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Abstract

Awater and thermal management model for a Ballard PEM fuel cell stack was developed to investigate its performance. A general calculatior
methodology was developed to implement this model. Knowing a set of gas feeding conditions (i.e., pressure, temperature, flow rate) and stac
physical conditions (i.e., channel geometry, heat transfer coefficients, operating current), the model could provide information regarding the
reaction products (i.e., water and heat), stack power, stack temperature, and system efficiency, thereby assisting the designer in achieving
best thermal and water management. Furthermore, if the stack undergoes a perturbation, such as the initial start-up, quick change in currel
or a shutdown, the model could predict the dynamic information regarding stack temperature, cell voltage, and power as a function of time.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction In automotive applications, there are many different road
conditions involved and therefore the knowledge on the PEM
A proton exchange membrane (PEM) fuel cell is an elec- fuel cell stack in terms of steady and transient behavior (e.qg.,
trochemical device where the energy of a chemical reaction acceleration, deceleration) becomes very important. In an au-
is converted directly into electricity, by combining hydrogen tomotive fuel cell stack, water and thermal management on
fuel with oxygen from aif1]. Water and heat are the only by-  this steady and transient behavior is associated with many pa-
products if hydrogen is used as the fuel source for PEM fuel rameters that affect the design and performance of PEM fuel
cell. Most of the current research and development efforts fo- cell. In order to understand the relative importance of the
cus on PEM fuel cells due to their capability of higher power parameters and their interaction, an investigation on these
density and faster start-up than other fuel cgs6]. Usu- parameters is requirdd?]. Mathematical modeling, a con-
ally PEM fuel cells could be operated at a temperature lower venient and powerful technique, is therefore well suited for
than 100°C, thus faster start-up and immediate response to this task. The numerical modeling could be employed to sig-
changes in the demand for power could be realized. nificantly reduce the time and cost associated with the PEM
Water and thermal management has become one of thefuel cell stack development.
key technical challenges that must be resolved in order for  To date, most of the work done in terms of PEM fuel
the PEM fuel cell technology to be feasible for transportation cell modeling has focused on the electrochemical and diffu-
applicationd7,8], although, over the last decade, significant sion processes of individual fuel cell (also called unit cell).
progress has been made in the field of PEM fuel cell stack Some noteworthy early examples include Dunbar and Gag-
developmenf9-11]. Proper water and thermal management gioli [13], Springer et al[14], Verbrugge and Hill[15],
is essential for optimizing the performance of a fuel cell stack. Bernardi and Verbruggfl6,17] Fuller and Newmar18],
Nguyen and Whitd19] and Kim et al.[20]. University of
mpondmg author. Tel.: +1 519 253 3000x2630; \ﬁctqria and University of \_/Vaterlo{21—25] have been con-
fax: +1 519 973 7007. ducting the fuel cell modeling for many years and have made
E-mail addresshzhou@uwindsor.ca (B. Zhou). very impressive progress on the unit cell modeling.
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Nomenclature

o>

STTmMmoS o0

Greek letters

o excess coefficient

n over-voltage (V)

A water content of membrane
n water viscosity (Pas)

¢ relative water content
Subscripts

0 standard condition

a anode

act activation

c cathode

cell proton exchange membrane fuel cell
cons consumed

conv  convection flux

water activity

area (m)

water concentration in the membran
(molm~3)

average heat capacity (JKgK 1)

channel height (m)

water diffusion coefficient (fs~1)
thermodynamic potential (V)

fraction coefficient of channel

Faraday’s constanE(= 96,485)

convective  heat transfer  coefficient
(Wm—2K-1

change in enthalpy (J not)

heat of reaction (J mok)
operating current (A)

current density (A cm?)
exchange current density (A crf)
water hydraulic permeability in membrane
(m*s™h)

thermal conductivity (Wstm~1K-1)
channel length (m)

mass of the fuel cell (kg)

number of cells in the stack
electro-osmotic drag coefficient
mole number of electrons per unit current pe
unit time

molar flow rate (mols?); channel number
power output (W)

proton exchange membrane

energy (W)

universal gas constant (=8.314 J mbK 1)
relative humidity

thickness (m)

temperature (K)

output voltage (V); velocity (msh)

mole fraction of specieis

11

=

diff diffusion flux
elec electrical

g gas

hum humidification

in in

inlet flow inlet stack channel
int internal

I liquid

loss loss

m membrane

mass  mass transfer and/or mass consumption
ohmic ohmic

out out

outlet flow outlet stack channel

prod  product

room ambient condition

rxn reaction

sens sensible

stack  fuel cell stack

theo theoretical

trans  water transfer across membrane
w water

Superscripts

avg average value

channel stack flow channel

dry dry gas condition

new current value in iterative calculation

old previous value in iterative calculation
sat saturation condition
* at the catalyst interface

The models mentioned above mainly emphasized on un-
derstanding and improving the kinetic processes that oc-
curred in fuel cell, aiming at improving individual fuel cell
performance. The researchers built their models based on
electrochemical theories, electrode kinetics and experimen-
tal data.

As mentioned by Costamagna and Srinii@&, until the
year 2000, no detailed results of the modeling analyses of the
performance characteristics of the electrochemical cell stack
and the PEMFC power plant had appeared in the literature.
Models of fuel cell stacks have been and are being conducted
by some fuel cell companies and such development remains
in proprietary.

Texas A&M University[27,28] made very good contri-
bution to the fuel cell stack modeling. However, their model
only focused on fuel cell stack and the model did not con-
sider two-phase flow and liquid water was not considered. In
real fuel cell processes, both liquid water and vapor are very
important factors that have to be resolved properly in order
to have stable fuel cell operation.
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Some thermal models of PEM fuel cell stacks could be 2.1. Steady-state electrochemical model
found in the literaturg29—-32] These models typically treat
the stack as a process unit and develop models based on elec- The steady-state electrochemical model could be used to
trochemical performance, and the physical characteristics of predict stack voltage output. The cell voltage was defined in
the inlet and outlet flows. The computations of these models terms of the following three tern{83]: the thermodynamic
are usually too involved to be employed in a comprehensive potentialE, the activation over-voltaggac, and the ohmic
model of a PEM fuel cell stack. A need exists for a technique over-voltagenonmic:
that could be used to determine PEM fuel cell stack thermal
performance without requiring significant amount of com- Veell = £ — fact — Tlohmic )
putations. Some excellent studies on these topics have beeovhere
conducted by a group of scientists in Royal Military College
of Canadg33-36] In [37] by Yu and Zhou, an improved F — 1.229—085x 103 x (Tstack— 29815)
model was built to consider the inlet water vapor effects. _c . .
To the author’s knowledge, the models mentioned above +4.3085x 1077 x Tstackx [IN(pr,) + 0.5 x In(pg,)]
have notincluded the liquid water effects, especially the inlet (3)
water (liquid and vapor) effects that could play a very im-
portant role in the PEM fuel cell performance. Therefore, in Here the friction effect (pressure drop) was introduced to
the present study, a two-phase model with phase change wa#hodify the original mode[33] by averaging the inlet and

built to meet this challenge. outlet partial pressures:
pi'z = %(pﬁg,in + pﬁz,out) (4)
2. Model development
p p*Oz = %(p?)z,in + p*Oz,OUt) (5)
For modeling purposes, the following assumptions were The activation overpotential and ohmic overpotential could
made in the present study: be calculated as followfd 9]:
(1) The product water generated at the cathode is assumed ~ R(27315+ Tstack)ln 1 5
to be in liquid state. Mact = 05F Topo, ©6)
(2) The water condensation/evaporation rate is not consid-
ered. Instead, the equilibrium between the water vapor Tohmic = Itm @)
and liquid is always assumed. Om

(3) Ideal gas law was employed for gaseous species. whereTsiackis the stack temperature (K)the operating cur-

(4) Stack temperature is uniform due to high thermal con- rent (A),p" the partial pressure on the catalyst interfaces cor-

ductivity. _ ) responding to concentration of feeding gas, htit current
(5) Water transport in and out of the electrodes was in the density.

form of vapor.

(6) The electrode layers were “ultra-thin”, so that gas trans-
port resistance through the electrode porous layer could
be neglected.

(7) The liquid water was assumed to exist at the surface of

the channels, and the volume to be negligible. i . . .
(8) For the pressure drop calculation, the liquid water was shows a schematic of the inlet and outlet streams in a typical
' PEM fuel cell system. Hydrogen, air, and cooling water are

neglected. The entrance and exit losses were neglected,
which were too small compared with the overall pressure independent streams. Energy balance about the fuel cell stack
drop was performed to calculate various energy terms associated

with fuel cell operation:

2.2. Steady-state thermal model

A steady-state thermal model was established based on
the balance of mass and energy about fuel cell staick.1

In order to describe both cases either with or without phase _ 8
change, a parametgy relative water content, was defined as 9theo = delect dsens diatent+ qloss (8)

follows: wheregeois the theoretical energy produced by the fuel cell

Total mole number of water (vaper liquid) reactiongsensthe sensible heat calculated for each of the fuel
1) cell streams (anode, cathode, and water coolaptyn: the
total latent heat of the water vaporization (condensation) for
According to assumptiof2), wheng < 1, itis exactly the anode and cathode streamgecthe electrical energy output,
same as relative humidity and there is no liquid water; while andqssthe heat loss from the surface of the stack. Compar-
¢>1meansthereis liquid water agds no longer equivalent  ing(8)with the model used if83], the model developed inthe
to the relative humidity. present work included the two-phase effect (phase change).

" Maximum possible mole number of water vapor
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por and water liquid were assumed to be in equilibrium all the
time, i.e., the condensation/evaporation process was assumed
to be so fast that there is no finite condensation/evaporation
rate; also the water transfer across the membrane was as-

Jtheo i

NE2ajn NH2a0m sumed in vapor form, see details for this assumptighd):
N CO2,,a,in N CO2,a,out p ! p ’
Nw.gai Nyw.g
Nw’g’d’m wg.2,010 qlatenta = (Nw,g,a,out - Nw,g,ain + NtranQHvaporizatioma
w,l,a,in N w,l,a,out
Ta,in, P a,in T a,out , Pa,out (12)
FUEL CELL The sensible heat in cathode was considered in a similar way
R STACK . to that in anode except the species are different from those
in anode. In cathode the species include oxygen, nitrogen,
Nuw,in Tw,in Nw.,,out Tw.,out . . . .
/ / Tuaer water vapor, water liquid, as shown in (13):
—Pp —> =
{dsensc = Noz,c,outcp,oz,g(Tc,out - TO)
No2ein Nozcou + Nw,g,¢,0utC p,H,0,9(Tc.out — To)
N N2,c,in N N2,c,out
N yw.gcin N g.c.out + NNy.c.0utC p.N,.g(Tc.out — 7o)
Nw.lci Ny
wle,in wike.out + Nw,1.c.0utC p.w.1.out( Tc.out — To)
Tc,ins Pc,in TC,Oth’ Pc.out

- NW,I,c,inCp,w,I.in(Tc,in - TO)

- Nw,g,c,incp,Hzo,g(Tc,in - TO)

Vo

Qsens dlatent dloss  Yelec

- Noz,c,incp,oz,g(Tc,in - TO)

— NN2,¢,inCp,N2,g(Tc,in — To) (13)

Fig. 1. Schematic of the inlet and outlet streams in a fuel cell system iden-

tifying various parameters including flow rates and energy terms. The latent heat in cathode is somehow compllcated due to

the water generation, water phase change and transfer across
2.2.1. Energy equations the membrane. The basic rule here is to figure out the molar
Theoretical energy from the electrochemical reaction in flow rate of the water vapor that is involved in phase change.
PEM fuel cell was calculated through the product of reaction Details are as follows.
energy and molar flow rate of consumed hydrogen: For latent heat in cathode, ifw .cin > (Nw,g,c.out —
Nyrans— Nw,g,c.in), i-€., the amount of liquid water carried
dtheo = NHz cons/ Hrxn ©) from the cathode inlet is big enough for phase change, then

The electrical power generated by the PEM fuel cell stack We have

with n single cells was evaluated as
Jlatentc = (Nw,g,c,out - Ntrans— Nw,g,c,in)Hvaporizationlcl

Gelec = nVeelli (10) (14)

The sensible heatthrough anode stream was considered for all

the possible species in anode (i.e., water vapor, liquid water,OtherW'se’ the liquid water carried from the inlet must be
carbon dioxide from reformate) as follows: evaporated and some of product water must be evaporated

too, so we have
{dsensa = NHz,a,outC JHo, (Ta,out— TO)
! J qlatentc = NW,I,c,inHvaporizatiomcl + (Nw,g,c,out — Nirans
+ Nw,g,a,outcp,HZO,g(Ta,out - TO)
- Nw,g,c,in - NW,I,c,in)Hvaporizatiomcz (15)
+ Ncoy,a,0utCp,co,,g(Taout — T0)
where

+ Nw.1,a0utCp,w,1,0ut{ Ta,out — T0)
- Nw,l,aincp,w,l,in(Tain - TO)

— Nw,g.ainCp,H,0,9(Tain — To)

Hyaporization= 45070— 41.9T + 3.44 x 10372
+254x% 10773 —8.98x 107197%  (16)

and subscripts c¢1 and c2 represent the different state (thus
(11) different temperature) for the evaporation of water that are

from different origin, e.g., either from inlet stream or electro-
The latent heat through the anode was included through track-chemical product.The sensible heat in water coolant stream
ing down the phase change (in the present paper, the water vawas calculated by use of the following formula:

- NHg,a,inCp,Hz,g(Ta,in - TO)

— Nco,,ainCp,co,,g(Tain — To)
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dsensw = Nw,inCp,W,I(Tw,out - TO) Nw,g,a,our,max

- Nw,inCp,W,I(Tw,in — To) 17) psat t
= (NHy,a0ut+ Nco,,aout) w,g,a,;aaut
Paout — Pw,g,aout

(27)
Then the sensible and latent heat were summed and the heat

loss from the stack to the ambient was calculated based OnThen the amount of water vapor and water liquid in the anode

(8): outlet were evaluated as below.

gsens= {sensa 1 gsensc + gsensw (18) If Nw,ain — Ntrans > Nw,g,a,0ut max; then we have
qlatent = qlatenta + qlatentc (19) Nw,g,a.0ut = Nw,g,a0utmaxs

qloss = {qtheo — Yelec — 9sens— {latent (20) NW,I,a,out = Nw,a,in — Nyans— Nw,g,a,out (28)
2.2.2. Flow rates If Nw,ain — Ntrans < Nw,g.a.outmax then we have

The saturation pressure (atm) was calculated based on th
; X = Nw.ain — N =0 29
followmg equatlor{19]: 9Vw,g,a,ou’( w,ain trans Nw,l‘a,out ( )

sat __ q(-21794+0.02957'—9.1837x 105724 1.4454¢ 10773 For cathode inlet, the maximum water vapor carried from the
Pw.g = cathode inlet was evaluated as
(22) sat
- - Nuvg.c.inmax = (Noy.cin + Nyy.c.in)— 8 (30)
The molar flow rate for hydrogen in anode and air in cathode *"":9.¢.In.max 2.G.In 2eIn i — psvag o

on dry condition at each inlet can be evaluated according
to the operating current and excess coeffic[8] on each Then the amount of water vapor and water liquid in the cath-
stream inlet: ode inlet were evaluated as below.

1 If NW,c’in Z NW,g,c’in’max, then we have
Na,Hz,in,dry,O = f UHyNe (22)
Hz Nw,g,c,in = Nw,g,c,in,maXa
1
Ne,air,in,dry,0 = F a0OyMe (23) Nulein = Nw.cin = Nw.g.cin (31)
[67)
5 A If NW’c’in < NW’gyc’in’max, thel’l we have
wherene = 1.0365x 107> mol/A s is the molar flow rate of
electrons for generating 1 A electricity,the excess coeffi- pﬁj}ac’inqﬁc‘m

cient, i.e., the ratio of the actual amount supplied to the the- Mw.g.c.in = (Noz.c.in + NNz.c.in)
oretical amount needed, agdhe molar fraction of oxygen
in air stream at cathode inlet. Nw,l.cin=0 (32)
The equations of flow rates were proposed to account for
the inlet water (liquid + vapor), as listed below.
The maximum water vapor carried from the anode inlet
was evaluated as

) sat o
c,in — Pw,g,c,inqbc,m

In cathode stream, the water was produced and the product
water was assumed to be liquid in the present study. It was
evaluated as

P\f\%‘a’in Nw,l,prod = NHz,consz NHz,a,in - NHz,a,out (33)

Nw,g,a,in,max = (NHz,ain + NCOZ,a,in) - sat
Pain = Pw,gain For cathode outlet, the maximum water vapor carried from

the cathode outlet was evaluated as

Then the amount of water vapor and water liquid at the anode

sat
. p t
inlet were calculated as below. Nu.g.coutmax = (Noy.c.out + Nip.c.ou) w,g,c,0u

_ sat
|f NW’a’in > Nw’g’a’in’max, then we have Pc,out pW,g,C,OLIt
(34)
Nw,g,a,in = Nw,g,a.in,max,
Nu.ain = Nw.ain — Nugain (25) Then the amount of water vapor and water liquid in the cath-
ode outlet were evaluated as below.
If Nw.ain < Nw,g,ain,max s then we have If (Nw,c.in + Nw,,prod + Nirang > Nw,g,c,outmaxs then we
have
sat
Pw g ain¢a,in
Nw.gain = (NHz.ain + Nco,.ain) = .
w.g.,a,in 2,a1n Oz,ain Pain — psva’g,a’ind’a,in NW,g.,C,out = NW,g’c’outmax,
Nw,lain=0 (26) Nw,l,c,out = Nw.c,in + Nw,I,prod + Ntrans— Nw,g,c,out (35)

The maximum amount of water vapor at anode outlet was If (Nw,c,in + Nw,l,prod + Ntrand < Nw,g,c.outmax, then we
calculated as follows: have
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Nw,g,c,out = Nw,c,in + Nw,l,prod + Ntrans all the terms on the right side of the Eg4), it could be used
as a basis of a finite-difference calculation usin
NW,I,c,out =0 (36) d
drT.
Id stack
qug\évkz Tsc%ack"' dt At (45)

The average heat transfer coefficient for the stack may be
estimated using the average heat loss from the surface of the, 4 pressure drop
fuel cell stack. Similarly, the increase in sensible and latent

heatterms could also be linked to heat transfer coefficignts, Pressure drop along the channels could be calculated by
fromthe stack to the fluid wherej =anode, cathode, orwater ,sing average gas velocity, which is the mean value of inlet
stream. Once heat transfer coefficiemtbeat exchange area 54 outlet velocity of each stream. Ignoring the volume of

and sensible, latent heat terms are known, the temperaturqiquid water, the local velocity (m s~1) was determined by
of stack and outlet flows could be estimated by using the gas molar flow rate (mol<), local pressure, temperature,

following equations: cross-section area of chann&l, and number of channels
' Nch):
Tstack= (hi% + Trgom (37) ( Ch)
stack 3
N x 224 x 10 T
e S (46)
T =21T _ gsena 1 qlatenta + gmassa T ciVch p 10
Bt stack (hA)a amn where the gas molar flow rate could be determined for each
(38) stream as follows.

Te.out = 2 |:Tstack_ gsenc + quz&x;a - qmassc:| _ TC,in (39) at anode inlet:
[

sat
P i RHa,in
N = (NHz,ain + NCOz,a.in) <1+ it Ll )

. t .
Tw.out = 2 [Tstack— ?;Z”)W} — Tw.in (40) Pain = Pu.g.ain RHain
w

(47)
where the energy change due to mass transfer and mass con-
sumption (including the sensible energy carried by the water at anode outlet:
transfer across the membrane, the sensible energy carried by\] — (N LN, )
hydrogen/oxygen consumed) was evaluated as follows: — \WHz.aout " ACOz.a.0ut

sat RH
gmassa = Niran<C p,H,0,g(Tstack— 70) x | 1+ pw,g,a,s(;ijt aout (48)
Paout — PW,g,aoutRHaout

+ NHy,conCp,Ha,g(Tstack— T0) (41)

at cathode inlet:

sat
P i RHc,in
N = (NOZ,c,in + NNz,c,in) 1+ W’g’:gt]
Pciin = Pw,g,c,in RHc,in

dmassc = Ntranst.HZO,g(Tstack— To)
+ NHz,conCp,HZO,I(Tstack— TO)

49
- NOz,ConCp,Oz(TStaCk_ TO) (42) ( )
_ at cathode outlet:
2.3. Transient model
N = (No,.c.out + NN,,c,out)
In transient state, an additional accumulation term should peat RHc out
be considered, therefore: x |1+ wocol (50)
a7 Pc,out — Pw,g,c,outRHc,out
stack
MstackC p.stack dr When RH=1, the largest molar flow rate for each stream
= Gtheo — Jelec — Gsens— Glatent — Gloss (43) is obtained.Once temperature and flow rate are known, the

pressure drop along the channels could be obtained by using
wherem s the total mass of the fuel cell stadB,the aver- (Darcy-Weisbach equatidB8)):

age specific heat of the stack, antkgc/dt the temperature

X ; L 0aV2
change with respect to time. From E43), we have Apa= fax Ha Pa zam (51)
dTstack  Gtheo — Gelec — gsens— qlatent— Gloss a
dr - MstackC p, stack (“4) L¢ pc V2
" Apc = fc X = o (52)
Dc. 2

In the calculations presented, an average value of 35RJK
was used fomstackC p.stackOf Ballard Mark V stack. Knowing whereD is the hydraulic diameter.
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2.5. Water transfer across membrane

Water transfer across membrane is the sum of following Neonvy = =

three termg¢19,39}

1. Electro-osmotic drag flux, which is caused by hydrogen
ion drag.

2. Diffusion flux, which is caused by water concentration
gradient between anode and cathode.

3. Convection flux, which caused by pressure gradient.

Therefore,
Nyrans= Ndrag+ Nitt + Nconv (53)

The electro-osmotic drag flux could be calculated18;39]:

I(x
Ndrag = ndQ (54)
2.5
—A 55
nd= oo (55)

A = 0.043+ 17.81a — 39.85¢> + 36.0¢%at (@ < 1)
=140+ 14 —1)at(3>a > 1) = 168at@ > 3)
(56)

__ DPvapor

Psat

(57)

whereng is called electro-osmotic drag coefficientthe
current densitya the water vapor activity (ratio of the wa-
ter vapor pressure and the saturation pressurd)e water

content of membrane that is related with water vapor activ-

ity. Diffusion drag flux is decided by diffusion coefficieDt,
water concentration and the membrane charge concentra-
tion ¢; which is fixed for one type of membraifi9,39].

1 1\]
— 10 Pexp|241 — )| (2.563-0.
m 0 exp 6(303) (T) (2.563— 0.33,
+0.0264.% — 0.000672.%) at (A > 4)
1 1\]
=101 241 =) (-12
0 exp 6(303) (T> ( 5x
+6.65) at (4> A >3)
1 1\]
=1010 2416 =1 (2.05x
exp (303) (T) (
—3.25)at (3> 1> 2) (58)
c = Act (59)
dc dx
Ndiff,y = _Dmdiy —Dmcfd*y (60)
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Convection flux was calculated as follows:

k d
Kp A Upv
"dy

_kp Ay

s (61)

whereky, 1, dpy andc are the hydraulic permeability of wa-

ter in membrane, water viscosity, partial pressure difference
between anode and cathode, and concentration of water in
membrane.

3. Solution methodology
3.1. Steady-state models

Step 1. Start with a guess or estimate for the valudggfi

Tw,outs Ta,out Te,out@NdPout-

Step 2. From these guessed values, calculate tentative values
of related energy terms any.

Step 3. Use those tentative energy values and heat transfer
coefficients to get new values dfandp.

Step 4. With thes@, T as better guesses, return to step 2,
repeat the process until further repetitions cease producing
any significant changes in these values.

Step 5. These final valuesBfp will satisfy energy and mass
balance, and will be the steady-state result of the stack.
Step 6. Other related values of parameter can be calculated
from them.

3.2. Unsteady-state models

The time stepAt=1s was used in the dynamic calcula-
tions, thus changes of all the parameters could be traced at
each second.

Step 1. Calculate energy term avighy by initial input val-

ues. Use unsteady-state thermal model equation to get the
value of dlsiacdt at the beginning of the first time step.

Step 2. Calculat@sizckvalue at the end of the first time step,
guess the value Ay out, Ta,out Tc,out@NdPout.

Step 3. Keep fixed value Gfsiack follow steady-state cal-
culation steps to find all parameter values at the end of the
first time step.

Step 4. For next time step, go to step 1, use those value got
from step 3 as the initial values, and repeat the process until
reach the end of time period.

4. Results and discussions
4.1. Steady cases

In the calculations presented here, unless specified other-
wise, RH = 1 for both anode and cathode inlet stretable 1
shows the input data for the calculated case that was similar
to the case reported by Amphlett et[@6] and a comparison
has been discussed by Yu and ZK8].
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Table 1 1400

Input data for calculated caskex(20 A)
Parameter Value 1200t
NH,ain (Mols™) 0.0078 .
Tain (°C) 235 = 1000r
Pa,in (PSig) 35 =
No,.c.in (Mols™t) 0.004 2 800}
Tein (°C) 235 a
Pein (psig) 35 2 600}
Nu,in (Mol s™1) 1.84 =
Tuin ° o

win ( OC) 235 g |
Troom (°C) 235 g
Keell 35 cells o

200
Fig. 2 shows temperature of the exits at anode, cathode, % 0 >0 30 o — =

and water coolant with respect to the steady operating cur- Current (A)

rents from 1 to 60 A. It could be seen that all the temper-
atures increased with the increase of steady operating cur- Fig. 3. Stack output power with steady operating current from 1 to 60 A.
rent and the cathode exit temperature was higher than the
stack temperature, anode temperature and coolant tempera-
ture.

Fig. 3is the output stack power at different steady op-
erating currents from 1 to 60 A. The power output almost
increased linearly with the steady operating current. 40f

42

4.2. Steady cases with different valueg @it inlets |

36}
In Fig. 4, the anode exit temperaturegafin=1.0 and 1.5
was plotted. Here, i, relative water content at anode inlet,
represents the molar ratio between total amount of supplied
water (liquid + vapor) at anode inlet and the saturated water
vapor carried by the anode inlet stream. Wigam, <1, the
anode outlet temperature did not vary significantly withn 28
(Fig. 4a). Whenp, in> 1, liquid water would mix with anode
inlet stream and thus differeat, in values would have an ob-

a4

30F

Temperature (°C)
w
n

26

-

X ) o 04 . : . i i
vious effecton anode outlet temperature, attributable to liquid 0 10 20 30 20 50 50
water vaporization leading to anode exit temperature reduc- (@) Current (A)
55 : : : T
---- Cathode Gas
- Cooling Water - i
50} — Stack P
--- Anode Gas s
451 G
o 2.
e [
¢ 40} =
& i
é s qél’
e e
3ot )
7 -
25k s
2 , . . . . 20 ar - ' - :
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Fig. 2. Stacktemperature and exit temperatures atanode, cathode, and watdrig. 4. (a) Anode exit temperature @éin=0.5 and 1.0. (b) Anode exit
coolant with steady operating currents from 1 to 60 A. temperature at differemts in value 1.0 and 1.5.
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Fig. 5. Stack temperature and voltage with different steady operating current Fig. 7. Transient exit temperature plots of the start-up process for the oper-
from 1 to 60 A. ating current at 30 A.

tion (Fig. 4b). Basically, when inlep, in value increased, the 4.3. Unsteady cases

ancl):cije gzlr:(t)svn;Ft)r?erasttlgfk?:ge:faiﬂ.re and voltage with differ- Figs. 7 and &how the start-up characteristics of this stack
9. P 9 atthe operating current of 30 &jg. 7shows the transient exit

ent operating currents. Output voltage decreased when cur- o
. ) . .~ temperature plots whil€ig. 8 shows the stack temperature
rent was increased, attributable to a higher current creating

a larger ohmic over-voltage losbkig. 6 shows stack volt- and voltage.
g . 9 9. ) o FromFigs. 7 and 8it could be seen that the stack required
age output at differeng, in for steady operating conditions.

Electro-osmotic drag would be the dominant factor affecting about 30—-40 min to reach steady state with the operating cur-

the amount of water transferred across the membrane. Watelrent of 30A. In the first 20 min, the rate-of-exit temperature

was dragged from the anode to cathode side resulting in drylncrease was high then slowly reduced until about 40 min

. . when the stack almost reached its steady operating state.
gas at the anode side which would reduce membrane conduc- .
The transient response of the stack for the load-set-up from

tivity and subsequently lower the stack voltage. Therefore, in 30 A (for 60 min) to 50 A (for another 60 min) are shown in

order to achle\{e a higher voltage output, eX”"?‘ hgmldlflcatlon Figs. 9 and 10In general, the stack required about 40 min to
has to be provided to the gas at the anode side; It also could . .
C : . reach its steady operating state after the load was changed.
be seen irFig. 6that voltage output increased when the inlet ..
o Was raised It is noteworthy that when the load was changed from 30 to
a,in .

50 A, the immediate exit temperatures of cathode and water

40 40
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Fig. 6. Stack voltage with different, i, at steady operating currentfrom 1 Fig. 8. Transient plot for the stack temperature and voltage of the start-up
to 60 A. process for the operating current at 30 A.
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Fig. 9. Transient plot of exit temperatures at anode, cathode and water Fig. 11. Exittemperature change with time/logd 6= ¢c,n =1.0).

coolant during the load set-up from 30 to 50 A.

coolant decreased because the amount of air and water with 50 ] . i .
lower temperature increased from the inlets. Furthermore, | i-20A i=40A i=60A i=40A i=20A
from Fig. 10 the stack voltage at operating current of 50 A
was lower than that at 30 A, due to the increase of current _
that would create larger over-voltages and thus smaller cell § 35}
and stack voltage.
Fig. 11 shows the temperature change in all streams as = a5}
function of time and current change whiég. 12 gives the I ; — ok ||
stack voltage output and temperature change as function of sl o |
time and load change. The load changed in each 20 min, from ~

st.ack(
w
=]

\"
stack V),
no
(=]

20 to 40, to 60, to 40, and to 20 A within 100 min. e | 1

Fig. 13shows the values of stack voltage in terms of cur- 5T ]
rent change as a sine functibn 31+30 sin{z/30) where the o - = = = 0
stack current curve was plotted as a reference. During the Time (Min)

current change from 1 to 61 A, the voltage output slew in
the range 27-38V and the minimum voltage output value  Fig- 12. Stack temperature and voltage chagggn ¢c,in=1.0).
was attained when the current (power output curve had the
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Fig. 10. Transient plot of stack temperature and voltage during the load Fig. 13. Stack voltage as a function of current which changes with time as
set-up from 30 to 50 A. I =31+ 30 sin(z/30).
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0.8

stack usually takes about 30—40 min to reach its steady oper-
ation.
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