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Drying problems
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Motivations

» Land atmosphere interaction, soil evaporation and evapotranspiration
» Drying problems in engineering: food, wood, paper, ceramic

» Radioactive waste geological storage



Main motivation of this work: radioactive waste geological
storage
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Nonlinear domain decomposition for a simplified model
» Extension to the compositional model

Numerical results
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Model

Porous Medium Q,,,

Liquid <p’, T, s’,c’) and Gas (pg, T, sg7cg)

Liquid
Interface I’ |

I TGas
Gallery Qg: (u7 p, T, c)

Starting point: model proposed by [Helmig et al. 2011]
Liquid gas compositional Darcy flow
RANS compositional free gas flow

vV v . v v

Non-isothermal model



Single phase Darcy flow

Darcy law: V=- KLX) (Ve —p(p)8),

Mole conservation: ¢9:((p) + div({(p)V) = 0.

pressure (Pa)
: Darcy Velocity (m.s™1)
: permeability tensor of the porous medium (m?) (1 Darcy = 10712 m?)
porosity of the porous medium
viscosity of the fluid (Pa.s)
molar density of the fluid (mol. m~3)
mass density of the fluid (kg. m~3)
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Two phase Darcy velocities

a =g, l: phases
s*: volume fractions

p<: pressures

1
S




Porous medium model on €2, (isothermal)

> Set of components i € C = {water, air}

»

>

v

v

Unknowns: p®,s®, ¢® = (c)icc, a=1,g

nj = Z ¢*s%cf

Porous Medium Qp,

a=l.g Liquid (p’,s’,c’) and Gas (pg,sg,cg)
Darcy velocities: o
Liquid
ka( a) Interface I l 1‘*
S Gas
V& = rlTK(Vpo‘ — pO‘g) Gallery Qg: (u‘p1 c)
Vi= ) creve

a=l.g

(;551_-”,' + le(V,) =0,/€C,

sl +s8 =1,

pE —p' = pe(s8),

Z ¢i* =1 if phase a present,
ieC

Thermodynamical equilibrium.




Example of uncoupled solution in 1D

» Two components: air (a) and H,O (w)
> Initial condition: : p' = 4 Mpa, s’ =1, pure water
> Left boundary condition: p/ =4 Mpa, s’ = 1, pure water
» Right boundary condition (interface I'):
. .. -4
» p€ = 10° Pa, relative humidity H, = p::(c.’re) =05
» p, ¢!, s& computed using the gas liquid equilibrium
gas saturation s& Liquid pressure P’
04 o 0
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Free flow model on Qg (isothermal)

Porous Medium Q,,,
Liquid (p’.,sﬂc') and Gas (pg.sg, cé’)
Liquid
Interface I [
I TGas

Gallery Qg: (uA, p, c)

RANS model: find (u, p, ¢) such that

div(W;) = 0, € C,

divT = pg,

W; = & (Gu - D,Ve),ieC,

T = pfu®u— e (Vu+ Vi) + pl,

ZC;ZI.

ieC

> 1, Dy turbulence closure
» Quasi stationary solutions (porous medium time scale)



Coupling conditions at the interface ' [Helmig et al. 2011]
(isothermal)

Vi-n=W;-n, ie€C: molar flux continuity,
¢t =¢;, ieC: gasmolar fractions continuity,
Liquid Gas thermodynamical equilibrium,

pf =n-Tn,

u-7=20: no slip condition.



Andra test case

» Two components: H20 (w) and air (a), T =303 K
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p' =4010° Pa, s' =1, cﬂ,zl

IC: p'=4010°Pa,s'=1,¢cl=1
COx rocktype
"""" fim  Concrete rocktype
Cin = Cinit

Hr,init =05

1 5
ﬂ Efo u(y)dy = wip

Pinit = Pout =

L
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10° Pa



Andra test case: evolution of ¢, and s&

» L =100 m, w;, =0.5 m/s
» Simulation time: 200 years

t =1.910* day
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Andra test case: evolution of ¢, and s&

» L =100 m, w;, =0.5 m/s
» Simulation time: 200 years

Loading video...
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State of the art

» One way coupling algorithms using convective transfer coefficients

v

Dirichlet Neumann sequential algorithms [Defraeye 2014]

v

Fully coupled algorithms [Helmig et al 2011-2017]

v

Domain Decomposition Methods

» Many works for single phase Darcy - Navier Stokes coupling [Discacciati,
Quarteroni et al 2003-]



Richards model in the Darcy flow domain

Assumptions: p& =~ poim, ¢! >> (&, cl ~ 1.

Liquid saturation:  s/(p') =1 — PZ1(p**™ — p'),

_K(s'(p")

Liquid Darcy velocity: V/ = o K(x) (Vp’ — p’g),

Conservation of H20: ¢d; (C’s’(p’)) +div(¢'V) =0



Approximate coupled model: Richards + Tracer

u;: given uncoupled velocity with div((u;) =0on Qg andu;-n=0onT.

@O (C's'(p’)) +div(¢'V)) =0 on Q,m  (Richards equation for p'),
div((gcwut - (thVCW> =0 on Qg (tracer equation for ¢, ),

¢'V'.n=—(8D, Ve, -n on I (flux continuity),
(1) ! —patm ) I
cw = Ff(p') = p‘p%e cIrT on T (lig. vap. equilibrium).
T =303 K T =333 K
8 RichardorTraceur % RichardS+Tracedr
7 Full Model ——— \ Full Model ——
% B
Es E
. g
g g
® 3 ®
g &
0

le7 leb 1e3 001 01 1 10 100 le7 le5 1e3 001 01 1 10 100
Time (years) Time (years)



Robin Robin Schwarz method

Given [pm(x) > 0 and Sg(x) > 0, Bpm(x)Bpm(x) # 0, x € T, solve for
k =1,--- until convergence:

I,n—1

¢<,S( /k) + div (Clvlk) ¢</% on Qpnm

[N Ing1,k _ k—1 k—1
“Bpmf(P ) - C \ : npm - mecw - Cg Dtvcw : npm on ra

div((gcfvut — Cthchlf,) =0 on Qg,

Bagck — CEDVck -ng = Baf(p"*) —¢'V'*.ng  onT.



Computation of [,y diagonal approximation of the DtN
operator in Qg

Given two constants ¢,,r # Cw,in, SOlve

div(cWCgut — CthVCW) =0 on Qg,
cw=cwronl,

Cw = Cw,in ON [in,

Vew -n=00n Qg \ (TUT;,)

and compute
_(&D .
Bom(x) = —SEPVaw 00 g o
Cw,l — Cw,in

1.4-107" |- b
12:107 - N
1-107" |- -
81072 |- b
6-1072 |- b

1 1 1 1 1 1
0 20 40 60 80 100

which is independent of ¢, r and ¢y in x




Computation of Sg¢: diagonal approximation of the DtN
operator in {2y,

» Linearized Richards equation with frozen coefficients at the interface I

> Be(x,t) = order 0 Taylor approximation of the DtN operator

10° - N
10' |- :
107" - N
1073 | N
050 L
\%°°°f® & \X\O\)\&ﬁ@ vﬂéimﬂd&

Time
Be (x,t)dx

Plot of Jr T = function of time.
r



Extension to the compositional model - Coupling conditions
at the interface I' (isothermal)

Vi-n=W;-n, iecC: molar flux continuity,
¢ =¢, ie€C: gas molar fractions continuity,

pf =n-Tn,

u-7=0: no slip condition.

ZV,wn:ZW,--n:Gu'n.

ieC ieC



Extension to the compositional model (isothermal)
» Porous medium flow on €, with Robin and Dirichlet boundary conditions

onl

g,k k gk gk sk _ k—1 k—1 :
Bplnc,' - Vi : npm - C,’ Cglyn ()u - ﬁpmc,' - W,’ . nprru IS C,

P&  =n- T In.

» RANS flow on Qg with Dirichlet boundary condition on I
CEFu  ng =) Vi ng = (&R ng o+ (B,
ieC

u“.r=0.

» Convection diffusion equations on Qg with Robin boundary conditions on '

Brck — WE

1 1

k .
-nffZﬂﬁC’-g’ —V,{(~nff, iecC.



Extension to the compositional model (isothermal)

Porous medium flow on €, with Robin boundary conditions on I': compute
p%,s%, ¢, 4, such that

¢ n—1 kK _ .
E(ni —n’- )—i—VV, —0, n me7
g,k k g,k g k sk __ k—1 k—1
Bpm€; ™" — Vi - npm — ¢ CBidy = Bpm¢; ~ — Wi gy, onl,
p&* =n-TK In, onT,

+ thermodynamical equilibrium and other closure laws,

with g;r’f = (&(p&k, c&k).



Extension to the compositional model (isothermal)

RANS flow on Qg with Dirichlet boundary condition on I': compute the
pressure p¥ and the gas velocity u* such that

V-(p&*uk @ uk - (Vuk + VEuR) + V pF = p85g,  in Qq,
g,k k .
V-(¢g " u") =0, in Qg,

k
Cg, k Cgk 1 k— 1+<gk6k ng, on |—7

with ¢ = C&(p*, 1) and p§ = pE(p*, 7).



Extension to the compositional model (isothermal)

Convection diffusion equations on Qg with Robin boundary conditions on I
compute cX such that for all i € C

V-WK=0, inQg,

Bck — Wk

ok k
i i ‘“H:Bffcig —V,- - Ng, on F,

with Wk = (8% (ckuk — D, V ¢f).



Extension to the compositional model (non-isothermal)

Porous medium flow on €, with Robin boundary conditions on I': compute
P%, Tom, s, c¥, dy such that for all i € C:

¢ n— :
(nk —n" 1+ V-Vk =0, in Qpm,

i i

At
Ek _ En—l
k .
At + V-V =0, in Qpm,

g,k k gk gk sk _ k—1 k—1
Bom € = Vi Mpm — ¢ (00 = Bpm €T — W g, onT,

k k kg k sk k—1 k—1
Tpm Tpm - Ve *Mpm — hfg)m gfn 5u = Tpm Tff - We *Npm, on rv

ko k—1
pE=n-T""n onT,

)

+ thermodynamical equilibrium and other closure laws,

with anll( = Cg(pg.,k7 T;,)(ma Cg"k)’ hgnl; = hg(ng(; T}fln? Cg7k)'



Extension to the compositional model (non-isothermal)

RANS flow on Qg with Dirichlet boundary condition on I': compute the
pressure p¥ and the gas velocity u* such that

V-(p&*uk @ uk - (Vuk + VEuR) + V pF = p85g,  in Qq,
V(g uk) =0, in Qg

kg — k=1 k-1 k sk
Cg = ¢ + (5 6y N, onl,

. — _ k — _
with (&% = ¢8(p*, Th~*, k1) and p&" = p8(pk, Tp~1, k1),



Extension to the compositional model (non-isothermal)

Convection diffusion equations on Qg with Robin boundary conditions on I
compute c*, Tf’f‘ such that for all i € C

V-WK=0, inQg,
V-WK =0, inQg,

k k Jk k
Brc; — W - ng = 5HC,-g — Vi - ng, onl,
T — WS ng=vgTk, — V& ng r
e g e " NiE = VH pm e " N, onl,

with WX = ¢&*(ckuk — D, V ck) and Wk = 37, . h&5(pk, TH)WK — A, V Tk,

where we have used that h&(p, T,c) =3, .c h¥(p, T)c:.



Computation of ypy,: diagonal approximation of the DtN
operator in Qg

Given two constants Tr # T, and C,; =< d7h%(p, T) >r, solve

div(z Cpi TW; — AV T) =0 on Qg

ieC
T=Tronl,
T= Tin on I—in»

VT -n=00n 0\ (FTUl)

and compute

(Ziec Co.iTrW; — AV T) -n(x)

Tpm(X) = - >0onT.

which is independent of Tr and T,



Computation of ~g: diagonal approximation of the DtN
operator in {2y,

> Linearized energy conservation equation with frozen coefficients at the
interface I

> vg(x, t) = order 0 Taylor approximation of the DtN operator



Andra test case
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p'=4010°Pa, s' =1, ¢ =1
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IC: p' =4010° Pa,s' =1, ¢l =1
COx rocktype
7777777 lim  Concrete rockiype
Cin = Cinit

H. ... =05 Pinit = Pout =
5 riinit
£ J5 ue(y)dy = win

L

Two components: H20 (w) and air (a)

L =100 m

Input gas: Tj, =303 and H, j, =0.5

Wi, =5 m/s or
Initial temperat

0.05 m/s
ure in Qpm: Tinie = 303 or 333 K.

Simulation time: 200 years
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Andra test case: evaporation rates in mm/day/m?

i Wpp,=5m/s,
———: w;p=005m/s

(a) T° = 303K (b) Tq,., = 333K

102

10t

10°

107t

1072

1073




Andra test case: Robin coefficients Sy and vpm
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Andra

test case: Robin coefficients Sy

Wi, =5 m/s,

(b) T°a

pm

= 333K

———: w;p=005m/s
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T T T T T
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Andra test case: Robin coefficients g

D Wi, =5 m/s,
— ——: w; =0.05m/s

(a) T° = 303K (b) T, = 333K
10° g 10° 5
10* ; 10* % %
103 % 10% % —;
10? % 10? % %
10* % 10 % %
101 % 10-1 ;, %
1072 L l l l l l l l 1072 L l l l l l | | ]
& Q\y"@ & o&» ﬂe& & Ny Q\y’& ‘000 =l o““\ %e’f’ e@"@
\/%a \/@\ N N \,@ N {LQQ‘S \/%e, \,&x N N X& N QQ%



Andra test case: total number of DDM iterations for 115
time steps

D win =5m/s,

———: w;p=0.05m/s
(a) T° = 303K (b) T, = 333K
800 — T ‘ 800 ————— —— —— T
700 - - - - - + - +--- - + 700 |-
600 - . 600 4+ +— . 4
500 |- B 500 T 77" -+ - -+ - +
—+
400 - 400 |-
300 (- - 300 |-
200 |- o 200 |-
+ — —+— + - . I -
100 : L : L 100 L L L !
0.5 1 2 4 0.5 1 2 4



Conclusions and perspectives

Conclusions
» Algorithm to solve the coupling between a liquid gas Darcy and a free gas
flow

» Provide an efficient nonlinear solver
» Allow the use of separate codes in the porous and free flow domains

Perspectives
» Code coupling
» Test cases with more complex geometries
» Acceleration by Newton method

» Convergence analysis
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