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Outline T Part 2 (Optional, from
Web)

A Fuel Cell Models Based on
Computational Fluid Dynamics

I Governing Equations, Constitutive
Equations

Boundary Condition & Assumptions
Model Validation

2D Sample Results

New Recent 3D Results



Various Fuel Cell Modeling
Approaches

1. Engineering Modeling
A Theoretical analysis, empirical correlation

2. Analytical Modeling
A Detailed study in ME6203 Mass Transport course

3. Computational Modeling
A To give research flavors

4. Advantages & Disadvantages for these three
approaches



CFD Model to be discussed

A Based on Fluent software

A Solves the differential conservation
equations along with auxiliary equations to
account for species generation,
thermodynamics, electrochemistry, porous
media flow etc

A Several assumptions are implicit

A We consider a single phase, steady, 2D
model



Fuel Cells Modeling i Governing Equation

Solve conservation equations in single domain formulation
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Fuel Cell Modeling i Constitutive Equations

Source term for momentum equations

Darcy drag force in — _ 27 al
momentum equation for SJ —

gas channel

Source term S, represents pressure drop arising from
Darcyos drag force i mposed by the
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Polymer Phase — _ Xmu 4+ _ " Cf n F.Df

K K

P P

For membrane , the additional source term of electro-kinetic
permeability due to water transport in polymer phase exists



Fuel Cell Modeling i Constitutive Equations
Source term for species equations

Generation/consumption of
species and charge transfer
in catalyst layer

Anode catalyst layer

Cathode catalyst layer

a: Molar flux of water

Electro-osmotic drag
coefficient
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Fuel Cell: Modeling T Constitutive Equations

Source term for charge transport equations

Transfer current density (Junode & Jeathode) 8r€ given by Butler -Volmer equations , which expresses
the relationship between the local current density, the concentration of reactant species, the
activation over-potential and temperature in anode and cathode
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Fuel Cell: Modeling i Constitutive Equations
Source term for energy equations

Additional volumetric sources to the energy equation
iInclude ohmic heating, heat of formation of water, electric
work and latent heat of water.
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Fuel Cell: Modeling i Constitutive Equations

Proton conductivity in membrane

A Membrane phase electric conductivity (Springer et al)
1268 1)

smem: b @514/ - 0326)We 303 T

A Water content (Springer et al)
€0.043+17.18a- 39.85a° +36.0a’for0<a¢1
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A Water Activity
XHZO,p

psat
A Saturation pressure

log,, p* = - 2.1794+0.02953T - 273.15)

a=

- 9.1837*10°°(T - 273.15)* +1.4454*10 (T - 273.15)°
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Summary on the constitutive equations
needed in CFD model

Darcy equations for fluid flow in conduits and porous

media
Four | e rfoblseat toadwction

Far ad ayforselatioastup between electrical

current and consumptlon of reactants in an
electrochemical reaction

Fi ¢ k 0 for diffssian

Stefan-Maxwell equation for multi-species diffusion

Oh mo6 s oflekatrical current conduction

Butler Volmer equation for relationship between
electrical current and potential

Nernst-Planck equation for proton transport through

the membrane
Schlogl equation for transport of liquid water through

membrane



PEM Fuel Cell Computational
Domain

Cooling Channel(s)
Anode Collector

Anode Gas Diffusion Layer

2H, — aH 48 To—

Anode Cataly st Layer

Cathode Catalyst Layer

Oy~ dH +4eT—=IH 0 |

Cathode Gas Diffusion Layer

Gas Clhaumel (air) Cathode Collector
Cooling Channel(s)

A Computational Fuel Cell Dynamics involves multiple domain
and multi -physic simulations, with the highly non  -linear
coupling of fluid, momentum, heat, mass and charge transport
equations




Boundary Conditions for charge

transport
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A Either potentiostatic (constant Voltage) or galvonostatic (constant
Current) can be applied at the Cathode Collector
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Model Assumptions

Fuel cell operates under steady state condition
ldeal gas mixture, fully saturated with water vapor

Incompressible and laminar flow due to small pressure gradient and
Reynolds numbers

|sotropic and homogenous membrane and electrode structures

Negligible ohmic loss in electronically-conductive solid matrix of
porous electrodes, catalyst layers and current collectors

Mass and energy transport through porous structures of porosity e s
modeled from macro-perspective using volume averaged
conservation equations

Cross over of reactant gases is neglected, and therefore membrane is
Impermeable to gas phase;

No interaction between gases and liquid water in the pores of the
diffusion layers

Electro-neutrality prevails, and hence proton concentration is constant
and equal to the concentration of fixed sulfonic acid groups in the
membrane

Heat transfer inside the membrane is accomplished by conduction
only, i.e. enthalpy carried by the net liquid water movement is
neglected 14



Fuel Cell Performance Enhancement

A Gas management

I Mass transport limitations of hydrogen and oxygen to anode
and cathode electrode, especially at higher current density

A Water management

I Prevent flooding (especially cathode) while maintaining
membr ane at Arighto humidity |

A Thermal management

I Heat generated from catalyst have to be removed effectively
by cooling channel; problem getting serious for stack cell
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Validation Requirements

A Geometry Information

A Electrochemistry parameters
A Material Properties

A Operating Conditions
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Fluent Solutions

A This commercial software solves the set of
eguations subject to boundary conditions
presented along with necessary property
relationships etc

A CFD numerics is NOT part of our concern-
let us ignore the details and only look at
the key integrated output from the
modeling exercise
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CFD comparison with experimental
data from Noponen et al (2004)

34
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Fig. 2 a) Strudure of the segm cell: o) current collector at the cathede, b) gasket for the cocling
part, ¢ )MEA[Go Primea 5510:w¢hgﬂ Wiltusion layers (CARBEL™], d) segmented flow field, )seg
mented current collecter, f) back plate for the segmented current collecter, g) flow field for water,
h) ga ke¢, J ndplate. The anode and cathode gn;ka and rhe athode side steel net [fow field) are
not illustrated. b] Flow field plate with the segment numbers. Poorly operating segments are high-
lighted.

Literature exp. setup

CFD comparison with experimental result from Noponen

et al (2004)
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Excellent comparison on the polarization curve
M. Noponen, E. Birgersson, J. IThonen, M. VVynnycky, A. Lundblad and G. Lindbergh, Two-Phase Non- 18

Isothermal PEFC Model PEFC: Model and Validation, Fuel Cell, 4, No.4, pp 36571 377, 2004
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2D Numerical Simulation on PEMFC
Geometrical Parameters T Channel Configuration

< L >
=p |Nlet Outlefamp
Anode Gas Channel

Dimension 2D
PEMFC length, L 71.12mm
Gas channel height, H. 0.762mm Anode Gas Diffusion Layer
Gas Diffusion layer thickness, He 0.254mm I Hoe Membrane
Catalyst layer thickness, Hoar 0.0287mm Hear

_ H Cathode Gas Diffusion Layer
Membrane thickness, Hyey, 0.23mm E
MEA area, Ayga 140 mm?

H, Cathode Gas Channel
—Y
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2D Numerical Simulation on PEMFC

Electrochemistry Parameters

Parameters Value
Open circuit Voltage, V 1.15
anode reference current density, j, 4" s A/m3 1.50E+09
anode reference concentration, c,,,"®, kmol/m3 1

anode concentration exponent, g, 0.5
anode exchange coefficient, a_ 1.5
cathode reference current density, j, . imoge" » A/M3 4.00E+06
cathode reference concentration, c,"f, kmol/m3 1
cathode concentration exponent, g, 1
cathode exchange coefficient, a_ 1.5
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2D Numerical Simulation on PEMFC
Material Properties

Gas channel
Electrical conductivity, S, _ ..o (1/Ohm-m) 3.541E+07
Gas Diffusion Layer
Porosity, egp, 0.5
Permeability, kg, (m?) [1/viscous resistance] 1.00E-12
Electrical conductivity, S, (1/Ohm-m) 1.00E+03
Thermal conductivity, k;,, (W/mK) 2.08 (Effective = 1.54)

Catalyst Layer

Porosity, ECatalyst 0.5
Permeability, Kc i, (M?) [L/viscous resistance] 1.00E-12
Electrical conductivity, S, (1/Ohm-m) 1.00E+03

Thermal conductivity, K. ...« (W/mK)

2.08 (Effective = 1.54)

Surface to volume ratio, h, (1/m)

2.00E+05
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2D Numerical Simulation on PEMFC
Material Properties

Membrane
Membrane porosity, €., 0.5
Permeability, k.., (Mm?) [1/viscous resistance] 1.00E-08
Dry density, (kg/m3) 1980
Equivalent weight, (kg/kmol) 1100
Protonic conduction coefficient, b 2
Protonic conduction exponent, w 1
Protonic conductivity, S_ . (1/Ohm-m) f(b,e | ,w,T)

Thermal conductivity, k __  (W/mK)

mem

2 (Effective = 1.5)
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2D Numerical Simulation on PEMFC
Operating Conditions

Anode inlet

Anode mass flow rate (H2), (kg/s) 1.00e-04
Mass fraction of Hz, yH2 0.2
Mass fraction of H20, yH20 0.7
Mass fraction of N2, yN2 1-yH20-yH>
Temperature, C 80
Operating Pressure, Atm 1

Cathode inlet
Cathode mass flow rate (O2 + H20 + N2), (kg/s) 8.84e-04
Mass fraction of Oz, yO2 0.2
Mass fraction of H20, yH20 0.2
Mass fraction of N2, yN2 1-yH20-yO2
Temperature, C 80
Operating Pressure, Atm 1

) 8]
(8]
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Fuel cell performance: Governed by

Current density (local & average)

Reactant concentration - any depletion at cathode or
anode

Water vapor concentration and relative humidity
Temperature - hot spots?
Pressure loss across the channel

Flow field - convection vs. diffusion vs. chemical
kinetics

Membrane water content T affecting proton
conductivity

Liquid saturation factor in multiphase flow 7 higher
value results in pore blockage in porous GDL
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1.44e4+00
1.34e+00
1.23e+00
1.13e+00Q
1.03e+00
9.26e-01
8.23e-01
7.20e-01
6.17e-01
5.14e-01
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1.03e-01
0.00e+00

2D Numerical Simulation on PEMFC
Sample Results i Flow Field

-y G
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Velocity (m/s)

Centerline velocity profile along cathode and anode gas channel

—

/

WHY™’

cathode channel

—— anode channel

0.2 0.4
x/L

0.6 0.8

1. Flow velocity in cathode gas channel is increasing downstream

2. Flow velocity in anode gas channel is decreasing downstream
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2D Numerical Simulation on PEMFC

Sample Results T O, concentration at cathode

4 24¢
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1.136
8484
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2834
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02 concentration (kmol/m3)

02 concentration profile along cathode catalyst layer

\
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1. O, concentration at cathode catalyst is decreasing linearly

downstream
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2D Numerical Simulation on PEMFC
Sample Results T H,O concentration at cathode
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H2O concentration profile along cathode catalyst layer
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1. H,O concentration at cathode catalyst is increasing linearly

downstream
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2D Numerical Simulation on PEMFC
Sample Results T H, concentration at anode
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£ 00247
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I
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3
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H2 concentration profile along anode catalyst layer

/
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1. H, concentration at anode catalyst is achieving local maximum at

mid section
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2D Numerical Simulation on PEMFC
Sample Results T H,O concentration at anode

9.62e-0C
9.58e-0¢
9.53e-0C
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9.40e-0
9.36e-0 H20 concentration profile along anode catalyst layer
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1. H, concentration at anode catalyst is decreasing downstream
29



8 45e+01
8.43e+01
8.41e+01
8.38e+01
8.36e+0

2D Numerical Simulation on PEMFC
Sample Results i Local Temperature
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Temperature profile along cathode catalyst layer
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1. Temperature is increasing downstream of the flow

30



3.35e+01
3.15e+01
2 956401
2 76e+01
2 56e+01
2 36e+01
2.16e+01
1.97e+01
1.77e+01
1.57e+01
1.37e+01
1.18e+01
9.79e+00
7.82e400
5.84e+00
3.86e+00
1.89e+00
-8.66e-02

2D Numerical Simulation on PEMFC

Sample Results i Local Pressure

Pressure drop along cathode and anode gas channel
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1. Pressure drop along cathode channel is higher than anode

channel
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2D Numerical Simulation on PEMFC
Sample Results i Local Current Density at anode

1.09e+04
1.08e+04 | ===
1.07e+04
1.06e+04
1.06e4 ) .
1 0564 Local current density along anode bipolar plate
1.04ed
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9. 59e4
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1. Current density is increasing along anode bipolar plate
32



2D Numerical Simulation on PEMFC
Sample Results T Integrated Results

Fuel Cell Performance

1.2 1.2
1 - +1
0.8 A + 0.8
0.6 A + 0.6
0.4 - + 0.4
0.2 1 ig\ﬁgredensity 702
0 T T . 0

0 0.5 1 1.5
Current density (A/cm2)

N

Power Density
(W/cm?2)

1. Maximum fuel cell performance operates at 1.4A/cm2
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Some New Recent Results (2008)

A Enhanced Performance Using Impinging
Jet Concept in PEMFC

A Enhanced Performance for Self Air
Breathing PEM Fuel Cells

A Mass transport enhancement in PEMFC
Using Innovative Diffusion Layer and Gas
Channel

34



Complex Geometries can be examined
with CFD simulations

50
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Complex Geometries :CFD simulation

Cathode Gas Channel

Membrane Electrode Assembly

Anode Gas Channel

area with MEA

Cathode & Anode
Current Collector 36



