b), 4.2(c),

and 4.8(e) for y values of 90, 900, and 9000s"1, respectively. It is seen that the characteristic

distribution of the liquid water saturation remains similar for the different values. The

maximum liquid water saturation slightly increases if the condensation rate constant is

increased. The distribution of the condensation heat source QK6 is shown in Figs. 4.8(c),

4.3(a), and 4.8(f) for y values of 90, 900, and 9000s"
, respectively. The condensation heat

source is positive in regions of the diffusion medium where condensation occurs, that is, next

to the reaction boundary, and it is negative where evaporation occurs, that is, next to the

channel boundary. The characteristic distribution of the condensation heat source is

dramatically changed if the condensation rate constant increases. At high condensation rate

constants, water vapor mainly condenses close to the reaction boundary and also mainly

evaporates close to the channel boundary, whereas low condensation rates result in a spatially

more gradual transition between condensation and evaporation.

Fig. 4.9(a) shows the distribution of the local current density j[y)l j0 at the reaction

boundary for different current collector potentials^ .
At low potentials^, the current density

distribution is quite uniform. The higher the current collector potential^, the more non¬

uniform the current density distribution j[y) at the reaction boundary is and the lower the

local performance numbers N= j[y)lj0 are. In Fig. 4.9(b), the liquid water saturation

distributions S at the reaction boundary are plotted. The higher the current collector potential,

the higher the local liquid water saturation level is, due to enhanced transfer current densities.

Maximum liquid water saturations exist underneath the middle of the current collector ribs
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(i.e., at_y = ±l/2) whereas minimum saturations exist underneath the middle of the channel

(i.e., at_y = 0). It is seen that the saturation distribution at the reaction boundary exhibits a U-
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Distributions at the reaction boundary z = 0. (a) Current density j[y)l j0. (b) Liquid water

saturation S [y/b).
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0 35

Fig. 4.10. Standard case with different saturation functions g[s). Current density

distributions j[y)/j0 at the reaction boundary z = 0.
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Fig. 4.11. Standard case with different electrode widths b [i.e., b = (2.0, 1.0, 0.5) mm/ and

electrode thicknesses L [i.e., L = (1/32, 2/32, 3/32, 4/32, 5/32, 6/32, 7/32, 8/32)7.

Distributions at the reaction boundary z = 0. (a) Current density j[y)l j0 (b = 2.0 mm), (b)

Liquid water saturation S[ylb) (b= 2.0 mm), (c) Current density j[y)/j0 (b= 1.0 mm).

(d) Liquid water saturation S [y/b) (b= 1.0 mm), (e) Current density j[y)/j0 (b= 0.5

mm), (j) Liquid water saturation S [y/b) (b = 0.5 mm).
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shape. If^1<0.6V, the distribution is almost uniform. For values near^= 0.8V, the

strongest non-uniformity is found. At higher potentials^, the distribution becomes more

uniform again, due to oxygen depletion underneath the current collector rib. Fig. 4.10 shows

the influence of the saturation function g(s) on the local current density distribution j(y)l j0

at the reaction boundary. The presence of liquid water considerably reduces the current

density due to reduced effective mass diffusivities. This effect is most important underneath

the middle of the current collector ribs (i.e., at_y = ±l/2) where the highest liquid water

saturation exists.

In Fig. 4.11, the effect of downscaling of the channel width/z, the current collector

width b
,
and the diffusion layer thickness Z on the distribution of the transfer current density

j(y)l j0 and the liquid water saturation S at the reaction boundary is investigated. In Figs.

4.11(a) and (b), the effect of the variation of the diffusion layer thickness on the current

density and liquid water saturation distribution is investigated. Herein, the channel and rib

widths are kept constant and their values correspond to the ones of the standard case. Fig.

4.11(a) shows that for small diffusion layer thicknesses, the transfer current density

distribution at the reaction boundary has two maxima underneath the edges of the current

collector ribs (i.e., neary = ±114). If the diffusion layer thickness is increased, the two

maxima combine into one single maximum located underneath the middle of the channel. The

larger the diffusion layer thickness, the more uniform the current density distribution is, that

is, the smaller the difference between the maximum and the minimum local transfer current

density is. From Fig. 4.11(b) it can be seen that the maximum liquid water saturation is

always found underneath the middle of the current collector rib (i.e., at_y = ±1/2) and that the

minimum liquid water saturation always exists underneath the middle of the channel (i.e.,

at_y = 0). The smaller the diffusion layer thickness is, the larger the maximum liquid water

saturation, and the larger the difference between the maximum and the minimum liquid water

saturation. In Figs. 4.11(c) and (d), the channel width and the current collector rib widths are

scaled down by a factor of two. Since the same nondimensional set of diffusion layer

thicknesses is investigated as before, this implies that the dimensional diffusion layer

thicknesses are divided by two. As an example, a diffusion layer thickness of 1/32 in Figs.

4.11(a) and (b) is identical to a diffusion layer thickness of 2/32 in Figs. 4.11(c) and (d). It is

seen that a variation of the diffusion layer thickness leads to similar characteristic current

density and liquid water saturation distributions at the reaction boundary as before. However,
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the current density distributions are shifted upwards, whereas the liquid water saturation

profiles are shifted downwards in the graph. Hence, higher local current densities and lower

local liquid water saturations can be obtained at decreasing length scales. It should be noted

that the graphs reveal substantial local current density improvements. In Figs. 4.11(e) and (f),

the channel width and the current collector rib width are scaled down again by a factor of two,

leading to identical conclusions as before. Substantial local current density improvements can

still be achieved.

L/b

Fig. 4.12. Standard case with different electrode thicknesses L [i.e.,\l32<L<&/32] and

electrode widths b [i.e., b = (2.0, 1.0, 0.5) mm/, subject to h = b!2. Average current

densities j I j0 for b = 2 mm (bottom curve), b = 1 mm (middle curve), and b = 0.5 mm

(upper curve).

In Fig. 4.12, the corresponding average densities javglj0 (i.e., the performance

numbers IT) are plotted. It can be seen, that for all three channel widths, there exists an

optimum diffusion layer thickness that provides a maximum average current density. He et al.

[12] and Natarajan and Nguyen [11] already predicted the existence of an optimum diffusion

layer thickness. However, they did not account for electron transport and heat transfer in their

studies [11,12]. This paper shows that both electron transport and multicomponent

nonisothermal two-phase transport in the diffusion layer need to be considered in optimizing

the diffusion layer thickness. The smaller the channel width, the smaller the optimum

diffusion layer thickness is. For channel widths h of 1.0, 0.5, and 0.25 mm andh = b!2,

maximum performance numbers of 0.51, 0.66, and 0.78 are obtained at optimum diffusion

layer thicknesses Z (Z) of 0.084 (168urn), 0.088 (88urn), and 0.093 (46urn), respectively.
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This study therefore makes a rather strong claim: based on the standard case, downscaling of

the channel and rib width by a factor of 2 allows for a 29% (0.66/0.51) performance

improvement, downscaling by a factor of 4 allows for a 53% (0.78/0.51) performance

improvement, and infinite downscaling allows for a theoretical maximum performance

improvement of 96%> (1.0/0.51). It is important to note that downscaling of the channel width

also requires downscaling of the diffusion layer thickness to achieve maximum average

current densities. If the channel width is scaled down while maintaining a constant diffusion

layer thickness, the average current density improvement can be smaller, although Fig. 4.12

suggests that the gain is still substantial. These results reveal that substantial current density

improvements can be obtained at decreasing length scales, e.g., within double-staircase PEM

fuel cells.

0 55

05

0 45

04

0 35

03
0 02 04 06 08 1

h/b

Fig. 4.13. Standard case with different channel widths h [i.e., 0.12 < h < 0.887 and effective

electrical conductivities [i.e., x = (500, 1000) il~]m_1 ]. Average current densities javglj0for

X
= 500 Q^m"1 (bottom curve) and x = 1000 Q^m"1 (upper curve).

In Fig. 4.13, the effect of the variation of the channel width h on the average density

Àvg/Zo (i-e-> tne performance numberll) is investigated. An optimum channel width exists

that provides a maximum average current density. In the standard case, an optimum channel

width h of 0.70 is found. If the effective electrical conductivity x of the diffusion medium is

reduced by 50%, a smaller optimum channel width h of 0.63 results. The smaller the

effective electrical conductivity x is, tne smaller the optimum channel widths. If x is

increased towards infinity, the optimum channel width approaches asymptotically 1.0. As a

result, it should be noted that optimum channel widths can only be predicted if an electric
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potential field governing the transport of electrons is included in the model. Combining the

results of Figs. 4.12 and 4.13, it follows that for a given width b
,
there exists an optimum pair

(Z, h) of diffusion layer thickness and channel width that provides a maximum average

current density.

4.6. Conclusions

In this study, a thorough model for the porous diffusion layers of a PEM fuel cell was

presented in which all the governing macroscopic transport phenomena, including

multicomponent diffusion, transport of liquid water, electronic current transfer, and heat

transfer are considered. A nondimensional mathematical formulation of the model was

introduced to generalize the results. The model was applied to the cathode diffusion layer. A

performance number was introduced to quantify losses in the diffusion layer attributed to

mass transfer, the presence of liquid water, charge transfer, and heat transfer. The results

show a strong two-dimensionality and coupling of the two-phase transport phenomena in the

diffusion layer, and therefore also imply that a one-dimensional treatment of the transport

mechanisms along the direction perpendicular to the membrane can be an oversimplified

approach.

Based on this two-phase model, the effect of downscaling of channel width, current

collector rib width, and diffusion layer thickness on the performance of PEM fuel cells was

systematically investigated and optimum length ratios (i.e., optimum diffusion layer

thicknesses, optimum channel and rib width) were identified at decreasing length scales. It

was also shown that the optimum diffusion layer thickness scales down as the channel width

is scaled down. In other words, for smaller channel and current collector widths, the optimum

diffusion layer thickness is also smaller. The results of this study reveal the great potential of

downscaled PEM fuel cells in achieving enhanced power densities.
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Appendix A. Nondimensional governing equations

0 = -V-iV,
02 (A.1)

0 = -V-Nmo-QK: (A.2)

0 = -V-NL+QK [A3)

O = V-(VT) + K5(V0)2+QK6 (A.4)

o=v-(v>) (A.5)

( ^XH20 +^X02 )X02 +^1^X02 \
^+ X02 + XH20 ) ,/ \ l \

N02 = j=—'- =\f{£)g(s)
\L + X02 + XH20 ) \_~^2XH20
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X02 + ^1 \
^ + X02 + XH20 )

(A.6)

_ ~ K ~

'

\
* XH20 + * X02 j XH20 + "J5- ^XH20 \
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* + X02 + XH20 )
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F ^ ~ ^f(e)g(s) (A.7)

{ 1 ± X02 "*" XH20 )
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jï \ X02 """ XH20 )
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Ä2 Ä2
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(A.8)

1 - xsat

ö = ln H2°

1-x,
H20

(A.9)
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AH20
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V e--L>œ,N2,o J
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cD,

—

N

iYH2C

H2O.N2.0 J
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f
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J

(Q = Q/{cy)) (A 14)
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Appendix B. Nondimensional boundary conditions

B. 1. Reaction boundary z = 0

B.2. Other boundaries

j = j/i = x02exp (Bl)

j0=x^2exp(Z>9), ]0=j0/i (B2)

Lë=f_l/2j{y)dy, Lë=javg/i (B3)

eZ-NO2=-K10J

ez-Nmo=KnJ

(B.4)

(B5)

dJdS ~

~.

rL

dS dz
nJ (B6)

az

dz
-Kl3j</)-KujT (B.7)

dj_
dz

jKl3IK5 (B8)

xO2{-hl2<y<0,~z = L) = Kli (B9)

xmo(-h/2<y<0,z = L) = Kl6 (B.10)

S(-/z/2<j}<0,z = Z) = Z:i7 (B.ll)
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f(-l/2<j5<-/z/2,z=Z) = l (B.12)

(j>[-\l2<y<-hl2,z=L) = \ (B.13)
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Appendix C. Scaling parameters

Äl — ^O2,H2O,0 ' ^H2O,N2,0 — $1 V^- U

Ä2 ~ Md2,N2,0 ' ^H2O,N2,0 — '2 V^^J

K3=b2y/Dmo^0=iM2 (C3)
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j -,
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K5=xtâ/[kTh) = g-^2g-l4 (C.5)

K6 =hî%b2cyl[kTh) = i2i3t5ll29 (C.6)

K7=Th=g-6 (C.7)

Ks=cRTh=Ç7 (C.8)

Z>9=aF^i/(i?Zh) = |8 (C.9)

Kw = 07 / («02^^02^2.0 ) = l9 (C 10)

^11 =W/(«H20^C^H20,N2,o) = l2l9llO (Cil)
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5. Multistage polymer electrolyte fuel cells based on nonuniform cell

potential distribution functions
e

Abstract

In this paper, a novel multistage polymer electrolyte fuel cell (PEFC) concept is

introduced according to which the cell potential is subject to a variation along the channel

direction. A commonly used condition in which the cell potential is uniformly distributed

along the flow direction is replaced herein by a generalized condition in which the cell

potential is nonuniformly distributed along the flow direction. It is shown that the proposed

multistage fuel cell concept involving nonuniform cell potential distribution functions allows

to simultaneously generate electric power at various cell potentials without a reduction of the

maximum electric cell power density. The proposed multistage fuel cell concept further

allows for enhanced maximum electric cell power densities compared to the traditional

concept involving a uniform cell potential distribution. An analytical model is used to perform

quantitative calculations based on this concept. A conjugate gradient algorithm is

implemented to optimize the cell potential distribution function along the flow direction.

Nomenclature

Latin symbols

b catalyst layer width, m

C constant

c molar concentration, mol m"3

D diffusion coefficient, m s"

E cell potential, V

F Faraday constant, 96485 C mol"1

e

This chapter is published in:
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h channel height and width, m

z'ex volumetric exchange current density, A m"3

j average current density, A m"2

k index

Z total channel length, m

Le Lewis number

/ thickness, m

m number of discontinuities

Nu Nusselt number

zz number of stages

P electric power, W

Pr Prandtl number

R universal gas constang, 8.314 J K"1 mol"1

Sh Sherwood number

Z cell temperature, K

U open circuit potential, V

v inlet flow velocity, m s"

z number of electrons

Greek symbols

a transfer coefficient

ß dimensionless parameter

y dimensionless parameter

K mass transfer coefficient, m s"1

À length of a single stage, m

Äc characteristic length of oxygen consumption, m

Aq characteristic length of diffusion losses, m

?] cathode overpotential, V

g" inlet mole fraction of oxygen

<p overpotential vector

û parameter vector

*F performance parameter
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Subscripts

b diffusion layer

c catalyst layer

h in the channel

k related to the kth stage

02 oxygen

ref reference

st standard case

Superscripts

dimensionless

s stoichiometric

5.1. Introduction

Polymer electrolyte fuel cells have the potential to be established as novel energy

conversion devices due to potentially high efficiencies and high power densities. In portable

applications, the available volume for the fuel cell and fuel storage is limited. Miniaturization

and the increase in electric power demand of portable applications require that fuel cells be

continuously optimized with respect to maximum electric power densities and efficiencies.

This can be achieved for example by optimization of the geometric structure and the operating

conditions of the fuel cell.

Several studies have been published addressing geometric optimization of the flow

structure and the diffusion zone [1-10]. Cha et al. [4] investigated the effect of channel width

on the performance of polymer electrolyte fuel cells. Earlier contributions addressing

geometric optimization issues are due to He et al. [1] and Natarajan et al. [3]. Porous materials

as fluid distributors in polymer electrolyte fuel cells have been investigated in [5] based on a

three-dimensional single-phase model. Improved electric power densities are predicted

compared to traditional channeled systems due to reduced effective lengths at which the

transport phenomena occur. Multi-scale tree network channels as fluid distributors

constructing double-staircase polymer electrolyte fuel cells [9] and pyramidal direct methanol

fuel cells [7] have been recently introduced. Such multi-scale flow structures obey more

favorable scaling laws than existing fuel cell flow structures. A net power density has been

139



introduced [7, 9] that is defined as the difference between the electric power density and the

pumping power density required for fluid circulation. In these studies [7, 9], it is recognized

that it is imperative that fluid flow irreversibilities be considered in constraint optimization of

polymer electrolyte fuel cells. A common method of these studies is to investigate fuel cell

designs in which the transport phenomena occur at reduced effective lengths compared to the

existing traditional counterparts, since irreversibilities caused by the various transport

processes are due to the finite size of the energy conversion device. The aim of the present

study is not on the geometric optimization aspects but rather on the optimization of the

operating conditions of the fuel cell. Polymer electrolyte fuel cells are generally operated

under a constant cell potential distribution along the channel [11-17]. Existing fuel cell

models are usually solved based on this assumption [11-17].

In this paper, a novel multistage polymer electrolyte fuel cell concept is introduced

according to which the cell potential is subject to a stepwise or continuous variation along the

channel direction. A common boundary condition in which the cell potential is uniformly

distributed along the flow direction is replaced herein by a boundary condition in which the

cell potential is nonuniformly distributed along the flow direction. An analytical model is

used to perform quantitative calculations based on this concept. A conjugate gradient

algorithm is implemented to optimize the cell potential distribution function along the flow

direction targeting at maximizing the electric cell power density.

5.2. The multistage fuel cell concept

In Fig. 5.1, the proposed multistage fuel cell concept is shown. The fuel cell has a

length Z and it is separated along the channel direction into zz independent stages of length

À, given by

Â = LI[m + l) = Lln, (1)

where m is the number of discontinuities of the cell potential distribution function. Each

stage has its own cell potential Ek .
It is assumed that no physical or chemical interactions can

occur between different stages. The proposed concept could be realized using segmented

current collector plates that were originally developed to perform locally resolved current

density measurements [18]. Such current collector plates are divided into electrically isolated
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segments allowing applying individual cell potentials to each segment. The concept could

also be realized by simply feeding the reactant gases through a sequence of single fuel cells or

stacks that are operated at different cell potentials. Hydrogen and oxygen are consumed along

each stage, where the composition of the fluid mixtures in the anode and cathode channels at

the end of stage k are identical to the composition of the fluid mixtures at the beginning of

stage k+l. The cell potential remains constant along a certain stage such that the cell

potential distribution function along the entire channel includes a maximum of m

discontinuities or steps. The cell potentials Ek are optimized with respect to maximum

electric power densities of the entire channel. If zz is finite, the cell potential distribution

function along the channel is a discrete function, and it becomes a continuous function if zz

tends to infinity. In contrast to the existing traditional single-stage fuel cell concepts with one

cell potential optimization parameter L\, the proposed multistage concept has zz optimization

parameters L\, E2, ...,En.

X X X

n, v2 %

E, E, E,

/ •- -/- jf * if—

X X X

7* y> v,,

E, E. E
if-

-if- —if- if

vy,c

one stage

Fig. 5.1. Schematic drawing of the proposed multistage polymer electrolyte fuel cell concept

including a channel that consists of n separated stages. Along-the-channel cross-section

showing the segmented cathode current collector (SCC), the cathode channel (CC), the

membrane-electrode-assembly (MEA), and the anode channel (AC). Instead of applying a

single cellpotential along the entire channel as in traditional concepts, thefuel cell is divided

into n stages where each stage has its own cellpotential Ek.
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5.3. Mathematical formulation

In this study, an analytical model originally proposed and experimentally validated by

Kulikovsky and co-workers [16, 19] is used. This model was extended and generalized by

Senn and Poulikakos [9] to describe the transport phenomena in double-staircase polymer

electrolyte fuel cells with tree network channels as fluid distributors. Three-dimensional

computational fluid dynamics modeling was performed to derive mass transfer correlations

for oxygen between the bulk fluid flow in the cathode channel and the cathode catalyst layer,

with respect to different channel and current collector rib widths. The generalized model [9] is

employed in this paper to investigate the effect of the variation of the cell potential along a

single channel. The model is based on first principles and allows for a closed analytical

solution. It takes into account oxygen mass transfer between the cathode channel and the

cathode catalyst layer, oxygen consumption along the cathode channel, and activation

overpotentials in the cathode catalyst layer. Ohmic overpotentials due to electron transfer in

the diffusion and catalyst layers are neglected. The anode is considered as an ideal source of

protons. The anode overpotential is therefore neglected along with mass transfer resistances

on the anode side. A thin membrane is considered and ohmic losses due to proton transfer in

the electrolyte phase of the catalyst layers and the membrane are neglected.

Models of different sophistication levels were developed in the past [20]. Three-

dimensional or quasi three-dimensional models provide the most comprehensive insight into

the transport phenomena occurring inside the cell. However, they still require substantial

computational time and resources to be solved numerically with respect to entire cells.

Multiparametric optimization becomes even more expensive or impossible, especially if the

number of optimization parameters within a certain objective function is large. In contrast,

simple models can be solved very fast and therefore open the possibility to address

multiparametric optimization issues.

5.3.1. Governing equations

The mean current density of the km stage can be written as [16]

Jk Jk

( X
1-exp

^C,k+^D
(2)
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where j\ is the stoichiometric current density of the kth stage, A is the length of a single

stage, ACk is the characteristic length of oxygen consumption related to the kth stage, and X^

is the characteristic length of diffusion losses related to the kth stage. The stoichiometric

current density of the kth stage can be written as [9, 16]

Jl=zFh2vb-lA~lc02Xk, (3)

where z is the number of electrons involved in the cathode reaction, F is the Faraday

constant, h is the width of the square cross-sectional channel, b is the catalyst layer width, v

is the bulk fluid velocity in the cathode channel, and c0 hk
is the oxygen concentration at the

beginning of the channel of the kth stage. The characteristic length of oxygen consumption

related to the kth stage is given by [16]

where cref is the reference concentration, lc is the cathode catalyst layer thickness, z'ex is the

exchange current density, a is the transfer coefficient, R is the universal gas constant, Z is

the cell temperature, and îjk is the cathode overpotential at the kth stage. The characteristic

length of diffusion losses can be written as [9, 16]

AD=h2vb~1fc-1, (5)

where K is the overall mass transfer coefficient between the bulk fluid flow in the cathode

channel and the cathode catalyst layer. Equations (2)-(5) were derived by Kulikovsky (see

Ref. [16]). The overall mass transfer coefficient can be written as [9]

r=(K1 + <)~\ (6)

where zrh is the oxygen mass transfer coefficient between the bulk fluid flow in the cathode

channel and the cathode channel/diffusion layer interface, and zrb is the oxygen mass transfer

coefficient between the cathode channel/diffusion layer interface and the cathode catalyst

layer. For laminar fully developed flow in a square duct with three adiabatic walls and a wall
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with a uniform heat flux, the Nusselt number Nu is constant, that is, Nu = 2.712 (see Ref.

[21]). The Sherwood number Sh can be related to the Nusselt number Nu according to the

Reynolds analogy [22, 23], Sh = NuLe, where Le = SclPr is the Lewis number, Sc is the

Schmidt number, and Pr is the Prandtl number. For the fluid properties in this study, Le ~ 1,

and the Sherwood number for mass transfer between the bulk fluid flow in the channel and

the channel/diffusion layer interface is given by [9]

Shh= 2.7. (7)

The corresponding mass transfer coefficient reads [9]

Kb=S\Db/h, (8)

where Dh denotes the oxygen diffusion coefficient in the cathode channel. The Sherwood

number for mass transfer between the channel/diffusion layer interface and the catalyst layer

shall be defined as [9]

Shb=[l + [b-h)l(4lb)]\ (9)

The corresponding mass transfer coefficient reads [9]

Kh=ShhDJlh=-
^

, (10)

-{lb+[lb+[b-h)l2]}

where Db is the effective oxygen diffusion coefficient in the cathode diffusion layer. The

effective diffusion length in Eq. (10), denoted by the denominator on the right hand side, is

defined as the mean value between a minimum diffusion length lb and a maximum diffusion

length lb+[b-h)!2 between the channel/diffusion layer interface and the catalyst layer.

Equations (9) and (10) were derived in a previous study [9] based on three-dimensional

numerical solutions of the Nävier-Stokes and species conservation equations. The Bruggeman

correction [24, 25] is used to relate the free-stream diffusion coefficient Dh to the effective

diffusion coefficient Db using the diffusion layer porosity £, according to
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D =D £3'2 (11)

with a tortuosity factor of 3/2
.
The oxygen concentration at the beginning of the channel of

the zUh stage reads [9]

"02,h,k
= tc exp

Â

^0,0+^
]Xiexp

Â

^C,.-l+4)
(12)

where <g is the molar fraction of oxygen at the inlet of the first stage, and c is the total molar

concentration. Note that Âc 0
is obtained from Eq. (4) with k = 0. Neglecting the anode

overpotential and ohmic overpotentials in the electrodes and the electrolyte phase of the

catalyst layers and the membrane, the cell potential of the zUh stage Ek is given as

Ek=U-Vl
k-> (13)

where U is the open circuit potential and îjk is the cathode overpotential of the zUh stage. The

electric power generated at the zUh stage reads

Pk=Jk*bEk, (14)

and the electric power obtained from all stages is written as

p=T.y (15)

5.3.2. Nondimensional governing equations

The governing equations are written in nondimensional form to generalize the results.

The mean current density jk is scaled with a standard stoichiometric current density jst,

given by

jst = zFh\b-lrlg-c (16)
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such that the nondimensional current density reads jk = jk I jst. The electric power generated

at the kth stage Pk and the total electric power P are scaled with a standard electric power,

given by

Pst=jstLbU = zFh2vJcU, (17)

such that the nondimensional forms read Pk = PkIPst and P=PIPst. The cathode

overpotentials are scaled with the open circuit potential U, given by fjk =r/k IU, and the cell

potential of the kth stage reads Ek =\-fjk. The channel length Z is used as a length scale

such that Â = ÂIL, Âck =ÂcklL, and X^ = À^ IL applies.

The mean current density of the kth stage can be written in nondimensional form as

Jk=n&
( Iln

exp

1-exp

^0,0+^

( _Un__]
K,k+K

lT=iexp
l/zz ^

J^0,-1+4
(18)

the scaled electric power generated at the zUh stage reads

Pk=~ß4~ß-lnl~jk[\-7)k), (19)

and the scaled electric power obtained from all stages is written as

f=ry (20)

The scaled characteristic length of oxygen consumption related to the zUh stage is given as

Kk=~ßy^{-~ßA) (21)

and the characteristic length of diffusion losses reads
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4,= A- (22)

The mean current density of the zUh stage jk depends on the four nondimensional parameters

ß, ß2, ß3, and ß5. The scaled electric power P obtained from all stages depends on the

four nondimensional parameters ß, ß2, ß3, and ß4. The parameter set ß, ß2, ß3, ß4, and

ß5 can also be written in terms of a parameter set y, y2, y3, y4, and y5, in which the

velocity v appears only in y .
The two sets are given as

ß = zFh2vcief [bLlJeJ1 = y , (23)

ß2=aFU[RT)~1=y2, (24)

~ß3=h2v[bLK)l=yy, (25)

ß4 = zFh2vCcUPs?=yy4, (26)

ß5=zFh2v[bLy^cj;tl = yy5, (27)

f3=Ux(^refr)"1, (28)

n=ÇcUbLljj£P?y (29)

and

r5=4cieLCj-\ (30)

With Eqs. (18), (19), and (21)-(30), the electric power of the zUh stage Pk can be written in

terms of the parameter set y, y2, y3, and y4, given by
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^ = flf4(l-%) exp

x

x

i~Lexp

f

l-exp

1/zz

f1exp(-f2z70) + f1f3y

1/zz V

^exp(-f2z7!_1) + f1f3
3 y

1/zz

f1exp(-f2z7,)+f1f33 y

Using Eqs. (20) and (31), the total electric power P is given as

^=z;J^4(i-%) exp

1/zz

yexp[-y2rj0)+yy33 y

x

x

i~Lexp

f

l-exp

1/zz

^exp(-f2z7!_1)+f1f33 y

1/zz

yexp[-y2%)+yy33 y

(31)

(32)

The total electric power Pisa function of the number of stages zz, the cathode overpotentials

z/j, fj2, fj3, ..., fjk,..., fjn, and the parameters^, y2, y3, and y4. It may be written as

P = f{n,çn,&), where çn =(fjl,fj2,fj3,...,%,...,z/„)T and è = [y,y2,y3,y4f. Note that

fjk =\-Ek applies such that fjk may be substituted by \-Ek in the above formulations.

5.4. Optimization

The total electric power P = f [n,çn,û\ shall then be maximized with respect to q>n

in order to optimize the cell potential distribution along the channel. The optimization

statement shall be formulated as: Find a vector q>n max
e M"xl such that

f{n,çnrn^,ë)>f[n,q)n,û), Vft.
)«Xl

(33)

where 0 < ijk < 1. A performance number ¥ is defined that relates the maximum electric

power of a zz-stage concept to the maximum electric power of a traditional single-stage

concept, given by
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w

f[n = \,çn=l^,û)
(34)

A conjugate gradient algorithm [26] is implemented to minimize f[n,çn,û\ = C- f[n,çn,û\

with respect to q>n. An initial vector çni=0 =(fjll=0,fj2i=0,fj3i=0,..., %,,=<,,-, fjni=0) is set at the

beginning of the iteration procedure. A gradient vector is calculated at each iteration step, given

by

8,=
df(n,q>ni,è) df(n,(pni,è) df{n,cpni,û)

M,
'

d*L dfj.
3,2

df{n,çni,è) df{n,çni,è)
~n\T

9% d*L

(35)

The direction vector is updated according to pt = -gt + ö7!/z!_1, where

Œ, =<
~T ~

8,8,

..

Si-iSi-

if z = 0

if i > 1
(36)

The function f[n,çni+ô1p1,&\ is minimized with respect to S1 suchthat

$ {">$„,+ÏP„0)
dö.

= 0 (37)

With the resulting S1, the updated overpotential vector is given by çn 1+1 =ç„1+SJpJ

5.5. Results and discussion

A standard case is considered that is based on the parameters given in Table 1. The

standard case is defined by the parameters yst, y2st, y3st, and y4st which are also listed in
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Table 1. These parameters are obtained through Eqs. (23), (24), (28), and (29), using the

values of Table 1, where v is replaced by the cathode inlet velocity vst of the standard case.

The effect of the number of stages zz on the maximum electric power P will be discussed. In

addition, the effect of the variation of the parameters y and y2 on the maximum electric

power P will be investigated. A variation of the parameter y represents a variation of the

cathode inlet velocity v, since v°<-y, and a variation of the parameter y2 represents a

variation of the transfer coefficient a, since a<^y2. Figure 5.2 illustrates the course of the

optimization of the cathode overpotentials fjk =\-Ek for zz = 21 stages and different initial

conditions, based on an inlet flow rate y = y st
/160.

Figure 5.3 shows the distribution of optimized cathode overpotentials fjk =\-Ek for

different numbers of stages zz and different inlet flow rates y. Note that the optimum cell

potential distribution can also be extracted from Fig. 5.3, since Ek = 1 - fjk. It can be seen that

the values of the optimized cathode overpotentials fjk =\-Ek monotonically increase along

the flow direction, i.e., with increasing index k. This implies that the optimized cell

potentials Ek=\-fjk monotonically decrease along the flow direction. The overpotential

difference between consecutive stages, given by fjk+l -fjk, increases along the flow direction,

i.e., with increasing index k
.
The cell potential difference between consecutive stages, given

by Ek+l-Ek ,
decreases along the flow direction, i.e., with increasing index k. The

maximum overpotential difference along the channel is given by fjn-fjl, that is, the

maximum overpotential is obtained at the last stage with the lowest inlet oxygen

concentration and the minimum overpotential results at the first stage with the highest inlet

oxygen concentration. The maximum cell potential difference along the channel is given by

El-En, that is, the minimum cell potential is obtained at the last stage with the lowest inlet

oxygen concentration and the maximum cell potential results at the first stage with the highest

inlet oxygen concentration. The higher the number of stages zz, the larger the maximum

overpotential difference fjn-fjl and maximum cell potential difference El-En along the

channel, approaching asymptotically constant values as zz tends to infinity. If the inlet flow

rate y tends to infinity, the oxygen concentration tends to remain constant along the channel.

In such a case, the optimized cathode overpotentials fjk=\-Ek also tend to remain constant
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along the channel and the performance parameter ¥ tends to unity. If the inlet flow rate is

decreased, the variation of the optimized cathode overpotentials fjk =\-Ek along the channel

becomes more pronounced. Figure 5.3 shows that this variation can be significant. It should

be noted that the optimum individual current densities jk (corresponding to Fig. 5.3) are

subject to decrease along the flow direction. The same holds for the optimum individual

electric power densities Pk /(AIL).

In Fig. 5.4, the performance parameter *¥ is plotted for two different values of the

parameter y2. The performance parameter *¥ relates the electric power obtained from a

multistage channel (with optimized cathode overpotentials fjk ) to the electric power obtained

from a traditional single-stage channel (with optimized cathode overpotential z/j). The

performance parameter *¥ tends to unity as the inlet flow rate y tends to infinity. If the inlet

flow rate y is decreased, the performance number *¥ increases and reaches a maximum in

the range 103 < y < 104. If the number of stages zz is increased, the performance parameter

*¥ also increases and asymptotically approaches a maximum as the number of stages zz tends

to infinity. Figure 5.4 shows that based on the multistage concept, electric power can be

generated at significantly different cell potentials along a channel without any loss in electric

power. The results also indicate that higher electric power densities can be achieved based on

the proposed multistage concept with nonuniform cell potential distributions along the

channel. This concept can be applied to micro- and macroscale applications that require

electric power at various cell potentials.

5.6. Conclusions

A novel multistage fuel cell concept was introduced according to which the cell

potential is allowed to vary along the channel direction. It was shown that the proposed

concept allows to simultaneously generate electric power at various cell potentials without a

reduction of the maximum electric cell power density. The multistage concept further allows

for enhanced maximum electric cell power densities compared to the traditional concept

involving uniform cell potential distributions along the channel. In practical applications, the

proposed concept could be realized using segmented current collector plates which were

originally developed to perform locally resolved current density measurements.
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Table 5.1. Geometry and operating condition parameters.

Values are takenfrom Ref. [9].

Number of electrons z 4

Transfer coefficient a 0.5

Cell temperature Z(K) 363

Open circuit potential U (V) 1.2

Reference molar concentration of oxygen cref (mol/cm ) 3.31x10"

Volumetric exchange current density /ex (A/cm3) 3.5 x 10"3

Diffusion coefficient of O2 in the gas channel L\ (cm2/s) 0.356

Diffusion coefficient of O2 in the diffusion layer Z\ (cm2/s) 0.0318

Diffusion layer wet porosity e 0.2

Oxygen molar fraction at the inlet £ 0.0627

Total molar concentration of the gas mixture c (mol/cm3) 3.31 x 10"5

Channel height and width h (cm) 0.1

Catalyst layer width b (cm) 0.2

Diffusion layer thickness 4 (cm) 0.017

Catalyst layer thickness lc (cm) 0.006

Channel length Z (cm) 10

Inlet flow velocity in the standard case vst (m/s) 10.0

?l,st 3.04 xlO6

?2,st 19.2

?3,st 2.34 xlO"6

?4,st 3.29 xlO"7

y5,st 3.29 xlO"7
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6. Laminar mixing, heat transfer and pressure drop in tree-like

microchannel nets

Abstract

The laminar convective heat transfer and pressure drop characteristics in tree-like

microchannel nets are numerically investigated and compared to the corresponding

characteristics in traditional serpentine flow patterns, by solving the Navier-Stokes and energy

equation for an incompressible fluid with constant properties in three dimensions. A constant

heat flux is applied to the walls of the square cross-sectional channels. The intrinsic advantage

of tree-like nets with respect to both heat transfer and pressure drop is demonstrated. In

addition, secondary flow motions initiated at bifurcations and their important role on thermal

mixing are identified and discussed. Thermal management issues in polymer electrolyte fuel

cells are addressed and in this context, the future employment of tree nets is recommended.

Nomenclature

Latin letters

a distance (m)

Br Brinkman number (-)

cp specific heat capacity (J kg"1 K"1)

d channel diameter (m)

Ec Eckert number (-)

/ Moody (or Darcy) friction factor (-)

h heat transfer coefficient (W m" K" )

k branching level (-)

Z channel length (m)

f
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m total number of branching levels (-)

m mass flow rate (kg s" )

zz parameter (-)

Nu Nusselt number (-)

p pressure (Pa)

Pr Prandtl number (-)

q wall heat flux (W m"2)

r length ratio (-)

Re Reynolds number (-)

S surface area (m )

t time (s)

Z temperature (K)

v velocity (m s"1)

x, y, z coordinates (m)

Greek letters

ß channel diameter ratio (-)

y channel length ratio (-)

Â thermal conductivity (W m"1 K"1)

/I dynamic viscosity (Pa s)

p density (kg m" )

^,T],C coordinates (m)

Subscripts

0 zeroth branching level

i, j indices (Einstein summation convention)

in inlet

k branching level

m mean

max maximum

min minimum

ref reference
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w wall

ç~k in ç~k direction where k indicates the branching level

Superscripts

~ dimensionless

6.1. Introduction

Effective thermal and water management in polymer electrolyte fuel cells is key to

ensure high cell performance and efficiency. The irreversibility of electrochemical reactions

and joule heating are the most important factors causing heat generation inside PEM fuel

cells. The temperature distribution in the cell has a strong impact on the cell performance

since it influences the water distribution by means of condensation and affects the

multicomponent gas diffusion transport characteristics through thermocapillary forces and

thermal buoyancy. Also, the kinetics of electrochemical reactions directly depends on

temperature. Excessive global or local cell temperature due to insufficient or non-effective

cell cooling may cause membrane dehydration, shrinking or even rupture. Membrane

hydration is important to ensure high proton conductivity and thus cell performance. Hence,

thermal and water management issues are strongly coupled and they have a direct impact on

cell performance. Thermal management includes the removal of the generated heat from

inside the cell to the outside. Further, a temporally and spatially uniform temperature

distribution must be provided, hot spots need to be avoided, and pumping power required for

the coolant circulation has to be minimized in order to ensure high overall cell efficiency.

Therefore, pressure drop must be minimized while maximizing the heat transfer capability at

the same time.

For thermal management in PEM fuel cell stacks, usually serpentine or meander cooling

patterns are used, having only one or a few inlets and outlets, for liquid or gas coolant,

depending on the system design and the cell size. For overall stack functionality reasons, the

number of fluid inlets and outlets must be small, making parallel cooling patterns usually

inappropriate. These circumstances call for a flow geometry with minimum flow resistance

between a volume and one point, i.e. between the inside of the cell and the inlet or outlet. In

this paper, the use of deterministic tree networks of Bejan and co-workers [1,2], also termed

as fractal networks of branching tubes [3], is suggested for this purpose. Bejan and Errera [4]

discussed a deterministic tree network for fluid flow with minimum flow resistance between a
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volume and a point, subjected to two constraints: fixed total volume and fixed channel

volume. Bejan [5] showed that the total heat convected by a double tree is proportional to the

total volume raised to power 3/4. Chen and Cheng [6], following the principles put forth by

Bejan and co-workers [1,2,5], presented an analytical study on the heat transfer and pressure

drop characteristics in fractal tree-like microchannel nets in which a comparison is made

between fractal nets and traditional parallel channels. After simplifying assumptions including

neglecting the effect of bifurcation on pressure drop and heat transfer they found that the

considered fractal nets provide higher heat transfer capability and cause less pressure drop.

In the course of electronics miniaturization during the last decade, denser component

packing led to higher energy dissipation rates and necessitated the demand for high-

performance micro heat exchangers consisting of microchannel systems being based on gas or

liquid convective heat transfer in single or two-phase flow regimes [7-9]. Compared to large

diameter channels, the large surface to volume ratio of small diameter channels provides a

better heat transfer capability and therefore makes microchannel systems attractive for dealing

with high heat fluxes. However, a penalty is paid due to the higher pressure drop, caused

again by the increased surface to volume ratio. In the literature, microchannels are generally

defined as channels having a hydraulic diameter smaller than 1 mm and larger than 1 urn [7].

A substantial research effort has been focused on the experimental [10-17,19,21] and

numerical [18-24] investigation of single phase flow in such microchannels. Most of this

work described in literature is concerned with two parameters, the friction factor and the heat

transfer coefficient, regarding channels with diameters between lum and 1mm. Experimental

results show agreement but also substantial deviation from classical theory developed for

larger channels. Possible reasons for the measured deviations are discussed and investigated

in the literature [25-33]: measurement inaccuracy at the micro-scales, high relative surface

roughness at the channel walls, the electric double-layer (EDL) effect, viscous heating, and

slip-flow for gases at high Knudsen numbers. Due to the large surface to volume ratio, surface

related phenomena become important or rather dominant at the micro-scales and they might

not be neglected, as at the larger scales. However, the literature is not conclusive with respect

to the dependence of the above mentioned two parameters on the hydraulic diameter in the

submicron-scales. A key property of a tree net is that there is not an intrinsic length-scale,

defined in an ad-hoc manner. Such scales are reduced from one branching level to the next

higher one, such that the relative importance of different phenomena depends on the

branching level.
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Cooling layer

Bipolar plate, cathode side
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Membrane-
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Fig. 6.1. Thermal management in polymer electrolyte fuel cell stacks, (a) Traditional

serpentine or meander coolingpatterns without a separation layer between the bipolar plates.

(b) Superimposed tree nets. One net is imposed on the back side of the anode bipolar plate

and another net is imposed on the back side of the cathode bipolar plate. The two nets are

separated by a separation layer. Vertical holes in this layer connect the ends of the highest

branching levels to each other.

In this paper, a numerical analysis of the fundamental heat transfer and pressure drop

characteristics in tree-like microchannel nets as shown in Figs 6 1 and 6 2 is presented The

future application of tree nets for thermal management in PEM fuel cells is suggested and

discussed, among other application areas In the analytical work by Chen and Cheng [6], the

effect of bifurcation on heat transfer and pressure drop is neglected and it is assumed for

simplicity, that the laminar flow is fully developed both thermally and hydrodynamically

Such assumptions are appropriate if for the flow channels, the length to diameter ratio is very

high and the Reynolds number is rather small, such that the hydrodynamic and thermal

development lengths can be neglected compared to the channel lengths The present

computational study is not based on such assumptions and it takes into account important

hydrodynamic and thermal effects from bifurcations, such as secondary flow motions and

convective thermal mixing The Navier-Stokes equations and the energy equation are

numerically solved in three dimensions in conjunction with a constant heat flux boundary

163



condition at the channel walls The characteristic variations of the Nusselt number and the

friction factor along the tree net are discussed and compared to the ones of a serpentine flow

pattern having the same heat transfer surface area

Fig. 6.2. Tree net with six branching levels m = 6, ß = dk+l Idk = 2
, y= Lk+l ILk = 2

Z0 /d0 = 10, r = 0 95, and Adk = ak. (a) Three-dimensional view, (b) Top view, (c) Schematic

of the geometric structure of the tree net. (d) Computational domain with inlet and outlet

massflow rates.

6.2. Mathematical model

In the following mathematical model, an incompressible fluid is assumed with

constant viscosity ju, constant heat capacity cp, and constant thermal conductivity À Using the

Einstein summation convention, continuity reads

momentum conservation is written as
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dp d

dt
(w)+—Kv,)=-^+

r 3v,^

3x 3x 3x
ß

dx.
/ =1,2,3 (2)

î ^ v iy

and the energy equation including the viscous dissipation term is given by

dt
(pZ) + ^(pv;Z):

dx dx

( ?idT\

c dx
+
ß

; V p i J "p v3x; 3xJaX;
(3)

For a non-dimensional representation of the problem, the hydraulic channel diameter d0 of the

zeroth branching level is used as a length-scale, the inlet velocity vm is used as a velocity

scale, the inlet temperature Tm and a maximum temperature Zmax are used for temperature

scaling, and pressure is scaled through a reference pressure/>ref :

> v,= Z =

r-rm

z -z
max in

~-P-PrSf
P 2

(4)

The maximum temperature is defined as Zmax =qS/[mk=0cp) + Tm, where q" is the constant

wall heat flux and S represents the corresponding heated surface area. Based on these scalings

and the definition of non-dimensional numbers,

Re = pvmd0/ß, Fv = cp/i/A, BT = ßvl/[A[Tmax-Tm)], (Ec^Br/Pr), (5)

the conservation equations (1) to (3) can be written in non-dimensional form as

dv.
;
_

dx.
= 0, (6)

d
_

3/~~n dp 1 d v,
—v, + \v]v,) = — +

dt dx, dx, Re 3x dx,
7 * J J

/ =1,2,3 (7)

and

d2T

dt dx,
- + -

RePr 3x;3x; RePr

Br f 'dv, dv^dv,
• + -

dx, dx, dx.
V 3 ' J 1

(8)
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6.3. Numerical solution

6.3.1. Models and boundary conditions

Based on the above mathematical formulation, the fluid mechanics and heat transfer in

a tree-like net consisting of channels with square cross sections, as shown in Fig. 6.2, is

computed. The fractal geometry considered here is fixed if the following independent

parameters are given: the number of branching levels m, the ratio of the channel diameters

ß = dk+lldk between two consecutive branching levels, the corresponding channel length

ratio y= Lk+l I Lk, the length to diameter ratio Z0 / d0 at the zeroth branching level, the ratio r

of the straight channel length and the entire channel length Lk including the length of the

converging duct, and the length Z0 or the diameter d0 at the zeroth branching level. In this

study, a fractal geometry with m = 6, ß = 2~1'3, y=2~1'2, L0/d0 =10, r = 0.95, and

d0 = 1 mm is investigated. Optimization of a single plane construct consisting of a T-shaped

junction with respect to minimum flow resistance by fixing the total tube volume yields the

optimal diameter ratio ß = dk+l Idk = 2"1/3, known as Murray's law [34,35], which is

independent of the length ratio y = Lk+lILk and geometry. If the space allocated to the

construct is further fixed, i.e. 2Lk+lLk = const., a second minimization of the flow resistance

[5] yields the optimal length ratio y = Lk+l ILk = 2~13. However, this length ratio creates the

practical problem of channel overlapping for a right angled plane construct with m > 4. To

circumvent this, y= 2~12 is chosen in this study. Such a tree net has one fluid inlet at the

zeroth branching level and a number of 2m fluid outlets at the highest branching level, where

m represents the total number of branching levels. A traditional heat removal concept for

PEM fuel cells is shown in Fig. 6.1(a) in which a serpentine or meander flow pattern is

manufactured into one of the bipolar plates.

An alternative concept utilizing the tree network of channels requires that on top of the

first net, a second net of identical geometry is superimposed and the ends of the highest

branching levels of each net are then vertically connected in order to build up a closed fractal

tree, having one fluid inlet at the zeroth branching level of the first net and one fluid outlet at

the zeroth branching level of the second net. A novel concept for thermal management in

PEM fuel cell stacks which is based on this principle is presented in Fig. 6.1(b): A tree-like

flow pattern (first tree net) is imposed on the back side of the anode bipolar plate and another

net (second tree net) is imposed on the back side of the adjacent cathode bipolar plate, such
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that each bipolar plate contains a flow pattern for reactant and product gas on the one side and

a tree-like flow pattern for thermal management on the other side. Adjacent bipolar plates are

separated by a separation layer including vertical holes which connect the ends of the highest

branching levels of each net. In this manner, the anode side is cooled with colder coolant

whereas the cathode side is cooled with preheated, warmer coolant providing a higher

temperature level on the cathode side than on the anode side. Higher temperatures on the

cathode side enhance electrochemical reaction rates and increase the saturation pressure of

water vapor leading to a reduced amount of condensation which in turn reduces mass

transport limitations at high current densities. On the cathode side, the large electrode

overpotential and the condensation of water vapor are main performance-limiting factors

which are addressed with the proposed concept. Half (or part) of the tree net may be

manufactured on the bipolar plate and the other half on the separation layer. Alternatively, the

entire tree net may be manufactured on the bipolar plate only. Such manufacturing issues,

although mentioned in passing to indicate possible solutions, are not the main theme of this

work which focuses on the basic thermofluidic aspects of the problem. Heat conduction

taking place in the solid material between the flow channels (clearly also tractable

numerically) is not considered in this work opting for the simple constant heat flux condition

on the wall, and only the first net is modeled according to Figs. 6.2(a)-6.2(c), since the main

focus is to demonstrate the power of the tree channel concept leaving further quantification

tied to specific applications for future parametric studies.

This net is symmetric with respect to the planes y = 0 and z = 0. Therefore, for the

computational domain drawn in Fig. 6.2(d), symmetry boundary conditions are applied at

y = 0 and z = 0. A constant velocity profile is applied to the inlet boundary condition. The

tree net is cut at the left end of the second and the consequent branching levels and constant

mass flow outlet boundary conditions are used to reduce the number of degrees of freedom of

the computational model, cf. Fig. 6.2(d). This configuration of outlet boundary conditions

implicitly incorporates the assumption, that at a bifurcation, half of the mass flow is directed

to the left and the other half to the right. By modeling an entire tree net with m = 4 for a wide

range of inlet Reynolds numbers, it was found that this is a very good assumption indeed,

even if for the flow it is not possible to hydrodynamically fully develop before bifurcating. At

the highest branching levels, fixed pressure outlet boundary conditions, pief = 0, together

with zero flux thermal boundary conditions are applied. For heat transfer, a constant fluid
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inlet temperature profile is set and at the walls of the tree net, a constant heat flux q" and

non-slip boundary conditions are applied.

The serpentine geometry as shown in Fig. 6.3 has exactly the same heat transfer

surface area as the complete fractal geometry with an identical wall heat flux q". Its square

cross-sectional channels are of constant diameter d0 which equals to the largest channel

diameter in the tree net. The entire serpentine flow pattern covers the same rectangular area as

the tree net.

I

1

1

Fig. 6.3. Serpentineflow pattern with the same heat transfer surface area as the tree net and

covering the same rectangular area.

6.3.2. Solution method, grid independency

The set of partial differential equations (6) to (8) with the boundary conditions

described above is numerically solved with a finite-volume central scheme on a structured

grid using the licensed solver CFD-ACE distributed by CFD Research Corporation of

Huntsville, USA. Algebraic multigrid solver is used in conjunction with a convergence

criterion of lxlO"10.

The computational grid of the three-dimensional fractal geometry consists of

1,816,800 cells. By increasing the cell number to 2,721,705, practically indistinguishable

temperature contours and velocity contours of all three components are obtained when

comparing to the results obtained from the coarser grid. By decreasing the cell number to

790,425, small discrepancies are obtained for temperature and velocity contours. The grid

resolution of the serpentine flow geometry is consistent with the one of the fractal geometry

and it contains 1,063,200 cells.
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6.4. Validation

The numerical results are validated with analytical and numerical solutions from

literature. For incompressible, laminar and fully developed steady flow of constant viscosity

in a square duct, an exact analytical solution [18] can be obtained for the mass and momentum

equations (6) and (7). Within this framework, the exact Moody (or Darcy) friction factor /

[18] is given as

/Re = 24 1-192^"5 V zz"5tanh(^/2)
«=1,3,

56.908. (9)

Iqbal et al. [36] analyzed the H2 boundary condition [18] of rectangular ducts with all four

walls heated for a thermally and hydrodynamically fully developed flow with constant fluid

properties and neglecting viscous dissipation. For a square duct, they obtained Nu = 3.091 by

means of a variational approach. Chandrupatla and Sastri [37] obtained Nu = 3.095 which is

in agreement. Their finite difference solutions were computed by using the iterative

extrapolated Liebmann method.

For Reyfc=0=20, the flow becomes fully developed both thermally and

hydrodynamically in the first channel of the serpentine flow pattern. The present numerical

solution of Eqs. (6)-(8), neglecting viscous dissipation in the energy equation like in the

references mentioned earlier to facilitate the comparison, yields /Re = 56.976 (+0.118%

compared to Ref. [18]) and Nu = 3.096 (+0.162% and +0.0323% compared to Refs. [36] and

[37], respectively), which is in very good agreement with the previously mentioned results.

6.5. Nusselt number and friction factor

In order to investigate the heat transfer and pressure drop characteristics of the tree net

and the serpentine flow pattern, the local Nusselt number and local friction factor are

determined at each discrete channel cross-section along the flow direction. The local Nusselt

number then depends on the position & as indicated in Figs. 6.2(c) and 6.3, i.e.

Nu,(4) = z\(4K/A (10)

where the subscript k indicates the branching level in the case of the tree net. With the

constant wall heat flux q", the local heat transfer coefficient reads
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K{Çk) = q l[Tw^k[g-k)-Tm,[g-k)\ (11)

where the mean fluid temperature is given as

r si max n 'Ik max

v^k{^%^k)Tk{^%^k)d%dCk
Jo J yt mm

r
si
max n 'Ik max

^A^v^Ck) d%dCk
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TmAtk) = - ^^ (12)
' v ' r S £ max r '/t max

and the peripherally averaged wall temperature reads

1 (*si max

Av,nU \Çk) = j ,~
I lwJc\ÇkMk,ram^k)dÇk
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+y~y Tw,k{Çk,Vk^,Ck)dCk (i3)
Ctk / Z Jo
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+
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Herein, v^k is the velocity component in ^.-direction at the zUh branching level. The

Reynolds number at the zUh branching level,

^k=PV^ra,kdklß (14)

with the mean velocity

r si max n 'Ik max

\,k{^^kXk) d%dCk
Jo Jntmm

r si max n 'Ik max

d%dCk
Jo J m „

W = *?_
.„_

= 2"Vvm, (15)

and the definition of the friction factor,

3Pm,* H
/,(&)=-;; 2* , (i6)

are used to compute the local fkRek[g'k) which depends on the position along the flow

direction. The cross-sectional average of the static pressure
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is used to determine the pressure gradient in Eq. (16).

Table 6.1. Properties of liquid water at 1 bar and 75 °C [38]. Boundary conditions and

geometryparameters.

Density/} (kg m"3) 975

Dynamic viscosity p. (Pa s) 377 x 10"

Thermal conductivity À (W m"1 K"1) 0.664

Specific heat capacity cp (J kg"1 K"1) 4203

Inlet velocity v0 for Re^=o = 20 (cm s"1) 0.774

Inlet velocity v0 for Re^=o = 200 (cm s"1) 7.74

Wall heat flux q for Rek=0 = 20 (W m"2 K"1) 776.8

Wall heat flux q for Rek=0 = 200 (W m"2 K"1) 7768

Channel diameter d0 at the zeroth branching level (mm)

Surface area S (m2) 4.083 x 10"4

6.6. Numerical results and discussion

The equations governing fluid flow and heat transfer, Eqs. (6)-(8), are numerically

solved with respect to the tree and serpentine channel patterns. For each configuration, two

cases are considered: The first case is based on ReA,=0 = 20 and Pr = 2.39 whereas the second

case is based on Re^ = 200 and Pr = 2.39. This Prandtl number represents the properties of

liquid water at 1 bar and 75 °C [38]. The operating temperature range for PEM fuel cells is

usually between 65 °C and 100 °C. For a channel diameter of d0 =lmm at the zeroth

branching level, these Reynolds numbers then imply a mean liquid water inlet velocity of

0.774 cm/s and 7.74 cm/s, respectively. In this section, laminar mixing, pressure drop, and

heat transfer characteristics in the fractal and serpentine flow pattern are discussed and

171



compared to each other. Dimensional results are based on the parameters given in Table 6.1.

Characteristics are plotted for the right-sided branches, cf. Fig. 6.2(d).

Fig. 6.4. Laminar mixing at the first bifurcation in the tree net at Re^=o = 200. (a)

Streamlines in top view: Transverse vortices with their axis transverse to the flow causing

recirculation and longitudinal vortices with their axis along the flow in the streamwise

direction, (b) Temperature (K) contours showing hot spots in the recirculation area at z = 0.

6.6.1. Laminar mixing

As the flow passes through bifurcations, secondary flow motions are initiated as

shown in Fig. 6.4(a). The higher the flow Reynolds number, the larger their relative

magnitude is. Transverse vortices with their axis transverse to the flow in the streamwise

direction generate recirculation near the inner corners of the bifurcations, where the fluid

velocity is much slower than at the outer wall, leading to hot spots in this area, cf. Fig. 6.4(b).

Further, two longitudinal vortices of opposite orientation with their axis along the flow in the

streamwise direction are generated, as seen in Fig. 6.5. Thereby, cold fluid is moved from the

outer to the inner wall and finally to the channel core as the strength of the vortices decays

with increasing distance from the bifurcation, cf. Fig. 6.5. With increasing branching level k,

the flow Reynolds number becomes smaller and thereby the initial strength of longitudinal

vortices is reduced such that cold fluid is not anymore subject to establish a closed ring with

warmer fluid inside this ring.
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For the tree net, the distance dk as indicated in Fig. 6.2(c) has been varied to

investigate the dependence of the vortex structures on different geometric configurations of

the converging passages. Identical longitudinal vortex structures of varying strength are found

for different values of dk. Herein, the following parameter set has been investigated for the

higher Reynolds number level (Ret=0 = 200) : dke [-2ak,-ak,0,ak,2ak) with

ak=[dk-dk+l)/2 where the geometry with Adk=ak represents the case being mainly

discussed in this study. The strength of the longitudinal vortices increases for larger values of

dk, increasing thereby the peak local Nusselt number N%=lmax according to 10.2, 10.9,

12.7, 15.1, and 17.0. However, the pressure drop in the entire tree net increases at the same

time according to 50.2, 52.1, 56.1, 65.0, and 87.3 Pa, respectively. Therefore, the effect of

thermal mixing can be intensified with increasing values of dk at the cost of additional

pressure drop and vice versa. The channel cross sectional area at the interface of two

consecutive branching levels k and k + l, i.e. [dk-2 dk)dk+1, is reduced with increasing

dk. Therefore, the flow is locally accelerated before entering the higher branching level

which causes higher strengths for longitudinal vortices and therefore enhanced thermal

mixing. More detailed optimization of the bifurcation geometry at the different branching

levels and inlet Reynolds number with respect to both aspects is left to algorithmic

optimization studies considering also complexly curved walls. Fluid mixing could also be

intensified by different passive methods, e.g. by placing ridges on the floor of the channels at

an oblique angle [39] or by inserting C-shaped repeating units in the streamwise direction

[40].
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Fig. 6.5. (a) Temperature (K) contours atfour consecutive cross-sections in the first, second,

and third branching level of the tree net at Reyfc=0 = 200. (b) Vorticity (s"1) andpressure (Pa)

contours at two consecutive cross-sections in the first branching level k = 1 ofthe tree net at

Re
k=0

200.
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6.6.2. Pressure drop

In the tree net, the flow is subject to develop hydrodynamically and thermally in the

entrance region of the zeroth branching level due to the constant velocity and temperature

profiles at the inlet. At bifurcations, the flow is disturbed and secondary flow motions are

initiated which then decay along the next following straight channel portions, such that the

flow tends to develop again before reaching the next bifurcation. In the serpentine channels,

the flow is subject to develop in the straight channels whereas it is disturbed again at each

turn.

P08100"^«/« P08100"^«'*-)

Fig. 6.6. Friction factor, (a) Tree net with Reyfc=0=20. (b) Serpentine pattern with

Re^o =20. (c) Tree net with Re^ =200. (d) Serpentine pattern with Re^ =200.
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For Reyfc=0 = 20, the hydrodynamic development lengths are small compared to the

length of the conesponding straight channels. This is seen in Figs. 6.6(a) and 6.6(b) from the

course of the friction factor which evens out at a certain level when the flow becomes fully

developed. In the tree net, the pressure drop across the first bifurcation (0.145 Pa) is 16.2% of

the pressure drop between ^k=0mm and <^=0max in the straight channel of the zeroth branching

level (0.898 Pa), cf. Fig. 6.7(a). Herein, the cross-sectional average of the static pressure at

^trnax is subtracted from the corresponding value at ^k+lmm to evaluate the pressure drop

across a bifurcation. The pressure drop across the sixth bifurcation (0.114 Pa) is 28.3% of the

pressure drop in the straight channel of the fifth branching level (0.404 Pa). Consequently, at

the higher branching levels, the contribution of the pressure drop obtained across bifurcations

becomes more important compared to the pressure drop in the straight channels, as seen from

Fig. 6.7(a).
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(+). (a) Tree net with Reyfc=0 = 20. (b)

Tree net with R.ek=0 = 200.

This fact is due to the growing ratio between the channel diameter and the channel length

when going to higher branching levels, i.e. dk+lILk+l =[ß I y)dkl Lk =\.\2dkl Lk. Therefore,

analytical approaches [6] where the laminar flow is assumed to be hydrodynamically fully

developed everywhere and where the effect of bifurcation on pressure drop is neglected, are

only adequate if the hydrodynamic development lengths are very small compared to the
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length of the straight channels, i.e. for low Reynolds numbers, high Lk Idk ratios and for the

lower branching levels. For the entire tree net, the resulting overall pressure drop (4.88 Pa) is

only 56.9%o of the pressure drop obtained from the conesponding serpentine flow pattern

(8.57 Pa) having exactly the same surface area S. As a further comparison, the pressure drop

in a single square cross-sectional straight channel with diameter d0 and surface area S can be

obtained analytically from Eqs. (16) and (9) by assuming fully developed flow. A value of

8.48 Pa is found for such a straight channel flow which is only slightly below the pressure

drop in the serpentine flow pattern but at the same time almost double the pressure drop in the

tree net.

Table 6.2. Total pressure drop in the tree network

and serpentine channel system for different inlet

Reynolds numbers.

Refe=0=20 Refe=0=200

Tree network 4.88 Pa 65 Pa

Serpentine 8.57 Pa 118 Pa

For Re^o =200, the flow does not fully develop any more at the lower branching

levels k = 0,1,2 of the tree net, as seen from Fig. 6.6(c). In the serpentine pattern, the flow

develops in the long straight channels, k = 0,2,4 ,
such that the friction factor variations in the

shorter channels k = 1 and k = 3 are similar to each other, cf. Fig. 6.6(d). The pressure drop

across the first bifurcation in the tree net (4.03 Pa) is 31.5%> of the pressure drop in the

straight channel of the zeroth branching level (12.8 Pa), cf. Fig. 6.7(b). The pressure drop

across the fifth bifurcation (1.29 Pa) is 25.4%> of the pressure drop in the straight channel of

the fourth branching level (5.09 Pa). Here, the relative importance of the bifurcation pressure

drop does not monotonically increase with increasing branching levels, since the flow does

not develop fully at the lower branching levels leading to a higher relative pressure drop from

bifurcations at these branching levels. For k = 0 to k = 5, these ratios are 31.5%>, 26.9%>,

24.8%o, 24.5%o, 25.4%o, and 27.1%>, respectively. As expected, the ratios increase again after

the third branching level where the flow tends to develop more approaching fully developed

state before bifurcating. The overall pressure drop resulting from the entire tree net (65.0 Pa)

is only 55.1% of the pressure drop obtained from the conesponding serpentine flow pattern

177



(118 Pa). When comparing the overall pressure drop of the tree net at Reyfc=0 = 20 (4.88 Pa) to

the one at Re^ =200 (65.0 Pa), an increase by a factor of 13.3 is identified. For fully

developed flow and neglecting effects from bifurcations, a factor of 10 would be expected.

When considering again a single straight channel with fully developed flow, a pressure drop

of 84.8 Pa is found analytically, which is substantially below the pressure drop in the

serpentine flow pattern and at the same time also substantially above the pressure drop in the

tree net. The total pressure drop of the tree network and serpentine channel system is

summarized in Table 6.2. for different inlet Reynolds numbers.

P08100"^«'*-) p»8100"^,«'*-)

Fig. 6.8. Nusselt Number, (a) Tree net with Reyfc=0=20. (b) Serpentine pattern with

Re^o =20. (c) Tree net with Re^ =200. (d) Serpentine pattern with Re^ =200.
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In conclusion, the relative effect of pressure drop from bifurcations becomes more

dominant at the higher branching levels. In spite of the large number of bifurcations in the tree

net compared to a much lower number of turns in the serpentine flow pattern, the tree net

proves significantly beneficial in terms of pressure drop.

6.6.3. Heat transfer

In the tree net, the flow becomes thermally fully developed at each branching level for

Re^o = 20. This is seen in Fig. 6.8(a) from the variation of the Nusselt number which evens

out at a certain level when the flow is subject to develop. The same applies to the serpentine

flow pattern, cf. Fig. 6.8(b). As expected, the heat transfer coefficient hk in the thermally

fully developed region scales with hk all dk which implies that in the highest level of the

tree net a more than four times higher heat transfer coefficient can be obtained than in the

serpentine flow pattern, as seen from Figs. 6.9(a) and 6.9(b). Therefore, a smaller temperature

difference is needed to transfer the same heat flux from the channel walls to the bulk fluid at

the higher branching levels of the tree net. Due to the constant wall heat flux boundary

condition used in this study and since the channel diameter gets smaller when going to higher

branching levels, the length-specific heat transfer rate to the fluid decreases from one

branching level to the next higher one, i.e. by the factor ß = 0.794. The heat transfer rate to a

single channel of the branching level k + \ is yß = 0.561 times smaller than the heat transfer

rate to a single channel of the branching level k. However, the heat transfer rate to all the

channels of the branching level k + l is 2yß = \A2 times larger than the heat transfer rate to

all the channels of the branching level k. Only for large Lk I dk ratios and low Reynolds

numbers or if the thermal development length can be neglected with respect to the channel

length Lk, the assumption of constant Nusselt number to compute the heat transfer capability

of the tree net is adequate.

For a ten times higher inlet Reynolds number to the tree net, i.e. Reyfc=0 = 200, the flow

does not thermally develop any more, except at the highest branching levels, as seen from Fig.

6.8(c). When the flow passes through the bifurcation, secondary flow motions are initiated

that degenerate the thermal boundary layer. This effect causes high-temperature fluid, which

is captivated near the walls in the fully developed region, to mix with low-temperature fluid

from the channel core, as illustrated in Fig. 6.5. This convective thermal mixing effect

provides a smaller difference between the mean wall temperature Twmk and the mean fluid
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temperature Tmk and, due to the constant wall heat flux, leads to an increase of the local

Nusselt number Nu^, in the straight channels right after bifurcations, cf. Fig. 6.8(c). The effect

of thermal mixing caused by secondary flow motions and reinitiated at each bifurcation

becomes dominant at this inlet Reynolds number level and the Nusselt number reaches a peak

value of Nu^j =15.1 atadistance <^,=1/<^=lmax =0.106 after bifurcating. This value is almost

five times larger than the Nusselt number of a thermally and hydrodynamically fully

developed flow. For higher branching levels, the peak Nusselt number decreases from one

level to the next higher. The effectiveness of thermal mixing initiated at bifurcations depends

on the Reynolds number. It is improved for increasing Reynolds numbers and vice versa.

Since the Reynolds number decreases from one branching level to the next higher one, i.e.

according to Kek+JKek =11 [2ß) = 0.630, thermal mixing becomes less effective at the

higher branching levels which manifests itself in the above mentioned decrease of the peak

Nusselt number from one level to the next higher one. The local heat transfer coefficient

increases from one branching level to the next higher with high local peaks due to thermal

mixing, cf. Fig. 6.9(c). In many applications, e.g. fuel cell cooling and electronics cooling, a

thermofluidic design for thermal management is subject to the constraint of a maximum

temperature difference within the considered system. Therefore, when attempting to transfer

larger heat fluxes under such a constraint, higher heat transfer coefficients are required since

they allow a certain heat flux to be transfened at a smaller temperature difference. In this

respect, the tree net proves significantly beneficial, as shown in Figs. 6.9(a)-6.9(d).
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The higher the branching level, the more beneficial it proves. Hence, when

considering a single tree net, a higher maximum heat rate could be transferred than with the

serpentine flow pattern, if a certain maximum temperature difference is imposed on the two

systems, as seen from Figs. 6.10(a)-6.10(d). On the other hand, reduced temperature

differences needed to transfer a constant wall heat flux at the higher branching levels imply a

reduced maximum temperature difference within the entire system. At Reyfc=0 = 200, a

maximum temperature difference between Zwmax and Zmmm of 12.0 K is obtained from the

tree net, compared to the corresponding value of 16.0 K from the serpentine flow pattern. For

Reyfc=0 = 20 and with a ten times lower wall heat flux than in the higher Reynolds number

case, these two values are closer together, as seen from Figs. 6.10(a)-6.10(d). The higher the

wall heat flux and the larger the total number of branching levels, the more advantageous the

single tree net with respect to small temperature differences. Providing a uniform temperature

distribution is one of the previously mentioned important requirements for effective thermal

management in polymer electrolyte fuel cells.

For a double tree net, this argumentation no longer holds. The same maximum

temperature difference will be obtained from a double tree net and from a serpentine flow

pattern of identical surface area and with identical constant wall heat flux. However, it is still

thermodynamically desirable to transfer a certain heat flux with a small temperature

difference because of smaller corresponding entropy generation. In addition, there is room for

the transfer of higher heat fluxes if needed, by increasing the temperature difference. As an

example, a substantially higher overall heat transfer rate could be obtained from the single or

double tree net compared to the serpentine flow pattern of the same surface area, if instead of

the constant wall heat flux a constant temperature difference, Twmk-Tmk = const., could be

maintained along the entire channel system. This can be seen from the variation of the mean

wall temperature and the mean fluid temperature in Figs. 6.10(a) and 6.10(b): In the fully

developed regions of the tree net, the difference between the mean wall temperature and the

mean fluid temperature decreases from one branching level to the next higher whereas in the

serpentine pattern this difference remains constant. Enforcing such a constant temperature

difference in all the branching levels of the tree net would imply larger heat fluxes at the

higher branching levels and therefore the curves indicating the variation of the mean fluid

temperature would get steeper from one branching level to the next higher. Hence, under such

conditions, a higher mean fluid temperature would be obtained at the end of the three net than

at the end of the serpentine pattern. Alternatively, in trying to get the same mean fluid
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temperature at the end of both configurations, a tree net with a smaller number of branching

levels would be necessary which would further reduce the amount of pressure drop in the tree

net.

Finally, it is worth mentioning that the effect of viscous dissipation can be safely

neglected in the cases considered so far, as seen from the local Brinkman numbers, which are

in the order of lxl0~6. This was also numerically verified by simply dropping the viscous

dissipation term out of the energy equation and then comparing with the former results.

6.7. Conclusions

A thorough three-dimensional forced convection model was presented for two

geometrical channel configurations with constant wall heat flux: a tree-like net and a

serpentine flow pattern having the same surface area. The tree network configuration

represents the main novel concept of this paper for cooling systems in applications such as

fuel cells and electronic devices. The serpentine configuration is typical in the cooling of

PEM fuel cells and provides a basis of comparison.

It is found that the tree net with six branching levels generates almost half the pressure

drop than the corresponding serpentine flow pattern having the same surface area and inlet

Reynolds number. The effect of pressure drop from bifurcations and turns is substantial and

should not be neglected for simplicity by using fully developed flow friction factors in the

considered cases. Although the number of bifurcations in the tree net is larger than the

number of turns in the serpentine flow pattern, from which one would expect a lower pressure

drop from the serpentine flow pattern, the tree net proves to be markedly beneficial in terms

of pressure drop.

In addition to hydrodynamic advantages, the tree net further provides a larger heat

transfer capability than the serpentine pattern. Laminar mixing by secondary flow motions

initiated at bifurcations causes substantially improved local Nusselt numbers. Much higher

heat transfer coefficients are obtained for the tree net which implies that at the higher branch

levels, a certain heat flux can be transfened with a smaller temperature difference. A much

higher heat transfer rate could be obtained for the tree net by increasing this temperature

difference. If for the water temperature it is possible to reach the boiling temperature, i.e. if

the cell would be operated above this temperature level, evaporation can occur, leading to

different regimes of two-phase flow in the cooling channels. This case was not investigated in

the present study which focused on the single-phase flow regime.
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Due to their intrinsic advantage with respect to both heat transfer and pressure drop,

tree-like nets have the potential to significantly aid the thermal management in polymer

electrolyte fuel cells at different length scales as well as in other thermal systems.
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Summary

In this thesis, the focus is on computational modeling of polymer electrolyte fuel cells

and direct methanol fuel cells, the investigation of the fundamental multiphase transport

phenomena in the fuel cell, and the development of novel multi-scale flow structures, aiming

at achieving higher power densities and efficiencies. Double-staircase-shaped and pyramidal-

shaped tree network channel systems are introduced as novel multi-scale flow structures for

high-performance polymer electrolyte fuel cells and direct methanol fuel cells. In addition,

porous materials as fluid distributors in polymer electrolyte fuel cells are investigated. In this

thesis it is recognized the first time that it is imperative that fluid flow ineversibilities be

considered if the power density of a fuel cell is to be maximized. Constrained multiparametric

genetic optimization of the entire geometric structure and operating conditions of the fuel cell

is performed the first time. It is shown that downscaling of the channel width and the cunent

collector rib width provides higher electric power densities since the transport phenomena

occur at reduced effective lengths. Optimum geometric aspect ratios are identified at

decreasing length scales.

The models that are developed and used in this dissertation to describe transport in

porous media are macroscopic models, implying that the governing equations are averaged

over a representative elementary volume. The latter has a characteristic diameter that is much

larger than the characteristic pore diameter but at the same time also much smaller than the

characteristic length scale of the domain. This means that the transport phenomena are not

resolved for at the pore level. Instead, effective transport properties, such as effective mass

diffusivities, effective electrical conductivities, and effective thermal conductivities are

employed in order to account for specific porous structures. Such effective properties are

usually conelated in terms of the porosity and the liquid water saturation, involving material-

specific functional forms. Concerning liquid water transport, diffusion mass transfer, electric
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current transfer, and heat transfer, more accurate and material-specific functional forms are

required to improve computational modeling. Such functional forms may be extracted from

microscopic pore-scale modeling, in which the governing transport phenomena are solved for

at the pore level within a geometrically accurately reconstructed computational domain, or

from detailed experiments. Models are cunently validated using global or locally resolved

current density measurements. In view of the large number of different transport phenomena,

such validation procedures are questionable. In the future, experiments must provide spatially-

and time-resolved information about all the relevant governing transport phenomena within

the different domains, in order to improve the modeling capabilities.
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