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Abstract: Bipolar plates (BPs) are one of the most important components in Proton
Exchange Membrane Fuel Cells (PEMFC) tluthe numerous functions they perform. The
objective of the research work described in this papes to develop a simplified and
validated méhod based on Computational Fluid Dynamics (CFD), aiaté¢ige analysis and

study of the influence of geometrical parameters B Bn the operation of a cell. A
complete sensibility analysis of the influence of dimensions and shape of the BP can be
obtaired through a simplified CFD model without including the complexity of other
components of the PEMFC. This model is compared with the PEM Fuel Cell Module of the
FLUENT software, which includes the physical and chemical phenomena relevant in
PEMFCs. Resultsvith both models regarding the flow field inside the channels and local
current densities are obtained and compared. The results show that it is possible to use the
simple model as a standard tool for geometrical analysis of BPs, and results of aitgensitiv
analysis using the simplified model are presented and discussed.
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1. Introduction

Bipolar PlategBPs)are very significant devices in the operation of fuel cells as final performance
and cost will depend on the design of this component. The current design of BPs consists of
rectangular sectiomachired channels. One of the main functions of BPs is to ibiste the reactant
gases in a homogeneous way over the catalytic surface. Hence, channel dimensions and flow fielc
designs have an important influence in the global efficiency of the cell. It is therefore necessary to
analyse how the BPs geometry affetts performance of a fuel cell, in particular regarding pressure
drop, water management and fuel consumption [1,2].

Software tools are widely used to evaluate the flow behaviour in the channels of BPs. In this paper,
a simplified CFD model aimed to the aysib of geometrical influence of BPs in fuel cell is presented
and validated against results provided by a more sophisticated tool, the PEMFC Modhé of
FLUENT software. This CFD tool models the electrochemistry, mass and current continuity, liquid
wate generation and transport, membrane humidification, electric losses, energy evacuation and othet
phenomena [3]. Therefore it constitutes an appropriate tool to validate the assumptions of the
simplified model developed. The objective of this paper ideteelop and preserat methodology for
the rapid performance evaluation, design and optimization of Bipolar Plates. The performance is
evaluated according to fllidynamical considerations such as pressure drop and the plate ability to
drag liquid water oudf the cel] without the need for detailed resolution of FC phenomena occurring at
the MEA. Therefore the advantage of full 3D fluid dynamical simulation is obtained without the
penalty of resolving additional variables related to complex physics sudcasehemistry.

A validation study is also presented in order verify that the simplified model is an appropriate
tool to study how the BP design influences the PEMFC efficieBryilar methodologies have been
proposed in previousvorks see for exanmlp Kumar and Reddy4], although no validation was
provided.The model is used to perform a sensitivity analysis of channel dimensions and flow field
configurations, and the results obtained are discussed.

2. Solution Method and Model Description

The simplified CFD model is designed for steady state operation and isothermal conditions, and
supplies information about the influence of BPs geometry without including the complex phenomena
that occur in the MEA. The model solves the continuity and momemiguations and has been
successfully used to optimize BRgometry 5,6].

In order to compare the results from the developed simplified model and the FLUENT PEMCF
Module, a bipolar plate design have been established and solved with both software tools. The
geometry and dimensions of the bipolar plate are shown in Figure 1, where the geometry for the
simplified model has been represented for the anode and cathode sides. Both BPs have the samr
configuration and dimensions. The active surface area is 40 mm? with ten channels in a
serpentine flow field configuration. The channels are 2immidth and 1 mmn depth. The width of
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the rib is 2 mm. The thickness of the porous zones is 0.354 mm, which is equivalent to the thickness of
the gas diffusion layema the catalytic layer according t@][

Figure 1. Simplified geometry model of the bipolar plate for anode and cathode sides.

ANODE COMPARTMENT

CHANNELS
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CATHODE COMPATMENT

2.1. Model Assumptions

The simplified model is based on two main assumptions:

First, that the current density generated in anode side is proportional to the hydrogen velocity in the
consumption direction in the anode catalytic layer. This assumption allows for the calculation of the
distribution of current density over the anodecetede surface, from the gas velocity distribution.

Secondly, that the current density generated in both sides (anode and cathode) are identical fo
corresponding locations in the anode and cathode catalytic layers. This assumption is used to calculat
the current density of cathode side.

The methodology used to perform an analysis is the following. First, the anode side model is
created and solved, and the gas velocity in the consumption direction at the electrode surface is store
and used to calculatee corresponding oxygen consumption in thb@adé side model [B]. Here, the
described model assumptions are used. Then, the cathode side model is defined with the calculate
boundary conditions and finally solved. By using this approach, parametiysiarand BPs geometry
optimization can be performed in a straightforward manner.

2.2. Governing Transport Equations

The Finite Volume Method is used to resolve the complete set of Naukes equations
governing the fluid flow motionThe general fornof the transport equation is given by:
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wheref is the transported quantity. The first term in the equation corresponds to the transient transport
of f, the second term to the transport by conveati@ehanism, the third term represents the transport
of f by diffusion, and the fourth term represents the source (or sink) or generationhaf different

transmrt equations are assambled by usingappropriate variable@ able J.

Table 1.Transportequations used in the CFD analysis.

Equation Variable f
Continuity 1
X-momentum U
y-momentum \%
Z-momentum W
Chemical specki Vi

Therefore, themass conservation or continuity equation is giversblstitutingf in Equation 1
by 1. The momentum conservation equations in X, y, z direction is givesulbstitutingf in
Equation 1by u, v, w, which are the fluid velocity in each space directidre chemical species
conservation equation is given kubstitutingf in Equation 1lby Vi, which is the mass fraction of
specie i representing the water vapour contetiigrreactant gases.

There are source terms in the above equations arising form the pressure difference of the fluid
flowing through the porous media. The modellingloWv in porous media is a key issue in fuel cells,
as both GDL and catalytic layer are porous materials. Typically, the porous media is represented by
adding a negative source in the momentum equations, so that a pressure drop is generated according|
The source term is in general decomedsn two parts as in Equati@j the first one representing the
viscous loss as in Darcys law, and the second one representing inessias lo

XY= gt 0257 Uagalo )

where U is t hthepgous maewab ie iaryd off are the dynamic
the flow density respectively.,Gs the inertial resistance of the zone andswvthe flow velocity in

the tdirection.

For the velocity ranges typically found in fuel cell GDL and catalytic layers only the viscous loss is
significant and therefore only this term has been considered in the model. The porous zone is assume
to be isotropic, withviscous resistance @) of 10 m?,

2.3. AnodeCompartment Model

The base case for the validation work consists of an anode BP model and the corresponding cathod
BP model, with a serpentine flow field design with one inlet and one exit, and 1 mm width channels.
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Below the channela porous zone (GDL or Gas Diffusion Layer) with a viscous resistance is modelled.
The outlet of the GDL region, corresponding to the catalytic layer, accounts for the hydrogen
consumption by imposing the gas consumption. The layer thickness and transperties are
defined according to thealues reported by Um and Wajrg and Natarajan and Van Nguyesj.|

Using this model as a base case a detailed analysis of the geometry of the BP can be performed, ¢
different modifications of the flovfield designcan be compared (serpentine, parallel, pin type, etc.)
The effect of varying the dimensions of the channels and ribs can also be analysed.

2.4. CathodeCompartment Model

The model for the cathode side is geometrically identical to the anodic model. Hpinewedary
conditions are different and new physical phenomena such as water removal and multiphase flow mus
be considered. The cathode side model consists of three main control volumes: channels, GDL anc
catalytic layer. GDL and catalytic layer are irda in order to model oxygen consumption and water
production P]. The layer thickness and transport properties are defined accorditige t@lues
reported by Um and Wang [7] and Natarajan and Van Nguyen [8

2.5. Boundary Conditions

Anode consumption arahode channel inlefFor validation purposes the anode reactant consumption
and channel inlet mass flows are calculated according to typical operating conditions. Current density
of PEM fuel cells varies between0R0 A/m? and 7000 Am?. In order to detenine the consumption

an average current density 080 A/m? is imposed, and using an experimengalarization curvea

voltage of 0.64 V has then been established. The power density of the cell is therefore /8i78 kW
Currently atypical PEMfuel cell requiresaround 1.0 Nrhof pure hydrogen to produce 1189 kW,

while around 30% or 40% is lost in the operation. Thus, a hydrogen consumption sfl0:0%g/s is
considered. It is established that all the hydrogen entering in the cell is consume >sd0L’ kg/s

of hydrogen must be introduced. By using a psychometric chart of the hydsagenvapour mixture

the absolute humidity depending on the inlet temperature is obtained, obtaining the gas mixture mass
flow at the anode inlet, 2.3610" kg/s.

Cathode consumption and cathode channel:iflae oxygen consumption rate is calculated from the
hydrogen consumption densities calculated in the analysis of the anodic compartment. By applying the
overall reaction that takes place on the catalytiendathe according stoichiometric consumption
densities of oxygen are obtained. The quantity of necessary humidified air to consume the
stoichiometric oxygen is then calculated. An excess of 2.5 of oxidizing gas at the inlet is imposed, a
value typically sed for ensuring water removal.

Liquid water generationin order to model the water removal without including the complex physical
phenomena within the cell, the liquid water generated is imposed to appear over the-Gitannel
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interface, and it is defed as a volumetric source of liquid water proportional to the oxygen
consumption rate.

3. Model Validation

As described in Section 2, the simplified model has been developed using two main assumptions. In
this section, this model is compared against the PEM Fuel Cell Module of FLUENT in order to verify
the appropriateness of the assumptions.

The first assumptin considers that the current density is proportional to the gas velocity in the
consumption direction over the aneelectrode surfaceThis assumption means that the relation
between current density and velocity (in the consumption direction) doespaustdden the position in
the plane (x,y). Thus:

o9 ~ . :

QOWHp =0 AW Uy WGk M U Qwe = @eidkol ar ©)
where i is the current density (Af) v, is the mixture velocity in the-direction (m/s), g is the
coordinate in the axis related to the anode catalytic laftaroughplane coordinate)

In order to verify this a magnitude K(x,y) is created in the FLUENT PEMFC Module results, and
defined as the ratio betwedéme current density in the anodatalytic layer. andthe gas velocity in

the consumption direction,. ThereforeK(x,y) should be constant for all the points (x,y) on the
working surfaceof the electrode

L VWG = QAW /Uy BW ©)
Figure 2 shows the distribah of both magnitudes over the electrode surface. The current density

distribution-at the left shows that most of the consumption starts in the middle of the hydrogen path
until the outlet. Something similar can be noticed in the gas velocity disbriisuti

Figure 2. Distribution of current density (left) andvelocity (right) over the anode
electrode surfacd&kesults fronthe FLUENT PEMFC Module.
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The distribution of K(x,y) divided by its mean valeeer the surfac€K/Ky) is represented in
Figure3. An important dependency of K(x,y) with the location is observed, especially at the inlet zone.
Therefore it is not possible to affirm that the assumption is valid, but as can be seen in Figure 3,
velocities over the consumption surface are in generakaellent parameter to analyse the utilisation
of the whole area of MEA.

Figure 3. Distribution of K(x,yYK, over the anode electrode surfa&esults fromthe
FLUENT PEMFC Module.
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The second assumption is used to calculate the real oxggesumption on the cathode
compartment. The oxygen consumed locally can be calculated from local current density over anode
electrode surface, as it is established that distributions on both the anode and cathode electrod
surfaces are identical

Qoo 0 0 % = B W W % (4)
where i,is the local current density over the anode electrodeansl the local current density over
the cathode electrodm order to verify this, the current densities in both surfaces are calcukiteyp

the PEMFC Module of FLUENT, and the function h(x,y) is created and defined as the ratio between
the anode current density and the cathode current density

The values of h for every locatio,y) must be the unity. Figure 4 represents this magnitude.
Maximum and minimum values are 1.008 and 0.992, respectively. Hence, it is verified that for every
point of the active surface, the values of current densities in both electrode surfatesqreidered
to be identical.
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Figure 4. Distribution of h(x,y) over the anode electrode surfaResults fromthe
FLUENT PEMFC Module.

0.

-0.02
x -0.02 -0.015 -0.01 -0.005 0.005 0.01 0.015 0.02

Finally it is also necessary to ensure that both models provide the same velocity profiles in the
anode electrodsurface. In order to perform this analysis the function q(x,y) is defined in the FLUENT
PEMFC Module results as the relation between both velocities in consumption direction

C G = Uy G363 G, S ECXN A
d Uy QG G SDYQH YOO '@ O £ (6)

This function has to be as close to the unity as possible to affirm that the assumption is correct.

Figure 5. Contours lines of q(x,y) over the electrode surf&esults fromthe FLUENT
PEMFC Module.
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Figure5 represents the distribution of q(x,y) over the surface, showing limit values up to 1.4 and 0.6.
I n principle this means that vel ovcailtuye spr oof fi |
represented in Figure 5 shows that for most of the locgtiboth velocity distributions are mainly
identical. Only at the zone close to the inlet the values of q(x,y) differ from the unity, probably caused
by the non fullydeveloped condition used for the simplified model.
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4. Model Results

It has been shown théte simplified model is an appropriate approach for the analysis of bipolar
plates. The model has been used for geometry optimization and sensitivity analysis and the results ar
presente@nd discussed in this sectiddifferent flow field designs and channel dimensions have been
considered. In Figure 6 some of these flow field designs are shown, andZTside/s a detailed
description of the cases analysed.

Figure 6. Different flow field designs studied in tisensitivity analysis.

‘PIN" TYPE FLOW FIELD
DESIGN

FLOW FIELD DESIGN WITH VARIOUS
SERPENTINE ZONES

PARALLEL FLOW FIELD DESIGN WITH
VARIOUS INLETS AND OUTLETS

Table 2. Description of the configurations studied in the sensitivity analysis.

Case ID Flow field design Channel width Channel depth Number of channels
(mm) (mm)
Base case Serpentine 1 1 20
Case 2 Serpentine 0.5 1 27
Case 3 Serpentine 15 1 16
Case 4 Serpentine 2 1 13
Case 5 Serpentine 1 0.5 20
Case 6 Serpentine 1 1.5 20
Case 7 Serpentine 1 2 20
Case 8 Serpentine 1 1 20
Case 9 Parallel 1 1 20
Case 10 Parallel with various 1 1 40

inlet/outlets
Case 11 Variousserpentine zones
Case 12 i Pityp® 1 1 -

=
[
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4.1. Sensitivity Analysis of Channel Dimensions

First, the effect of the main channel dimensions haven been studied by comparing the results
obtained from the different cases with the base case.

In particular, results from cases 2, 3 and 4 can be compared with the base case in order to analys
the effect of the channel width. Figure 7a shows the pressure drop of the reactant gas, where ar
increase of channel width leads to a decrement of theupeegsop. The same effect occurs for models
5, 6 and 7, where the varied parameter is the channel depth. Figure 7b shows the pressure drop fc
different channel depths, and pressure drop also decreases with the increase of channel dimension
Therefore, icreasing the channel dimensions results in a better performance of the stack, in terms of
reactant pressure droplowever,an appropriate design must consider both pressure drop and water
removal capabilities, so pressure drop alone is not a design eandlelre a design can be based.
Typically, a higher pressure drop involves an imptbwater removal, as liquid water will be more
effectively dragged by a larger pressure gradient in the gas phas&Pflow field design must be
based on aompromiseaiming atredudng the pressure dragndenhanang the water removal.

Figure 7. Pressure drop for cases varying channel width (a) and channel depth (b).
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For that reasont has been studied how the geometry of the plates influences the dragging of the
liquid water by the reactant gases. Figure 8 shows the influence on the channel width (a) and the
channel depth (b). For both geometrical parameters the effect is similar: the smaller the channel
dimensions, the better the water extraction. This conclusiaclearly related to the previous results
about pressure drop.



Energies2009 2 592

Figure 8. Water removal for cases varying channel width (a) and channel depth (b).

-~ 500508 = 2.00E07 9

=11} =11}

=  400=08 = 450E07

£ 3.00E08 z

= =  1.00E07

w  2.00E08 z =

E 100508 E 500808

S 0.00E+00 += S 0.00E+00 +

05 1 1.5 2 05 1 15 2
Channel width / mm Channel depth / mm

(a) (b)

4.2. Sensitivity Analysis of Different Geometrical Configurations

Figure 6 shows some of the analysed plates, which are described ir2T@hkes 910, 11, 12 are
compared @ainst the base case. In Tabletl® pressure drop for each case can be seen. Both
serpentine flow field designs are the geometrical configuratidmere the pressure drop is larger. For
parallel designs the pressure drop is lower, and for an increase in the number of inlets and outlets the
pressure drop is even lower. However, the best configuration according to pressure drdgjpir®the
type coniguration, where the pressure drop achieves the lowest value.

Table 3. Pressure Drop for different flow field configurations

Case Flow field design Pressure drop (bar)
Base casi Serpentine 0.0510
Cased Parallel 0.0031
Casel0 Parallel with variousnlet/outlets 0.0029
Case 1 Various serpentine zones 0.0628
Case 2 fiPi ntype 0.00057

The water removal capability of each plate is shown in Tdbléhe effect of including various
inlets and outlets as in cas#8 and 11 leads to an increase of the removed water. Another effect
observed is that the quantity of removed water in the design with various serpentine zones is less thal
the removed quantity in the simple oecording to the results obtained, tlesign with te best
water removal capability is thpino type configurationHowever, it is well known [1] that @in
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designflow field typically presentshannellingeffects,formation of stagnant areasneven reactant
distribution,andinadequate wateemoval This is becauseeactants flowing through such flow fields
tend to followthe path of least resistandeading to a minimal pressure drop but also to poor water
removal.Therefore, this particular result obtained for the pin type configuration mustbesidered
and further analyseaks it does not reproduce the typical behaviour observed in such BPs.

Table 4. Water removal capability for different flow field configurations.

Case Flow field design Removed water (kgs)
Base casi Serpentine 4.77x10°
Case9 Parallel 1.19x10™°
Casel0 Parallel with various inlet/olets 9.57x10™*°
Case 1 Various serpentingones 5.13x10*°
Case 2 fiPind type 1.58x10°®

5. Conclusions

The objective of this paper wdo validate the simplified CFD fuel cell modkhat wasdeveloped
The model is aimed to analyse the influence of the geometry and dimension of BPs in the operation of
the cell. The way to verify the accuracy and feasibility of this model consistswirenghat the used
hypotheses are correct, and in order to analyse these hypotheses the Model of PEM fuel cell of Fluen
is used.

The results shows that the simplified model provide the same velocity profiles than the PEMFC
Model implemented in FLUENT, ih some differences in the zones close to the channel inlet. The
second assumption of equality of current density distribution has been also correctly verified. However,
it is not possible to validate the first assumption. The analysis of the relatisedmeturrent density
and velocity in consumption direction reveals that this magnitude is not constant in every point of the
electrode surface. Despite this, the model can be used with confidence for the analysis of the influence
of the geometry of the BPfnd the velocity distribution over the anode electrode surface is an
appropriate index to evaluate the homogeneity of the use of the area of the MEA.

According to the results obtained with the simplified model for different BPs geometries, reduced
chanrel dimensions increases pressure drop and improve water removal. Various flow field designs of
plates have been testéthe serpentine flow field design is in general less favouranldit can be
observed that including various inlets and outlets deeseti® pressure drop and improves water
management.

Acknowledgements

This work is part of the projed®08TEP-4309 Experimental Validation of a Methodology for the
Development of PEM Bipolar Plates, funded by Junta de Andalnaaddition, authors woultike to






