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Abstract. The Alkaline Membrane Fuel Cell (AMFC) is a recently developed fuel cell type, which has shown good
experimental results in the laboratory. This paper introduces a mathematical model for the single AMFC with fixed
volume and general sgquare section. The main objective is to produce a reliable model (and computationally fast) to
predict the response of the single AMFC according to variations of the physical properties of manufacturing materials
and operating and design parameters. The model is based on mass, momentum, energy and species conservation, and
electrochemical principles, and takes into account pressure drops in the gas channels and temperature gradients with
respect to space in the flow direction. The simulation results comprise the AMFC temperature distribution, net power
and polarization curves. It is shown that temperature spatial gradients and gas channels pressure drops significantly
affect fuel cell performance. Such effects are not usually investigated in the models available in the literature, with
most of them assuming uniform pressure and temperature operation. Therefore, the model is expected to be a useful
tool for AMFC design and optimization.
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1. INTRODUCTION

The Alkaline Membrane Fuel Cell (AMFC) is a recgnteveloped fuel cell type, which has shown good
experimental results in the laboratory. AlkalineeFCells (AFC) are seen as an alternative for Pelyflectrolyte
Membrane Fuel Cells (PEMFC) applications due thesjtulity of not using noble metals as catalyst,atipwing for
example nickel to be the catalyst at the anodes#wer at the cathode; which could be a good &dtéva when cost is
considered an important issue. This paper studie&MFC, in which the polymer electrolyte membranged in
PEMFC is replaced by a membrane made from cellidosbthe used electrolyte is an alkaline solut&d% KOH.
This configuration still allows the fuel cell to woat low temperature, like PEMFCs do. With respecthe current
AFC, the herein proposed AMFC has the advantage @flid membrane made by cellulose instead ofgusquid
electrolyte and does not require elaborated sesatmgperate.

A mathematical model is introduced for the singlFZC with fixed volume and general square sectidme Tain
objective is to produce a reliable model (and cammjenally fast) to predict the response of theggnAMFC
according to variations of the physical propertémanufacturing materials and operating and degagameters.

2. MATHEMATICAL MODEL

A schematic diagram of the internal structure AMFC is shown in Fig. 1 and Fig. 2. Pure hydroged pure
oxygen are considered in this analysis as fuelcadidbnt respectively.

The approach chosen was to divide the fuel cetl Bdven control volumes that interact energeticailyy one
another, with the ambient and with the adjacenkt ded, in case of analysis of a stack. Two bipglates were added
and they have the function of allowing the elecsrpnoduced by the electrochemical oxidation reaciibthe anode to
flow to the external circuit or to an adjacent cell

The model consists of the conservation equations efach control volume, and equations accounting for
electrochemical reactions, where they are pre3dw.reversible electrical potential and power &f thel cell are then
computed as functions of the temperature and predmids determined by the model. The actual dledt potential
and power of the fuel cell are obtained by subingctfrom the reversible potential the losses duestioface
overpotentials, slow diffusion and all internal dhriosses through the cell. These are functionthetotal cell current
(), which is directly related to the external lodwl this model, the total current is consideredralependent variable.
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The control volumes (CV) are fuel channel (CVhg tanode diffusion-backing layer (CV2), the anoeaction
layer (CV3), the alkaline membrane (CV4), the cdthaeaction layer (CV5), the cathode diffusion bagkayer
(CV6) and the oxidant channel (CV7).

Dimensionless variables are defined based ondbengtric and operating parameters of the systeessBres and
temperatures are referenced to ambient conditignsp; /p,, and g =T,/1,, , where Rs the dimensionless pressure, p is

the pressure, N/ 8 is the dimensionless temperature, T is the tenperaK; the subscript i ane represent the
substance or a location in the fuel cell and theiant respectively. Other dimensionless variabtesdafined as:

y= 1)
My et
_UuVP oA 2
Ni_mrercp,f ’A‘_VZI3 @

where y andm are the dimensionless mass flow rate and mass ey kg/s, respectively; N is the dimensionless
global wall heat transfer coefficient, U is the lgid wall heat transfer coefficient, WKy V1 is the total volume of the

fuel cell, n¥; Gy is the specific heat at constant pressure ofubg kJ/kgK; A is the dimensionless area, A is the area,

m? the subscript indicates a substance or a location in the fubl a=f indicate the reference level and w indisate
wall.

_ L
3 v (3)

where L indicates the length, ré;is the dimensionless length ;the subscript j iatdis a particular dimension of the
fuel cell geometry, Fig. 2.

_ 2/3 _ 1/3
h :L, k :_kV—T (4)
My et Cp,f mrepr,f

Where h is the heat transfer coefficient, ik is the thermal conductivity, W/mKE s the dimensionless heat
transfer coefficientk is the dimensionless thermal conductivity.

Figure 1. Single AMFC fuel cell model and contvolumes distribution, L is the length of each CV,id.the total
length of the fuel cell, Lis the high and Jis the width of the fuel cell.
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Figure 2. Upper view of the control volumes of mgéé AMFC fuel.

The hydrogen mass flow rate required for the carg@rlictated by the external load is

. . I
mH2 :nHZM H2 :EM H2 (5)

Wheren is the molar flow rate, kmol/s; M is the molar glei,kg/kmol; n is the equivalent electron per nafle
reagent, eq/mol; | is the total current, A; F is Faraday constant, C/eq.
Therefore, the oxygen mass flow rate needed fav&C fuel cell is

1,
My, ZEnHzMOz (6)
2.1. Energy conservation

The wall heat transfer area of one control voluméhe AMFC isA; = p.L; (2<i<e)and A, C L +L L, (1=1,7;
), where p, =2(L, +L,) is the perimeter of the fuel cell cross-sectiohe Tontrol volumes arg; =L L,L; (2<j<6)
andv, =n.L.LL, (j =1, 7), where pis the integer part of /L, +L,), i.e., the number of parallel ducts in each gas
channel (fuel and oxidant). The mass and energyniak for CV1 yield the temperature in CV1,

6m+wf(‘9f _Hl)+612+610hm =0 (7)
and
Qui =NiAG A8, Qo =128, /e ¢ Te) ®

where Q, =h A 0-®)(6,-6), A =L,L,/Vv#®. Subscript i represents a location in the cedl, ia particular CV, f
indicates fuel, ohm indicates ohmic afdthe porosity. The dimensionless heat transfesriteall the compartments

are g, =Q, g Cp i T - The subscript i accounts for any of the heatdfieminteractions that are present in the mo@el.

is the heat transfer rate, Vﬁg is the dimensionless heat transfer rgids the electrical resistanc®.
Assuming that the channels are straight and safftty slender, and using the ideal gas model, thespire drops
are
PRy _
AP = ncfi(é+éJ—J—fui2 9)
G )G R
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where i= 1,7 and j= f (fuel), ox (oxidant), respectively. Herg = (;;, +U; o )/2 is the channel dimensionless mean

iin
velocity, defined asi =u/(R;T,)"?, andf is the friction factorg; is the dimensionless width of the gas channelis, R

the ideal gas constant kJ/kgK. According to massservation, the dimensionless mean velocitiebéngas channels
are

~ _ CH]_ _I/IHZ 10

" APy {wf 2 } 4o

= ROXC€7 _lﬂoz 11

" Rf '&c7pox |:w0x 2 :| ( )
(R Tm)l/Zmr

where A; =n.L.L /3, i=1,7 and Lis the width of the gas channel, m.

For the laminar regimqgeDh < 2300 (Shah and London, 1978):

fi Repy, | =24(1-13553; +1.946%,° ~1.70125° +0.95643" - 0.2537%) (13)
D...
% =7.541(1- 2.61Q3, +4.9705,2 -5.119° + 27025 - 0.548°) (14)

whereg =L /L, for L <1, andg =1/, for L > Dy =2LL /(L + L), Rep,; =uDy;0 /44 andi=1,7. According
to Bejan (1995), the correlations used for theulabt regime are

f, =0079Re ™ (2300<Re, <2x10%) (15)

h Dy _ (f; 12)(Dy; _103) Py
ko 1+127(f, 12)Y2(Pr23-1)

(2300<Re <540 (16)

Assuming diffusion to be the dominant transport hagism across the diffusion and catalyst layerd®iral.,
2002), the fuel and oxidant mass fluxes are giwen b

i = _[D(pout _pin)/ L]i 7

Where, according to Newman (199b)= B{r[gﬁT/;M]l’zw}, is the Knudsen diffusion coefficient. Therefore

p -p _JRTLE _54 k=fox (18)

iout = Fijin D, p.

The net heat transfer rates at CV2 &e--Q,, +Q,, + Qo3 + Qg+ WNETE Qs =k, (1~ 3) A6, - &) /[(&, + &) 12], Where
the subscript s,a indicates the solid anode side.ehergy balance for the CV2 is:

(6,-6,)+2-=0 (19)
Hy

The chemical reaction that occurs at the anoddiogdayer (CV3) in an AMFC is,

H,+20H ™ - 2H,0+2e” (20)
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The dimensionless enthalpy of formation is defifgd H, =niHi/(me,cp‘me), where the subscript i refers to a

substance or a control volume, H is the enthalpfpohation, kJ/kmol. The enthalpy change due toahede reaction
is given byaH, = Z“pmducts[uﬁi (T: )]_Z‘“eactams[U”qi (1.)] andw,, =-aG,, whereu is the reaction stoichiometric coefficient,

W,; is the reversible work done by the CV3, J. Thectiea Gibbs free energy change,, is a function of
temperature, pressure and concentrations (Mastartdidurley, 1997).

AG=AG° +RTINQ (21)

where R is the universal gas constant, 8.314 kJ/kmal? =aH° +T°4s°, AG is the molar Gibbs free energy change,
kd/kmol; AH is the molar enthalpy change, kJ/kmaB is the molar entropy change kJ/kmol; the supgustindicate
standard conditions ( gases at 1 atnfC25%pecies in solution at 1 M), Q is the reactiammteent. In the present

reaction, Eq. (18) the resulting expression f@ris\?23 :{[OH,]sz }-1, where [OH : )]2 is the molar concentration of the
alkaline solution, (mol 1), andp, = p,,,. I-. the H partial pressure in atmospheres at the CV2 oullee

dimensionless net heat transfer in CV3 is give@y-Q,s + Q 4 + Qss + Qunn- The heat transfer rate between CV3 and
CV4 (alkaline membrane) is dominated by conductitereforey,, = -1-)(8; - 6,) A 2Ky .k (€4 o + k) » WheTe
Em is the dimensionless thermal conductivity of thembheane (CV4). The energy balance for CV3 is

Q,—AH; +AG, =0 (22)

where, (afi;,AG;) = ny,, (8H;,063)/ (Mg ¢, T )
The dimensionless net heat transfer in CV4 is abthi from Q,=-Qy+Qu +Qus+Quym and
Qus = ~(L- @)(0s — 65) A 2K ko [(E4ks o + Eskin) - NeEXE, the CV4 temperature is obtained from

Qu + H(65) gy~ ~H(62) - ~H(63)u,0 ~H (B0 =0 (23)
In the cathode reaction layer (CV5), the follownegction occurs
%02 +2H,0+2e” - 20H~ (24)

The CV5 dimensionless temperature is obtained by
Q, —AH; +AG; =0 (25)

where (a5, AG,) = i, (AH 5, AGs)/ (i Cp (T )

Similarly, the dimensionless net heat transfer fiatging in CV5 is given by, = -Q,5 +Q,s + Qsg + Qs With
Qso = ~Kso (1= B)AG; = 8:) (6 + &)/

The enthalpy change during cathode reactioHs = Z“pmdlm[ui Hi(T] = el Hi (1] while wig = -aG, . The
CV5 reaction quotient ig), = [OH -]2/ py?. Wherep, =pg -

The dimensionless net heat transfer rate in CViltefom Q, = -Qus + Q.6 + Qs7 + Quop» With
Qor =M AL-@)@ -@): Iy = V23 /ec, ). The dimensionless temperature for CV6 is given by

- c - -
Qs +Wo, Cp'ox (67 =66) +H(65)n,0 ~H(O)n,0 =0 (26)
p.f

The dimensionless net heat transfer rate in C\3,is -Qy, +Q,; + Q,qun- The balances for mass and energy in the

oxidant channel (CV7), the assumptions of non-ngXlow, and the assumption that the space is fittednly with dry
oxygen, yieldr, o =y 00 = My,0,00 =No,Mu,0 and
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Q Soox (g -6,)+H(8 H(6)) .0 =0 27
Q7+l//oxc—( ox =67) +H(Es)n,0 ~H(O)n,0 = (27)

p.f

2.2. Electrochemical model

Based on the electrical conductivities and geoyngfteach compartment, the electrical resistarf8i€) , are given
by:

& i=1267 28

ﬁl ASV%/SO'i(l—ﬁ)' | &, 0, ( )

=t i=3,4,5,(p =1) (29)
AV Tog

We considered the electrical conductivites= o, for i=3,4,5. The conductivities of the diffusileyer, o,
and gy, are the carbon-phase conductivities ( Kulikovsd@Q0). Finally, the conductivities of CV1 and C\&, and

oy, are given by the electrical conductivity of tHpdlar plate material.

The appropriate figure of merit for evaluating ffexformance of a fuel cell is the polarizationvayri.e., the fuel
cell total potential as a function of current. Tdimensionless potential is defined in terms of\egireference voltage,

(Ve namely\7=\//\/ref and 77 =n7/V,¢ , where V is the voltage of the fuel cell, Vis the overpotential, Vﬁ is the

dimensionless overpotential, aMl is the dimensionless voltage of the fuel cell. Thaensionless actual potenti‘aj
is an accumulated result of dimensionless irrebésinode electrical potentia] , , dimensionless irreversible cathode
electrical potential/, ., and the dimensionless ohmic Idgg,,,) in the space from CV1to CV7, i.e.,

Vi :Vi.a +Vi,c _ﬁohm (30)

The ohmic losg7,,, is estimated by

N =

Vref i=1

The reversible electrical potential at the anadgiven by the Nernst equation,
V., =V2, —R—Eln Qs (32)
’ ' n

where v, , =G, /(-nF) andvg, =aG3/(-nF). At the anode there are two mechanisms for patelasses; (i) charge
transfer, and (ii) mass diffusion. The potentiabd at the anodey() due to charge transfer is obtained implicitlynfro
the Butler-Volmer equation for a given current uf@uet al.,2000)

S a{ex;{w} - ex;{— ‘”1’7—61':}} 33)
Ao © RT, RT,

Wherea,is the anode charge transfer coefficient gndis the anode exchange current density.
The potential loss due to mass diffusion is

RT, |
Naa=—2IN1-—— (34)
@ nF ( AS,wetlLim,aJ

Where,
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ps DonF

i = - 35
"™ My, LR 6,T., (32)

The resulting electrical potential at the anode, is=V, , =7, = |7q.a| -

The methodology in estimating the anode potendiaiid in building the cathode potential corralas. Similarly,
the actual cathode potential is/ =V, -7, _‘ﬁd,c‘ and the reversible electrical cathode potential is

Voo =VS, - (RTs/nF)inQ,, where V&, =AGE/(-nF). The Butler-Volmer equation for calculating thethzale side
overpotential 7, S 1/Aqq =ioolexd(l-a.J.F/(RTs)) - exdawnoF/(RTs)|where o, is the cathode charge transfer
coefficient, andi,. is the cathode exchange current density. The datimass diffusion depleting overpotential is

Mo = RTs/(0F)In{L=1/(As etiLime)) - @nd the cathode limiting current density,js, = 2 poDgnF /M, LoRocbiT..)-

2.3. Fuel cell net power output

The pumping poweWp is required to supply the fuel cell with fuel amxidant. Therefore the total net power
(available for utilization) of the fuel cell is

Whg =W -W, (36)

where w=v is the total fuel cell electrical power outpungda

~ 6 6
Wp :l//f Sf FllAF?L 'H//oxsox #AP7 (37)
7
S :M, i = f,ox (38)
Vref l ref

3 NUMERICAL RESULTS OF AMFC MODEL

The single AMFC net power output, defined by Ed)(3lepends on the internal structure and the eateshape of
the fuel cell. The mathematical model allows thempatation of the total net power of the fuel celhich is possible to
be done as soon as the physical values and a gebofetric internal and external parameters arevknin the case of
the present study, such set is given by Tab. 1.

The numerical simulation of the single AMFC is merfied by solving Egs. (7), (18), (19), (22), (228), (26) and
(27) which form a system of nine algebraic equatidrhe unknowns arg andp, i.e., the temperatures in the seven
control volumes, and the gas pressures in CV2 arl Once the temperatures and pressures are kribeve)ectrical
potentials and power are calculated for any assucne@nt level. Pressures are related to tempestia Eq. (18).
The system reduces to seven nonlinear algebraiatiegs, in which the unknowns are the temperatafdbe seven
control volumes. This system was solved with a rfeoricode, using a quasi-Newton method (Kincaid @héney,
1991), where a tolerance for the norm of the resigtactor less or equal to #@vas considered to obtain a converged
solution.

In the numerical simulations, the cells electrizatl net power were calculated by starting from opsruit (T :o),
and proceeding with increments(@ﬁ:5) until the net power is zero or the limiting currdevel is reached. The
reference case for the simulation is a alkalinel fuith the following internal and external configtion
&/ =&1/6, =038, & /&, =&/&, =0111, &/é, =é5/&, =00025, &,/é, =0013.

Because we assume that no losses result from sperassover from one electrode through the elggr@nd from
internal currents, the actual open circuit voltegequal to the reversible cell potential (ideadeda
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Table 1. Physical properties used as referenceicdke numerical solution.

B =0.156 q=15

Cpor = 14.95 kJ kg K™ Ri=4.157 kI kg K™
Coox= 0.91875 kJ KgK™* Rox = 0.2598 kJ kg K™
vt =10.8 kI kg K™ Tt Tox T = 298.15 K

Coox = 0.659375kJ KIK™ | U, =50 W nP K™, i=1t0 7
(i0s io,) = (0.01,0.005) A |V, =1V

|ref: 1A V :7)(10_5 m3
ki = 0.1805 W rit K* T ’

kox = 0.0266 W rit K? Oy Oc = 0.5
k,=0.12 W m K™* (1,7 =2

K21 K6 = 4)( 10_10I’T]2 ul :10—5 Pa.S

Ka, Ks=4x 102 n? _
ms ilo‘f’ kg st U, =24x107° Pa.s
ref —

p: = 0.1 MPa @, @; = 0.0085
Pox: P = 0.12 MPa @z, @ =0.1802

At low currents, the potential drop is due to aatiion losses, low catalysis; in the next regiondhenic losses are
present (due to electrical resistance of the comptnof the fuel cell) and at high currents thecemrtration losses are
dominant. This behavior is shown in the Fig. 3.

14

12 |

1

V 08 |
06 i
04 |

0.2

Figure 3. Polarization curves of AMF(V; is the dimensionless reversible potentﬁ’la, \Z,C is the dimensionless

reversible potential at the anode and cathodegotisely andv, is the dimensionless irreversible potential of
the fuel cell.

The total potential is the sum of the potential eyated at the cathode and anode minus all thedasssuated
(activation. Ohmic and concentration losses). SiheeGibbs free energy decreases as the tempeintueases, the
reversible potential decreases as well, Eq. (3)mFEQ. (18) we can see that the pressure of thetasts eventually
decreases to zero as the current increases, $siachsumption of oxygen and hydrogen increaseis. i$hhe limit
case when the potential of the electrode reach®s The simulation was conducted until the poinevehwe reach the
concentration polarization region where the irrsilde voltage approaches to zero, see Fig. 4. Thewmt where we
obtained the maximum power waslat 16.

As it is shown in the Fig. 5, the temperature & thel cell increases as the current increasese simore heat is
being generated in the electrochemical reactiodsbgrthe Joule effect. This profile demonstrated the temperature
in am AMFC is not constant as sometimes is conseitliefhis model takes the temperature distributido account

when evaluates the polarization curve and the paialer output, since the Eq. (32) tells us thatvibleage is a function
of temperature.
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40

Figure 4. Total cell output voltage and power dated numerically,\7 is the dimensionless total output voltage and
W is the dimensionless total output work.
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Figure 5. Temperature versus current for the esieg case of an AMFC.

For the current interval evaluated, the temper&uvariation was not significant. Although it wikave more
influence when a scale-up or a AMFC stack is used.

4 CONCLUSION

In this paper we constructed a model for fluid flomass and heat transfer in a unit AMFC which takesaccount
spatial temperature and pressure gradients. Thelnsbdws good results in predicting the voltage poder output,
considering the pressure drop in the channel of Blas results also show that even in a unit fuélatdow currents,
there is a gradient of temperature dependent afespad current. The model was base on fixed aaodecathode
exchange current densities, which depend on catglys and morphology, temperature and pressuresd parameters
increase with temperature, however the increaseraperature also increase the activation lossesiaffde, et al.,
2009). The present model can be used as a toobgtimization where the electrical power can be mmzéd,
considering temperature gradient and the pressoeid the channels (Fig. 1).
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