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Abstract. In Proton Exchange Membrane Fuel Cells (PEMFC) for electrical mobility, the water management
and transport are very important. Water vapour is produced, and liquid water can be formed since the gases
can become saturated by water vapour production during the electrochemical reactions. In addition, significant
water transport mechanisms occur between the anode and the cathode. Therefore, a two-phase flow must be
considered on both sides, the two phases being the liquid water and the gas mixture (the different gas compo-
nents are essentially hydrogen, oxygen, nitrogen, and water vapour). The core of a PEMFC consists of several
porous media called GDL (Gas Diffusion Layer), MPL (Micro Porous Layer), and CL (Catalytic Layer).
Therefore, we have a two-phase multicomponent gas-liquid flow in porous media. The objective of this paper
is to present a complete derivation of the balance equations governing this kind of flow and to compare these
equations to the equations used in PEMFC calculations in order to put in evidence the simplifying assumptions

made by the PEMFC community.
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1 Introduction

Global warming is one of the major concerns since the
beginning of this century. Climate change is primarily
caused by human activity, and in particular by the trans-
port sector, which emits large amounts of greenhouse gases.
Electric cars are currently designed for emission-free modes
of transport. However, electricity cannot be stored in great
quantities, and its direct use through battery-powered
vehicles has some limitations in terms of autonomy and
recharging times. Hydrogen appears to be a viable
solution for producing electricity in cars by using fuel cells.
Among the different available technologies, the Proton
Exchange Membrane Fuel Cell (PEMFC) seems to be the
best solution for automotive applications due to its excel-
lent dynamics, high power density, and good efficiency
(>0.5). PEMFC converts hydrogen into electrical energy
when the hydrogen reacts with the oxygen in the air to pro-
duce water and energy (electricity, but also heat). Although
promising, PEMFC faces challenges for their large-scale
commercialisation. Their durability appears to be the main
issue to be solved. Degradations, which can be irreversible,
are the origin of the limited lifespan of PEMFC. These

* Corresponding author: christophe.morel@cea.fr

degradations occur notably during an imperfect manage-
ment of water and heat.

Due to their importance in PEMFC models, the balance
equations of mass, momentum, and energy are derived in
order to compare these equations with the models currently
used in PEMFC simulations. We are concerned with two-
phase multicomponent flows in porous media. The liquid
water is a single component, but the gas phase mixture
includes at least hydrogen, oxygen, nitrogen, and water
vapour. The porous media involved in a PEMFC are the
gas diffusion layer (GDL), the microporous layer (MPL),
and the catalyst layer (CL). Sometimes, the bipolar plates
(BPs) containing the gas distribution and water evacuation
channels are also considered as porous media since these
BPs contain a large number of small channels. After a brief
literature survey (Sect. 2), Sections 3-5 give a complete
derivation of the equations governing two-phase multicom-
ponent flows in porous media. Section 3 presents the
mathematical tools used in the paper as well as the local
instantaneous balance equations. In Section 4, a volume
averaging operator is applied to the balance equations
derived in Section 3 in order to obtain their averaged
counterparts. In Section 5, we give more usable forms of
these equations, and Section 6 presents simplifications
currently used in PEMFC models.
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2 Brief literature survey on the models of flows
in general porous media

When studying two-phase flows in porous media, a volume
averaging is generally done on a representative elementary
volume (REV) containing the three phases (gas, liquid, and
the solid medium) (Fig. 1). In Figure 1, Agl denotes the
gas-liquid interface, Ags denotes the gas-solid interface,
and Als denotes the liquid-solid interface, respectively.

Gray et al. [1] give the proof of general theorems relating
spatial averages of derivatives to the derivatives of spatial
averages for a two-phase medium (e.g. a porous structure
embedded in a fluid). Slattery [2] considers simplified
averaged mass and momentum equations for flows of
viscoelastic fluids in porous media. Whitaker [3] studied
the diffusion of a passive species concentration ¢ in a porous
medium. He shows that the average of the species concen-
tration balance equation:

dc
E—’—v (yc) =V- (DVC) (1)

where v is the fluid velocity and D is the molecular diffu-
sion coefficient, is given by the following equation:

%+v.<@+£):V~(D(VE+RI)) (2)

where the overbar denotes the spatial averaging operator,
and the new terms ¥ and Rz are defined through the
following equations. The vector y is due to the covariance
between the velocity and concentration fluctuations:

l// dif i ¢ (3)
where the primed quantities represent fluctuations. R
denotes the volumetric interfacial area of the porous
medium and the vector 7 is linked to the medium tortuos-
ity. The last term in equation (2) is a reduction of the
concentration diffusion if the porous medium is tortuous
(i.e., the links between the pores are not rectilinear). They
are defined by:

A,
Raef — ¢ dgf/ [c]n da (4)
|4 i

where the non-dimensional area element da = dA/4; and
[¢] is the jump of ¢ between the fluid and solid phases at
the fluid-solid interface. Other equations are written by
the author for other quantities like the fluctuations ¢ and
2. The remainder of his paper is a tentative model for the
modelling of these unknown terms.

Abriola et al. [4] write several mass balance equations
for a four-phase two-component medium (insertion of a
pollutant in a soil containing also water and air). Except
for the mass balance equations, these authors use a very
simplified form of the momentum equations, which is a
generalized Darcy’s law for multiphase flows:

KK,,
v =——" (VP“ - p‘”g) (5)
ESyll, =
which gives the velocity of the a-phase v* as a function of
the medium permeability K, the relative permeability K,

Solid medium Ae REV boundary
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Figure 1. Scheme of a typical REV containing the three
phases.

the porosity &, the saturation s, (which is the volumetric
fraction of this phase), the viscosity f,, the pressure gradi-
ent VP and the gravitational acceleration vector g. The
relative permeability is often modelled as a function of the
phase saturation.

In their book about convection in porous media, Nield
and Bejan [5] synthesize the following mass and momentum
equations for a single-phase flow in a porous medium:

8%+V (pjv) =0 (6)
ot
for the mass balance equation, where & is the porosity
(ratio of the fluid volume divided by the total volume),
pyis the fluid density and v is the seepage velocity, also
known as the superficial velocity. It is not the real velocity
but the product of it by the porosity:

v = &y (7)

The general momentum equation reads:

1ov 1 v\ | 7 Py J—
pf[ggﬂjv'(?)}— Vp -7 cF\/E\ylerSVy.
(8)

The LHS (Left Hand Side) of equation (8) is the inertial
terms, and the terms on the RHS (Right Hand Side) are
the pressure gradient, the friction term due to Darcy, an
additional quadratic friction term due to Forchheimer,
and a diffusion term due to Brinkman. equation (8) is
rarely used entirely, but parts of it are supposed to balance,
the other terms being neglected. We can therefore
retrieve the original Darcy equation, or the Brinkman or
Forchheimer equations from (8) by neglecting the appropri-
ate terms.

Nield and Bejan [5] also introduce two thermal equa-
tions for the fluid and solid phases of the porous medium.
This model is sometimes called the Local Thermal Non-
Equilibrium (LTNE) since each phase is characterized by
its own temperature equation, therefore taking the thermal
imbalance between phases into account. The equations
given by [5] read:
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(1= 0)pe), 2 = (1= )V - (kYT + (1 - 8)d",

+ha(T; ~ T.) (9)

oT
S(IOCp)fa_tf"' (pey)v- VT =&V (kv TY)

+eq ;+ ha(T, — Ty). (10)
In these equations, T, and Ty denote the average solid and
fluid temperatures, respectively. The quantities ¢”; and ¢"¢
denote volumetric source terms in each phase and h and a
denote a heat exchange coefficient and the volumetric con-
tact area between phases, respectively. If we assume that
these two temperatures are equal:

(11)

we can deduce a single equation for the mean temperature
T by adding together the two equations (9) and (10). We
thus obtain:

Ty = T; = T thermal equilibrium assumption

aT "
(pc)ma—i_(pcp)fy'v:r:v'(k7ﬂVT)+q m (12)
where (pc), kn, and ¢”,, are the physical properties of
the medium and the volumetric source term in the
medium, which are defined by the following equations:

(p), = (1= )(pe), + e(pcy), (13)
km = (1 — &)k, + eky (14)
¢ n=0-eq +eq (15)

We insist on the fact that the equations (12)—(15) are only
valid under the thermal equilibrium assumption (11) and
that the porosity e should be constant in space, otherwise
it cannot be excluded from the divergences as in equations
(9) and (10) as we will show later.

References [6-9] derived complete set of equations for
two-phase flow modelling. Their equations are very
detailed, unfortunately they do not deal with porous media.

Sha et al. [10] started from a result demonstrated by [1]:

V~<Qk>:‘i///l @ da

e

(16)

where @ is an arbitrary vector characterizing the k phase,
@,> is its average over the REV (Fig. 1) denoted by V

and A, is the part of A (the boundary surface of V) avail-
able to the fluid passage (i.e., the portion of A not con-
tained in the solid parts of the medium). The relation
demonstrated by [10] reads:

V- <@k> = % (VAzak<(Pkm>kx) + gy (VA?/OCk<(P1'7Z/>ky)

b2 (o) a7)

where a;, = V,/ V,,, V. being the instantaneous volume of
phase k contained in the volume V and V,, is the fluid
mixture volume contained in the volume V. The three
quantities Y4, Va4 and y4, are the surface porosities
contained in each of the planes yz, xz, and xy, respectively,
the volume V assumed by [10] being a rectangular paral-
lelepiped. The quantities 4, V4, and y4, being direc-
tional porosities, the quantities (Qr)rs (Pry)r, and
(@) 1. represent the phase-averaged vector components
through the surfaces normal to z, y, and z occupied by
phase k. The demonstration of the relation (17) assumes
that the size of the REV is not arbitrary: it should be large
in comparison to the pores, size and small in comparison
to the global scale of the flow [11]. According to [11], if
conditions of both stability and regularity are satisfied,
then the volume-averaged and surface-averaged values
coincide at every point, hence there is no need to make
the distinction between the surface porosities 74, 74y,
and 7y 4, and the volumetric one given by &. Similarly, there
is no need to make the distinction between (@), and
(@12) 1 which is the phase-average of the vector component
@1 According to these assertions, the relation (17) sim-

plifies to:
Vo) (o)) G

which is simply a consequence of the chosen notations:
<Qk>dif Eock<@€>k (see later in the article). The proof of

what we just said is also given by [12].

3 Two-phase flow equations in porous media
3.1 Definitions and mathematical tools

We consider a two-phase flow in a porous medium. In this
porous medium, we isolate a REV containing the three
phases: gas, liquid, and solid (Fig. 1). This REV, denoted
by V, will be the control volume for averaging. It must be
large enough in comparison to the size of the pores and links
between them, and small enough in comparison to the glo-
bal scales of the flow. This double condition on the size of
the REV is necessary for the averaged quantities to be
stable and regular [11]. It should be remarked that it is
not always possible in particular applications, and this con-
dition must be kept in mind when applying the average
model to a particular situation, like PEMFC modelling.
The porous media in PEMFC (gas diffusion layers, microp-
orous layers, and catalytic layers) contain two fluid phases
(water and gas) and several chemical components (oxygen,
hydrogen, nitrogen, and water vapour at least), so we
develop a multi-constituent two-phase model for porous
media. Indexing by k the general phase, by s the solid phase,
and by m the liquid-gas mixture in the pores, the porosity is
defined by the following relation:

Vi

2" v,

& def = —
-V

1%

(19)

where V), denotes the instantaneous volume occupied by
phase k (inside the REV) and V,,, denotes the fluid volume
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in the REV, which does not depend on time since the REV
is assumed to be fixed and the porous medium is assumed
to be undeformable. The phase k volume fraction, some-
times called the saturation in the porous literature, is
defined by the following relation:

V Vi

o = ——— =L, (20)
SV eV
k#s

From equation (20), we can deduce:

> oy =1 (21)

k#s

Let us define the Phase Indicator Function (PIF) by the
following relation:

0 otherwise

m@ﬂw{

1 if the point z pertainsto phase k at time ¢ }

(22)

It can be shown by means of the generalized function theory
(e.g. [1, 9]):
VXk = —ﬂkéj (23)

where ny, is the unit vector normal to the interfaces with
the other phases and pointing outwardly from phase k.
The quantity d;is a Dirac delta function having different
interfaces as its support. d;is also called the local instan-
taneous interfacial area concentration by [13].

The volume average of an arbitrary quantity iy is
defined by the following relation:

Wy [ e (24)

The phase-averaged of an arbitrary quantity ;. pertaining
to phase k is defined on the phase volume:

Wi < [ e (25)

kJvy

Because of the PIF definition, it is easily shown that:
1 Vv
(X e /V Xydv = 7’€ = ey (26)

The mathematical link between the volume average (24)
and the phase average (25) is:

Vi 1

1
X, def — do=—£ —
(Xithy) o . vy vV

Yidv = e (), (27)
Two theorems must be introduced at this stage, which
allow the averaging operator to permute with the time
and space derivatives. These theorems are sometimes called
the limiting forms of the Leibniz and Gauss theorem [6-8].
Here we give the version of these two theorems as derived
by Gray and Lee [1]. Multiplying the gradient of an
arbitrary quantity by the PIF and volume averaging, we
can write:

(XiViy) = V{Xpp,) — (0, VX)) = V(Xwy) + (Ymdr)
(28)

where the last term (i, n0;) represents the contributions
of the interfaces between phase k and the other phases.
For example, if phase k is the liquid phase, the Dirac
distribution J; peaks to the interface with the gas on
one hand, and to the interface with the solid part on the
other hand. The equation (28) relates the average of a
gradient to the gradient of the average. Adding a dot
(scalar product) in (28), the corresponding equation for
the divergence can be easily obtained. Another writing
for the last term in (28) is [14]:

1

1 1
(Wn61) = 7 Vmda = 7 Vmda + % Vmda

Ark App Apgs

(29)

where the integral on the surface area Aj; has been
decomposed into the sum of two integrals: one on the
interface between phase k¥ and the other fluid phase f Ay
and another on the interface between phase k and the
solid parts Ay, Arp = AU Ay, is the total interfacial area
in the volume V seen by the phase k. Putting {;,, = 1 into
the equation (28), we obtain a relation giving the gradient
of the product between the porosity and the phase

saturation:
1 1 1
Vieoy) = —— nda = —— ﬂ,da——/ nida.
( k) |4 Aqg ! v Ay ! V Aps g
(30)

The PIF verifies the following transport equation [9]:

0X

aitk‘i’yj'vXk:O (31)

where vy is the local instantaneous interface velocity field.
Using equations (23) and (31), we can write:

0 0 0X;
<Xk%> = §<Xk%;> - <‘//k,a—tk>

0
= o () = o mor) - (32)

which is the second theorem giving the link between the
average of a time derivative and the time derivative of
the average. The equation (32) can equivalently be
written as:

AN 1
<Xk%> =5 (sak<lﬁk>k) v Ay

Here, there is no contribution from the interface with the
solid because the solid parts are assumed to be immobile.
Putting ;. = 1 into (33), the time derivative of the phase
volumetric fraction is obtained:

0 1
E (SOCk) = 7 "

Vor - npda. (33)

vy - myda. (34)
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Table 1. Notations for the generalised balance equations (35) and (36).

Balance equation Vi Jr b1 b1
Mass 1 0 T 0

Species mass Y. Jik Tik Tis
Momentum Uy, —or=prd — W Prg + TrY;, Fy
Total energy er + % Gk — Ok-Uk P1g-Vk E;
Enthalpy hy, Gk D"p" + 21t Vg + 1ichy, H;
Internal energy ex Qk —piV.u + Tk 0 Vg + by, €r

v
Entropy Sk, q/ T AL .V (1/Ty) + ris;, A;

3.2 Local instantaneous balance equations for
two-phase flows

A general balance equation for two-phase flows before the
averaging operation can be written as [6-8]:

apk‘ﬁk
ot

where p;, is the phase density, v; is the phase velocity, ¥y, is
an arbitrary quantity per unit mass of phase k, J; is a
diffusional flux and ¢; is a general source term. The
equation (35) is valid inside the phase k only. The corre-
sponding equation valid through the interfaces between
two phases (sometimes called the jump condition) reads:

Z(mk%

k

+ V(o) = =V - Ji + ¢ (35)

I k) = ¢; (36)

The quantity 7, is the mass gain for phase k, per unit
surface and unit time, due to phase change (vaporisation
and condensation). It is defined by the following equation:
my, et py (vr — vg) - 1y (37)
The quantity ¢y is a general source term defined on the
interfaces. Table 1 gives the values of Y, Ji, ¢, and ¢;
for the different balance equations of interest: mass, species
mass, momentum, and the different forms of energy.
Substituting these values into the balance equations
(35) and (36), we thus obtain the detailed balance equa-
tions for phase k. The mass balances read:

0
9Px + V- (pyu) = i, and ka =0
%

n (38)

where p;, is the density of phase k and the symbol X; means
the summation on the two phases separated by the interface
(the second Eq. (38)), as all the jump conditions, is valid on
an interface only). The symbol ry is used for the source term
due to chemical reactions. The species balance equations for
species 4 in phase k read:

0p,Y
ot

tiv. (pr Yirwy) =

=V - ji + ri and Z (mk Y — Ji ﬂk) = Ty (39)
k

where Yj is the mass fraction of species ¢ in phase k, j;, is
the diffusive flux and 7y, is a source term due to homoge-
neous chemical reactions. The term r;, is the rate at which
species 1 is produced by heterogeneous chemical reactions.
The momentum balance equation in phase k reads:

apkvk

gD + V- (pruwr) = =Vp, + V- 2 + prg + 110

(40)
The term r,v;, was introduced by [14] and corresponds to a
supply of momentum due to chemical reactions, p;, is the
pressure for phase k and g, is the viscous stress tensor.
The momentum jump condition reads [9, 15]:

Z (mkﬂk +a- ﬂk) =F

k

~ V.o + 2Hon,. (41)

The vector g is the gravity acceleration, g, is the total
stress tensor (grouping the pressure and the viscous ones)
and F; is the surface tension force per unit area. In (41)
o is the surface tension coefficient and Hy & — (V- ny,)/2
is the local mean curvature of the interface seen by phase
k. The first term Vo is the surface gradient of the surface
tension, which is called the Marangoni effect in the
literature.
The total energy balance equation in phase k reads:

8ﬂ<+—)+v< (o))
2

ot

=-V- (gk — Ok 'ﬂk) +0rg - Uk (42)

and the total energy jump condition reads:

> (mk(ek +v7"2> - (gk —gk-yk> m) =FE; (43

k

where ¢, is the internal energy per unit mass, ¢; is the heat
flux density and E;is a possible interfacial energy source.
References [16, 17] give the exact expression for the inter-
facial source term Ep:

D[(E[ + 1}[2/2)
Dt
+V, gV,

E;=p; +m1(€1+1)12/2)—/)121'g

(op). (44)
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In this equation, p;is the interface density per unit surface,
ey is the interfacial internal energy per unit mass and v; is
the interface velocity, ov, is the product of the surface
tension coefficient and the tangential interfacial velocity
vector. The interfacial mass source term 7; is defined by:

D
iy def l’)—i’ TP v (45)

In this study, we neglect the interface properties except the
surface tension and latent heat, therefore the approximate
form of equation (44) is:

pr=aq=0—E = -V, (ovy,). (46)

The advantage of the generic balance equation (35) is that
we can apply the averaging operator and theorems once to
it to obtain the corresponding generic averaged balance
equation. After this is done, the detailed averaged balance
equations will be deduced from the generic one by employ-
ing the values given in Table 1.

The enthalpy balance equation reads:

pihu
ot

Dy.p,

(47)

+ V- (pphivy) = =V - i +

Dipy

5 is the material

where h; is a reaction enthalpy and
derivative of the pressure:

Dipy 01

Dr = o + v V. (48)

The term Tp V. is the dissipation of mechanical energy
into heat due to internal friction. The interfacial enthalpy
balance reads:

Z (mkhk = Qi m) = H;. (49)

k

References [16, 17] derive the following expression for the
interfacial balance of enthalpy:

: vy’
Z(mk<hk+%_ﬂk'ﬂl) —gk'ﬂk-f—gk'ﬂk'(yk—yl))
k

D;h; Djo . v/

The comparison of (49) and (50) allows us to find the exact
expression of the term Hj. Neglecting the interfacial proper-
ties as we have done in (46) and neglecting the mechanical
effects in comparison to the thermal effects in the LHS
of (50), we obtain the following approximate expression
for Hy.

. Do do

Hy= — o -V 51

) T T (51)

The internal energy balance equation reads:

aprex 7-
/éktk—‘,—v- (Prervr) = _v'gk_pkv'yk‘f'gk : Vg, + bl

(52)

where the source term due to homogeneous chemical reac-
tions is proportional to the reaction enthalpy h; [14]. This
can be easily verified by comparing (52) and (47). The
interfacial balance equation (36) reads:

; (mkek — Gk ﬂk) = €. (53)

References [16, 17] derive the following expression for the
interfacial balance of internal energy:

. S
Dol et — e w ) - g ot g me (o - o)
k
. D[@[

. vy?
= _pITt — m1<61 — 1> -V @ +aV-vy (54)

2

The comparison of (53) and (54) allows to find the exact
expression of the term ¢; Neglecting the interfacial proper-
ties as we have done before and neglecting the mechanical
effects in comparison to the thermal effects in the LHS of
(54), we obtain the following approximate expression for €y

€= O'vs s V. (55)
The entropy balance equation reads:

O0pSk ; '
P Sk + V- (PkSk:Qk) =-V- & + Ak + TI.TSZ" (56)
ot T

where Ay is the entropy source term, which is given by:

sV 1
i -V[—=—]>o0.
T, L <Tk> 20 (57)

The fact that A; > 0 is the expression of the second law of
thermodynamics for phase k.

References [16, 17] give the following expression of the
second law of thermodynamics at the interface:

. qk Dys; . qr
Xk: <mk5k — ﬁ : ﬂk-) + Pr + s+ V- <E,I> > 0.

Ik
Ak def =

(58)

Equation (36) gives for the particular case of entropy (see
Table 1):

> (mASk - % : ﬂk) = A (59)

k

Comparing these two expressions and neglecting the inter-
facial properties as we have done before, the interfacial
entropy source is equal to zero:

A;=0. (60)

One important consequence of (60) is that the local temper-
atures are equal at the interface [7, §]:

T,=T¢=Tr (61)

Equation (47), (52), and (56) are equivalent to the primary

total energy equation (42). The choice of the energy
equation is just a question of convenience.
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4 Two-phase volume-averaged equations

Multiplying the phase general equation (35) by X, taking
the volume average of the resulting equation and using
the theorems and definitions of the previous section, the
following averaged general balance equation is easily
obtained:

gt (e (phii) + V- (e (pihvn) )

1

N V A (mklpk

— Jy-m)da — (Fock(,]ﬁ ) + g0y () 1.

(62)

In the same manner, the interfacial average of equation (36)
gives:

1 , 1
Zv/A[ (= Ji - m)da =

I

¢da.  (63)
Ar

4.1 Mass balance equation

Putting ¥, = 1, J, =0, ¢, = r; in the equation (62), the
following phase k mass balance equation is obtained:

1

oo (pi)y) + V- (enlprun)y) = ean(ri), +—

a( {0}, v ; Ty Alkmkda.

(64)

Now, two different notations will be introduced. First, the
phase average of the product between the density and
velocity will be rewritten as:

(s et oy " (65)

which defines the Favre averaged velocity vF. The Favre
average has been introduced in the compressible flow
theories in order to avoid the appearance of double corre-
lations between density fluctuations and velocity fluctua-
tions. The mean velocity v;" is the center-of-mass velocity
of the k phase included in the REV. The last term in
the RHS of equation (64) corresponds to the phase k
volumetric production rate due to phase change, and we
introduce the following special notation for it:

Fk dgf i mkda (66)
A

Multiplying the last equation (38) by d; followed by volume
averaging, we obtain:

> Ti=0 (67)

showing that there is no mass accumulation on the
interfaces.

4.2 Species mass balance equation

Putting ¥, = Yi, Ji = jia, ¢, = ra in the equation (62),
the averaged species mass balance equation is obtained:

gt (e (pr Yire)y) + V - (eorlpy Yirve),)

=7 (mk Y — jir -ﬂk)da -V- (F“k<llk>k> + eo (T i) -

Ape

(68)

Multiplying the second equation (39) by o; followed by
volume averaging, the following averaged jump condition
is obtained:

Z (rk Vil — alk<jik ﬂk>[) Z% risda. (69)

k Ap
where the following averages are defined:

<sz 'ﬂk51> difa1k<zz‘k 'ﬂk>[ (70)

(1 Y 587) = T Y 5! (71)

where az, = (J1) is the interfacial area concentration seen

by phase k (including the wall interface), < i ﬂk>l is an

interfacial average of the normal diffusive flux and Y:Z-k] is
the interfacial average of the mass fraction weighted by
phase change.

4.3 Momentum balance equation
Putting y;, = v, Jj = — 0Oy, ¢, = prg + TrY; In the equa-

tion (62), the averaged momentum balance equation is
obtained:

% (aock(pkyk>k) + V. (Sdk<Pk2k2k>k)

= iV . (Thkﬂk + o 'ﬂk)da V- (8ak<gk>k)

+ear(pr) pg + e (rivy ), (72)

We will introduce a new notation for the set of momentum
interfacial terms:

M dif< (mkﬂk +05- ﬂk) 51> = Ii/ /A (mkﬂk + gy 'ﬂk)da-
Ik
(73)

Multiplying the jump condition (41) by 6; and averaging,
the following averaged jump condition is obtained:

>t

where M is the interfacial momentum source due to the
surface tension.

M[ def F]5 > (74)

4.4 Total energy balance equation

Putting ¥, = e, +%, Ji = @ —or - 0, ¢p = 019 v in
the equation (62), the averaged total energy balance
equation is obtained:
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ad 2 ,
§< <p’“(‘a"+%)>k> +V- <gak<pk(ek+%)yk>k>
1 . 2
B I_/ Ap (mk (ek +%) - (gk — Gk yk‘) ' m)da

-V- (sock<gk — g w> ) + e (pri) ;- 9- (75)

Now, we can define:

1 . ’
Q, difv/ (mk<ek +%> - (gk *gk‘yk) 'ﬂk)dw (76)
A

Multiplying the jump condition (43) by 0; and averaging
the resulting equation, the averaged form of the total
energy jump condition is obtained:

ZQk

QI def E151> (77)

4.5 Enthalpy balance equation
Putting Y, = hy, Ji = qi, ¢ =2+ 7 : Vp + rphy in

the equation (62), the averaged enthalpy balance equation
is obtained:

9 (e {pihi)y) + V- (eor(pihiv),)

ot
] (i ()
+ 80614-<Dg;k + 25 : Vo + rkh,§> . (78)
k

And the enthalpy mean jump condition reads (Eq. (49)):
1 ( . 1
k7 g hy — Qk'ﬂk)da:*

2lc: 4 Ar B 4

where the term involving H;can be neglected according to
[15].

Hida=0 (79)

Ar

4.6 Internal energy balance equation

Putting ¥, = e, Jx = g, ¢p = —ppV - p + T 1 Vup + rihy,
in the equation (62), the averaged internal energy balance
equation is obtained:

% (eax{pxer)) + V- (ear{prerve);)

1
=73 (mkek_Qk'ﬂk)da_v' (SOCk<(]k> )
14 Ap - — Ik
+ sak<§k :Vu—pi V- o+ rke;>k. (80)
And the averaged internal energy jump condition reads:

Zl (me q n)da 1
T K€k — Qr - T ==
k Vo Ja B 14

erda=0 (81)
Ap

where the term involving €; can be neglected according to
[15].

4.7 Entropy balance equation

s Vm

Puttlng Vi =8 I = q/Tx, o =5+ @ - V(1/Ty) + 118}
in the equation (62), the averaged entropy balance equation
is obtained:

1 ) qr qr
— 2 Vda— V-
V' Jay <mksk Ty, m) ¢ (gak<Tk>k)

T - Vv
+ aock<:k T —+ 4 q.-V(1/Ty) + TL:SZ> . (82)
K

k
The averaged entropy jump condition is obtained from

(59):
Zl/ (ms i n>da~0 (83)
- kSk— Tt T =0.
where (60) has been taken into account.

Up to now, the mass, momentum, and energy averaged
balance equations have been derived in their exact form.
Nevertheless, these equations cannot be used directly since
they are expressed in terms of averages of products of local
quantities and integral terms. Instead, we must express all
these unknown terms by closure relations. This will be done
in the next sections.

5 The two-fluid model in porous medium
5.1 Useful form of the mass balance equation

Denoting by Sj the source term due to chemical reactions:

S def gty (1), (84)

and using the definitions (65) and (66), the mass balance
equation for phase k becomes:

837,‘ (e(py)y) + V- (sak<pk>k§k) =S+ T}y (85)

where there are two source terms in the RHS: one due to
chemical reactions and the other due to phase change.
These two terms must be modelled by appropriate closure
laws.

5.2 Useful form of the species mass balance equation

In what follows, we will denote the partial density of species
1 in phase k as:

P e pr Y. (86)
We will also assume that the diffusion flux j; is modelled by
Fick’s law: -

Jit = —DaVpy. (87)
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Substituting these two relations as well as (70) and (71) in
(68), the following equation is obtained:

8t(scxk< A (srxk< >L171f)

=T,V + an{DiNVpy - ), + V- (e (DuVpy),) + Si
(88)

where the last term is due to chemical reactions:
Sip At g0t (Tit) - (89)
Assuming that the diffusivity of the species 7 in phase k is

constant at the scale of the averaging volume, the diffusive
term can be rewritten as:

V- (e(DaVpy),) = V- (Di{XiVpy))
=V (Dik (V (5“k<Pik>k) + <Pikﬂk51>)) (90)

where the theorem relating the average of a gradient to
the gradient of the average has been used.

Substituting (86) and (90) into (88), the following equa-
tion is obtained:

0
ot (et (P Yir)y) + V- (o1 Y aun)y)
= OV3 + anlDaTps m), + 9+ (DalT (onpi))
+ {punior))) + S (91)

Following (18], the term (p;.n0;) is neglected and the term
an(DaVpy - i), is attributed to the adsorption/desorp-
tion phenomena:

Zipdefap(DipVpy - i), (92)

The final form of the equation (91) reads:

51 (00 T2 ) 4 - (st T )

=V (lev <8(xk<pk>k

k
* )) + T YL+ 25+ Sy (93)
5.3 Useful form of the momentum balance equation

Introducing the Favre average and the definition (73), the
momentum balance equation (72) becomes:

aa ; (sock<pk> ) +V - (eonlpy) Tror”)
- % . (mkyk + (;k - pki) ,ﬂk)da
-I-Il/ " (fnkﬂk + (gk - p;é) .ﬂk)da — V(S“k<pk>k)

+V. <sock< >k> + 8ock<pk>kg + 806k<7"k2}';>k~ (94)

In this equation, the total stress tensor has been decom-
posed into a pressure term and a viscous stress tensor
(Table 1). The interfacial term has been split into two inte-
grals: the first integral concerns the gas-liquid interface Ay
and the second one concerns the wall surface A;,. In the
LHS of (94), we have the Favre average of the tensorial
product of the velocity by itself U,v;". In order to make
the dispersion tensor appear, the local velocity is decom-
posed into its mean value and a fluctuating component:

v def (95)

The Favre average of the equation (95) shows that
v’ =0, i.e., the average of a fluctuation is zero, and we
deduce immediately that the average of a product is equal

to the product of the averages, in addition to the average
of the product of fluctuations:

Tt = ufut + Ukv;,k' (96)
Substituting (96) into (94) and introducing the following
notation for the dispersion tensor:

o def — (p,) o0t (97)

The tensor ;' is called the Reynolds stress tensor in the tur-
bulence community when a time or ensemble average is
used. Here, we prefer to call it the dispersion tensor since
a spatial average is used. Substituting (96) and (97) into
(94) the momentum equation becomes:

o (anlpndt) + V- (sl 545Y)

1
== (mkﬂk + (Ik — pkl) : ﬂk) da
14 A a B

+iV " (fnkﬂk + (gk - pki) .ﬂk)da — V(g(xk<pk>k)

+V. (wk(<£k>k +£kT)) + eor(pp) g + sock<rky£>k. (98)

Following [19], we can use the momentum jump condition
(74) in order to introduce the surface tension, for example,
in the liquid phase:

1
il (mLyL + (IL - le) ’ﬂL)da
14 Ap, - B
1
-3 (ﬁmﬂc i (EG _ Pci) -ng — V0o + 2HL6ﬂL>da.
Ap

(99)

The first term, due to phase change, is sometimes called the
recoil force, and we can use the interfacial average weighted
by phase change as in (71) to express it:

1

= myurda = Ty def Ty V.

100
v /. (100)

In the last definition, it is not useful to put a &k index on the
mean velocity weighted by phase change Vi since this
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mean velocity should not depends on the phase considered
20, 21].
Substituting (99) into (98) written for the liquid phase:

% (8O€L<PL>LQ:LL> +V- (8aL<pL>Ly:LLy:LL)
1

=—-—= (mayc - (za - pcl) ‘np— Vo + 2HLO'EL)da
V AI - .

+% /A“’L (mLﬂL + (;L - PLQ 'ﬂL)da — V(ear(ps)y)

+V - (wL <<gL>L + gLT)) +ear(pp) g + e (rivy),
(101)

Decomposing p;, and pg into their mean and fluctuating
components, the previous equation becomes:

See the Equation (102) bottom of the page

Ajj, being decomposed into the interfacial area A; and the
wall area in contact to the liquid A,;, the first and third
terms in the RHS of (102) can be transformed into:

<pG>G/ <PL>L/
v AIﬂLda 7 A“;L@Lda

~ (9ol V(o) + (pe) = (pi)y) 37 | mada. (108)

Assuming that the mean curvature H; and the surface ten-
sion ¢ do not fluctuate, the surface tension terms in (102)
can be rewritten as:

1

(QHLO'QL — Vso)da
V Ja,

1 1
=2H;0 V(socL)+—/ nida | +—= | Vsoda. (104)
4 AuL 4

Ap

Grouping the mean pressure terms and the surface tension
terms appearing in (102), we obtain:

nrda
wL

—V(ear(pL),) — % /A mda— % /A

1

v/, (2Hpon, — Vso)da = —ea,V{p;), + <<pG>G —(p1)y
1

1 1
+2H0) V(socL)—i——/ nrda | +—= V.oda. (105)
14 Aur |4

Ar

The recoil force is modelled by (100) [20, 21]. Grouping all
these results, the momentum equation for the liquid phase
(102) becomes:

See the Equation (106) bottom of the page

For the gas phase, we will conserve the primitive form with-
out using the momentum jump condition. As a conse-
quence, the equation (98) becomes for the gas phase:

% (8“G<PG>GQ:GG) +V- (8“G<PG>(;2:GGQZGG)

=T Vo —TnVey— eoch<p(;)G

1
+—= (ga - P/Gi) ‘ng da

1
ol mdat
Vv A,(EG Ped) nedaty

Awe

+V- (sag(<gc>c +gg)) + saG(pG>Gg + 30(G<7"GQTG'>G (107)

5.4 Useful forms of the energy equation

Here we follow the development of [14] and choose the
enthalpy balance equation (78) as the departure point. First
of all, the dissipative term is assumed to be negligible:

<;k : Vyk> =~ (. (108)

= k

This term is really important for very viscous fluids, such as
liquid polymers. Here we deal with water and air, which are
weakly viscous; therefore the assumption (108) is not too
strong. Now we must examine the average of the pressure
material derivative:

% (eocL<pL>LQ_LL) +V- (SaL<pL>Ly:LLQ:LL) = —O'LV?G /Az nida —‘l/ /AI (mcya - (;G - p/ci) -n;, — V0 + 2HLGQL>da

Vv

+ear(py) g + eor(rivy),.

ot

(Pr)s /AWL nida +% . (ﬁuyL + (gL - p/Lé) -QL)da — V(eay(py),) + V- <8OCL<<§L>L +£LT)>

(102)

0 _ _
= (305L<PL>LQ_LL> +V. (3“L<PL>LQ_LLQ_LL) =Ty Vo +T Ve — e, V{p),

1 1 1
+((pe)e — (pr), +2H 0) <v(8aL) + = / ﬂLda> +—= / Voda + — (IG - P,cl) -nrda
14 AwL 4 Ap 14 Ap N -

+iV /AL (EL B p/LQ ‘mdat V- (S“L(<£L>L * ELT)) +eapy) g +enn ().

(106)
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Dt EJFQIC -V, (109)
For the time derivative, the relations (29) and (32) can be
used:
opy, apk 0
By~ (x,
8“k< ot >k < B ) = a1 Clpeds)
! d L / d (110)
pvr - mpda — — U7 - npda.
T " pror - ny; v " Prlr - 1y,

The term w;, - Vp, in (109) is more complicated since it is
non-linear. Faust and Mercer [14] assume that the phase
velocity and the pressure gradient are weakly correlated
to obtain the following approximation:

(Xrvy - Vpp) 250 - (X, Vpy)
=7 - (V(Xipp) + (prnudr) ]
—k 1 1
=7 | V(ew(pi)y) +— prda + — pruda
|4 Axs 14 Aps
(111)

where (28) and (29) have been used. Decomposing the
pressure into phase-average and fluctuating parts:

by = <pk>k: + p/k (112)

then the equation (111) can be rewritten into the follow-
ing equivalent form:

(X, - Vg ) =

1 1
sockV<pk>k +—= / p,kﬂkda+* p’kﬂkda (113)
4 Ays 14 Aps

by using the relation (30). Substituting (108), (109), and
(113) into (78) gives:

0
3 (e (prhi),) + V - (e (prhuue)y)
_1 (fm:hk — i ‘ﬂk)da + e (mkhk — G- ﬂk:)da
v Ay - 14 Aps a

-V- (g(xk<gk>k) + eop(rihy), + 8815 (e (pi)y)

1 1
-—= [ por-mda—— [ pr-mda
4 Ay * 4 Aps '
—k 1 / 1 /
+7" - e V{py), +— prda +— Pimdal.
4 Ays 4 Aps

(114)

It is assumed that there is no phase change between a fluid
phase and the solid phase, hence the phase change term

myhy, gives no contribution on the solid surface Aj,. Let
us introduce some new notations for the integral terms:

1 1 1
by at— [ myhyda+— | ylda=— [ iyhyda.
4 Apy 4 Aps A
(115)
1 1
QG lf —— [ @-mda gt —— [ gp-mda (116)
Akfi V Aksi
¢y et T~ [ Pmde e T~ [ Fmde
14 Ay 4 Ags
(117)
1
Strangely, the two  terms T P - nda
Akf
1
T ., pivr - npda are included in the term I khl,; by
ks

[14]. Making the same choice, equation (114) begins:

1o}
— (ea{prhu)y) + V- (sor(pphuvr)) = Tiby + ai + ap

ot
-V (Sdk<gk>k) + 8ak<rkh2>k + % (wk(th,)

+en " Vipg) + diy + (118)
The term Fkhg represents the interfacial transfer of
enthalpy associated to the transfer of mass by evaporation
or condensation. The terms g;rand g, represent the interfa-
cial conduction terms between the two fluid phases on one
hand and between phase k and the solid phase on the other
hand. The term <rkh,rc> . represents the reaction enthalpy
due to chemical reactions. The last two terms ¢’ and ¢"xs
are the mechanical powers of the interfacial fluctuating
pressure forces in the mean velocity. Introducing a Favre
average value for the enthalpy, we can write:

(oihi)y = (pe) hi* (119)

(pphuei)y = (pe) Tuni = (o) (WT + W) (120)

where h’kvk is a correlation between the fluctuating
enthalpy and velocity, we call it the dispersion vector
and denote it as follows:

it (py) b i (121)

Substituting (119) and (121) into (118) gives:

0 ) =
ot (ﬁo‘k (Pr)k hkk) +V- (5“k<l)k>khkkﬂkkr) = rkhkr- + Gy + Qs

-V <sa;¢(<gk>k +QZ)) + eop(rihy), + 887,‘ (eo(p1),)

+ e 0" - Vp), + q"yy+d" (122)
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The modeling of the average molecular heat flux < gk> uses
the Fourier’s law: k

G =~k VT (123)

Assuming that the conductivity k; does not vary signifi-
cantly at the scale of the REV:

aock,<gk>k = —ki(XiV T,

1 1
4 Ay |4 Aps

(124)

As done previously for the pressure, we decompose the tem-
perature Tj, into its phase average plus a fluctuation:

Introducing (125) into (124) and using (30), we obtain:

8“k<Qk>
=k

1 / 1 /
= —kk aockV<Tk)k+— / Tk@kda—i—— Tk@kda
14 Ay 14 Aps
(126)
where the two surface integrals represent the decreased

conduction rate due to the tortuosity of the medium, we
define the tortuosity vector for the heat flux as:

1 / 1 /
Yy def — T inda+ — T nda. 127
Uk ey, ‘/Aky' knpda + V /. Fuda (127)
Hence, equation (126) becomes:
sak<gk>k = —kk(akaV<Tk>k + ﬁk). (128)

Assuming that the dispersion vector can be modelled simi-
larly by a diffusion effect, we introduce the dispersion tensor

such that:
gockgg = —Izsl‘f . (eockV<Tk>k + ﬁk). (129)

Substituting (128) and (129) into equation (122), this equa-
tion becomes:

% (8“k<Pk>kh:kk) +V- (So‘k<Pk>kh:kkﬁk>

= Fkhg + @+ @+ V- <<kk£+§,f) . (sakV<Tk)k +Qk))

o, 0 =
+806k<7'khk>k +5; (3“k<Pk>k) + 00" - Vi) + "y + ¢

ot
(130)

For the solid phase, the equation is simpler since there is no
velocity (hence no dispersion), no phase change, no chemi-
cal reaction... in it, hence we can write the enthalpy
equation for the solid phase as:

D (=900 ) = g+ 0y + V- (B (1 - V(T + ).

ot
(131)

where ¢, and ¢, denote the heat exchanges between the
solid and the liquid on one hand and between the solid
and the gas on the other hand.

6 Simplifications currently adopted in the case
of PEMFC

6.1 Simplification of the momentum balance equations

Faust and Mercer [14] made the following simplification of
the momentum balance equation for phase k. Starting from
our equation (72) and neglecting the inertial terms (includ-
ing the phase change term and the chemical one, which is
justifiable in porous media since viscous and pressure effects
are predominant), the remaining equation is:

1
=7 5 g - mda — ey V{p), + V- (sak<gk>k) + e {p1) 1 9-

(132)

Then [14] introduces the following modeling of the interfa-
cial term plus the phase viscous diffusion:

l g1 SOy _
] o man ¥ o)) = g

(133)

where K is the local intrinsic permeability tensor, K,; is
the dimensionless relative permeability for phase k and
Wy is phase k’s viscosity. Substituting (133) into (132),
we obtain:

Vipdi— (peg = K - 5 (us) — (wr))

(134)

Here we assume that the solid phase is immobile ((vs) = 0)
and (vy) is the filtration velocity, which is defined by [14] as:

<ﬂk> = SOCk<Qk>k, (135)
Hence, we obtain:
=2 (Vi (oihg). (150
V) = P Pr) g Pr)i9)-

We have retrieved the result (5) given by [4]. The closure
relation (136) is used as an approximation for u;* by [22]
in the case of PEMFC.

For the flows in the channels of the bipolar plates, [23]
adopted the simplest forms of our equations (106) and
(107). Assuming that the flows in the channels remain
laminar, they retain the following two-fluid model equations:

% (ocL<pL>Ly=LL> +V- (“L<PL>L2:LLQ=LL)

=—a;VP+F,— R;¢+V- (ocL<gL>L> + O‘L<PL>L_9
(137)



The Author(s): Science and Technology for Energy Transition 80, 49 (2025) 13

0

a (OCG<PG>(;E—_GG) +V. (aG<pG>GﬁGﬁG>

=—o¢cVP+F,+Ric+V- <O€c<g(;>0> +ac{pe)qg
(138)

where the indices L and G denote the liquid and gas
phases, R, is the volumetric friction between phases
and F, is a surface tension source term.

6.2 Simplification of the species mass balance equation

Tardy [22] starts from the equation (93) and neglects the
correlation between the mass fraction and the velocity
fluctuations:

Yook = Yok, (139)

Substituting this relation into (93) gives:

% <S“k<Pk>kY:ikk> +V. (Sak<pk>kY:ikkﬁk)

=V- (DikV(sak@k}kY:,kk)) + T Y + Za 4 S (140)

This equation can be compared to the following one derived
by [24] rewritten with our notations:

O (e Cad) + V- (e (Culmals + (Carle))

Iy

= (Ca)y + V- (D [V (e (Cir)y) + ez )

+sotkKa1k(<C,;k>k — <C7;1g>ko) + SO(k<7”7;k>k. (141)

This comparison shows that (Cy), = (p,), Ya" (mass of
species 4 per unit volume of phase k), Sy = eo(ru), and
2o = e Kap((Ci)e — (Cii)xo) Where ay, is the volumetric
interfacial area between phase k and the other phases and K
is a mass transfer coefficient. (Cy) 1o denotes the concentra-
tion value at the interface with the other phase. Tardy [22]
neglects this term as well as the dispersion term (C';0/s),
and the tortuosity vector for the species 7.

6.3 Simplification of the enthalpy balance equation

Zhang and Jiao [25] start from the multiphase model
derived from [4] and transform it to a multiphase multicom-
ponent mixture model by summing the equations on the dif-
ferent phases. Their model is used later in the channels of
PEMFC by [26]. Here, we present the simplifications made
by these authors, starting from our enthalpy balance equa-
tions (130) and (131). The enthalpy balance equation for
phase k retained by [25] has the following form:

% (SOCk<pk>kh:kk) + v'(<pk‘>kh:kk<yk>)

= V.(:k"VT) + @, (142)

where (v;) denotes the filtration velocity defined by (135).
The comparison of (142) with our equation (130) shows
the simplifying assumptions made by these authors. First
of all, they adopt the thermal equilibrium assumption
given by (11), hence, the phase-averaged temperatures
are all equal to the mean temperature T for the medium.
Secondly, all the diffusion and dispersion effects are
modelled collectively by introducing an effective conduc-
tivity k7 :

Ve (k9 T) = (bl + k) - (29 (Ti), + 04) )

by definition of k" (143)

Thirdly, the term @), in (142) models, collectively all the
remaining terms in our equation (130):

Qr = Fkhg + Qi + Gy + 8“k<rkh;>k

a L 1 "
+ = (80(k<pk>k) + Sakrﬂkk : V<Pk>k + QG (144)

ot

Summing the equations (142) on the different phases,
including the solid phase s, the following equation is
obtained:

% ((1 —&)p,hs + SZ kapkhk> +V- (Z thk@k>>

ks ks
=V.(kysVT)+Q (145)
with:
K egy def Z ok and Q ast Z Qs (146)
k+s k+s
Posing:
ph def Z ool Z prhui(vr)
k#s k
(147)

=Y Ahpu+ hygy Ay phu + Y gy
k

where /; is the phase k mobility, j, is a diffusive flux due
to the difference between the phases’ velocities and y is a
correction factor for enthalpy convection defined by:

P Z Al

: . k#s
A def k N =1 oy, def 77
L v pi{ur) EPY A Ji ) 4! oh

(148)

where v;, and v denote the kinematic viscosities of the
phase k and the mixture respectively. p, v and h denote
the density, center of mass velocity, and enthalpy of the
gas-liquid mixture:

Pty o, puid > py{u).
k k

(149)
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Introducing (147) and (149) into (145), the equation for the
mixture enthalpy reads:

B
(1 =&)p,hs +eph) + V- (y,phv)

ot
=V- (keffVT -3 hk2k> +Q
k

Zhang et al. [27] as well as Tardy [22] retain only a two-
phase version of the mixture temperature:

%(Z 80€k<Pk>ka,kT> +V- (Z sock<pk>k0pykTv:k’f>

k=L,G k=L,G

(150)

=Q+ V- (ehyVT). (151)

7 Conclusions

This paper gives a complete derivation of the average
equations governing the two-phase multicomponent flows
in porous media. The targeted application is the proton
exchange membrane fuel cells. As we consider the fuel cells
working at temperatures below 100 °C (typically 80 °C),
water exists in gas and liquid phases in the interior of the
PEMFC (porous layers and bipolar plates). All the
equations have been derived for liquid and gas masses, spe-
cies masses, momenta of the two phases, as well as the dif-
ferent forms of energy and entropy. The simplified versions
of these equations currently used in PEMFC models are
given in the last section.
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