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Underground storage of radioactive wastes
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Pressure of H2 grows

1) whether H2 can leave the storage ?

2) preferable way :
- mechanical displacement “gas-water”
- H2 dissolution in water
- gravitational instability






PT-conditions

Calcaires de Barrois

Kimmeéridgien

marneux
-100 Oxfordien calcaire
-200
-300 e R T S
Ly ' / Callovo-Oxfordien
-400
19,6C
50 bar -500 *
23,3TC Dogger carbonaté
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-700




Mass conservation

Two-phase immiscible flow:
T, f
it

2 4 divlr v, )=0

S)+d|v(rV) 0, ﬂ(rg:S)

Two-phase N-component flow with mass exchange (partially miscible) :

ﬂ(f (l‘ Igl(k)Sﬂ:-l‘ ggék)sg)) " diV(l‘ Igl(k)\/l(k) +r ggék)\/l(k)): 0 k=1..,N

g™ = mass concentration of componént lhagei



Full closed model

Mass conservation of each component:

Tre9s+r,¢°g). . _
ACLSES), ot g oy o,
(Momentum balance (Darcy’s law) V, = _ Kk grad( Ptr 93
y for each phase i (i=g,): m -
VO =V 4V <
Diffusion law (Fick law) for each \/.‘52 _ Dl(k)grad g(k)

L_component in each phase :

P, =R +P.(s) : Capillary equilibrium law

Petrophysic closure relations Thermodynamic closure relations
K =k(S,...2...) ro=r,(PT,.2.)
k, =K,(S,...2... r,=r,(P.T,.2.)
DX =..2... g =g®(P,T,..2..)
ol =2, g% =g (P,T,..2...)




Thermodynamic block

1° Relations between P, T,V for a 2° Relations between phase
given phase composition concentrations, for given P, T,V
EOS Mass exchanges

(or « Dissolution/Evaporation »
or « Phase Equilibria »)

Mg=T g(P,{c‘;} :1) h (p,{cg} " ): h,k( P{ ¢} qu) k=1,...N

q=1

g
N
r=r,(Py¢
! | ( {q} q=1) ( hlk = chemical potential )



Equations of State

|deal gas:

Van-der Waals :

Redlish-Kwong :

Soave-Redlish-Kwong :

Peng-Robinson :

> Cubic w.r.t. V

Pzﬂ, VOX
% N
5 RT A )
v-b Vv
P RT a
V- b v(v+b)JT
rr @ 1+m(1- JT7IT)
P=—— .
v- b v(w b
rT @ L+m(1- JTIT)
P_




Equation of State in terms of z-factor

RT
|deal gas: P=—
Y
Real gas: P= RT z2(PT), z="z-factor"
Y

Peng-Robinson EOS takes the form :

— (1 =Bz + (A, =3B —2B;)z — (A,B;, — B> — B?) =0, i=g.l

P _ P
4 = ;= 527719 * B.i — b.,; N
R4T RT
Mixing rules: Properties of pure components :
o _ . R2TE? T
q(k)q(J)ékJ)’ ékj) :4/ék) éj) (1'dkj) 0.4274800232 P" 1+ mk (1 T*‘)
k,j=1 cr
LA m* = 0.37464 + 1.54220% — 0269924,
1, B =0.08664035 ; T bR s B
k=1 c b = 0.086640350— . k=H,, H,O




Chemical potential.
Single-phase fluid

General form (from the homogeneity of the Helmholtz free energy) :

- Ik , F=-N P(T,V)dw+ Nf(T) or ﬂ—h:v
N v P
ldeal gas (from the combination with EQS) :
h=RTIn P+ f(T)
Real gas :
h=RTInj (P f(T)] | ®P when P® 0

/

Fugacity for the Wan-der-Waals gas :

2a V

Inf =Inlv-Db -
" n(v )+VRT v-b




Chemical Potential.
Multi-component fluid

h{9 = RTIn(j ¥ f(T) componentk in pure ste
h{* = RTIn(j i‘k))k f(T) componentk in phasi

i (k)

h® =h®+RTIN Li_

RN i o)
X

In mixture In pure state

Fugacity for a Peng-Robinson fluid :

j O=f (Opck
H b2 -
In (() 9) — (zi — 1) —In(z — B;) —

A; 2 (!£H2 qff2Hz f:qz ('J.HQ’HQO) hHz2 | 2 + (\/j +1)B5;
n
Z\DB; Z: ] ,



Equilibrium Equations

h (P, T,d,..d")=h®(PT.¢ .Y k 1..N —

J

O (P,T,d, "] (P, Y); % 1.,

\

Fugacity for a Peng-Robinson fluid :
j i(k):f i(k)PQ(k)

In (o) = P
)i

HHz2

(zi — 1) —In(z — B;) —

A; 2 (1?2 qH2-H2 — !fb qH2-H20 ) HH2
2v/2B; (; bi

i+ (V2+1)B,
i — (V2 —1)B;



Gibbs “rule of phases”

T=const

(N-1)

EOS - ri:ri(P,q(l),...,q ) F g,

Equilibrium Egs: j g()(P, Cél),...,C;N'l)):j fk)( P,¢”,...¢" 1)) %k 1,...,N

Number of equations = N+2
Number of variables = 2N-2+3 = 2N+1

The difference =|N-1 = V-|- = thermodynamic variance

r=r,(P), F gl
¢ =cdP), k=1,..,N

[

N=2: VT




PVT-Simulation of H2-H20

H2 in liquid (mol concentration) :

Simulation Experimental data

P=50 bar 0,0002 0.009

P=100 bar 0,001 0.018

Problem !






Modifying the PVT-model for H2-H20 =

1° modifying the binary interaction parameters a

2° introduction the pseudo individual parameters

20.2 T . 436

) = c = [Gunn Chueh and Prausnitz]
1+21.9/T 1+10.8/T

3° calibration of solubility data



Calibration of H2 solubility in H20

By fitting experimental data.

Experimental data used :

DATA 1: H.A. Pray, C.E. Schweickert, and B.H. Minnich. Solubility of Hydrogen, Oxigen,
Nitrogen, and Helium in Water. Industrial and Engeenering Chemistry, 1952, V 44, No5,
1146-1151p.

DATA 2: R. Wiebe and V.L. Gaddy. The solubility of hydrogen in water et 0, 50, 75 and 100C
from 25 to 1000 Atmospheres. 1934, V56, 76-79p.

DATA 3: R. Wiebe, V.L. Gaddy and Conrad Heins, Jr. Solubility of hydrogen in water at 25C
from 25 to 1000 Atmospheres. 1932, V 24, No7, 823-825p.

DATA 4: T.J. Morrison and F. Billet. The solubility of non-electrolytes. Part Il. The effect of
variation in non-electrolyte. 1952, 3819-3822p.

DATA 5: « Handbook of Chemistry and Physics" CRC Press, Inc., 2002.

DATA 6: Russian literature: Lourier



Calibration of H2 solubility in H20

Example of the experimental data used :

2,50E-04

2,00E-04 \

1,50E-04 = N e = —e— Sériel
W \\\ —a— Série2

1,00E-04 \\ Série3
5,00E-05

0,00E+00

0 10 20 30 40 50 60 70 80 90 T

Seriel: DATA 6
Serie2: DATAS
Serie3: DATA4



Calibration of H2 solubility in H20

T | =——Model Example 1

L
il ——Model Example 2

/ - A Experimental DATA

Experimental DATA

B Experimental DATA

& Experimental DATA

-
—

Concentration of H2 in Liquid Phase, %

== Correlated Model

0 10 20 30 40 50 60 70 80 90 100

Pressure, P (bar)

Calibrated data

Traditional simulations

The true dissolution of H2 is 10 times higher than that simulated by
traditional models




Calibrated PVT-Model for H2-H20

Dissolution - Concentrations

Correlated Model Correlated Model

yd
/

0 20 40 60 80 100 0 20 40 60 80 100

Concentration of H2 in Gas Phase, %
SN

Concentration of H2 in Liquid Phase,

Pressure (bar) Pressure (bar)




Calibrated PVT-Model for H2-H20

Phase densities

Correlated Model Correlated Model

= —_
o
% =
15}
X X
=2 >
()] =
[ [75]
@ &
g a
S <
o o
—
0 20 40 60 80 100 0 20 40 60 80 100

Pressure (bar) Pressure (bar)




Calibrated PVT-Model for H2-H20

Phase viscosities

Liquid Viscosity (CPOISE)

20

Correlated Model

40 60

Pressure (bar)

80

100

Gas Viscosity (CPOISE)

0,C

0,0C

o
(=]
(=]

0,0C

o
(=]
(=]

0,C

Correlated Model

40 60 80 100

Pressure (bar)







Three models used:

A: no miscibility; no capillarity analytical approach
B: misciblility; no capillarity analytical approach
C:. miscibility and caplillarity numerical approach



Physical formulation

Hydrogen Production

v

RADIOACTIVE WASTE

Simutalion time :
up to 100 years

Water

; POROUS MEDIUM

Assumption:
Viscosity and density are constant



Mathematical formulation

(r L1 Syr (‘g"’g q

1t X
K Tp
m %

Vi:- , i:g’W

Boundary Conditions :

X=0: V=const
S=1
X=1: P=Pg=const

S=0 (if capillarity is nonzero)

Petrophysical closure relations:

k(9=(- §* K(9=$
P=R(9

(k) )
(r WO VT G Vg): 0, k 1,2

Initial Conditions:
S=0
P=P; (if compressible)

Thermodynamic closure relations:

Calibrated PVT-model



Petrophysical closure relationships

100

40

70
&0

50

J0
20
10

Classic RP gas-water

ANDRA's RP gas-water

T 100 < sy T
\]| ; 1 | \}1 \| /7S I | ~}4|
— ,; X 1 e A ',‘ ) Fﬂ : ‘f = 3 \‘ I - 3 j ]
A ” L | LE
\ \ l J:'.' I [4 \ *-‘—“*i 8 | l #,'..
| @a$ " 70 _‘% i ‘3“1 "
\ f % \ | : %
v - i -
T 3 &0 e i
! \ B R AR
(=] / = (=] /
% a0 = % =3
; / as | . / J
. { -! %0 \g ‘\\“‘ {
1 /051 )/ \ N /c\,““)/
x T K
N 20 \ "i\ /
\ ‘3/ e ..
—V 10 N /,' 3
b L__J ISe T S
1- S 0 - 1- S
0 20 0 40 50 b0 70 80 90 10 020 30 40 S0 b0 70 60 90 14

k(9 =1- (&

S?,

k(9 =[A- S 9/

S|’

9

k(9= 8






Reduction to the Buckley-Leverett model

ﬂS+1“:(S:O, x>0, t>0

qt X
St:0 = O’
0, t=0
S = ,
01, t>0
SX:¥ =0
Typical curve
kg(S) yp
F(S)

= K (S+k(Im




Solution 1: o mesieaees e

IH.IBEB

t=0.65 (100 years)




SOIUthn 2 CLASSIC RP gas-water :

a mobile gas

1.8a
2,6
1.0a
a9, 88
F
@. 580
&, 26
3 . B0 F——r————————————————
A, AR a.aa 0.20 8.4 2.6 a.se 1.20
B, <@ t=0.1
] t=0.32
] t=0.65 (100 years)
@. 26
@-E’E_IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIII ] Tt TTT T T TS T T TS s
3.8 B . 40 @ . 8e 1.26 1. &8 2. e



Comparing 2 cases

1.00

ANDRA'’s RP (Slow gas)
CLASSIV RP (Fast gas)

@, 2@

£, 58

@. 26







Canonical HT-split form of the flow model

0

- (pips + oyl — ")) = div ([t

[ =9 (@ _
ot
where
P O p;
= —— P = . .
PTar T o
Pyt
W= . 2 = =1
pg,u}j Ly

wikygradp-grad,

™
N

+ oyl = 5)

IGg

(V)

oT

(NV)

= wdiv

+?

ke, ot

gtrgs

(.3:1.{'; I ke 1er ad p) +

adp-grad Q’SEN) :



Numerical scheme
5,

S (pips + @g(1 — s)) = div ([t k, + wiy k)| gradp) (1)
(s Ble 9, "E N)
(P2 4 5 2 4 01— 925 ) < v (vihigrad) +
oT ot oT
wi kyegradp- umdg( ) 4 gk eradp: Ulddﬁt\r), (2)

Explicit for saturation (Eq. 2), backward in space ( ~ hyperbolic )

Implicit conservative scheme for pressure (Eq. 1) (~ elliptic)



Pressure

Pressure growth in the storage !

B N o I o e . Looom

Pressure, P (bar)

o] 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9
Distance, X (m)



Water Saturation

Sw

——— Analytical with no mixing

—— Numerical with mixing




Composition of the Gas phase

H2O in gas H2 in gas



Composition of the Liquid phase

H20O in liquid H2 in liquid



Influence of the miscibllity

The dissolution is present, but it does not change the phase density & viscosity

Sw

/\

®om

"\

Miscible
Immiscible



Influence of the misciblility + compressibility

Flow with miscibility

Miscibility with ~ ,  variable
Miscibility with , constant

Sw

X

Even a low concentration of a very light component (H2) in water reduces water

Flow velocity inceases







System description

We examine a binary two-phase isothermic and almost
Isobaric system containing:

two-phase:
w = liquid
g =gas

two components in each phase:

(1) = H2
(2) = H20
T = const R (2)
P const
Corollary:
m,, n} >eonst

(3)

v

r,f » const



Phase diagram

Water + G

Various pointiM
inside the two-
phase region at
P=const have
different total
composition ¢2)
and different gas
saturation S, but
have an invariable
composition of
water and gas
phases defined by
fixed points A and
B




Conclusion:
In a binary system at P,T=const the phase compasiti
IS invariable:

C, "2, C,H2 = cons (4)




or

Mass balance

For each component

-
fﬂ I’gCS)S+I’ WC(Wl)(]: 3 +ﬂ r g(g)%r Wélv)\a: 0
< qt I
Trgedsr, G2 9 T @ WOV
_ 1t X
f q rgcg‘)s+r dek)(l 3 N q V(rgcg() F+r W(,‘Wk)(]: F)) 0 k=12
1t X
where the fractional flow* is introduced as:
- - _ k(9 __m,
V,=VF, \,=V(@- F)| F(9= m=2

andV is the total Darcy velocityM=V+V,).

This system of two equations (8) can be reducedunique

ke (9+ k(9 m

equation if we introduce tH&olume concentrations’

(5)

(8)

(7)



Volume concentrations

Let T be the density of component (k) in agpstate.
As P,T=const, this value is constant. Dividing§8)r ®©
we obtain the “volume pseudo-concentrations” :
r o r ol
R (10
K — volume of component (K) in a pure st
J volume of gas

They are not the true concentrations, as

oil

N N
Cék) 17, C(k) 11 (11)

k=1 k=1



Amagat’s approximation

The volume of a solution is equal to the sum of the
volumes occupied by each component in its pure
state (approximately valid in some particular cases

Then it follow from (11):

N N
cW=1 =1 (12)

k=1 k=1

For H2 — H20 at P=100 bar :

2
¢ =0.9964
k=1
2
¢ =0.9999

k=1




Reduction to a unigue transport equation
In terms of a

Through volume concentrations, Egs. (8) take tinenfo

st d(1- V(' F+c¢)(1- F
fﬂCgSH«‘N( 5 1 (77 + e )):o, k=12 (14)

it X
The sum of these two equations yields:
mw
—=0 =
0 V =V(t) (15)

Eg. (14) takes the form (for k=1):

E+U ﬂF(C) =

(16)
it fix
C°c”st ¢’ 9 |=the total concentrationof component1  (17)
Fo Cél)F+ c’(@- F) = the generalized fractional flow (18)

Ueovi = the true total flow velocity (19)



The introduction of the total concentration

instead of the saturation

enables us to treat
- single-phase states and
- two-phase states

INn a common way.



Generalized fractional flow

Undersaturated Oversaturated
water 7as

1 — Injected non-
equilibrium gas

If (C) Injected gas in

equilibrium with the

fluid in place
0 —5C
S N
¢, (H?) f* (f* Cg( )
Initial fluid in the Sw* S:V

porous medium



Displacement of water by an equilibrium gas :

Cinj

X (0

Displacement of water by a non-equilibrium (oveusated) gas :

C inj_




Structure of the solution

C inj_

Cfi
sz"

c’

X

Vaporizing shock Mechanic shock



P-C diagram for H2-H20



Solution to the flow problem







Solution with capillary forces

(9as)

X

H2 easily penetrates into the medium similar to a diffusion process.
The capillarity plays the role of diffusion.



WATER
N Experimental data

H2 does not penetrate
while

P-P<P
|

« entry capillary
pressure »

Theory

H2 penetrates




Gas-water

p = Zscoqu(S)
K
f



Classic theory

(1S, IS 1 (g TS
qt Mix qx X
t=0
t>0’
> Flow
S
(gas)
Gas
should not

penetrate !

D.(S) ~

dR
ds




Classic flow model Expected flow model

Parabolic Hyperbolic
with dissipation without dissipation
capillary equilibrium another description to the capillarity

(probably non-equilibrium)






%



dS

s® —> 0  «Entropy production »

dt

"+ 01 2

dU = TdS- Pd\w /ﬁ diy

, dS_ 1 dU, PAv o din 5= X, J,
dt T dt Tdt . T dt k
X, and J,
(Onsager theory) J. = L. X, (1)
4 Ly

Egs (1) provide needed closure relations for phenomenological
balance equations




T

Entropy production of the interface

Our approach: two kinds of interfaces exist:
- D-interfaces (dissipative) : bubbles, films,...
- ND- interfaces (non-dissipative): menisci

Entropy production of Non-Dissipative interfaces



The ND-interface changes the physical properties of both the fluids which are In
contact with it : they move at the same velocity, viscosity and density.

So this interface creates a new third phase (called “the Meniscus Continuum ).

Thus the ND-interface does not cause the production of the surface entropy, but it
causes the production of the volumetric entropy related to the MC-continuum.



Closed momentum balance for Meniscus Continuum

Applying the non-equilibrium theory, it is possible to obtain the momentum balance

equation for MC

Capillary
pressure at a
single meniscus

>
SRy,
K,

-gradB, +r,,0+ R,

RC:

c

F;O
|C

&

\

v
Capillary

correction to
Darcy’s law

|

Capillary vector

Concentration

of menisci






Closed model of
two -phase flow

fa' . Ka' P
f——=div —— grad®- —=h e ' :
o () | e Notations:
ﬂa” Ka" /] © Kka /[ © Kkb m= i
f?:div gradP *m " m m
m a
' ) /°/ +/,, F :(s' F)éz'hC
fﬂa = div Ka gradP , a" =1- (@' +a") K P / K
Tt m a°——=, F=—ft=—om"—,
<n} I Ik, +k m

s' »s/ =const, h_=h_(s), s=s'a' +a'

New relative permeabilities:
m
ka(a' a' g ;ﬁ?):a's' 24"

(m

k (a'.a"s m=a'(- s')ﬁﬂ-a' - a
b ’ ’ ) -




Capillary wave model

Asymptotic case when MC saturation is low.
Thenk, andk, are close to the classical relative permeabilitiezn:th

S, 149 _ o
oo =0 GO Caﬁs@

_ Ku(S)
F(S) = . F(9°

F(S) = fractional flow

(S) = capillary fractional
flow




1D flow problem

ﬂS+ﬂG(S: , x>0, t>0 G(S° Cax K J£F( ¥




Gas displaces water

s, 149 _,
qt X

a(9° SOOI

S‘tzo = O’ S‘ x=0 = SO
+ stablityconditons
(entropyconditons)

No solutions
whenCaf Ca orDP £P

Dimensionless entry
capillary pressure

Ca =




Case HZ2 — H20



0.8 1

G(S)

04

Ca> Ca*

- Ca<Ca*

Solution exists

No solutions

0.2 1

0.1 0.2 0.3 0.4

-0.2

0.5

0.7

0.8

0.9




Ca> Ca*

Solution to the gas-water displacement problem



