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ou 1 est le ratio de l'aire totale des trous par rapport a l'aire totale de la plaque. Le
coefficient H; du terme source dans les équations de la quantité de mouvement [Eq. (2.2)]
est donné par :
H= It(—mL (4.28)
Nous considérons une aire ouverte de 50 % pour le flux perpendiculaire a la plaque. Le
flux dans le canal de distribution est parallele a la plaque. C’est la consommation des especes
gazeuses et la production d’eau qui donne lieu & une flux net non nul pour la direction
perpendiculaire a la plaque. Afin d’absorber une partie de la quantité de mouvement du
gaz parallele a la plaque, nous avons considéré que cette perte pouvait aussi étre décrite
par un terme inertiel (4.26). Cette perte par unité de longueur est assumée étre 100 fois
plus élevée dans les directions (g*, z) que dans la direction perpendiculaire & la plaque. Ceci
veut dire que Hpe , = 100 - H;. Pour voir I'influence de la présence de plaques perforées,
nous avons aussi modélisé une plaque perforée avec une aire ouverte de 100%. Ceci revient
a H;=0.
A la lumitre des résultats obtenus lors de la simulation du noyage de la cathode, nous

avons opté pour une configuration paralléle des flux gazeux.

Propriétés de transport de la membrane Notre étude sur les coefficients de diffusion
nous a permis de sélectionner la paire n(2),d(2). Le A utilisé pour la détermination de ces

coefficients est celui du coté le plus sec.

4.4.3 Résultats

Pour chacune des grilles, 11 simulations ont été réalisées. Le voltage V.. de la pile était
augmenté par incréments de 0,05 V entre deux simulations successives, allant de 0,4 V a
0,95 V. La convergence était atteinte quand les densités de courant variaient de moins de

0,001% pour deux itérations successives.

Courbes de polarisation et de densité de puissance Les courbes de polarisation
pour les piles planaires et cylindriques (avec et sans plaques perforées) sont montrées dans

la figure 3. Les trois courbes sont semblables pour des densités de courant inférieures a 0,6



A-cm™2. Au dela de cette densité de courant, les trois piles se distinguent. La pile planaire
affiche une décroissance de forme exponentielle. Ceci suggere la présence de pertes par
transport de masse. Les deux piles cylindriques ne montrent pas de telles pertes par trans-
port de masse et ont par conséquent une densité de puissance plus élevée que celle obtenue
par la pile planaire. La pile tubulaire équipée de plaques perforées montrent une courbe
voltage-courant légerement en-dessous de celle obtenue par la pile sans plaques pour les
hautes densités de courant. Le comportement linéaire de la courbe voltage-courant suggere
que les pertes des piles cylindriques sont régies principalement par les pertes ohmiques.
Afin de mieux comprendre pourquoi les courbes de polarisation sont meilleures pour le
design cylindrique, nous avons inclus les graphiques de la distribution des densités de cou-
rant, du contenu en eau de la membrane et du potentiel d’activation dans les figures 4, 5a,
5b et 6, respectivement. Le voltage de la pile est de 0,55 V pour tous ces graphiques. La
pile tubulaire considérée est celle incluant les plaques perforées. Ces résultats sont analysés

dans les sections suivantes.

Densité de courant La figure 4 montre la distribution de la densité de courant a la
surface de la membrane. La pile cylindrique montre une densité de courant relativement
uniforme (surface gris foncé) ot la seule variation survient selon ’axe longitudinal (axe des
z). La distribution du courant dans la pile planaire révele une variation nettement plus
prononcée. Méme si la densité de courant moyenne atteinte par la pile planaire est plus
faible, la densité de courant locale y est plus élevée pour environ un tiers de la surface de
la membrane. Environ 80 % de 'aire située directement sous le canal de distribution a une
densité de courant plus élevée que les sections correspondantes pour la pile tubulaire. La
variation de la densité de courant selon ’axe ¢° montre que pour un z donné, la valeur
maximale est toujours atteinte au milieu du canal de distribution. Les densités de courant
minimales sont atteintes sous les crétes, a la mi-distance séparant deux canaux. Les portions
de la membrane situées sous les crétes sont responsables de la densité de courant moyenne
plus faible atteinte par la pile planaire. Des graphiques de la distribution de la densité de
courant ont révélé que la différence entre les maximums et les minimums est plus prononcée

pour les densités de courant moyennes plus élevées.
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Contenu en eau de la membrane La distribution du contenu en eau de la membrane
a 'anode et a la cathode est montrée dans les figures 5a et 5b pour chacun des modéles.
La pile tubulaire montre une distribution relativement homogene de ’eau sur la membrane
du c6té de l'anode, la seule légere variation survenant selon ’axe z. Le contenu en eau
demeure néanmoins relativement faible a ’anode. Du c6té de la cathode, A augmente de
fagon continue grace a ’eau produite par les réactions électrochimiques. Une plus grande
variation est retrouvée dans la pile planaire. Au début du canal, la distribution de ’eau dans
la figure 5b montre que pour un z donné, la variation est & I’'opposé de la densité de courant
montrée dans la figure 4. Les valeurs les plus élevées sont atteintes sous les crétes alors que
les minimums se retrouvent sous la ligne centrale du canal de distribution. La variation de
A selon 'axe des z du co6té cathodique de la membrane révele ’existence de deux régions.
Dans la premieére, A augmente rapidement, le taux d’augmentation est maximal sous les
crétes ou 1 nouvelle molécule de H,O est ajoutée par site SO; par centimetre. Dans la
seconde région, A a une distribution quasi-planaire. La frontiére entre ces deux régions
correspond a la limite ou A atteint la valeur d’'une membrane complétement hydratée, 14.
Cette frontiere indique ou ’eau liquide apparait le long du canal de distribution. Une fois
que I'hydratation compléte est atteinte, une augmentation de la quantité d’eau présente
a linterface membrane-couche de diffusion n’ajoute que faiblement au contenu en eau
de la membrane. Il existe une densité de courant seuil & laquelle ’eau liquide apparait
pour chacune des piles. Sa valeur est d’environ 0,35 A - cm™2 pour la pile planaire tandis
qu’on ne retrouve pas d’eau liquide dans la pile cylindrique en-dessous de 1 A - cm™2. 1l
est intéressant de noter que A est plus faible pour la pile cylindrique. Les crétes de la
pile planaire permettent de mieux conserver ’eau pres de la membrane en retardant sa
diffusion rapide vers le canal de distribution ou elle est rapidement évacuée vers la sortie.
La conductivité protonique de la membrane augmente linéairement avec A [Eq. (3.7)]. Les
figures 5a et 5b montrent clairement que le contenu en eau est plus élevé pour la pile
planaire. On peut donc conclure de ceci que les pertes par activation sont responsables des

meilleures performances de la pile tubulaire.
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Potentiel d’activation Le potentiel d’activation des deux géométries est montré dans
la figure 6. La pile planaire montre une distribution olt le minimum est localisé sous le canal
de distribution. [’eau présente sous les crétes est responsable du potentiel d’activation plus
élevé qu’on y retrouve selon les mécanismes vus a la section 4.3.1. L’absence de crétes dans
le design cylindrique permet un approvisionnement plus uniforme en oxygene des surfaces

catalytiques et donc, un potentiel d’activation plus faible.

4.4.4 Discussion

Puisque la différence de performances des deux géométries est causée en majeure partie
par le potentiel d’activation, il est important de se questionner sur 1’habileté du modele a
une phase a prédire les pertes par transport de masse. Nous avons expliqué a section 4.3.1 les
conséquences, pour le modele & une phase, d’un exces d’eau dans la phase vapeur. De I’eau
liquide est retrouvée du cété de la cathode de la pile planaire a des densités de courant rela-
tivement faibles. Les courbes de polarisation présentées a la figure 3 suggere que le modele
ne surestime pas les pertes par transport de masse. On n’y retrouve pas de chute abrupte des
performances aux hautes densités de courant comme observée expérimentalement lorsque
le noyage survient. De plus, la concentration en O, dissout dans ’eau correspond & moins
de 20 % de la concentration présente initialement dans le gaz pour des conditions réelles
de noyage. Dans le modele a une phase, la fraction de l'oxygeéne présente est diminuée
artificiellement par la fraction supplémentaire d’eau dans le gaz. L’activité de I'eau la plus
élevée trouvée lors des simulations n’excéde pas 1,3. Ainsi, la concentration d’oxygene dans
le gaz est diminuée d’au plus de 6 % par I’excédent de vapeur d’eau. Les différences entre
les performances des deux géométries peuvent étre en effet plus grandes que celles prédites
par le modele.

L’optimisation des performances d'une PEMFC est synonyme de 'atteinte d’une ba-
lance délicate entre une humidification adéquate de la membrane et les pertes par transport
de masse. La pile planaire permet une meilleure humidification de la membrane mais ceci
au détriment du potentiel d’activation. Cette géométrie est plus efficace pour conserver
I’hydratation de ’anode. Les caractéristiques inhérentes au design planaire font qu’il est

plus difficile d’y optimiser le contrdle de ’eau. La pile tubulaire permet une plus grande
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liberté dans la sélection des composants permettant l'atteinte d’une humidification opti-
male. Il est possible d’augmenter le contenu en eau a ’anode sans augmenter le potentiel
d’activation trouvé a la cathode. Ceci peut étre réalisé en utilisant des couches de diffu-
sion avec une perméabilité plus faible ou en utilisant des plaques perforées avec une aire
ouverte réduite. Ceci augmenterait les performances de la géométrie cylindrique de sorte

qu’elle puisse étre encore plus avantageuse que la présente étude ne I’a montré.
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CONCLUSION

Nous avons développé dans le cadre de cette maitrise un modele de PEMFEC. Cette ver-
sion tri-dimensionnelle s’est inspirée du modele de Dutta et al.l!l pour son intégration dans
un solveur commercial. Dans un premier temps, une étude approfondie de la modélisation
du transport de I’eau dans la membrane a été effectuée. Dans un second temps, le noyage
de la cathode a été introduit. Finalement, le modele & une phase a permis d’effectuer une
étude comparative des géométries cylindrique et planaire pour les PEMFC.

L’étude des coefficients de transport de la membrane a permis d’explorer les limites du
modele. Nous avons identifié les coefficients expérimentaux permettant au modele d’obtenir
les meilleures prédictions. Ces coefficients ont été utilisés pour ’étude la pile cylindrique.
Egalement, ces simulations nous ont permis de découvrir que le noyage de certaines régions
de la couche de diffusion devait survenir méme pour des densités de courant relativement
faibles dans la pile planaire. Le modeéle tenant compte du noyage de la cathode a révélé
que les performances optimales était obtenues pour une configuration parallele des gaz. Il
a également su souligner I'importance du transport de ’eau sous forme de gouttellettes
dans les gaz pour une PEMFC en fonction. Nous avons pu apprécier également comment
le modele & une phase simule, & sa facon, les pertes par transport de masse créées par un
exces de vapeur d’eau.

La capacité de résolution du modele pour des aspects géométriques a été mise en
évidence par I’étude de la pile cylindrique. Les courbes de polarisation montrent clairement
que de plus hautes densités de puissance sont atteintes par la pile tubulaire. Ceci résulte en
grande partie du potentiel d’activation plus faible qu'on y retrouve. Egalement, nous avons
montré comment 'utilisation de plaques perforées dans une pile tubulaire permet une dis-
tribution des gaz plus uniforme que les canaux de distribution traditionnels. Ceci résulte
en une meilleure utilisation des surfaces catalytiques. Il a également été suggéré que la
configuration choisie pour la pile tubulaire n’était pas optimale. Une sélection minutieuse
des composants entrant dans sa fabrication pourrait augmenter la densité de puissance
atteinte. La réalisation physique de la pile cylindrique permettra de vérifier les prédictions.

L’amélioration du modele passe nécessairement par une modélisation plus adéquate
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du transport de l’eau dans la membrane. Un modele de transport plus raffiné permettra
éventuellement une meilleure prédiction des résultats expérimentaux. Une intégration du
transport de ’eau sur le profil d’hydratation de la membrane constituerait un premier
pas en ce sens. Egalement, le modele de noyage de la cathode constitue une amorce tres
intéressante d’un travail de recherche futur. Il faudrait alors développer un modele adéquat
de transport des phases liquide et gazeuse de ’eau dans les canaux de distribution et les

couches de diffusion.
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Annexe 1

Code des fonctions de modélisation de la membrane et des termes sources

/********************************************************/
pour simulation de pile
/* Simulation pile & combustible
/* 1 phase

/* UDF

/* trsp de 1’eau: Springer

/* Toutes les ctes doivent etre en SI
/* 1la densite de courant est celle a 1l’anode dans udmiO

/*
/* par:

/* derniére modification:
/3 kb ok sk ok ok ok ok ok sk ok ok ok ok ok ok ok 3k ok ok ok ok ok ok ok ok sk ok sk ok ok 3k ok 3K ok ok 3k ok ok kK 3 ok 3 Kok 3 ok % ok % ok %k /

\#include <udf.h>

\#tdefine
\#tdefine
\#define
\#tdefine
\#tdefine
\#tdefine
\#define
\#tdefine
\#define
\#define
\#tdefine
\#tdefine
\#tdefine
\#tdefine
\#define
\#define
\#define
\#define
\#tdefine
\#define
\#define
\#tdefine
\#tdefine
\#tdefine
\#tdefine
\#tdefine
\#tdefine

h2\_id 0

02\_id 2

w\_id 1
SOURCE\_ANODE 4
SOURCE\_CATHODE 5
WALL\_ADLMEA 21
WALL\_CDLMEA 22
geometrie O

tol 0.00001
nb\_cell 1200.
F\_cor\_d 0.05
F\_cor\_i 0.1
F\_cor\_src 30
A\_drag 0.114

F 96487.

Mo2 0.032

Mh2 0.00201

Mw 0.01801

Mn2 0.028

Psatw 31176.
DENSITE\_m 2000.
MASSE\_m 1.1

R 8.314

Ts 343.

Pop 101325.

Ep 0.000051

Voc 1.1

JeanFrancois Coursange
juin 2002

// Entiers identifiant les especes

// Entiers décrivant les zones

// O0=cyl , 1=plat
// précision de 1l’ajustement du courant

// coefficient de drag
// cte Faraday
// masse moleculaire des especes

// tension de vapeur de l’eau a Tcell
// densite et masse de la membrane selon Nguyen

// cte des gaz
// temperature de la pile

// epaisseur membrane
// voltage a circuit ouvert
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\#define stochio\_anode 1.5 // stochiometrie
\#define stochio\_cathode 2.5
\#define Aentree\_c 0.000001 // aire de section d’entrée

\#define Aentree\_a 0.0000011
\#tdefine Amembrane 0.00032

\#define X\_02 0.196 // fraction mol des gaz entrant
\#define X\_h2 0.69

\#define Io 100. // courant d’echange 02
\#define PI 3.1416 // célébre constante

extern Domain *domain; // variables globales

int i\_iter=0;

int nb\_lambda=0;

int nb\_xo0=0;

int nb\_in;

float Iancien;

float Imoyen=0;

float lambdamoyen=0;

float Itotal=0;

float i\_prec;

float Vcell[13]=\{0.4, 0.45, 0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9\};

// échantillonage pour tracer courbe de pol.

/************************************************/
/* courant() *x/

/* calculer le courant a l’aide de Newton */
/************************************************/

float courant(Thread *ta, Thread *tc, Thread *tadlmea, Thread *tcdlmea, cell\_t c,
float conduc)

\{
face\_t fcmea;
cell\_t visavis;
float 111,cl, c2, eqq, eqd, Xmo, Xo, Po2, In, Inl, Icorr, Ia, errr,
conductivite;
float Xmw,nact,Aca, Acc;
int 1=0, Vpointeur;
visavis=C\_UDMI(c,tc,0);
fcmea=C\_UDMI(c,tc,8);
Aca = C\_UDMI(visavis,ta,10);
Acc = C\_UDMI(c,tc,10);
if (conduc<=0)
printf("conduc trop petite!!!\ensuremath\n");
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Vpointeur=C\_UDMI(6,tc,11); //pointeur sur le voltage
cl = conduc*RxTs/(Ep*0.5%F) ;
Xmo = F\_YI(fcmea,tcdlmea,o2\_id); //calcul de fraction d’02

Xmw = F\_YI(fcmea,tcdlmea,w\_id);
Xo = Xmo*MwxMn2 / (Mo2* (Mw+Xmw* (Mn2Mw) ) Xmo*Mw* (Mo2Mn2)) ;
C\_UDMI(c,tc,3)=Xo0;

if ( Xo < .01 ) //securite pour empecher divergence
\{

X0=0.01;

nb\_xo++;
\}

c2 = conduc / Ep * ( Vcell[Vpointeur] Voc (R * Ts x log(Io*Xo) / (0.5 * F)));
In = C\_UDMI(visavis,ta,0);

In = C\_UDMI(visavis,ta,0) * Aca / Acc ;
//courant correspondant a la cathode
if (In>1) //determination du courant par Newton
\{
do
\{
i++;
eqq = In + cl * log(In) + c2;
eqd = 1 + c1/In;
if (eqd==0)
\{
printf("Division par 0");
break;
\}
Inl = In eqq/eqd;
errr= (InlIn) / In;
if (errr<0)
errr = errr;
In = Ini;
\}
while(errr > tol);
\}
else
In =10.;
if (!(In<10000000))
\{
In=i\_prec;
nb\_in++;

\}
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i\_prec=In;

nact = R*Ts/0.5/F * log(In/Io/Xo); //potentiel d’activation
C\_UDMI(visavis,ta,7)= nact;

In = In * Acc / Aca;

C\_UDMI(visavis, ta, 0) = In ;

Itotal = Itotal + In;

return In;

\}

/3K ok ok okok ok sk ok ok ok ok ok ok ok ok ok ok ok ok ok sk ok sk ok ok ok sk ok ok sk sk ok ok sk ok sk ok ok ok ok kok ok ok ok sk ok ok ok ok k ok /
/* ajust.c : calcul du courant et des sources

/* cette fonction est appelee a chaque iteration
/**********************************************************/

DEFINE\_ADJUST(ajust, dom)

\{

face\_t adlmea, cdlmea;

cell\_t visavis, c;

float Acva,Acvc,Aca,Acc,lambda,lambda\_a,lambda\_c,Aadlmea[ND\_ND],
conductivite,conductivite\_noncor;

float Xmwa, Xmwc, Xwa, Xwc, aa, ac, am;

float nd, Cwa, Cwc, Dw, alpha, I,Iamor, f\_amor, Vc;

float A\_cond, B\_cond, A\_difn, A\_dragn, A\_dif\_cor, A\_dif\_cor\_abs, cor;
float Xmo,nudereve,nucor, betareve,betacor;

float lambdamin,lambdadif,Idif;

int pointeur;

Thread *ta, *tc, *tadlmea, *tcdlmea;

ta = Lookup\_Thread(dom, SOURCE\_ANODE);

tc Lookup\_Thread(dom, SOURCE\_CATHODE);
tadlmea = Lookup\_Thread(dom, WALL\_ADLMEA);
tcdlmea = Lookup\_Thread(dom, WALL\_CDLMEA);
C\_UDMI(3,tc,11)=1.;

begin\_c\_loop(c, tc) //1loop sur toute les cellules en contact avec
//la membrane du cote de la cathode

\{

visavis = C\_UDMI(c, tc, 0); //cellule visavis a 1’anode

adlmea = C\_UDMI(visavis, ta, 8);

cdlmea = C\_UDMI(c, tc, 8);

¥mwa = F\_YI(adlmea,tadlmea,w\_id); //qte d’eau a 1’anode
Xwa = XmwaxMh2/((1Xmwa)*Mw + Xmwa*Mh2);

aa = Xwa * (C\_P(visavis,ta)+Pop) / Psatw;
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if (aa>1) //contenu en eau de la membrane
lambda\_a (14. +1.4x(aal));

else

lambda\_a = (0.043 + 17.8 * aa 39.8 * pow(aa,2) + 36.0 * pow(aa,3));
Xmwc = F\_YI(cdlmea,tcdlmea,w\_id); //qte d’eau a la cathode

¥mo = F\_YI(cdlmea,tcdlmea,o2\_id);

Xwc = Xmwc*Mo2*Mn2/ (Mw* (Mo2+Xmo* (Mn2Mo2) ) Xmwc*Mo2* (MwMn2) ) ;

ac = Xwc * (C\_P(c,tc)+Pop) / Psatw;

if (ac >1) //contenu en eau du cote de la cathode
lambda\_c= (14. + 1.4%(acl)) ;

else
lambdal\_c = (0.043 + 17.8 * ac 39.8 * pow(ac,2) + 36.0 * pow(ac,3));

Cwa = DENSITE\_m / MASSE\_m *lambda\_a; //concentrations en eau...
Cwc =DENSITE\_m / MASSE\_m * lambda\_c ;

if (lambda\_a > lambda\_c) //contenu en eau determinant les propriete de
lambda = lambda\_c; //transport

else
lambda = lambda\_a;

C\_UDMI(visavis,ta,6) = lambda;

if (lambda<1) //lambda minimum
\{
lambda = 1;
nb\_lambda++;
\}
Dw = A\_dif * lambda; //proprietes de transport de 1l’eau

nd = A\_drag * lambda;

B\_cond = 0.00326 * exp(1268.%(1./3031./Ts))*100;

A\_cond = 0.00514 * exp(1268.*(1./3031./Ts))*100;

conductivite= (A\_cond * lambda + B\_cond); //conductivite de la membrane
C\_UDMI(visavis,ta,3)=conductivite;

I=courant(ta,tc,tadlmea,tcdlmea,c,conductivite); //determ. du courant
alpha = nd F*Dw*(CwcCwa)/(I*Ep); //coefficient net de transport de 1l’eau
C\_UDMI(visavis,ta,4)=alpha; //sauvegarde des donnees interessantes

C\_UDMI(visavis,ta,5)=nd;
C\_UDMI(c,tc,4)=Dw;
C\_UDMI(c,tc,5)=Cwa;
C\_UDMI(c,tc,6)=Cwc;
C\_UDMI(c,tc,7)=alpha;
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Aca = C\_UDMI(visavis,ta,10);
Acc = C\_UDMI(c,tc,10);
Acva = C\_UDMI(visavis,ta,9);
Acvc = C\_UDMI(c,tc,9);
//calcul des termes sources:

C\_UDMI(visavis, ta, 1)
C\_UDMI(visavis, ta, 2)
I =1x* Aca / Acc ;
C\_UDMI(c, tc, 1)
C\_UDMI(c, tc, 2)
\}
end\_c\_loop(c,tc)

(Iamor) * Mh2 * Acva / (2. * F);
(alpha) * Iamor * Mw * Acva / F,

(Iamor)* Mo2 * Acvc / (4. * F);
(1.+2.*alpha)*Iamor*MwxAcvc/(2. *F);

if ((nb\_lambda+nb\_xo+nb\_in)>0) //informer de certaines situations
printf("\ensuremath\n\%d cel avec lambda = 1,
\%d cel ou Xo topti, \%d cel ou In nanq
\ensuremath\n",nb\_lambda,nb\_xo,nb\_in);

pointeur = C\_UDMI(6,tc,11);
Imoyen = Itotal / nb\_cell;

C\_UDMI(8,tc,11)=Imoyen;
printf ("\ensuremath\nImoyen \%e Vcell \/e\ensuremath\n",
Imoyen,Vcell [pointeur]);

C\_UDMI(7,tc,11)++;
printf ("\%e itérations de passées... \ensuremath\n",
C\_UDMI(7,tc,11));

if (C\_UDMI(7,tc,11)>=10) //s’assurer d’avoir accompli le nb minimal
\{ //d’iterations pour la convergence
Idif = Iancienlmoyen;
printf ("Idif \%e pointeur \%e", Idif, pointeur);
if (Idif<0)
Idif=Idif;
if (Idif < (0.00001*Imoyen)) //si convergence
\{
C\_UDMI(7,tc,11)=0; //remise a zero du compteur d’iter
pointeur =pointeur +1;
C\_UDMI(6,tc,11)=pointeur; //nouveau voltage
if (pointeur>10) //eviter un voltage de 0
pointeur=10;
else
printf ("\ensuremath\n *Changement nouveau Vcell =
\%d *\ensuremath\n",pointeur);
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C\_UDMI(9+pointeur,tc,11)=Imoyen;
\}
\}

Itotal=0; //initialisation des variables
Tancien=Imoyen;

nb\_lambda=0;

nb\_xo0=0;

nb\_in=0;

\}

/3K Rk R ko ok ok ok ok ok ok ok ok o ok sk ok sk ok ok ok oK KoK K oK oK K Rk K K KK K R K kK oK KK K K K K KR K R KOk ok kokk /
/* ini\_cell.c

/* pour définir la cellule visavis doit etre execute avant la simulation
/************************************************************************/

DEFINE\_INIT(ini\_cell,d)

\{

cell\_t cc,ca,cabsent;

face\_t fcdlmea, fadlmea;

Thread *ta, *tc, *tadlmea, *tcdlmea, *tadlsrc, *tamea, *tcmea;
float tx,ty, tz,te, xc[ND\_ND], xa[ND\_ND], Aadlmea[ND\_ND], Acdlmea[ND\_NDJ];
float ctevol, xadlsrc[ND\_ND], xamea[ND\_ND], xcmea[ND\_NDJ];
float xcdlmea[ND\_ND], xadlmea[ND\_ND];

float control\_visavis=0, control\_amea=0, control\_cmea=0;
float tt,tr;

int i,flag=0;

ta = Lookup\_Thread(domain, SOURCE\_ANCDE);

tc = Lookup\_Thread(domain, SOURCE\_CATHODE);
tadlmea = Lookup\_Thread(domain, WALL\_ADLMEA);
tcdlmea = Lookup\_Thread(domain, WALL\_CDLMEA);

C\_UDMI(1,tc,11) = 0.000000000011;

if (geometrie) //si pile plane
\{

printf("Initialisation pour pile plane\ensuremath\n");

begin\_c\_loop(cc, tc)
\{
C\_CENTROID(xc, cc, tc);
for(i=1;i<=2;i++) //initialisation des sources

\{
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C\_UDMI(cc,ta,i)=0;
C\_UDMI(cc,tc,i)=0;
\}

C\_UDMI(cc,ta,0)=10.;

begin\_c\_loop(ca, ta) //determination des cellules visavis
\{ //du cote de 1’anode
C\_CENTROID(xa, ca, ta);
tx = xal2] =xc[2];

if (tx<0)

tx = tx;
ty = xal[1] =xc[1];
if (ty<0)

ty = ty;

//tolerance dans la position
if ((tx< 0.0000001) \&\& (ty < 0.0000001))

\{
C\_UDMI(cc,tc,0)= ca ;
flag=1;
control\_visavis = control\_visavis + ca;
break;
\}

\}
end\_c\_loop(ca,ta)

if (flag == 0)
printf ("Attention La cellule \/d n’a pas de visavis (adlsrc)
\ensuremath\n",cc);

flag =0;
begin\_f\_loop(fcdlmea, tcdlmea) //determ. des faces de membrane visavis
\{ //du cote de la cathode

F\_CENTROID(xcdlmea, fcdlmea, tcdlmea);
tx = xcdlmeal2] =xc[2];
if (tx<0)
tx = tx;
ty = xcdlmeal1] =xc[1];
if (ty<0)
ty = ty;
if ((tx< 0.0000001) \&\& (ty < 0.0000001))
\{
C\_UDMI(cc,tc,8)=fcdlmea;
F\_AREA(Acdlmea,fcdlmea,tcdlmea); //determination de 1l’aire de contact
C\_UDMI(cc,tc,10)=NV\_MAG(Acdlmea);



61

C\_UDMI(cc,tc,9)=C\_UDMI(cc,tc,10)/C\_VOLUME(cc,tc);
//determination du volume specifique

control\_cmea=control\_cmea+fcdlmea;
flag=1,;
break;
\}
\}

end\_f\_loop(fcdlmea, tcdlmea)
if (flag == 0)
printf ("Attention La cellule \%d n’a pas de visavis (cdlmea)
\ensuremath\n",cc);
flag =0;
begin\_f\_loop(fadlmea, tadlmea) //determ. des faces de la membranes visavis
\{ //du cote de 1’anode
F\_CENTROID(xadlmea, fadlmea, tadlmea);
tx = xadlmea[2] =xc[2];

if (tx<0)
tx = tx;
ty = xadlmeal[1] =xc[1];
if (ty<0)
ty = ty;
if ((tx< 0.0000001) \&\& (ty < 0.0000001))
\{

C\_UDMI(ca,ta,8)=fadlmea;
F\_AREA(Aadlmea,fadlmea,tadlmea);
C\_UDMI(ca,ta,10)=NV\_MAG(Aadlmea);
C\_UDMI(ca,ta,9)=C\_UDMI(ca,ta,10)/C\_VOLUME(cc,ta);
control\_amea=control\_amea+fadlmea;
flag=1;
break;
\}

\}

end\_f\_loop(fcdlmea, tcdlmea)

if (flag == 0)
printf ("Attention La cellule \%d n’a pas de visavis (adlmea)
\ensuremath\n",cc) ;
flag =0;
\}

end\_c\_loop(cc,tc)



\}
else\{ //initialisation pour pile cylindrique

printf("Initialisation pour pile cylindrique \ensuremath\n");

begin\_c\_loop(cc, tc)
\{
C\_CENTROID(xc, cc, tc);
for(i=1;i<=2;i++)
\
C\_UDMI(cc,ta,i)=0;
C\_UDMI(cc,tc,i)=0;
\}

C\_UDMI(cc,ta,0)=10.;
begin\_c\_loop(ca, ta)

\{
C\_CENTROID(xa, ca, ta);
tz = xal[2] =xc[2];
if (tz<0)
tz = tz;
if (tz < 0.0003)
\{
te = atan2(xal1],xal[0]) atan2(xc[1],xc[0]);
//verifier si les centroid sont sur le meme rayon
if (te<0)
te=te;
if (te< 0.00005)
\
C\_UDMI(cc,tc,0)= ca ;
control\_visavis = control\_visavis + ca;
flag=1;
break;
\}
\}
\}

end\_c\_loop(ca,ta)

if (flag == 0)
printf ("Attention La cellule \/d n’a pas de visavis (adlsrc)
\ensuremath\n",cc);

62
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flag =0;
begin\_f\_loop(fcdlmea, tcdlmea)
\{
F\_CENTROID(xcdlmea, fcdlmea, tcdlmea);
tz = xcdlmeal2] =xcl2];

if (tz<0)

tz = tz;
if (tz < 0.0001)
\{

tt=atan2(xcdlmeal[1],xcdlmeal[0]);

tr=atan2(xc[1],xc[0]);

if (tt<0)
tt=tt;

if (tr<0)
tr=tr;

te = atan2(xcdlmea[1],xcdlmeal0]) atan2(xc[1],xc[0]);

if (te<0)
te=te;

if (te< 0.0001)

\{
C\_UDMI(cc,tc,8)=fcdlmea;
F\_AREA(Acdlmea,fcdlmea,tcdlmea);
C\_UDMI(cc,tc,10)=NV\_MAG(Acdlmea);
C\_UDMI(cc,tc,9)=C\_UDMI(cc,tc,10)/C\_VOLUME(cc,tc);
flag=1,
control\_cmea=control\_cmea+fcdlmea;
break;

\}

\}
\}

end\_f\_loop(fcdlmea, tcdlmea)

if (flag == 0)

printf ("Attention La cellule \/d n’a pas de visavis (cdlmea)
\ensuremath\n",cc);

flag =0;

begin\_f\_loop(fadlmea, tadlmea)

\{

F\_CENTROID (xadlmea, fadlmea, tadlmea);

tz = xadlmeal[2] xc[2];

if (tz<0)

tz = tz;
if (tz < 0.0001)
\{

te = atan2(xadlmeal1],xadlmeal[0]) atan2(xc[1],xc[0]);
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if (te<0)
te=te;
if (te< 0.0001)
\{
C\_UDMI(ca,ta,8)=fadlmea;
F\_AREA(Aadlmea,fadlmea,tadlmea);
C\_UDMI(ca,ta,10)=NV\_MAG(Aadlmea);
C\_UDMI(ca,ta,9)=C\_UDMI(ca,ta,10)/C\_VOLUME(ca,ta);
flag=1,;
control\_amea=control\_amea+fadlmea;
break;
\}

\}

\}

end\_f\_loop(fadlmea, tadlmea)

if (flag == 0)

printf("Attention La cellule \/d n’a pas de visavis (adlmea)
\ensuremath\n",cc);

flag =0;

\}

end\_c\_loop(cc,tc)
\}

//effectuer un control en s’assurant que toute les cellules ont ete
//consideree dans 1l’initialisation; control = somme des no de cellules

printf ("Nombre de cellule en contact avec les mea \Je \ensuremath\n",nb\_cell);
printf("Somme de control: cmea \%e visavis \%e amea \%e \ensuremath\n",
control\_cmea,

control\_visavis,control\_amea);

\}

/******************************************************************************/

/* masse\_int.c: calcul des sources pour conservation de la masse & 1’interface
/******************************************************************************/

DEFINE\_SOURCE(masse\_int, ¢, thread, dS, eqn)

\{

float source;

source = C\_UDMI(c,thread,1) + C\_UDMI(c,thread,?2);



return source;

\}

/****************************************************************************/

/* eau\_trsp.c: calcul des sources pour transport de l’eau (anode et cathode)
/e sokoksk ok ek ok ok sk ok ok ok ok ok ok ok ok sk ok ok ok ok sk ok ok sk ok sk ok ok s okok Kk ok sk ok sk ok ok ok ok ok sk ok sk ok ok sk ok ok ok ok ok ok ok Kk ok ok ok ok ok k ok /

DEFINE\_SOURCE(eau\_trsp, c, thread, dS, eqn)
\{

float kalla;

kalla = C\_UDMI(c,thread,?2);

return kalla;

\}

/****************************************************************************/

/* fuel\_trsp.c: calcul des sources pour transport (H2 anode et 02 cathode)
/****************************************************************************/

DEFINE\_SOURCE(fuel\_trsp, c, thread, dS, eqn)
\{ '

float vatten;

vatten = C\_UDMI(c,thread,1);

return vatten;

\}

/] ok ok ok ok sk ok ok sk Kk o 3k Kk ok K 3k ok K ok K ok ok 3 ok ok s ok ok ok sk K ok ok sk ok Kk ok ok K sk ok sk k ok ok ok ok /
/* correcture.c

/* test
/************************************************************/

DEFINE\_ON\_DEMAND (correcture)

\{

Thread *ta, *tc, *tadlmea, *tcdlmea, *tadlsrc, *tamea, *tcmea;
ta = Lookup\_Thread(domain, SOURCE\_ANODE);

tc = Lookup\_Thread(domain, SOURCE\_CATHODE);

tadlmea = Lookup\_Thread(domain, WALL\_ADLMEA);

tcdlmea = Lookup\_Thread(domain, WALL\_CDLMEA);
C\_UDMI(4,tc,11) = 0;

printf ("C\_UDMI(3,tc,11) \Je \ensuremath\n ",C\_UDMI(3,tc,11));
\}
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Abstract

The results of a numerical simulation of the current distribu-
tion of a three-dimensional, tubular shaped, proton ex-
change membrane fuel cell model are presented. An inte-
grated flow and current density model to predict current
density distributions in two dimensions along the mem-
brane has been developed. The numerical model has a cy-
lindrical geometry that includes diffusion layers on the an-
ode and cathode side, the anode being the inner most
electrode, and solves the same primary flow related vari-

1 Introduction

According to the International Energy Agency’s recent
Energy Outlook reports, by 2020 the world oil demand will
exceed production. Thus, oil reserve depletion, along with
concerns for the environment, forces us to find sustainable
and clean alternatives to current energy production technolo-
gies. In parallel, there is a need for devices that are less pollut-
ing and more efficient at converting energy for daily applica-
tion needs. Such devices are fuel cells because they can
directly convert the chemical energy contained in a fuel, such
as hydrogen, into electricity and heat. In contrast to the inter-
nal combustion engines, their efficiency is not limited by the
Carnot Cycle and there are no losses caused by friction since
they do not have moving parts.

Proton exchange membrane fuel cells (PEMFC) are a
promising candidate for electrical power conversion devices
for transport and stationary applications, because of their
high power density and low operating temperature [1]. Fig-
ure 1(a) shows a schematic diagram of a typical PEMFC. The
heart of the PEMFC is a proton conducting polymer mem-

ables along the channels and the diffusion layers. The simu-
lation was performed with commercial flow solver software
where a control volume approach was used and source term
equations that characterize the electrochemical aspects of the
fuel cell have been added.

Keywords: Proton Exchange Membrane Fuel Cell, Simula-
tion, Tubular

brane that acts as the electrolyte. Reactant gases are distribu-
ted on each side of the membrane by flow channels machined
in graphite or metal plates. Teflonized carbon clothes are
included as diffusion layers between the membrane and the
plates to provide a more uniform gas distribution. The cata-
lyst layers (not shown in Figure 1(a)) are only a few microns

Anode ftow channel
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Cathode flow channel
2H' +1/20, + 2e - H,0
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Fig. 1a Schemalic diagram of a fuel cell showing electrochemical reac-
lions and waler fransport by diffusion and electroosmotic drag.
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thick and are located between the diffusion layers and the
membrane. They are generally composed of carbon-support-
ed platinum and Nafion™ at various loadings. The mem-
brane, catalyst layers, and diffusion layers form the mem-
brane electrode assembly (MEA).

Like batteries, PEMFC are generally connected in series in
order to achieve the desired voltage. This results in a 2-
dimensional arrangement in which every cell lies in the same
plane. This led to the development of stacks, for which the
general design was patented as early as 1888 [2]. However,
there are some drawbacks inherent in the planar design. In
order to bring the ohmic losses to an acceptable level, a com-
paction force of 20 atm or higher has to be applied to the
MEA [3, 4]. Only the ridges separating the flow channels,
which represent about half of the flow plate area, apply this
force. This compacts the diffusion layer unevenly and impairs
proper gas diffusion under the ridges.

One way to mitigate these disadvantages is to use the
MEA in a tubular-shaped fuel cell. Recently, Green et al. [5]
reported the experimental results of the performance of an air
breathing tubular-shaped PEMFC. A tubular-shaped PEMFC
schematic diagram is shown in Figure 2. A perforated stain-
less steel tube (h) serves as a support for the construction and
as the anode current collector. Wrapped around this tube is a
thin MEA. On the outermost side is the cathode current col-

Fig. 1b Planar low channel where [a) and (f) are the cathode and anode
flow channels, respectively, {b) and {e) the diffusion loyers, (c] and (d] the
electrochemicolly oclive regions.

Fig. 2 Section of a tubular flow channel where (a) ond (f] represent the
cathode and anode flow channel, respectively, (b) and (e) the diffusion
layers, and {c) and [d) the electrochemically active regions, (g) and (h) the
perforoted plotes.

lector made from a stainless steel perforated tube (g) that
applies a uniform compression to the MEA. There are several
reasons that make the tubular design more advantageous
than the planar one for medium to high power stacks: (i)
elimination of the flow field: lower pressure drop and no
time-consuming machinery, (ii) uniform pressure applied to
the MEA by the cathode current collector, (iii) quicker
response when switching from fuel cell mode to electrolyzer
mode in a unitized regenerative fuel cell, (iv) greater cathode
surface that increases the amount of oxygen reduction, the
rate of which is slower than the hydrogen oxidation rate.

This paper presents the results of a comparative three-
dimensional numerical simulation of the current distribution
along the membrane between a planar and a tubular-shaped
PEMFC using computational fluid dynamic (CFD). The CFD
approach to steady-state modeling of a PEMFC has already
proven its validity [6, 7]. Commercial flow software [8] solves
the Navier-Stokes equations for fluids in both channels.
Source terms are added to account for electrochemical reac-
tions and water fransport through the membrane.

Literature Review

Numerous models have been developed for the planar
PEMFC in order to gain a better comprehension of the water
distribution. One of the first successful models was the one-
dimensional model of Springer ef al. [9], which identified the
key properties of the membrane required for numerical sim-
ulations such as water transport and protonic conductivity.
Later, Fuller and Newman [10] and Nguyen and White [11]
developed a two dimensional model to investigate water and
heat distribution. Fuller and Newman found that the rate of
heat removal was a critical parameter in their model while
the two dimensional model of Nguyen and White suggested
that the anode stream should be humidified for high current
density (> 1 A/cm?. Both of these later models assumed
well-mixed gases and that water transport occurred in the
gaseous state in the flow channel. Gurau et al. [12] developed
a multi-phase flow model where the two-phase water flow
was described by a mass-averaged mixture velocity and a dif-
fusive velocity flux, computed from the difference between
the mixture velocity and the individual phase velocity. This
approach neglected liquid water transport by mechanisms
such as capillary action and surface diffusion. Bevers et al.
[13], in their one-dimensional model, considered surface dif-
fusion as the dominant mechanism in porous electrodes. A
full three-dimensional numerical simulation of a PEMFC was
conducted by Dutta et al. [6], based on the work of Fuller and
Newman [10], and Nguyen and White [11]. Because the
source code is significantly more complicated in three dimen-
sions, they incorporated the mass transport equations and
electrochemical processes into a commercial flow solver.
Since the objective of this study is about the differences
between two different geometrical aspects of PEMFC, planar
and tubular, a three-dimensional model that uses an

FUEL CELLS 2003, 3, No. |
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approach similar to the one adopted by Dutta ef al. [6] was
developed.

2 Model Development

The purpose of this numerical simulation is to provide a
steady-state prediction of the difference in the current distribu-
tion along the membrane, in both planar and tubular geometry.
Consequently, the following assumptions were made: (1) there
is no flux of species in the diffusion layers between two adjacent
flow channels in the planar cell, (2) cell temperature is consid-
ered uniform, (3) water transport is considered to occur only in
the gaseous state in the diffusion layers and the flow channels,
(4) the permeability is isotropic in the diffusion layers, (5) since
the current collectors have a relatively high electrical conductiv-
ity, voltage drop along the flow channels is considered negligi-
ble, (6) the anode overpotentials are considered negligible, (7)
membrane water content is considered to vary linearly across
the membrane, (8) water transport in the membrane is consid-
ered to be caused only by diffusion and electro-osmotic drag;
convection is neglected.

These assumptions will be discussed further in each corre-
sponding section. The model was applied to two grids, one
representing a planar PEMFC and the other a slice of a tu-
bular-shaped PEMFC. The planar geometry (Figure 1(b)) was
represented by a pattern consisting of 48,000 control cells for
the flow channel on each side of the MEA with ridges on each
side of the channels. The motif is representative of the full
flow field provided that the flows in the channels are all par-
allel. For a serpentine design, the flow direction in two adja-
cent channels is opposite thus leading to assumption no. 1.
Dutta et al. [7] showed that there is convective transport of
species between two adjacent flow channels in a serpentine
flow design at a pressure of 2 atm. However their simulation
did not take into account the change in porosity in the diffu-
sion layers that is induced by the compressive forces exerted
by the plates. Furthermore, liquid water is likely to appear
under the ridges where it would contribute to a further
decrease in local porosity. Gurau et al. {12] showed that po-
rosity has a strong influence upon PEMFC performances.
Therefore, it is believed that assumption no. 1 is correct under
the operating conditions considered here.

Simulation of the tubular geometry of Figure 2 was done
on a section of the fuel cell where the membrane width was
the same as in planar geometry. The flow channels were 10
cm long. For the planar model, the width of the flow channels
with ridges on each side was 0.32 cm. The flow channels were
0.16 cm wide and 0.1 cm deep. Thus, ridges occupied 50% of
the flow plate surface. The MEA sat in between the anode
and the cathode flow channel. The Nafion™ 112 electrolyte
membrane was 51 pm thick. The carbon cloth diffusion layers
were 500 pm thick. The electrochemically active regions (or
catalyst layers) were 50 pm thick and consisted of control cells
adjacent to the membrane. Species source terms were located
in these regions. Perforated plates, 700 um thick, were located

between the flow channels and the diffusion layers in the tu-
bular cell. The anode (inner) flow channel consisted of the
area from the center to the first perforated plate and had a
radius of 0.25 cm. The cathode (outer) flow channel was 0.035
cm thick. The grid contained a total of 55,980 control cells. A
zero shear stress boundary condition was applied to the walls
in the grids where symmetry was found. Symmetry means
that dynamic flow variables were the same on both sides of
the wall. These are the longitudinal walls along the diffusions
layer in the planar grid and the walls delimiting the section
taken out of the tube in the tubular grid.

To simplify the equations two pseudo-coordinates were
introduced, qk and £ qk is perpendicular to z and lies in the
membrane surface plane, the superscript distinguishes the
anode side (k = a) from the cathode side (k = ¢). t is normal to
the membrane surface plane. The mapping of gk and ¢t in the
xyz-coordinate system depends on the geometry of interest.
For the planar geometry, gk = g8 = x and t = y + yq where ya
is the coordinate for the anode side. For tubular geometry, r
and 0 being the usual variables,

T2
g =0r, = tan~! (E)r ,

X <

q‘z = q': (%—),and

t=r,+r=r,4+ /Ty,

where rgz and r¢ are the radius of the membrane on the
anode and cathode side, respectively. Note that discretization
of fluid dynamic equations is done in cartesian coordinates
for both geometries. gk corresponds simply to the x-axis for
the planar geometry while it express the distance traveled
along an arc of radius ry in the tubular geometry.

2.1 Water Transport

Water and hydrogen coming from the anode inlet diffuse
through the diffusion layers before reaching the membrane.
Then, the water hydrates the membrane while hydrogen mol-
ecules are split into two protons and one electron at the cata-
lyst layers. The protons migrate through the membrane, until
they reach the cathode active region. This migration also
drags some water molecules because of the polarity of the
H;0" molecules carrying the protons. Once there, they
recombine with oxygen anions and electrons to produce
water molecules. Part of this water exits through the diffusion
layer and is evacuated through the cathode channel outlet.
Some of the remaining water diffuses back into the mem-
brane toward the anode along its activity gradient.

The assumption that water transport only occurs in the gas
phase in the flow channels is the weakest, since above a cer-
tain current threshold, liquid water starts to appear on the
cathode side [3]. This has been demonstrated experimentally
in [14] where the relative humidity of the gas at the outlet
exceeded 100%. However, a slight increase in water content
in the gas over what is allowed, to a certain extent, repro-
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duced the mass transport created by the presence of liquid
water in the pores of the diffusion layers above the catalyst
layers. Interactions between water vapor and oxygen are the
most relevant in mass transport limitations at the cathode
because of their mutual diffusion coefficient that is 23 times
lower than the one existing for interactions between oxygen
and nitrogen. The appearance of excess water in the gaseous
state does impair the diffusion of oxygen in the diffusion
layers where liquid water would have been found.

2.2 Operating Conditions

In the present study four species were considered: water,
hydrogen, oxygen, and nitrogen. Fuel cells operate with
hydrogen as fuel and air as oxidant. Hydrogen gas is water
saturated while air has a relative humidity of 50% at 20 °C.
Operating conditions are summarized in Table 1. They have
been selected in order to simulate fuel cell operation with
reduced ancillaries, such as pumps and valves. Assumption
no. 2 states that the temperature is uniform. This implies that
the collector plates and the diffusion layers are efficient at
evenly redistributing the heat released at the cathode by the
exothermic water formation.

Table 1 Operating parameters

PARAMETERS ANQODE CATHODE
Pressure (atm) 1 1
Temperature (°C) 70 70
Stoichiometry 1.5 2.5

Mole fraction of Hy 0.87 0

Mole fraction of O, 0 0.19

Mole fraction of N, 0 0.74

Mole fraction of H;O o013 0.07

2.3 Model Equations

Eqgs. (5) - (7) in Table 2 are the usual conservation equa-
tions used in CFD. Source terms are added depending on the
region of interest in order to model the PEMFC. They are
described in the following sub-sections. The binary diffusion
coefficient was computed for each pair of gas species accord-
ing to Eq. (9) where the ¢*/? term is the Bruggeman'’s correc-
tion for the diffusion coefficient to account for pore-tortuosity
in diffusion layers [9, 15]. Porosity is assumed to be £ = 0.2 in
both diffusion layers. This value of 0.2 was also used by
Springer et al. [15] to accommodate experimental data while
using Bruggeman’s expression for effective gas diffusion
coefficients. Diffusion layers porosity is considered identical
for both geometries in order to avoid confounding factors in
the conclusions to be drawn from this comparative study.

2.3.1 Gas Channel

There are no source terms in this region of the grid. Gas
velocities at the inlets are adjusted in order to keep a constant
stoichiometry at the anode and the cathode. For the present
study only the co-flow configuration is considered. Prelimin-

Table 20 Governing equations and source terms

ar,
Momentum conservation: %(m’u’ )= —gx—P+ BT‘ +5,, *
_E for diffusion layers
d
u, Ou 2 9y
where 7, =|:y[$'i-+ ax,/ J] J#a_LE" and S, = ——|u,|u, for perforated plates
0 clsewhere
. E]
Mass conservalion: a—-(pu,)=S_ ©)
%
Sa, +S2 anode active region
S.=955,+5] cathode active region
[ clsewhere
Specics transport: —a-(pu,x ) =-a—(.l J)1-5' )
ax, AV '
. 1) o
So=— 7F My A, anode active region
. 9.2 «
s: =-¥l(q )M oA,
, __Mag) _—
S5, =—2—FMD.A, cathode active region
1+2a q',z)
S: =+’(?‘-Z)M~,a’\v
§i=0 elscwhere
Diffusion mass flux of specics s in j direction:  J,, =-pD,_d,m, (8)
Binary diffusion cocfficient:
T 234
_3,64x10"[1_ ""T ] eV 9)
(PxB.)* (T, %T..) J—---— orXles

=02 diffusion layers
=1 elsewhere

Table 2b Water transport and elecirochemical reactions

le ()
Walter activity: a,=— (¢":2) . where a, =a,(g".2) (10)
0,043 +17,8a, —39,8a; +4,09a] 4, S|
. - 1
Water content A [14+L4(ﬂ. -1 a1 [¢3))]
. d p--ﬂ’
Waler concentration: CL=—"24 (12)
M.,
Water diffusion: D_( ) D, (q z)cxp[%lé[——%]]xlo-m a3
ol
0,5 X<2 £ i<
. e\ _ if 4, <4,
D= 0,3125({-2)+o.5 2sX<6, X=2(e(s).7). ofq )—‘q‘ 22
0,2688(1-6)+375s  Tz26
. 2,5
Electroosmotic drag: n, = EI (14)
l(q‘.z)
Activation potential: 7)=—ln| ———— (15)
po n{q".2)= OSF [,ﬂxa(qr_z)

e -

e t) cila Z)]

Net water transfer: a(q z)"n,(q z) ( ) (q )l:
Membrane conductivity:

0. (q'.r.2)=[0,005142 (g°s.2) -0, 00326]exp|:1268[ﬁ—a]:|x100 an

Afgnz)=[A(g.2)-A(g".2)) tfra+2(a".2)

Current density: 1(q"2)= [V_ —Vﬁ,-n(q'.z)] 18)

1
R.(q".2)
R.(q")=["

Membrane resistance; (19)

a(qu
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ary results showed that this configuration results in higher
power density than in the counter-flow one.

2.3.2 DiffusionLayers

The porous zones are modeled by the addition of a sink
term in the momentum equations. For laminar flow through
a porous media, the pressure drop is typically proportional to
the velocity. Darcy’s law expresses it as:

1
OP=—-—u 0))
B

The permeability is assumed to be isotropic with a value of

B =1 x 10"?m? . The small value for B, together with a low
velocity, allows the neglect of higher order terms normally

found in Eq. (1).

2.3.3 Perforated Plates

Pressure drop for a gas going through a perforated plate is
roughly proportional to the dynamical head. This is
expressed by:

AP = K% v @

where v is the superficial velocity and is defined as the ratio
of the flow rate through the plate divided by the total area of
the plate. The loss factor K is given by [16]:

K= w_l’ 0.707/T=% + (1 - w)[>, 3)

where v is the ratio of total hole area to the plate area. The
coefficients H; in Eq. (5) are given by:

H == 4)

A 50% open area for flow direction perpendicular to the
plate was considered. The flows entering the flow channel
have a velocity parallel to the perforated plate. It is the gas
consumption and water production that give rise to a flow
perpendicular to the perforated plate. Some of the gas
momentum parallel to the plate is absorbed in the grid region
where the plates are located. The momentum sink was intro-
duced into the equations by assuming an inertial loss per unit
length that is 100 times higher in the (4%, z)-direction than in
the direction perpendicular to the plate. This is expressed as
Hgx z =100 - Hy. In order to see the influence of the perfo-
rated plates, a model with 100% open area was made, i.e., no
perforated plates (H; = 0).

2.3.4 Electrochemically Active Zones

Only the cells adjacent to the membrane form the electroche-
mically active zones. They represent the transition region
between the diffusion layers and the membrane. It is where the
catalyst is located. Anode and cathode side are depleted in
hydrogen and oxygen, respectively, in these areas. Water is pro-

duced on the cathode side. Electroosmotic drag conveys a cer-
tain amount of the water present on the anode side to the cath-
ode. Water diffusion prevents excessive local drying of the
membrane, which would have diverse effects on performance.

2.3.5 Electrochemical Reactions

Activation potential at the cathode electrode is described
by the Butler-Volmer equation [Eq. (15)]. Membrane protonic
conductivity was measured by Springer et al. [9]. Membrane
resistance was determined by integrating over the water con-
tent of the membrane (Eq. (19)]. In the tubular geometry, the
protonic current density decreases from the anode to the cath-
ode due to the increased area of the membrane cross-section.
However, due to the relatively low thickness of the mem-
brane as compared to the radius of the cell, this effect was
neglected. It has been verified that the difference in the volt-
age drop across the membrane induced by such an effect for
the cell parameters in question was less than 0.5% for a fully
hydrated membrane.

2.3.6 Water Transport

Water is transported through the membrane by electroos-
motic drag and diffusion. The experimental determination of
transport phenomena values was studied by Springer et al.
[9]. The coefficient of water diffusion was not corrected in
order to account for membrane swelling because the mem-
brane expansion in a fuel cell is assumed to be limited by the
compressive forces applied by the flow plates. Membrane
water content on each side of the membrane is determined by
the water absorption isotherm [Eq. (11)] as a function of water
activity found in electrochemically active regions. Since both
the electroosmotic drag and the diffusion steadily increase
with water content, the lowest hydration state is the most
relevant to water transport. The membrane water content of
the driest side of the membrane was used in Egs. (13) and
(14). The function Q(g°) returns ¢° if the anode side is the
driest, 4° otherwise.

2.3.7 Solution Procedure

The SIMPLE algorithm developed by Patankar [17] was
used for the calculation of the velocities as a function of the
pressure gradients. Momentum equations for each coordinate
are first solved independently. A pressure correction then
adjusts the mass balance. Species transport equations are
solved after bulk flow calculations. The local species content
determines the mixture properties such as viscosity and den-
sity for each control volume.

3 Results

It was checked that the results were grid independent by
performing simulations on cylindrical and planar grids con-
taining twice as many cells as the grids used in the present
study. There was less than 1% difference between the two
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simulation results. For each grid model, 11 simulations were
performed. The cell voltage was increased in steps of 0.05 V
between two successive simulations, ranging from 0.4 V to
0.95 V. Convergence was reached when current densities var-
ied by less than 0.001% for two successive iterations.

3.1 Polarization and Power Density Curves

Polarization curves for planar and cylindrical (with and
without the perforated plate) flow channels are shown in Fig-
ure 3. The three curves are close to each other for current den-
sities below 0.6 A cm™. Above that current density, the three
curves show different behaviours. An exponential fall-off is
found for the planar flow channel. This suggests the presence
of mass transport losses. The two tubular-shaped fuel cells
simulated do not seem to have mass transport losses and
show a higher power density than the planar one. Also, the
tubular flow channel that includes a perforated plate has a
voltage-current curve slightly below the one obtained with-
out the perforated plate for high current densities. The linear

1,0 0,6
—&—~ planar
~—8— tubuiar (¥=1)
—A— tubular (¥20,5) 105
08 ;:
— > 404 %
S g
< t Z
@ _ Z.
%h 0,6 0,3 =
3 E
> {02 g
04t N
-
40,1
0,2 L L L E— 0,0
0,0 03 0.6 0,9 1,2 1,5

Current density (A cm'z)

Fig. 3 Polorization and power density curves.
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Fig. 4 Current density distribution for tubular [dark gray surface) and pla-
nar (light gray surface) Row channel. The thick lines indicate Aow channel
edges in the planar grid. Gas inletis located at z = 0 em.

behaviour of the voltage-current curves for the cylindrical
flow channels suggests that the overall overpotential is driven
mainly by ohmic losses.

In order to gain some insight into why the polarization
curves are better in the case of the cylindrical PEMFC model,
the current densities, membrane water content, and activation
potential along the membrane are plotted in Figs. 4, 5, and 6,
respectively, for a fixed cell voltage of 0.55 V. The cylindrical
flow channel considered is the one that includes the perfo-
rated plate. Each of these results is presented in the next 3
sections.

3.2 Current Densities

Figure 4 shows the current densities distribution for a cell
voltage of 0.55 V. The cylindrical shape gives a uniform distri-
bution of the surface current density (dark grey curve) where
the only variation occurs in the longitudinal direction (z axis).
The current density distribution in the planar flow channel
shows considerable spatial variation. Even if the overall cur-
rent density achieved by the planar flow channel is lower,

a)

2 (n H,0/80))

A (n H,0/50,)

- (em)

Fig. 5 a) Membrane water content distribution found at the membrane-
electrode interface for the tubular cell at the anode side (dark gray sur-
face) and ot the cathode side (light gray surface).

b) Membrane water content distribution for the p|onor cell. {Same color
convention as in Figure 5a).

FUEL CELLS 2003, 3, No. 1



Coursange, Hourri, Hamelin: Performance Comparison Between Planar and Tubular-Shaped PEM Fuel Cells.... Fuel Ce"S

local values are higher for about a third of the total membrane
surface. About 80% of the total channel length has current
densities higher than the corresponding locations for the
cylindrical model. Current density variation along the x-axis
shows that for a given location on the z-axis, the maximum
value is always attained in the middle of the flow channel.
Minimum current density values are reached under the
ridges, halfway between two adjacent flow channels. The por-
tions of the membrane located under the ridges are responsi-
ble for the lower average current density encountered in the
planar design. Current density plots for various cell voltages
revealed that the difference between the maximum and the
minimum is significantly more pronounced for lower cell
voltages.

3.3 Membrane Water Content

The distribution of water along the membrane on the
anode side and cathode side is plotted in Figure 5(a) and Fig-
ure 5(b), respectively, for both models. The tubular shape
leads to a homogeneous distribution of the water over the
membrane on the anode side, with variation only occurring
along the z-axis. On the cathode side and along the z-axis, A
steadily increases as the water produced humidifies air. The
water distribution on the anode side remains relatively uni-
form and low. A greater spatial variation is found with the
planar model. At the beginning of the channel, the water dis-
tribution along the x-axis, for a given z, is reversed compared
to the current density in Figure 4; highest value is reached
under the ridges while the minimum value is found along the
centre line of the flow channel. The variation of A on the cath-
ode side of the membrane, along the z-axis, reveals the exis-
tence of two distinct regions. In the first region A increases
rather quickly, the slope is at a maximum under the ridges
where 1 new molecule of H;O" is added per SO; site for
every centimeter. In the second region, A has a nearly flat dis-
tribution. The boundary between the two regions corre-
sponds to the point where A reaches the value 14 for a fully
hydrated membrane. Thus, the frontier separating the two
regions indicates where liquid water makes its first appear-

0504 -
0,48

0,46

ey

044
0,42
040

0.38

.r(cn,) o 2 :.\‘-‘“\

Fig. 6 Activalion polential distribution for the tubular [dark gray surface)
and the planar (light gray surface) cell.

ance along the flow channel. Once full hydration has been
reached, an increase in the amount of liquid water found at
the membrane-diffusion layer interface makes little contribu-
tion to the membrane water content. There is a threshold cur-
rent density over which liquid water makes its appearance.
Its value is approximately 0.35 A cm™ for the planar model
while in the cylindrical model, no liquid water is found below
1Acm™

It is worth noting that A is significantly lower in the cylind-
rical geometry. The ridges of the planar channel help keeping
the humidity near the membrane by preventing its rapid dif-
fusion to the bulk flow where it is quickly directed to the out-
let. Membrane protonic conductivity increases linearly with
water content as seen in Eq. (17). Figure 5(a) and (b) clearly
show that membrane water content is higher for the planar
geometry. Hence, it can be concluded that the activation
potential is the determining factor explaining the better per-
formance of the tubular-shaped PEMFC.

3.4 Activation Potential

Activation potential distribution for both geometries is
shown in Figure 6. The planar flow channel leads to a distri-
bution where the minimum is located under the center of the
flow channel. Water found under the ridges is responsible for
the higher activation potentials. Oxygen consumed at this
position is slowly replaced by new oxygen because the
increased water concentration slows down oxygen diffusion
as explained in Section 2.1. Moreover, fresh air coming from
the flow channel has a longer distance to diffuse through to
reach these areas. These two facts result in a diminished oxy-
gen concentration at the catalyst sites. The activation potential
is logarithmically inversely dependent on oxygen concentra-
tion as seen in Eq. (15). Better gas replenishment at the cata-
lyst sites in the cylindrical model results in lower activation
potentials.

4 Discussion

Because the difference in performance between the two
geometries is caused mainly by the activation potential it is
important to check the validity of the one phase model to pre-
dict mass-transport losses.

In our model description it was explained how the one
phase model is capable of slowing down the mass transfer of
oxygen. Liquid water is generated on the cathode side of the
planar flow channel at low current densities. The polarization
curves presented in Section 3.1 suggest that the one phase
model is not overestimating mass-transport limitations as
they show no rapid fall off in performance for high current
density as observed in experimental measurement when
flooding occurs [18]. The oxygen concentration found in the
water can be related to the oxygen concentration in the gas
above it by Henry’s law [19]. For the operating conditions
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considered in the present study, the oxygen concentration in
water corresponds to about 15% of the concentration found in
the gas. In our models, the molecular fraction of oxygen was
artificially decreased to accommodate the extra fraction of
water. The highest water activity reached did not exceed 1.3
so that the oxygen concentration in the gas was reduced to at
most 94% of the value that would have been encountered for
a water activity of 1. The differences in performance between
the two geometries might in fact be higher than predicted by
this model.

The optimal balance between proper membrane humidifi-
cation and mass-transport limitation caused by water must
be achieved in order to maximize fuel cell performance. The
planar flow channel leads to better humidification of the
membrane but this, however, also means detrimental mass-
transport losses on the cathode side. It was more successful
than the cylindrical design for keeping the anode side well
humidified. The characteristics inherent in the planar design
make it difficult to optimize water management since dimin-
ishing the widths of the ridges is done at the expense of the
pressure they apply to the MEA. Higher pressure means
lower gas diffusion underneath. The tubular shaped fuel cell
allows more freedom in selecting suitable components to
achieve optimal humidification. It is possible to increase the
membrane water content on the anode side without increas-
ing mass-transport losses that exist at the cathode side. This
can be achieved by using diffusion layers with lower perme-
ability or using perforated plates with a reduced open area
on the anode side. This would result in a better performance
for the tubular shaped fuel cell making it even more appeal-
ing than it proved to be in the present study.

5 Conclusion

The results of numerical simulations of a single channel
for a conventional planar and tubular-shaped PEMFC models
have been presented. Polarization curves of the two models
clearly show that higher power densities are achieved with
the tubular design mainly because of lower activation poten-
tials.

Also, it has been shown that the use of perforated plates in
the tubular shaped fuel cell allows a more uniform gas distri-
bution than the conventional planar flow field model. This
results in the better use of the catalyst surfaces and leads to a
higher power density. It was also suggested that the config-
uration used for the tubular shaped fuel cell was not at an
optimum. Further improvement, by carefully selecting the
components entering the tubular shaped fuel cell, will even-
tually increase its power density.
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List of symbols

a activity of water in stream k

A specific surface area of control volume (m?*m™)

ck concentration of water in the membrane at interface in

channel k (mol m™)
D, binary diffusion coefficient of species r and s (m2s7")
D, diffusion coefficient of water in the membrane (m?s™")
F Faraday constant (96 487 C mol™)
I local current density (A m™) defined at the cathode

I, exchange current density for oxygen reduction
(100 A m™)

K pressure loss factor (dimensionless)

H; momentum loss coefficient in direction j (m™)

my molecular mass of species s (kg mol™)

M, 4ry equivalent weight of a dry membrane (kg mol™)

ny electroosmotic drag coefficient

P total pressure (Pa)

Py vapor pressure of water (Pa)

P partial pressure of species s (Pa}

P.;,  critical pressure of species s (Pa}

R universal gas constant (8.314 ] mol' K™

Ty radius of membrane at side k

R, membrane total resistance (£2)

b membrane thickness (m)

t, perforated plate thickness (m)

Sk source term for species s in stream k (kg m>s™)

Teen  cell temperature (K)

Tes critical temperature of species s (K)

u; species velocity in the j direction (m s™)

Vo cell open-circuit voltage (V)

Ven  cell voltage (V)

Xpms mass fraction of species s (dimensionless)

Xo oxygen mole fraction (dimensionless)

x~ water mole fraction of k side (dimensionless)

Greek symbols

a net water flux per proton

B; permeability in the j direction (m?

e porosity

7 overpotential for oxygen reduction (V)

i membrane water content at membrane-electrode inter-
face in stream k (n H,O/ SO37)

A membrane water content (n H,O/ SO37)

13 dynamic viscosity (N s m™)

p density of the mixture (kg m™)

Pmary density of a dry membrane (kg m?)

Om membrane conductivity (' m™)

) ratio of total hole area to perforated plate area

Indices

a anode

¢ cathode
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k takes the indices a or ¢
r,s  species such as oxygen, nitrogen, hydrogen, or water
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