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Abstract We derive a compositional compressible
two-phase, liquid and gas, flow model for numerical
simulations of hydrogen migration in deep geological
repository for radioactive waste. This model includes
capillary effects and the gas high diffusivity. Moreover,
it is written in variables (total hydrogen mass density
and liquid pressure) chosen in order to be consistent
with gas appearance or disappearance. We discuss the
well possedness of this model and give some com-
putational evidences of its adequacy to simulate gas
generation in a water-saturated repository.

Keywords Two-phase flow - Porous medium -
Modeling - Underground nuclear waste management

1 Introduction

The simultaneous flow of immiscible fluids in porous
media occurs in a wide variety of applications. The most
concentrated research in the field of multiphase flows
over the past four decades has focused on unsaturated
groundwater flows and flows in underground petro-
leum reservoirs. Most recently, multiphase flows have
generated serious interest among engineers concerned
with deep geological repositories for radioactive waste.
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There is growing awareness that the effect of hydro-
gen gas generation, due to anaerobic corrosion of the
steel engineered barriers (carbon steel overpack and
stainless steel envelope) of radioactive waste packages,
can affect all the functions allocated to the canisters,
waste forms, buffers, backfill, and host rock. Host rock
safety functions may be threaten by overpressurization
leading to opening fractures of the host rock, inducing
groundwater flow and transport of radionuclides.

The equations governing these flows are inherently
nonlinear, and the geometries and material properties
characterizing many problems in many applications can
be quite irregular and contrasted. As a result, numerical
simulation often offers the only viable approach to the
mathematical modeling of multiphase flows. In nuclear
waste management, the migration of gas through the
near field environment and the host rock involves two
components, water and pure hydrogen H,, and two
phases, “liquid” and “gas.” It is then not clear if conven-
tional models, like, for instance, the black-oil model,
used in petroleum or groundwater engineering are still
valid for such a situation. Our ability to understand
and predict underground gas migration is crucial to
the design of reliable waste storages. This is a fairly
new frontier in multiphase porous-media flows, and
again, the inherent complexity of the physics leads to
governing equations for which the only practical way
to produce solutions may be numerical simulation. This
exposition provides an overview of the types of stan-
dard models that are used in the field of compressible
multiphase, multispecies flows in porous media and
includes discussions of the problems coming from H,
gas being one of the components. Finally, the paper
also addresses one of the outstanding physical and
mathematical problems in multiphase flow simulation:
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the appearance and disappearance of one of the phases,
leading to the degeneracy of the equations satisfied by
the saturation. It has been seen recently in a benchmark
organized by the French agency in charge of nuclear
waste management in France [15] that none of the usual
codes used in that field where able to simulate ade-
quately the appearance or/and disappearance of one
of the phases. In order to overcome this difficulty, we
will discuss a formulation based on new variables that
does not degenerate. We will demonstrate, through two
test cases, the ability of this new formulation to actually
cope with the appearance or/and disappearance of one
phase. The scope of the paper is limited to isothermal
flows in rigid porous media and will not include the
possible process of “pathway dilation” as described
in [S].

2 Conceptual and mathematical model

Our goal is first to present a survey of the conventional
models used for describing two-phase, two-component
flow in porous media. Most of these models have been
designed and widely used in petroleum engineering
(see, for instance, [1-3, 7, 9, 11]). We consider herein a
porous medium saturated with a fluid composed of two
phases: liquid and gas. According to the application we
have in mind, the fluid is a mixture of two components:
water (mostly liquid) and hydrogen (H,, mostly gas).
Water is present in the gas phase through vaporization,
and hydrogen is present in the liquid phase through
dissolution. The fluids are compressible and the model
is assumed to be isothermal. For simplicity, we assume
first the porous medium to be rigid, meaning the poros-
ity @ is only a function of the space variable @ = @ (x),
and second, we neglect the pressure-induced dilation of
gas pathways. Hydrogen being highly diffusive, we have
described in detail how the diffusion could be taken in
account in the models.

2.1 Petrographic and fluid properties
2.1.1 Fluid phases

The two phases will be denoted by indices / for liquid
and g for gas. Associated to each phase in the porous
media are the following quantities:

— Liquid and gas phase pressures: p; and p,

— Liquid and gas phase saturations: S; and S,

— Liquid and gas phase mass densities: p; and pg
— Liquid and gas phase viscosities: u; and g

— Phase volumetric flow rates, q; and q,
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Then, the Darcy—Muskat law says:

= _ k(S —
q = K& (Vpr — pg)

4 = K05 (Vg — peg) 1)
where K(x) is the absolute permeability tensor, kr; and
kr, are the relative permeability functions, and g is the
gravity acceleration.

The above phase mass densities and viscosities are all
functions of phase pressures and of phase composition.
Moreover, phase saturations satisfy

Si+ S, =1 )

and the pressures are connected through a given exper-
imental capillary pressure law:

pc(Sg) = Dg — DI (3)

From definition Eq. 3, we should notice that p. is
strictly increasing function of gas saturation, p,.(S,) > 0.

2.1.2 Fluid components

Water and pure hydrogen components will be denoted
by indices w and h. Since the liquid phase could be
composed of water and dissolved hydrogen, we need to
introduce the water mass density in the liquid phase p;

and the hydrogen mass density in the liquid phase p}".
Similarly, we introduce the water and hydrogen mass
densities in the gas phase: p;’ and pg. Note that the
upper index is always the component index, and the
lower one denotes the phase. We have, then,

pr = p,w + ,Olh, Pg = ,0; + pg' (4)

Since the composition of each phase is generally un-
known, we introduce the mass fraction of the compo-
nent i € {w, A} in the phase « € {g, [}

i
i_looz,

@ s

. ol ol =1, aelgl) 5)
Pa

2.2 Mass conservation equation

The conservation of the mass applies to each compo-
nent i and reads, for any arbitrary control volume %:

dm!

W—FF:L@, lE{u},]’l}. (6)
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where

— m' is the mass of the component i, in the control
volume Z, at given instant ¢.

— F'is the rate at which the component i is leaving
(migrating from) the volume Z, at given instant ¢.

- Z'is the source term (the rate at which the i
component is added to Z by the source).

The mass of each component i is a sum over all phases
gand!:

m :/ @ (S,p,wf+Sgpgwg) dx, ie{w, hj
R

In each phase, the migration of a component is due to
the transport by the phase velocity and to the molecular
diffusion:

= [ (pojar+ oo+ +) -mdx i (w.h)
EEZ4

where n is the unit outer normal to 9%. The phase flow
velocities, q; and qg are given by the Darcy-Muskat law
Eq. 1, and the component i diffusive flux in phase « is
denoted ji, i € {w, h}, @ € {g, [}, and will be defined in
the next paragraph, by Eq. 12. From Eq. 6, we get the
differential equations:

d
@ 8—t(Sl,o,w}” + Sgpga’gw)
+div (o + poag + i +iY) = 77, (7)
d
@a—t(Slpla)lh + Sg,oga)g)

+ div (p;w?qz + pgaliqy + ' + jg) — 7 (8)

2.2.1 Diffusion fluxes

From M" and M", the water and hydrogen molar
masses, using definitions Eq. 5 we define the following
water and hydrogen molar concentrations in each phase

a € {gl}:

p Sapll Sepaodl L Supl  Sapawl ©
Co = ME T MR « T Mw T Mw )

Then, the phase o« molar concentrations, @ € {g, [}, is:

ol w?
Ca=CZ+CZ)=Sapa<ﬁ°;l+ “). (10)

Mw

Usually, component i diffusive flux in phase « is as-
sumed to depend on X!, the component i molar frac-
tion in phase « € {g, [}, defined from Eqgs. 9 and 10:

Xh _ i _ wt}xl
“ e ol (MY M)y’
Ca Dy : :
X = T e ey 2 Xe=1 (D
o o i=h,w

for « € {l, g}. Molar diffusive flux of component i in
phase « € {g, [} is given by

J,=—c,D\VX,; aec{gl), ic{w h

and give molar diffusive flow rate of component i
through the unit area. Coefficients D" and DY (unit
L?/T) are Darcy scale molecular diffusion coefficients
of components in phase « € {g,/}. Mass flux of com-
ponent i in phase «, in Egs. 7 and 8 is then obtained
by multiplying the above component molar diffusive
fluxes, fo, by the molar mass M; of the component i,
and by the rock porosity:

jl=—oM'c,D'VX" jr=—0®M"c,D'VX". (12)
Remark I The number of unknowns in the system is
eight: S, p”, ', pi. Se. Py, pé}, and p,; but, up to now,
we only have four equations, Egs. 2, 3, 7, and 8, and
therefore, four additional equations are needed to close
the system.

Remark 2 Note that D and D? are not exactly mole-
cular diffusion coefficients in phase «, corresponding
to molecule-molecule interactions in free space, but
D!, a€lgl}, and i € {w, h} are effective diffusion
coefficients, obtained from the strict molecular diffu-
sion coefficients by a kind of averaging through the
whole porous medium (see Section 2.6 in [2], or [8] or
[6]). Moreover, for simplicity, we have not included in
diffusion of component i in phase « any dependency on
phase saturations, and then, we did not consider pos-
sible nonlinear effects coming from coupling between
advective—diffusive transport (“dusty gas” model) and
molecular streaming effects (Knutsen diffusion) (see,
for instance, [10]).

Remark 3 In a binary system, diffusive fluxes satisfy
Jz +jy =0, for a € {g, !}, and therefore, we have

M"D! = MDY, «e{g ). (13)
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2.3 Phase equilibrium black-oil model

The additional equations needed to close the system of
Eqgs. 2, 3, 7, and 8 will come from the assumption that
the two phases are in equilibrium; equilibrium meaning
that at any time the quantity of hydrogen dissolved
in the water is maximal for the given pressure, and
similarly, the quantity of evaporated water is maximal
for the given pressure. Composition of each phase is
then uniquely determined by its phase pressure and
saturation. In this flow situation, we say that water and
gas phases are saturated. Nevertheless, it could happen
that one of the phases disappears: either water can
completely evaporate or hydrogen can be completely
dissolved in the water. Then, in these situations, the
composition of the remaining phase is not uniquely
determined by its phase pressure, and the phase com-
position becomes an independent variable (instead of
the saturation, which is now constant, 0 or 1). This flow
situation corresponds to the so-called unsaturated flow.
For unsaturated flow, the standard practice in petro-
leum reservoir engineering is to introduce the following
quantities:

— Liquid and gas formation volume factors, B; =
Bi(p»), Bg = Bg(py)

— Solution gas/liquid phase ratio Ry = Rs(p;)

—  Vapor water/gas phase ratio R, = R,(p,)

The explanation of formation volume factors and solu-
tion component/phase ratios, as used in the oil reservoir
modelling, is as follows. Considering the volume AV}
of liquid at reservoir conditions (reservoir temperature
and pressure), when this volume of liquid is transported
through the tubing to the surface, it separates at stan-
dard conditions to a volume of liquid AV} and a
volume of gas AVgtd (coming out of the liquid, due
to the pressure drop). At standard (i.e., stock tank)
conditions, the liquid phase contains only an oil com-
ponent (here only water component) and the gas phase
contains only a gas component (here only hydrogen).
Then, applying conservation of mass,

AVrespl AVstdpstd + AVstdpstd

and denoting the solution gas/liquid ratio R; =
AV AV, we may write:

Avlresp[ Vstd <pstd +R pstd> ,

and the liquid phase mass density decomposition

std + Rs pgtd

PZZ—,

5 (14)
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where B; is the liquid formation volume factor, B; =
AVI®/A Vftd. Similarly, from AV*pg and the gas for -

mation volume factor By = AVE*/AV3Y, we get the
gas phase mass density decomposition

std + Rvplstd (15)
pg = —;
By
where the vapor water/gas phase ratio R, = AV;'/
AV;‘d. Now, in order to express the diffusion fluxes in
terms of the new variables R, R,, B, and B,, we have
to rewrite the molar concentrations defined in Eq. 9:

Ch B Sl Rsp?d o Slpstd
oM N T MvBY
td d
Ch = Sgp; Cw = SngplSt . (16)
¢§~ MFB, "¢ MvB,

These concentrations, defined in Eq. 16, may be slightly
different from those previously defined in Eq. 9 if the
gas at standard conditions is not composed only of
hydrogen, and the liquid, also at standard conditions,
is note made only of water. The phase molar concen-
trations, from Eq. 16, are then given by:

std

Sl Y/OStd pstd S[ o
h w 8 l g
= —_— RY F ’
g=c¢ +¢ = B1<M” +Mw BMh(‘+ )
Se (P84 Ryp\ S, o3¢

= =5 (Mh+ T R T
where F is given by:

Mh std
F = M) Std. 17)

The component molar fractions in phase are now
defined as:

i Rypp _ K
l ¢ Rspés,’td + (Mh/Mw) plstd Rs + F’
xp =L o —
! C std (M“’/Mh) std R, + F
Xh = C—Z = pztd = l
§ 7 g ppdg (M/MY) R T 1+ FR,
c? R pstd FR
w __ 8 vl
Xy =% . (18)

Cq = Rvplstd (Mw/Mh) sd 1_|_FR

Mass diffusive fluxes of components, defined in Eq. 12,
depend on component molar fractions in phases; they
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have, then, to be rewritten. For instance, the mass
diffusion flux of hydrogen in water takes now the form:

Mh S[ std
std B Mh
S, F

= -0 ——_DI'VR,.
B, R+ F

it/edd = — (Ry + F) DIV X}

Other diffusion fluxes could be obtained by similar
calculations, leading to the following formulas:

Sl F
std h
= — ——DJ/VR
1 w
o =ji' /o = Eml)l VR, 19)
S
S F
std __ 'S h
= = ———D'VR,,
b =Js/ P} Bg1+FRU ¢V Ry
w S 1 »
¢ _Jé/pstd__ B_‘ZngvRv (20)

Remark 4 Let usrecall, like in Remark 3, that the diffu-
sion coefficients satisfy M" D} = M Dy’ and M" D) =
M" Dy, and, 11k'e in Eq. 11, Y X =1,
phase « € {/, g}, in Eq. 18.

i—hw for any

The Darcy fluxes Eq. 1 can now be rewritten in the
following form:

k
q= K (VPI -
I

kr sld+R Iostd
—£ Vpg—B—g ,
Mg g

and the component fluxes, normalized by standard den-
sities, are:

std+ R pstd
B, &)

q; = —

= qul ngg [ g’
R 1
¢" = ﬁqz Tt o) + ol (21)

Finally, we can write mass conservation Egs. 7 and 8 in
the following form:

3 S[ Rng . wy\ . grw std

¢a—t (E+ Bg ) +div(¢") = F /pl ’ (22)
8 S[Rs Sg . h h td

o0 _ o, 2
at( B Bg) v (¢ ) 7 =

These equations have to be completed by Eqgs. 2 and 3.
For instance, in Eqgs. 22 and 23, we can take saturation
and one of the pressures as independent variables,
for example, S; and p;, and for the other terms the
following functional dependencies:

Bi(pn), Bg(pg), Re(p), Ru(py),
wi(po), /J/g(pg)y krw(Sg)v krg(Sg)'

According to their definition, F, o3¢, p*¢, and D, (« €
{l,g},i € {w, h}) are constants, and & and K depend
only on space position.

2.3.1 Unsaturated flow

Equations 22 and 23, with saturation and pressure
as unknowns, are valid if there is no missing phase
(saturated flow); but if one of the phases is missing
(unsaturated flow), equations and unknowns have to
be adapted. There are two possible unsaturated cases,
according to either the gas phase or the liquid phase
disappearing:

1. Gas phase missing (Hydrogen totally dissolved in
water): then, we have S, =0, S, =1. General-
ized gas phase Darcy’s velocity is equal to zero
since kry(0) = 0. Independent variables are now
pi1, the liquid phase pressure, and Ry, the solution
gas/liquid phase Ratio; then, we must write B; =
Bi(pi, Ry) and w; = p(pi, Ry), for 0 < Ry < Ry(py),
where Ry(p) is equilibrium solution gas/liquid
phase ratio.

2. Liquid phase missing: then, §; =0 and S, =1.
Generalized liquid phase Darcy’s velocity is zero
since kr, (S, = 1) =0; independent variables are
now p,, the gas phase pressure, and R,, the water
vapor/gas phase ratio, become the new indepen-
dent variables. However, pressure p; can be kept
as an independent variable since p, could be ex-
pressed through the capillary pressure law Eq. 3.
We must also write B, = Bg(p,, Ry) and g =
ng(pg, Ry), for 0 < R, < R,(pg), where R,(pg) is
the equilibrium water vapor/gas phase ratio.

These above conditions can be summarized as

Se =0, R(p)—R,=0, (Ry(p)—R)S,=0, (24)

$12 0. Ru(p)—R=0. (Ry(pg)—R.)S;=0. (25)
Remark 5 In this last section, “Phase equilibrium
black-oil model,” we did not take in account a possible

interplay between dissolution and capillary pressure.
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2.4 Thermodynamical equilibrium Henry—Raoult
model

Another way of closing the system of Egs. 2, 3, 7,
and 8 is to use phase thermodynamical properties for
characterizing equilibrium. First, we use ideal gas law
and Dalton law,

Ps = Py + D (26)

where p;’ and p’g are the vaporized water and hydrogen
partial pressures in the gas phase, and

pg—pé RT, ph—péRT (27)

Mw 8 Mt
T is the temperature, R is universal gas constant, and
M and M" are the water and hydrogen molar masses.
Next, we apply Henry’s and Raoult’s laws, which say
that, at equilibrium, the vapor pressure of a substance
varies linearly with its mole fraction in solution. In
Henry’s law, the constant of proportionality is obtained
by experiment, and in Raoult’s law, the constant is the
pressure of the component in its pure state. Here, we
will assume, for simplicity, that the quantity of dissolved
hydrogen in the liquid is small; then, these laws reduce
to the linear Henry’s law, which says that the amount
of gas dissolved in a given volume of the liquid phase
is directly proportional to the partial pressure of that
same gas in the gas phase:

= H(T)M" p}, (28)

where H(T) is the Henry’s law constant, depending
only on the temperature. For the liquid phase, we apply
Raoult’s law, which says that the water vapor pressure
is equal to the vapor pressure of the pure solvent, at
given temperature, multiplied by the mole fraction of
the solvent. The water vapor partial pressure of the
pure solvent depends only on the temperature and,
therefore, is a constant, denoted here by p“’(T), SO we
have from definition Eq. 9

plw
p + (M2 /M") pf

pY = pL(DXP = pU(T) (29)

Further on, we can include in formula Eq. 29 the pres-
ence of capillary pressure, by using Kelvin’s equation
(see [4]), which gives:

w
Pi e~ M" pe/(RTp). (30)

pg _pg( ) w—‘,—(Mw/Mh)plh
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If now, to Eqgs. 26-28 and 30 we add the relations

o+l =p. pE+ Y = pg. (31)

and the water compressibility, defined by

plstd
w _ i 32
P Bi(py) (32)

then, we have eight equations: Egs. 26, 27, ,, 28, 30,
31,2, and 32 and 10 unknowns:

plv pgs pg7 pgv plha p[ws lols ,027 ,0;;’ pg~

We may, for instance, parametrize all these 10 un-
knowns by the two phase pressures p; and p,. For this,
we should combine the Henry law Eq. 28, the Raoult—
Kelvin law Egs. 30 and 26 leading to the system of two
equations for p’; and py’:

o
p + (MvH(T)) ph

pg = Pg(T)

% ~M" (pg=p/(RT (o' +M" H(T)pl)

LW h
pg - pg + pg'
It is easy to show that the above system of two equa-
tions has a unique solution py, pg > 0 for any p, >
f)fg"(T), and solving this system, we obtain

py = f(pg.p). Pt=gpg. P

By Eq. 27,2, we can then write pg, e and pg as
functions of p; and pg, and by Egs. 28 and 32, we can
finally express p!', p/’, and p; as functions of the phase
pressures.

Remark 6 The gas phase will appear only if there is a
sufficient quantity of dissolved hydrogen in the liquid
phase, and this quantity is exactly the dissolved gas
quantity, at equilibrium, given by Henry’s law. How-
ever, when the dissolved gas (hydrogen) quantity is
smaller than the quantity of hydrogen at equilibrium,
then the Henry law does not apply, and S, is then
equal to zero and could not be taken as unknown. In
this situation, instead of saturation, we may take plh as
an independent variable. We notice that the Henry—
Raoult model based on thermodynamical equilibrium
leads to similar concepts as the ones developed for
establishing the black oil model for reservoir modeling.

Remark 7 In the Henry—Raoult model, if there is no
vaporized water, p, = pf, the criteria for nonsaturated
flow is simple and reads

:01

wHT) < Ps= Pt PO (33)
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if there is a threshold pressure, i.e., p.(0) # 0. The same
criterion can be used also if there is vaporized water, as
long as the pressure in porous medium is much larger
than vaporized water pressure.

Remark 8 In Henry-Raoult model, above, we were
assuming, for simplicity, no complete evaporation of
the water.

2.4.1 Comparison of equilibrium models

We will now consider in more detail a special case,
where we may, from the Henry—Raoult model, get back
the black oil model. In both models, we will then use
diffusive fluxes developed in Section 2.3. For simplicity,
we will neglect in Eq. 29 the influence of capillary
pressure and solved gas on water vapor partial pressure,
leading to py = ﬁ;,“(T) being a constant. Then, we have
from Eqgs. 28, 32, and 31

std

P
pr=pl+p = HT)M"pl + P épl)
P+ Bi(p) H(DM" (p, — by (1)) "
B Bi(p1) ’
and also, from Eq. 27,
M" .
pe =0+ o = 2 (Pe = By (D)) + 2= PY (D). (39)

Therefore, Egs. 34 and 35 can be written in a form
similar to Egs. 14-15 by defining the gas formation
volume factor By, solution gas/liquid phase ratio R,
and vapor water/gas phase ratio R,, from the above
thermodynamical relations:

H(T)M" 0
Ry = Bitpp o (ps — (D) (36)
Pg
RTpM 1 pg(T
B, = Py ’ RUZ_L(AW), (37)
M (pg—pg“(T)) Epe=py(D

where F is given by Eq. 17.

Compared to the black oil model, Section 2.3, here,
it is clear from Eq. 36 that the solution gas/liquid phase
ratio R, depends on p; and p, and not only on p;.

Remark 9 For the case without any water vapor, the
corresponding thermodynamical model is obtained
simply by taking py (T) = 0 in Egs. 36 and 37 and R, =
0 in Egs. 22 and 23. In the same way, if we neglect dis-
solved hydrogen, the corresponding thermodynamical
model is obtained simply by taking H(7) = 01in Egs. 36
and 37 and R; = 0 in Eqgs. 22 and 23.

2.4.2 Model assuming water incompressibility
and no water vaporization

In the Henry—Raoult model, we assume now that the
water is incompressible and the water vapor quantity is
neglectful, i.e., the gas phase contains only hydrogen,
then (see Remark 7), pg = pg and py = p;(T) =0 in
Eq. 37, leading to R, =0. Formulas Eqgs. 36 and 37
could be rewritten as

B[ = 1, RS = Chpgs o Cupg9 (38)
g
where we have denoted
H(T)M" M"
Ch=—F"—, Ch=——, 39
h p;’td RTpés’td ( )
and Egs. 14-15 become:
pI(Ry) = p]'" + Rep$®,  pg(pg) = Cup py. (40)

Similarly to constant F defined by Eq. 17, we use the
density ratio

td
o]

G= pg,td (41)
and Egs. 22 and 23 reduce to
S,
®— +d - =) =7"/p", 42
> aiv(w- g8) = #0 ®2)
9
(Da_t (SiRs + CypgSy)
+div (R + Copygg +3) = 7"/}, (43)
kry
q = —K— (sz - ( 9+ Rsp?d) g) :
kr
q; = _K_g (ng - Cup?dpgg) ; (44)
Mg
DS F .,
J=——"—D}VR;, 45
R+ F “5)

where we have denoted ¢ = J and used Remark 3 to
get FD)' = GDy, from which it follows ¢ =-J/G.
Here, there is only hydrogen in phase gas, pg = Py
and Henry’s law assumes thermodynamical equilibrium
in which quantity of dissolved hydrogen is proportional
to gas phase pressure. In saturated case (where two
phases are present), Henry’s law reads R, = Cj, p,, and
we can then work with variables p, and S; in Egs. 42-45.
When the gas phase disappears, the gas pres-
sure drops to the liquid pressure augmented by en-
try pressure, p, = p; + p.(0), the liquid can contain
any quantity of dissolved hydrogen pg between zero
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and  Cpp$(pr + pc(0)) = H(T)M"(p1 + pc(0)), from
Henry’s law (see Eq. 28 and definition Eq. 39).

Then, when the gas phase is absent (one of the unsat-
urated cases), S, = 0, we will replace saturation, as we
did in the black oil model for the same unsaturated case
in Section 2.3.1, by a new variable Ry (see definitions
Eqgs. 28, 36, 39), such that
Rypg = pff
is the mass density of dissolved hydrogen in the liquid
phase.

Assuming that, at standard conditions, the gas
phase contains only hydrogen (hydrogen component
mass~gas phase mass) and the liquid phase contains
only water, with water incompressibility and no va-
porized water, we see that, in definition Eq. 36, R; =
pl'/pf = AV / AV, which is exactly the definition
given in the black oil model in Section 2.3.

The physical meaning of R; then stays the same ei-
ther in Henry—Raoult or in black oil models even in the
unsaturated case. Moreover, from mass conservation
law, it follows that the dissolved hydrogen mass density
Rs,oz;‘d is continuous when the gas phase vanishes, and
this can be expressed as a unilateral condition:
0= Sg <1, 0=<R,=< Cth, Sg(Cth - Ry) =0.

In unsaturated region, where S; =1 (that is, S, =
0), we replace variable S; by R,, and Eqs. 42-45
degenerate to:

1
div (q[ — 5J> = yw/plStd; (46)
aRs . _ grhy std.
¢ — = +div (Reqi +J) = 7"/ p3<; (47)
q = —Kx(1) (v pr— (,O,Std + Rspg‘d) g) ; (48)
OF
J=———_DIVR,. 49
R+ (49)

2.5 Saturated/unsaturated state, general formulation

Finally, in the saturated region, we used p; and S, as
variables in Eqgs. 42-45, but in the unsaturated region,
we should use other variables, p; and Ry, in Egs. 46—49.
In order to avoid the change of variables and equations
in different regions as above, we prefer to introduce a
new variable

X=0-8)R;+ CypgSy; (50)

in view to make Eq. 43 parabolic in X.

@ Springer

This new variable X is well defined both in satu-
rated and unsaturated regions. Moreover, from Eqgs. 38
and 28, R, = pl”/,ogtd; from Eq. 40 C,p, = pg/p?d, and
since p, = pg, this new variable X is a “normalized total
hydrogen mass density”: X = (Sip} + Sgpop)/pgd. It is
easy then to see that parabolicity is possible only if we
take liquid pressure p; as another independent variable.

Knowing that, in the saturated case, S, > 0, R, = C;, p,
from Henry’s law, we may write X defined in Eq. 50 as:

(Ch (1= Sg) + CuSg) (P14 pe (Sg)) if Sg >0
R, if Sg = 0.
(51)

X =

Since, for capillary pressure, defined as a function of
gas saturation, we have p.(Sg) > 0, and since usually,
like for hydrogen, in Eq. 39 w = C,/C), > 1, we get the
following bounds:

a(Sg) = Cn (1= Sg) + CuSg € [Cn, Co].,
d(Sg)=C,—Cp=Cy>0. (52)

Then, for any S, > 0 from Eq. 51:

aX

O = Ca (it pe(Se)) +a(S5) P (89) = 0.
8

and therefore, for each p; > 0, we can find inverse
function S, = S, (p;, X), which satisfies

S
a—)‘(g>0 for S, > 0.

After taking derivatives with respect to p; and X of
Eq. 51, we obtain:

38, a(8) x (P X)
opi CaX+a (Sg)2 Pe (Sg)’

98, __ 4 (Sg) x (pr. X)
X CaX+a (Sg)2 e (S) ’

(53)

where x(p;, X) is a characteristic function of the
set {X > Cy(p; + p:(0)}. In Eq. 53, we remark from
Eq. 52 and definition Eq. 3 that 9S,/0p; < 0.

Let us note that property

P(Sg=0) = +o0, (54)

of van Genuchten p. functions, leads to continuity of
the two above partial derivatives since we have

. 8S, a8,
lim —2 = lim —2 =
S;—0 ap[ Sg—0 0X

0.
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We now
defined as

introduce auxiliary function N(p;, X),

CaX

N(p, X) =
CaX+a (Sg)2 Pe (Sg)

x(pi, X) €[0,1),

which verifies

L aS
x(pi. X) + pl.(Sg) —= = N(pi. X),

apr
0S 1—-N(p, X
Pe (S) a_; = %x(m, X). (55)
g

Note that function N(p;, X) is continuous under condi-
tion Eq. 54.

Darcy’s fluxes in Eq. 44 and diffusive flux Eq. 45 now
take the form, with p, = p; 4+ p.(S),

Q= —K (S,) (v pr— (pftd + Ry(p1, X )p;“‘) g) (56)
qy=—Kig (Sg) ) (VPH‘VPC (Sg)

— Copypg(pr, X )g), (57)

?(1—S,) F

——— 297 phyR.(p. X): 58
Ropr X) + F 0LV Rl X (58)

where S, is a function of p; and X and where R,
defined as in Eq. 38, can now be expressed in both
saturated and unsaturated regions as a function of new
variables p; and X:

Ry(pi, X) = min(Cp, py(p1, X), X),
Ps(pi, X) = pi+ pc(Sg(p1, X)).

After expanding the capillary pressure gradient in
Eq. 57 and the gradient of R; in Eq. 58, we may write:

, aS
qs = — K)‘g(Sg)(I:I + P (Sg) 3_Pfi| Vpi

o aS S
+pL' (Sg) T;VX—Cupgtdpg(pla X)g)a

_ PU=Sy(pr X)F

.S
Dj/Cux <1+P"(Sg)a_;) Vpi

Ri(p1, X)+F

@ (1= S.(p1, X)) F 3

- ( . ) DiCip, (Sg) 7=V X
Ri(pr, X)+ F 0X
OF

— D' — ) VX.
xpPi=x

From Eq. 21 water component flux ¢* and hydrogen
component flux ¢", with the assumptions of incom-
pressible water and absence of water vapor, reduce to

9" =q -+ =— (ALVp+ALVX+B), (59

¢h = Ryq + Cypgqg + ¢;l
=— (A1 Vpi+ A3nVX + By), (60)

where the coefficients A;;(p;, X) and B;(p;, X) are

given by the following formulas (note that, from Eq. 45,
¢! =Jand ¢} = -J/G):

@(1—S,)F

(R + F)G

D(1—8,)F1—N

(Rs+ F)G a(S,)

Ay (pr, X) = KA(Sg) Ry 4+ Khg(Sg)Cupg N

o(1—8,)F

R+ F
1-N

A , X) =Ko (Sg) ——Cypg

22(p1, X) ¢(S) a(S) DPg

D(1—S,)F1—N

R+ F a(S,)

Bi(p1, X) = —Kn(S,) [/Olstd + Rs,o?d] g, (65)

Ap(pr. X) = K (Sg) — D'C,N,  (61)

Ava(pr X) = D}Cy, (62)

DI'CyN, (63)

D}/ Cy, (64)

Ba(pr. X) = K (So) R [ o7 + Rup} | &
—Khg(Se) Corg g (66)

where we have used Eq. 55 and A4(Sg)(1 — x) = 0.
Equations 42-45 become:

oS Bpl . ~ ~ ~
—p—E2 = _div(A,,V A.VX+B
05, 0X
) 8 Z}‘w std 67
_BX_Bt /0 (67)

'
o2 div(Az,lv P+ A VX + Bz) — 7" 3,
ot
(63)

The gain in this form is that Eq. 68 is a parabolic
equation for X since

1-N
Aza(pr, X)§ - & =KE 'g)\g(Sg)vapg
g

?(1—-S)F1-N
R+ F  a(S,)

DICy &
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is strictly positive in the whole domain if the diffusion
and capillary pressure are not neglected.

If we eliminate diffusive terms from Eq. 67 (the
“pressure equation”), by forming an equation for total
flow ¢, defined in Eq. 69, that is summing Eqs. 68 and
67, we obtain

bt = Go” +¢" = (G+ R)q + C,peqq

=—(A1/Vpi+ A12,VX + By), (69)

where G is the density ratio defined in Eq. 41, and
coefficients Ay ;, Ay, and B, are given by:

Avi(pr, X) = GAry + Ayt = Ka(S) (G + Ry)

+Kag(Sg) CopgN. (70)
Ava(pr, X) = GAp+ Ay
1-N
= Kp(S.) e C, pes 71
g( g) a(Sg) Pg (71)

Bi(pi, X) = GB, + B,
= —Kkl(Sg)(G + Ry) X [,olstd + Rs,oz,td] g
— Kig(Sg) Cooy prg. (72)

Now, the “pressure equation” Eq. 67 is transformed to:

aS,d .
— Gq)—gﬂ —div (Al,lvpz + A1, VX + Bl)
ap; ot
S, 0X
o1 = G—g = _ GV std yh std.
+ ( 8X> o1 /o7 +F 7 py

(73)

With this last formulation, we see that the pressure
equation Eq. 73 is parabolic/elliptic equation in p; since

A (pr. X0 - & = K& - £1,(S,) (G + Ry)
+KE - E14(S) Cope N,

is strictly positive, independently of presence of dif-
fusion or capillary forces, and the coefficient in front
of dp;/dt is positive since, as we remarked in Eq. 53,
0Sg/dp; < 0.

Finally, the transport of water and hydrogen is de-
scribed by differential Eqgs. 73 and 68, which are rewrit-
ten here, using Egs. 60 and 69, in the form

ad .
@5‘ (X — GSg(pla X)) + le (¢t0t)
_ Gyw/plstd + fh/p‘?d, (74)

OX e [ h\ _ gh st
<D¥+dlv<¢ ) =7"/p (75)

g
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where the fluxes are given by Egs. 60 and 69, while
the coefficients are given by formulas Egs. 61-66 and
Eqgs. 70-72.

2.5.1 Boundary conditions

Equations 74 and 75, given in porous domain €2, must
be complemented by initial and boundary conditions.
Following [3], we assume that the boundary 92 is di-
vided in several disjoint parts: impervious, inflow, and
outflow boundaries. We present now a set of standard
boundary conditions on each of these boundary parts.

—  On impervious boundary I'jp, we take Neumann
conditions:

G -v=0 and ¢"-v=0. (76)

— Oninflow boundary when pure water is injected, we
impose, for hydrogen component, X = 0 and, for
liquid pressure, either p; = pjin Or ¢ - v = Og.

— On inflow boundary, when pure gas is injected,
we have ¢”-v =0 and we can impose, for the
pressure, total injection rate, which is then equal to
gas injection rate:

b v =0 =¢" v (77)

—  On the outflow boundary, when liquid is displaced
by gas, we have the possibility to impose for gas
phase X =0 and for liquid pressure p; = pjout,
only before gas reaches this outflow boundary
(breakthrough time). Alternatively, with the same
Dirichlet condition for liquid pressure, for gas satu-
ration, we can set either Neumann condition VS -
v = 0, or Dirichlet condition S, = 0.

2.6 Model without capillary pressure, diffusion,
or gravity

When capillary pressure is neglected, we have only one

pressure p, = p; = p, then definition Eq. 51 of variable

X simplifies to:

Y- (Ch(1 = Sg) + CuSg) p %f Se>0 (78)
R, it S, =0,

and partial derivatives Eq. 53 can be calculated
explicitly,

S, X
—£ = X
op CAPZX(p, ),

95 _ 1
8X_CAP

x(p, X),
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where x(p, X) is the characteristic function of satu-
rated region, as before.

When we neglect capillary pressure, and also diffu-
sive and gravity fluxes, the system of Eqgs. 74 and 75
reduces to the following two equations:

qba% (X = GSg(p, X)) + div (¢,

=GF"/p +.F"/p (79)
o2 aiv( 1. X09) = 10}, (80)
where
bior = — Ao (P, XIKVD,  ¢" = f'(p, )b (81)

Total mobility A (p, X) and hydrogen fractional flow
functions f”(p, X) are defined by:

Aot(ps X) = 11(Se) (G + Ry(p, X)) + 1g(Sg) Co P,
A'(p, X) = 0(Sg) Ry(p, X) + 2g(Sg) Cup,

_ ANp.X)

N Aot (P, X).

The system of Eqgs. 79-81 is very close to immiscible
two-phase system (see, for instance, [3]); the only dif-
ference in hydrogen transport Eq. 80 is the presence of
R,(p, X) in fractional flow function f*(p, X), and if we
write pressure Eq. 79 in the form

f(p. X)

ap . Gy \ 0X

Gx® - +d o(1-2)—

X CAPZ Jt v (¢t0t) + ( CAp) ot
= GF"/p + F'p3e, (82)

then we see that the presence of dissolved gas intro-
duces an additional “source” term in total flow Eq. 79,
namely, @(1 — Gy /(Cap))d X/ot.

Remark 10 Considering the boundary conditions de-
fined in the previous section, on the boundary part
where there is hydrogen outflow, to impose a Dirichlet
condition on X will lead to a boundary layer.

3 Numerical simulations

This section presents two test cases and their simula-
tions using the new formulation given by system Eqs. 74
and 75. Both test cases are not built to correspond with
particular real situations but rather to illustrate the gas
appearance phenomenon. Assuming horizontal two-
dimensional problems, gravity effects are neglected in

both cases. The first test case is a one-dimensional-
like situation where hydrogen is injected through an
inflow boundary, and the second test case is a two-
dimensional situation where hydrogen is injected via a
volume source term.

3.1 Setting test cases
3.1.1 Physical data

In the two test cases, we consider the same isotropic
porous medium with a uniform absolute permeability
tensor K = k, where k is scalar and a uniform porosity
@. The capillary pressure function, p., is given by the
van Genuchten model (see [12]) and relative perme-
ability functions, kr; and kr,, are given by the van
Genuchten—Mualem model (see [12] and [13]). Accord-
ing to these models, we have:

pe= P (5" 1) k=S (1 (1= sUm))
and kry = /1 — Sie (1 - Szle/m)zm

S — S, 1
_ Ol 7 o d S
=S, —8, &nm n

with S, =
where parameters P,, n, Sj, and S, depend on the
porous medium. Values of parameters describing the
considered porous medium and fluid characteristics are
given in Table 1. Fluid temperature is fixed to T =
303 K.

3.1.2 Test case 1

In the first test case, we consider the domain 2' =
[0m1; 200m] x [—10m ; 10m] with an impervious bound-
ary Firlnp = [Om ; 200m] x {—10m, 10m}, an inflow
boundary I3} = {Om} x [—10m; 10m], and an outflow

Table 1 Values of porous medium parameters and fluid
characteristics

Porous medium parameters Fluid characteristics

Parameter Value Parameter Value

k 510720 m? Dy 3107 m%/s

@ 0.15 (—) w 11073 Pa.s

P, 2 10° Pa g 9107° Pa.s

n 1.49 (—) H(T=303K) 7.65107°mol

Pa!m3

Si 0.4 () M, 102 kg/mol

Ser 0(-) M, 21073 kg/mol
pid 103 kg/m3
p3 8 1072 kg/m?

@ Springer
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boundary I, = {200m} x [—10m ; 10m]. The follow-
ing boundary conditions are imposed:

— ¢wi-v=9¢"-v=0 on the impervious boundary
Ty

~ ¢t v =¢" - v = Q" on the inflow boundary I}

- X =0and p; = p/,, on the outflow boundary I,

where Q’(} and p}’out are constant scalars. Source terms
are fixed to zero (" = .Z* = 0). Initial conditions are
X(t=0)=0and p)(t=0) = p;,, on Q. The bound-
ary parameters are fixed to Q" = 1.5 10 m/years and
Pl ou = 10° Pa.

3.1.3 Test case 2

In the second test case, we consider the domain
22=[0m ; 200m]x[—100m ; 100m] with an outflow
boundary I'Z, = 3£2% and where B; = [90m ; 110m]x
[—10m ; 10m] is the support of hydrogen source term.
On the outflow boundary I'2,, we impose X = 0 and
PI= D] oy SOurce terms are defined by #" = F} x s> and
" =0. Initial conditions are X (¢t=0)=0 and p;(t=
0) = pj oy ON £2°. Here, p} . and F; are constant scalars
fixed to pj., =10°Pa and F} =810~ kg/m’/s ~

2.5 107 kg/m’/year.
3.2 Numerical results

System Eqgs. 74 and 75 is a coupled nonlinear partial
differential equation system. Numerical simulations use
an implicit scheme for time discretization, a finite-
volume scheme (using multipoint flux approximation)
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Fig. 1 Test case 1: spatial evolution along the line %%, of the
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total hydrogen molar density /1)57 X at several times ¢ (in years)
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Fig. 2 Test case 1: spatial evolution along the line %%, of the
liquid pressure p; at several times ¢ (in years)

for space discretization and a Newton—-Raphson-like
method to solve nonlinearities. All computations are
performed with the Cast3m software (see [16]).

In both cases we present, at several times, spatial
evolutions of the liquid pressure, the total hydrogen
molar density, and the gas saturation along the line
Zewt = [0m ; 200m] x {Om}. Computations are per-
formed since the time ¢ = 0 up to the stationary state.

3.2.1 Results and comments

Results of test case 1 are plotted on Figs. 1, 2, and 3.
std
The total hydrogen molar density %X (Fig. 1), the
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Fig.3 Test case 1: spatial evolution along the line %y of the gas
saturation S, at several times ¢ (in years)
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Fig. 4 Test case 2: spatial evolution along the line %y of the

total hydrogen molar density

v X at several times # (in years)

liquid pressure p; (Fig. 2), and the gas saturation S,
(Fig. 3) are plotted at times t = 1 10%, 2.5 10*, 5 10%,
1.1 10°, 2.5 10°, and 5 10° years. Results of test case 2
are plotted on Figs. 4, 5, and 6. The total hydrogen

molar density %‘X (Fig. 4), the liquid pressure p;
(Fig. 5), and the gas saturation S, (Fig. 6) are plotted
at times ¢ = 50.1, 125, 355, 2820, 2 10*, and 10 years.
In both cases, we can identify three characteristic
times: at t = T, the gas phase appears; at t = T, the
maximum liquid pressure is reached; at ¢ = T3, the

x 10
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Fig. 5 Test case 2: spatial evolution along the line %%, of the
liquid pressure p; at several times ¢ (in years)
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Fig. 6 Test case 2: spatial evolution along the line % of the gas
saturation S, at several times ¢ (in years)

system is close to the stationary state. For test case 1,
we have

T,~2 10* vears, Ty~1.1 105years and T5~5 105years;
for test case 2, we have

T, ~ 90 years, T ~ 355; years and T3 ~ 10° years.

Global behaviors of both cases are similar and can be
summarized as follows:

— For 0<t< T): only total hydrogen density in-
creases, while liquid pressure and gas saturation
stay constant; during this stage, X < Cj, p;, and the
entire domain is saturated in water (S = 0).

— From t=T;, X > C,p; in a part of the domain,
meaning that gas phase exists (S, > 0) in this part.

— For Ty <t < T,: while gas phase appears, liquid
pressure increases and a nonzero pressure gradient
appears that corresponds to a fluid displacement
according to the Darcy—Muskat law. Total hydro-
gen density and gas saturation increase, and the
saturated area grows.

— For T, <t while total hydrogen density and gas
saturation continue to increase, liquid pressure and
pressure gradient decrease. When ¢ — oo, the sys-
tem reaches a stationary state where saturated and
unsaturated areas coexist and liquid pressure gradi-
ent is null.

4 Concluding remarks

From balance equations, constitutive relations, and
equations of state, assuming thermodynamical equilib-
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rium, we have derived a model for describing under-
ground gas migration in water saturated or unsaturated
porous media, including diffusion of components in
phases and capillary effects. In Section 2.5, we have
introduced a new set of variables leading to a model
describing both saturated and unsaturated state by a
single pair of variables X and p; (see Eq. 51). A
major advantage of this choice of primary variables,
compared to standard models using either a mixed
formulation of one pressure and one saturation, or a
two-pressure formulation method, is to be able to han-
dle phase transitions on the wet end when the system
becomes unsaturated. In order to avoid collapse of the
formulation, at a single-phase condition (as explained,
for instance, in [14]), usual models use either variable
substitution (or variable switching), depending on the
phase conditions of a given point, when gas saturation
is near the residual or unity (see Section 2.3.1 and
Remark 6 in Section 2.4), or add a residual gas satu-
ration in water-saturated material. However, it is clear
that applying an artificial residual gas saturation has
no physical ground and that the switching procedure
being done over a Newton’s iteration will complicate
significantly the model numerical implementation and
may even cause a convergence problem. In the last
part of this paper, numerical simulations on simplified
situations inspired by the “Couplex-gas” benchmark
[15] show evidence of developed model ability: — to
describe gas (hydrogen) generation and migration —
and to treat the difficult problem, as it appeared in the
results of “Couplex-gas” [15], of correctly simulating
evolution of the unsaturated region, in a deep geologi-
cal repository, created by gas generation. A forthcom-
ing paper will be devoted to the use of this model for
solving the “Couplex-gas” benchmark [15] and other
three-dimensional situations of gas migration in water-
saturated or unsaturated porous media, including the
design of numerical test cases synthesizing the main
challenges appearing in gas generation and migration.

@ Springer
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