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ABSTRACT

Predicting the water dynamics and estimating humidity and
flooding conditions in a low-temperature fuel cell are critical for
robust operation and long life. Previous work by McKay et al [1]
shows that the fuel cell anode, cathode, and membrane water
dynamics and gaseous species concentrations can be accurately
modeled by discretizing the partial differential equations that de-
scribe mass transport into three segments. Avoiding sensitivities
associated with over-parameterization, and allowing for the real-
time computations necessary for embedded controllers, requires
in-depth investigation of the model order.

In this paper the model from [1] is formulated into a bond
graph representation. The objective is to establish the necessary
model order for the fuel cell model using the Model Order Re-
duction Algorithm (MORA) [2], where an energy-based metric
termed theActivity is used to quantify the contribution of each
element of the model.Activity is a scalar quantity that is deter-
mined from the generalizedeffortandflow through each element
of the model. We show the degree of model order reduction and
provide a guideline for appropriate discretization.
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1 Introduction
The management of water within the fuel cell stack is crit-

ical for optimal stack performance. A balance must be struck
between hydrogen and oxygen delivery, and water supply (re-
moval). Water will condense when the reactant gases become
saturated. This liquid water can accumulate in the gas channels
and/or the pore space of the gas diffusion layer (GDL), and can
partially coat the catalyst, reducing the power output of the fuel
cell.

Computational fluid dynamics models have been developed
to approximate the 2 or 3 dimensional flow of hydrogen, air, and
water within the manifolds, gas channels, and the gas diffusion
layers [3–6]. While these models are suitable for investigating
fuel cell design issues, implementation of such complex mod-
els for real time embedded control is cumbersome. Thus, any
model-based control scheme used for water management must
adequately obtain implementation feasibility while still captur-
ing the dynamic behavior of electrode flooding and two phase
flow.

In this paper, we investigate the necessary model fidelity to
accurately predict flooding of a fuel cell stack. The work of
McKay et al [1] showed that spatial discretization can be used
to approximate a fuel cell system described by partial differen-
tial equations. In the discrete model, the GDL of both cathode
and anode sides were divided mathematically into three sections.
The spatial characteristics (temperature, composition, pressure)
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of each section are considered to be homogeneous.
The premise for the discretization in [1] is that the inclusion

of equations describing liquid water and gas dynamics within the
GDL is necessary to predict flooding. The question we study in
this paper is if this is true for all gas species and the liquid water,
and if three sections is the most appropriate resolution.

While the three-section discretization has adequate predic-
tion capability, and is not overly complex, the model still has 25
states. In order to pursue model-based control of this system, it
would be beneficial to reduce the model order further to permit
online parameter identification and adaptation while controlling
the system in real time.

In this paper, a model order reduction methodology devel-
oped by Stein and Louca [2], combined with the appropriate
modeling tool known as bond graphs, is utilized in an application
to reduce the order of the discretized fuel cell model described
in [1].

2 Nomenclature
This section describes the naming conventions used in this

paper. Time derivatives will be written asd()/dt. Spatial deriv-
atives through the GDL thickness in the direction normal (y) to
the membrane are denoted as∂()/∂y.

Af c is the fuel cell active area (m2), c is molar concentration
(mol/m3), D is the diffusion coefficient (m2/s),Deff is the effec-

tive diffusivity (m2/s), i is current density (A/cm2), Ist is the stack
current (A),M is molecular weight (kg/mol),n is the molar flow
rate (mol/s),p is pressure (Pa),R is the ideal gas constant (J/kg
K), rv is the water evaporation rate (mol/m3/s), s is the fraction
of liquid water volume to the total pore volume,S is the reduced
water saturation,T is temperature (K),V is volume (m3), andQ
represents liquid volumetric flow rate (m3/s).

For the bond graph-related terms,e(t) will represent the
effort, with f(t) for the flow, both of which vary with time.
R and C will represent the general concepts ofresistanceand
capacitance, respectively. AnM preceding anR will indicate
that the resistance is modulated, and the modulus will be defined
locally.

The Greek letterαw is the tunable diffusion parameter,γ
is used for the volumetric condensation coefficient (s−1), ε for
porosity,ρ for density (kg/m3).

The subscriptan denotes variables associated with the an-
ode,c is capillary,ca is cathode,ch is channel,ct is catalyst,e is
electrode (an or ca), H2 is hydrogen,N2 is nitrogen,O2 is oxy-
gen,mb indicates an assignment to the cell membrane,j is used
as an index for fuel cell constituents,k is used as an index for dis-
cretization,l is liquid, p is pore,rct is reactions,sat is saturation,
andv is vapor.

3 Model Order Reduction Algorithm
As explained in detail in [2], the Model Order Reduction

Algorithm is a method that seeks to simplify complex models

by creating a metric the authors namedActivity to determine the
energetic contribution of every element of a model. Starting from
the concept ofPower= P = effort·flow, theActivity is defined:

Activityj =
Z T

0
|Pj(t)|dt =

Z T

0
|ej · f j | dt. (1)

As can be seen from (1), it is necessary to assign a time
duration for theActivity calculation. This is a critical aspect of
the method, as results will vary depending upon this time range.

Once theActivity of an element is determined, it is normal-
ized by anActivity Index(AI) to determine whether the element
has significant contribution to the overall energy of the system.
The definition of theActivity Index(AI) is:

AI j =
Activityj

∑m
1 (Activityi)

, (2)

wherem is the total number of energetic (energy-utilizing) ele-
ments in the model.

As a function of the sum total of all the individual element
Activites, theAI provides a means to compare elements from any
part of the model.

An important aspect of the MORA is that it reduces model
complexity while maintaining the physical meaning of the vari-
ables and parameters. It is also applicable to nonlinear systems,
which, due to the highly nonlinear nature of this model, makes it
attractive for use here.

4 Model Overview
On the anode side of the fuel cell, a mixture of hydrogen and

water vapor flows from the channel through the GDL. A mix-
ture of oxygen, nitrogen, and water vapor flows from the cathode
channel. The species concentrations in the channels are calcu-
lated assuming the channel is homogeneous, lumped-parameter,
and isothermal. The time varying channel concentrations provide
one set of boundary conditions for the spatially varying reactant
concentrations within the GDL. The reactant gases must diffuse
through the GDL to reach the catalytic layer.

Under load, it is assumed that product water is formed as
a vapor at the cathode catalyst. The combination of electro-
osmotic drag and back-diffusion transport vapor through the
membrane between the anode and cathode. The net molar flow of
vapor through the membrane depends on the relative magnitudes
of back-diffusion and drag.

The flow chart of Fig.1 pictorially describes the interrela-
tionships between the gas concentrations/flows, the capillary-
pressure-driven liquid water flow, the influence of liquid water
volume, the chemical reactions, and the voltage output. A key
aspect to note is that the dynamic variableVl affects both diffu-
sion of gas species and the capillary pressure by way of the water
saturation ratio (s= Vl

Vp
) [7].

Under the isothermal conditions assumed for both anode and
cathode GDL for this model, when the production or transport
of vapor exceeds the ability of the vapor to diffuse through the
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Figure 1. Flow chart of model calculation algorithm

GDL to the channel, the vapor supersaturates and condenses.
The condensed liquid accumulates in the either or both the anode
and cathode GDL until it has surpassed the immobile saturation
threshold, at which point capillary flow will carry it to an area
of lower capillary pressure (the GDL-channel interface). Liq-
uid water in the GDL occupies pore space, reducing the effective
area through which reactant gas can diffuse. This obstruction ul-
timately reduces the active catalyst surface area, in turn lowering
the cell voltage.

4.1 Discretization
The mass transport of gas and liquid water is divided into

discrete volumes (Fig. 2). The spatial gradients are solved as
difference equations, while the time derivatives are solved with
standard ODE solvers.
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Figure 2. Mass transport diagram with discretization of diffusion layer

For the cathode, difference equations are used to describe
the concentration of oxygen,cO2, vapor,cv,ca, and reduced wa-
ter saturation,Sca. For the anode, difference equations are used
to describe the concentration of hydrogen,cH2, vapor,cv,an, and
reduced water saturation,San.

As an example of a three-stage discretization of theO2 and
H2 diffusion equations, the difference equations for the molar
flow gradients of oxygen and hydrogen are:

Cathode Equations Anode Equations
∂nO2

∂y (1) =
nO2(1)−nO2,rct

δy
∂nH2

∂y (1) =
nH2,rct−nH2(1)

δy
∂nO2

∂y (2) =
nO2(2)−nO2(1)

δy
∂nH2

∂y (2) =
nH2(1)−nH2(2)

δy
∂nO2

∂y (3) =
nO2(3)−nO2(2)

δy
∂nH2

∂y (3) =
nH2(2)−nH2(3)

δy

(3)

wherenO2,rct andnH2,rct are calculated from:

n j,rct =
Ist

2ξF
with

{
ξ = 1 for j = H2 or j = v
ξ = 2 for j = O2

(4)

andF is Faraday’s constant.

5 Derivation of the Bond Graph Equations
Application of the MORA of [2] requires both an un-

derstanding of the model on an element-by-element basis and
knowledge of theeffort andflow of each element over time. A
modeling tool that lends itself conveniently toActivity analysis
is the bond graph. For bond graph implementation, each system
equation must be cast in a form that is applicable to the building
blocks of the bond graph.

In the discrete model of [1], there are equations of gas dif-
fusion, gas concentration time rate of change, capillary pressure-
driven liquid water flow, evaporation, chemical reactions, and a
number of conditional and empirical equations governing mem-
brane mass transport.

The derivation and background for the following physical
model equations can be found in [1]. In this paper, the equations
modeling the physical system are used as thestarting point for
the bond graph model creation. Each subsection in this section
will explain how the bond graph for each model phenomenon is
derived.

5.1 Gas Species Concentration (Capacitance Model)
The rate of change of molar concentration(c j = p j

RT ) of gas
speciesj is:

dcj,e

dt
=

1
Af c

∂n j,e

∂y
+ r j,e (5)

whereedenotes the electrode (anode or cathode) and the species
denoted byj correspond to the oxygen O2 and vaporv from
the cathode, and to the hydrogen H2 and vaporv from the an-
ode. The reaction termr j,e is zero for the oxygen and hydrogen
cases, whereas for the vapor case it captures the evaporation rate
r j,e = γ(pv,sat/(RT)−cv,e), wherepv,sat is the saturation vapor
pressure.
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In discrete form (5) is written:

dcj,e(k)
dt

=
1

δyAf c
(n j,e(k)−n j,e(k−1))+ r j,e, (6)

where (k) and (k-1) represent any two sequential sections of the
discrete model.

As can be seen from (6), the rate of change of concentration
(mol/s/m3) becomes a function of the difference in molar flows
across the section boundaries for the particular gas species. Ad-
ditionally, the local reaction (evaporation) rater j,e is included for
the water vapor model. The O2 and H2 reactions are calculated
as molar flows(mol/s), and thus enter the equation through the
across-boundary flow.

The bond graph constitutive law for acapacitanceis:

de(k)
dt

=
1
C

(f(k)− f(k−1)+MSfrct), (7)

where for our caseC = δyAf c = Vp (the pore volume for one
section),MSfrct is a modulated flow source that can represent a
variety of flow inputs, but is non-zero for this application only
when j is water vapor,v. From these observations, a choice of
molar flow as theflow variable, concentration as theeffort vari-
able, and section volume for thecapacitancefor the gas mass
transport is logical, and preserves physical meaning.

5.2 Gas Species Diffusion (Resistance Model)
Diffusion of gases takes place in the anode and cathode gas

diffusion layers. On the anode side, relative diffusion of hydro-
gen and vapor must be considered, while the cathode side model
must take into account the relative diffusion of oxygen, nitro-
gen, and vapor. This model is simplified by assuming that the
presence ofN2 in the mixture does not significantly affect the
diffusivity of O2 and vapor.

The diffusion of gas species in the diffusion layer is a func-
tion of the concentration gradient, transferring gas from regions
of higher concentration to regions of lower concentration:

n j,e =−D j,effAf c
∂c j,e

∂y
. (8)

As shown in (8), the molar flow,n j,e (mol/s), depends on a
diffusion coefficient,D j,eff.

The discrete version of (8) is realized withn j,e being a func-
tion of the difference in the concentration between neighboring
sections:

n j,e(k) =
−D j,effAf c

δy
(c j,e(k)−c j,e(k−1)) (9)

whereδy = (tGDL/3) is the thickness of one section.
The generalresistanceconstitutive law utilized in bond

graphs is:

f(k) =
1

R(k)
(e(k)−e(k−1)) (10)

where for this application the flow resistance is represented by a
modulated resistance:

R(k)= MR(k)=
δy

D j,effAf c
. (11)

A modulated resistanceis necessary because the diffusivity of
gas constituents in the GDL is affected by the volume of liquid
water present,Vl ,e, giving rise to aneffectivediffusivity [7]:

D j,eff(k) = D jε
(

ε−0.11
1−0.11

)0.785

(1−se(k))2, (12)

wherese(k) = Vl ,e(k)
Vp

, D j is the diffusivity constant for the species
j (which is dependent upon the molecular size of j), andVp is the
pore volume of one section of the diffusion layer [7].

5.3 Liquid Water Storage (Capacitance Model)
This water dynamics model was created on the hypothesis

that liquid water may accumulate in both the anode and cathode
GDL, and subsequently flow into the respective channels.

The volume of liquid water (Vl ,e) in each GDL section is
determined by the capillary liquid water volumetric flow rate,
Ql ,e, and the evaporation rate,rv,e:

dVl ,e

dt
= Ql ,e,in−Ql ,e,out− rv,eVpMv

ρl
(13)

where the evaporation (condensation) rate governs the creation of
liquid water micro-droplets (considered to be evenly distributed
throughout the porous GDL), and where conditions necessary for
water droplet formation are assumed to have been met [7]. For
simplification of the model, dynamics associated with the forma-
tion of the liquid water droplets have been neglected.

In order to cast our model into a form that is conducive to
calculation of “power equals the product ofeffort andflow”, the
time rate of change of liquid water volume should be translated
into a dynamic capillary pressure relationship with volumetric
flow.

As a pore fills with liquid water, the capillary pressure in-
creases, causing the water to flow to an adjacent pore with less
water. This process creates a flow of liquid water through the
GDL, finally resulting in the incursion of liquid into the chan-
nel (shown in Fig. 3 [7]). Capillary pressure results from surface
tension of the water droplets, and is calculated as follows:

pc,e = βpcgNL(Vl ,e) , (14)

whereβpc is a constant that captures the geometry of the surface
tension between the water and air, the porosity, and the perme-
ability of the GDL. The nonlinear functiongNL(Vl ,e) is a third-
order polynomial inVl ,e that describes the relationship between
capillary pressure and the amount of liquid water present.

In this model, gravitational effects on the liquid water are
considered negligible due to the liquid water surface tension in-
teraction within the fibers of the GDL.
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Figure 3. Capillary flow of liquid water through diffusion layer [7]

Taking the time derivative of (14), it can be shown that the
time rate of change of the capillary pressure is related to the vol-
umetric flow by a discrete equation of the form:

dpc,e(k)
dt

= βQg′NL(Vl ,e,k)(Ql ,e(k)−Ql ,e(k−1)− r l ,e(k)), (15)

whereβQ represents a constant that depends upon surface ten-
sion, permeability, and GDL porosity. The nonlinear function
g′NL(Vl ,e,k) is the derivative ofgNL(Vl ,e,k) from (14) with respect
to Vl ,e, and relates how capillary pressure varies with the volume
of liquid water present. Further, the condensation rater l ,e is a
conversion fromrv,e to get appropriate units (m3/s)(18).

Following the pattern of the previous subsections, the next
step is to translate (15) into a bond graph compatible form. While
(15) could be implemented using a modulated capacitance, simu-
lations have shown that a simplification can be obtained by using
the mean value for the applicable range ofg′NL(Vl ,e). This direc-
tion is justified by noting first that per [7], our model assumes
no liquid water flow until 10% of the pore volume is filled with
liquid water. At that point capillary action causes the liquid to
flow into the next section, significantly reducing the liquid water
fill rate for the original section, while notably increasing the fill
rate for the next. The practical range ofVl ,e is small enough af-
ter liquid flow begins to justify use of the mean value, therefore
g′NL(Vl ,e,k) becomes̄g.

Then, with the evaporation modeled as a modulated flow
source, the capillary pressure equation can now be modeled as
acapacitancein a bond graph model:

de(k)
dt

=
1
C

(f(k)− f(k−1)−MSfr). (16)

Where thecapacitancebecomes:

1
C

= βQḡ (17)

and the molar liquid evaporation rate is represented by a modu-
lated flow source:

MSfr = r l ,e =
MvVp

ρl
rv,e. (18)

5.4 Liquid Water Transport (Resistance Model)
The remaining equation to be modeled in bond graph form

is the liquid water flow. Parameters that affect the mass flow rate
of liquid water are flow area, permeability, viscosity and density
of liquid water, and the section thickness. These factors will nat-
urally influence the resistance to flow for this element. It is, how-
ever, the presence of a liquid water volume gradient that drives
the liquid water flow. Capillary pressure and liquid water volume
are related through (14).

The physics of the liquid flow phenomenon are described
by:

Ql ,e = βwlS
3
e

(
∂pc,e

∂y

)
, (19)

wherepc,e is capillary pressure,Se = 1.1
(

Vl ,e
Vp
−0.1

)
is the re-

duced water saturation,βwl is a constant that embodies flow area,
permeability, density, and viscosity, and∂pc,e/∂y describes the
influence spatial variation of capillary pressure has on volumet-
ric flow rate.

Similar to the gas species diffusion bond graph equation, an
application of amodulated resistance, in discrete form, is appro-
priate:

f(k) =
1

MR(k)
(e(k)−e(k−1)). (20)

In the bond graph model, theMR will be a function of sev-
eral system parameters (listed below in the explanation ofβR),
and the continuously varying liquid water volume:

1
MR(k)

= βRS3
e, (21)

whereβR is a constant that depends upon flow area, permeabil-
ity, water viscosity, section thickness and porosity, and surface
tension. The volumetric flow rate is calculated from:

Ql ,e(k) =
1

MR(k)
(pc,e(k)− pc,e(k−1)) . (22)

Capillary pressure as theeffort variable and volumetric flow
rate as theflow variable were natural choices, as was the liquid
water volume as the modulus.

Finally, a conditional statement must be included to pre-
vent capillary action from starting unless the liquid water vol-
ume reaches 10% of the pore volume (the minimum condition
for flow suggested in [7]).
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6 The Bond Graph Model
The goal of this model order reduction is to determine the

minimum number of sections required to accurately model flood-
ing. Therefore, a repeatable bond graph model for one section
would be useful.

Using the relationships from Section 5, a single section bond
graph “submodel” was created (Fig. 4). With this submodel, a
GDL discretization for a range of resolutions can be easily ac-
complished.

6.1 Boundary Conditions
Flow through the GDL is bounded on one side by the chan-

nel, and on the other by the catalyst-coated membrane. These
boundary conditions are clarified in this section.

The conditional and empirical equations for the membrane
water transport do not fit into standard bond graph form, so func-
tion blocks were built to accommodate them. The air, hydrogen
and water vapor supplied to the gas distribution channels are eas-
ily modeled as flow sources, where the amount supplied can be
controlled to supply the desiredO2 andH2 excess ratios. Sim-
ilarly, evaporation is modeled as a modulated flow source, with
presence of liquid water as the fundamental prerequisite and the
modulus being the product of the evaporation coefficient and wa-
ter vapor pressure relative to the saturation pressure.

The concentration of reactants and vapor in the anode and
cathode channels are used for calculation of the gas concentra-
tion gradient in the last GDL layer (next to the channel). The
masses of gas species in the channels are balanced by apply-
ing mass continuity. The channel species concentrations are cal-
culated from pressures determined using Dalton’s law of partial
pressure. The boundary values for the liquid water saturation at
the GDL-channel interface are set to zero due to the hydropho-
bicity of the GDL material. The boundary conditions for the gas

compositions at the GDL-channel interface are set equal to the
channel compositions (c j,e,ch), which in turn depend on the in-
let flow and vapor composition, which depend on controllable
inputs.

The boundary conditions for the molar flow at the GDL-
catalyst interface are equal to the chemical reaction rates and
the membrane water transport, which in turn depend on the GDL
species concentrations at the catalystc j,e,ct and the current drawn
from the stackIst (4)(23). The molar flownv,mb of vapor across
the membrane is calculated using mass transport principles and
membrane properties proposed in [8]:

nv,mb = do
i
F
−αwAf cDw

(cv,ca,ct−cv,an,ct)
tmb

, (23)

wherei is the fuel cell current density (Ist/Af c), the osmotic drag
coefficient,do, is used to calculate the vapor molar flow from
the anode to the cathode due to electro-osmosis,Dw is used to
calculate the diffused vapor molar flow from the cathode to the
anode due to the water concentration gradient in the membrane
boundary through Fick’s law, andtmb is the membrane thickness.
The parameterαw is the only modification to the model in [8]
and was identified through experiments.

The electro-osmotic drag coefficient (do) and water diffusiv-
ity (Dw) through the membrane are functions ofλmb, the mem-
brane water content, which is a function of the vapor concentra-
tions on each side of the membrane [8] [5].

Stacking three of the discretized sections from Fig. 4 for
each constituent of interest, including function submodels for the
membrane physics, adding evaporation flow sources, and putting
in flow sources for the supply of air and hydrogen gives the
model shown in Fig. 5. In this full bond graph model, the chan-
nels are modeled as dynamic boundary conditions and shown on
the far left and right sides of the bond graph. The flow into and
out of the fuel cell occurs in the channels. The cathode side of
the model is the left half of the model, the anode side the right
half. The membrane is located in the middle of the model. Pos-
itive flow in the model is defined to be from anode channel to
cathode channel.

Finally, for the purpose of model simplification, the concen-
tration of nitrogen throughout the cathode diffusion layer is as-
sumed to be identical to the concentration in the channel.

6.2 Effect of Flooding on Current Density
Once anode flooding occurs, the authors of [1] postulate that

the resulting voltage degradation arises from the accumulation of
liquid in the GDL,Vl ,e. The accumulated liquid mass is assumed
to form a film of thicknesstwl , blocking part of the active fuel cell
areaAf c and consequently increasing the lumped current density,
defined as apparent current densityiapp:

iapp = Ist/Aapp (24)

where the apparent fuel cell areaAapp is approximated as

Aapp = (Af c−Vl ,an/twl) . (25)
6 Copyright c© 2006 Toyota Technical Center, USA, Inc.
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Figure 5. Complete Bond Graph Representation of a 3-Section Discrete Water Dynamics Model

7 Data and Analysis
Even with the assumption of isothermal conditions, the 3-

section discrete model [1] accurately captures the water dynam-
ics of a stack current increase, the cell voltage resulting from a
temperature increase, and the cell voltage degradation over time
as liquid water builds.

This model was verified using a 24-cell PEMFC stack capa-
ble of delivering 1.4 kW of continuous power, and a peak out-
put of 2.5 kW. The gas is distributed from the machined graphite
flow fields through double-sided, hydrophobic version 3ETekTM

Elats with a thickness of 0.432 mm. The catalyst-coated mem-
brane has a surface area of approximately 300cm2 [1].

Experiments performed at moderate temperatures (60oC)
and current densities (less than 0.5A/cm2), with dry hydrogen
supply, indicate that back-diffusion dominates electro-osmotic
drag, resulting in a net transport of vapor across the membrane
from cathode to anode. Subsequent purge events of the dead-
ended anode channel revealed flooding. Following the anode

purge, the voltage from the stack dramatically improved. Further,
under similar conditions, surging the cathode had little effect on
voltage. Based upon these observations, it was decided to fo-
cus on anode flooding prediction as the key to modeling voltage
degradation [1].

Figure 6 shows the average current density (dashed line),
i = Ist/Af c, that is used to calculate the molar flow gradients in
the GDL next to the catalyst. The solid line in the same sub-
plot corresponds to the calculated apparent current density,iapp,
in (24) based on the apparent area (25) that is not blocked by
the liquid water film. Since these plots of current density were
equivalent to the bond graph model output, the bond graph plots
are omitted.

Subplot 2 shows the experimentally measured cell voltages
[1] for all 24 cells in the stack (thin lines) and the predicted model
voltage (thick line).

The next step is to begin anActivity analysis. It is impor-
tant to reiterate thatActivity results are highly dependent upon

7 Copyright c© 2006 Toyota Technical Center, USA, Inc.
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Figure 6. Measurements and model outputs for an experiment exhibit-

ing anode flooding. The thin voltage lines correspond to the measured

voltages, the thick line is the model prediction

the duration of the simulation and the inputs to the system. For
example, taking the time period to start immediately before a
step current load is requested, and to end shortly thereafter would
generate results highly dependent upon transient response, which
would be quite different from results where the period is cho-
sen to be 1000 sec straddling the same load request. Further,
theActivity Index(AI) strongly depends upon what the modeler
considers the content of the overall model to be. For exam-
ple, exclusion of flow sources would have a profound effect on
theActivity indices by changing the value for theTotal Activity
(∑m

1 Activityi) of (2).
For this case study, the duration and inputs from [1] are used.

In order to numerically obtain the systemActivity, the model
shown in Fig. 5 was simulated for 900 sec, using a temperature
input that varied sinusoidally (period of 400 sec, amplitude of 2
◦C), and a current density requirement that started at 0.25 A/cm2,
and stepped up to 0.30 A/cm2 in 2 sec at time t=60 sec, as shown
in Fig. 7. Further, anode channel purges were performed per
Fig. 7, as well. Outputs of interest are the liquid water volumes
in all sections of the model, the apparent current density, and the
Activityof all elements and sources.

The Activity results, taken at the end of the calculation pe-
riod (t = 900 sec), are normalized into percentages and listed in
Table 1. The first aspect to notice is that the activities of the
two water phases are significantly different in magnitude. The
liquid water phaseActivitiesare much smaller than those of the
gas phase. This is caused by the low values of the volumetric
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Figure 7. Measurements and model inputs for an experiment exhibiting

anode flooding.

flow rate. While both regimes have power that can be related to
Joules, the power that results from liquid volumetric flow rate in
(m3/s), multiplied by capillary pressure is extremely low com-
pared to the product of gaseous phase concentration and molar
flow.

Table 1. Activities
Cathode Element %Tot Activity Anode Element %Tot Activity

O2 Diff sec1 0.410% H2 Diff sec1 0.434%
O2 Diff sec2 0.410% H2 Diff sec2 0.433%
O2 Diff sec3 0.406% H2 Diff sec3 0.434%
O2 Conc sec1 0.001% H2 Conc sec1 0.062%
O2 Conc sec2 0.001% H2 Conc sec2 0.063%
O2 Conc sec3 0.001% H2 Conc sec3 0.063%
H2O Diff sec1 0.211% H2O Diff sec1 0.011%
H2O Diff sec2 0.506% H2O Diff sec2 0.011%
H2O Diff sec3 0.476% H2O Diff sec3 0.110%
H2O Conc sec1 0.003% H2O Conc sec1 0.002%
H2O Conc sec2 0.003% H2O Conc sec2 0.002%
H2O Conc sec3 0.003% H2O Conc sec3 0.003%
Liq Flow sec1 0.0002% Liq Flow sec1 0.0001%
Liq Flow sec2 0.0008% Liq Flow sec2 0.0002%
Liq Flow sec3 0.0080% Liq Flow sec3 0.0004%
Liq pcap sec1 0.0001% Liq pcap sec1 0.0001%
Liq pcap sec2 0.0001% Liq pcap sec2 0.0001%
Liq pcap sec3 0.0002% Liq pcap sec3 0.0001%

The reason that theActivitypercentages shown in Table 1 do
not total 100 is that all the source elements have not been listed as
they are not under consideration for reduction at this time. Not
surprisingly, the vast majority of theActivity in this system is
taking place at the sources representing the gas flow inlets and
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evaporation sites.
In an Activity analysis, it is common to compareActivity

magnitudes, and conclude that either an element is negligible and
can be eliminated, or that it’s dynamics are fast enough to justify
assignment of instantaneous equilibrium. A common threshold
for such considerations is< 0.1%. If we were to accept this
limit for our application, it would appear that all the liquid water
elements, and all of the capacitance elements, might be removed!
As the point of the model is to predict liquid water dynamics, this
direction is ill-suited to our case.

A key point to remember is that the goal of this reduction is
to determine the sufficient level of discretization. Therefore, this
application will use theActivity to determine how many sections
are required. With this view, comparing theActivity levels, it
can be seen that some species have very littleActivity variation
from section to section. It is assumed that small variation in ac-
tivity implies over-discretization. Following this interpretation,
the species listed in Table 2 have high potential for reduction.

Table 2. Candidate elements for reduction based upon similar Activities

Element Element
O2 Diff H2 Diff
O2 Conc H2 Conc

H2O Conc (Ca) H2O Conc (An)
Liq pcap (Ca) Liq pcap Conc (An)

Lumping the diffusion equations (series resistances) to-
gether, and summing the capacitances (rate of change of con-
centration of gases), it proved to be true that theO2 andH2 gas
flow modeling require, at most, just one section. Similar results
were found for the anode side liquid dynamics. Reducing these
sections to a single larger section had no effect on the modeled
liquid water volume reaching the anode channel. TheH2O vapor
may not be reducible to one section due to the spatial variation in
Activity for the associated diffusion. These reductions eliminate
over 20% of the model equations and states, reducing the 25 state
model to one with 19 states.

8 Conclusions
A bond graph model of a three-section anode GDL and

three-section cathode GDL has been created and verified. The
model was used to apply a model order reduction technique
known as MORA, which is an energy-based reduction method
that preserves physical variables and parameters. The complexity
of the model was reduced by over 20%, with significant further
reduction likely. MORA was used to determine the appropriate
level of discretization by considering a lack ofActivity variation
from section-to-section as indicative of an opportunity to reduce
the number of sections for that species. The bond graph model

will be useful for future investigations on model complexity, as
well as for sensitivity studies.

9 Future Work
Further study into the application of model-order reduction

will focus on the influence of the criticaltime duration, includ-
ing the relation to the various time constants of the system. Sub-
sequent research is expected on the topic of water distribution
within the gas flow channel.
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