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Motivation

Principle characteristics:
> Exist at many scales: from few cm to km (faults)

length
> Very large widgt

ratio = DFN, DFM models
» Extreme contrast in hydrodynamical properties:
permeability, capillary pressure = strong nonlinear coupling
Industrial applications:
> Tight gas and oil extraction

» Underground nuclear waste storage
> ..




Nonlinearity + heterogeneity

Discontinuous p. curves = saturation jumps: Pe
» capillary-driven spontaneous imbibition
> capillary barrier
Strong nonlinear coupling at mf interface
Focus of this talk:
» Design of the two-phase DFM models et
» Improved nonlinear solvers I~

Matrix

Fracture
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Two-phase DFM models

» Drains become barriers?!

Nonlinear solver

» Improved primary variable selection
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Dimension reduction

/!

DFM models:

» Tangential flow equation

» mf coupling conditions
P continuous pressure

P discontinuous pressure

«Or «Fr o«

DA



Single-phase DFM models

Coupled flow in matrix and fracture network

divgm = 0
divrqr = qm|r+ 'n++qm|r— n—
Darcy law
K
aqm = *Tm (me*/)g)
Kf,T
ar = —df

Continuous pressure model®

» No pressure jump across I

Pmlr+ = pm|r— = pr-

with pm € HY(Q) N HY(T)

(Vrpr—pgr)

Q

Darcy law with permeability K,

Tangential Darcy law
+ jump conditions

Discontinuous pressure mode

IAIboin, Jaffré, Roberts, Serres, 2002
zFlauraud, Nataf, Faille, Masson, 2003

3Martin, Jaffré, Roberts, 2005

|2,3

» Pressure jump/flux relation on '+

+_ _Kin (PM|ri —PF)
B dr/2

with pm € HY(Q\T) and pr € HX(I)



Single-phase DFM models

Coupled flow in matrix and fracture network

(%ivqm = 0 qy :

divrqr = qmlr+ -0t +qm|r- -0~ |

Darcy law Qlrs =% Gy )
K Pmlp= PF |

am = - (Vpm—rg) | |

H —_—

f, 1 d )

a = —dfTLT (Vrpr—per) v

Continuous pressure modell

» No pressure jump across I

Pmlr+ = Pmlr— = pr-

with pm € H(Q) N HY(I)

Discontinuous pressure model?:3

> Pressure jump/flux relation on r+

Anlr= -0 =

© dr /2

with pm € HY(Q\T) and pr € HY(I')

IAIboin, Jaffré, Roberts, Serres, 2002
zFlauraud, Nataf, Faille, Masson, 2003
3Martin, Jaffré, Roberts, 2005

+ _Kf,n (Pm|r:t — Pf

)



Single-phase DFM models

Coupled flow in matrix and fracture network

{ divgm = 0 3 a5

I
I
l
divrasr = Qmlr+ -0 4 dmlp- -0~ 1
Darcy law e )
—_— — —~re 1
K Pmlp= PF |
qm = *Tm (me*/)g) : :
1 I
f,r 1 dy |
ar = —dr——(Vrpr—pg-) ! !
12 1 |
1 I
Continuous pressure model? Discontinuous pressure model®3
» No pressure jump across I > Pressure jump/flux relation on r+
= _ = ps. K —
Pmlr+ Pm\r Pf Qm|r:t nt = _ fin (Pmlri Pf)
© dr /2

with pm € H(Q) N HY(I")
with pm € HY(Q\ T) and pr € HY(I")
» Continuum of models

K, e+ — e —
+ f,n Pm|r+ Pf PmlrF 143
Amlpe -t = 00 (¢ T 4 1—57)
Ir m ( dr /2 ( ) dr/2

IAIboin, Jaffré, Roberts, Serres, 2002
zFlauraud, Nataf, Faille, Masson, 2003
3Martin, Jaffré, Roberts, 2005



Single-phase DFM models

Coupled flow in matrix and fracture network

divam = 0 3 ‘qf |

. + —_ 1 I

divrasr = dmlr+ N +dmlr- - n ‘ ‘
Darcy law Amlps 1% gk, 1
=0 1

K pvlwlri Ps :

aqm = - (Vpm—pg) | |

Il/ 1 I

qr

Continuous pressure modell

» No pressure jump across I

Pmlr+ = Pmlr— = pr.

with pm € HY(Q) N HY(T)

K
—dfT’T (Vrpr—pgr)

Discontinuous pressure model?:3

» Pressure jump/flux relation on '+

Am|r+ -n

W dr/2

with pm € HY(Q\ ) and pr € HY(IN)

Cont. pressure is

f,n

f

— o0 limit of disc. pressure model

IAIboin, Jaffré, Roberts, Serres, 2002

zFlauraud, Nataf, Faille, Masson, 2003

3Martin, Jaffré, Roberts, 2005

+_ _Kf,n (Pmlri — Pr

)



Discretized models

Example of TPFA FV discretization

Cont. pressure Disc. pressure

T

1 é

1 1

Pm  9mf Prf, Pm ., Po| %s 'ps

@ ===== 4 @===== >0 -0

]

1

1

1

1

1

1

Dofs: cells, frac.-faces, frac. intersections Dofs: cells, frac.-faces, frac. intersections

+ mf-interfaces



Discretized models

Example of TPFA FV discretization

Cont. pressure Disc. pressure

T

. A

1 1

Pm  Gmf Prl, Pm ., Po| %s 'ps

@ ===== = @===== >0 -0

]

1

1

1

1

1

1

Dofs: cells, frac.-faces, frac. intersections Dofs: cells, frac.-faces, frac. intersections

+ mf-interfaces

Local elimination of mf-interfaces using

qmo + qfe = 0.



Discretized models

Example of TPFA FV discretization

Cont. pressure Disc. pressure

T

1 é

1 1

Pm  9mf Pf : Pm qmf :pf

@===== g @mmmmm= = =P

1

1

1

1

1

1

1

Dofs: cells, frac.-faces, frac. intersections Dofs: cells, frac.-faces, frac. intersections

+ mf-interfaces

Local elimination of mf-interfaces using

dmo + qfo =

mf —flux:

Tma Tf o

dmf = o=+
mf Tma + ch‘

0.

(Pm - Pf)




Discretized models

Example of TPFA FV discretization

Cont. pressure

-

Pm  Amf V4

Dofs: cells, frac.-faces, frac. intersections

Same number of dof! But,
» no local elimination for nodal schemes;

> not trivial for two-phase flow.

Disc. pressure

S —

@ =mmm== He= =@

Dofs: cells, frac.-faces, frac. intersections
+ mf-interfaces

Local elimination of mf-interfaces using

qmo + Gro = 0.

mf —flux:

Tma Tf o

= m(Pm—Pf)

Amf
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Two-phase DFM models

Single-phase DFM model

divgm = 0
divrar = amlr+ 0" +aml- 0T
Continuous pressure model Discontinuous pressure model
» No pressure jump across I > Pressure jump/flux relation on r+
= _ = pr. K + —
Pmlr+ = pmlr— = pr Amlps -nt = — Ko (Pm|r Pf)
u dr /2

1Kumar, List, Pop, Radu, 2017



Two-phase DFM models

Two-phase DFM model, a =/, g,

OdmOtsyy +divqy, = 0
¢rdedesy +diveq? = qplrs -0t gl 0T
Continuous pressure model Discontinuous pressure model
» No pressure jump across I > Pressure jump/flux relation on r+
P,C:-,‘rJr :pﬁilr_ :P?. qa| + ni_ik;ff(sﬁf)Kf Pﬁﬂri *p?
mlil Ma df/2

Relative permeability upwinding

1Kumar, List, Pop, Radu, 2017



Two-phase DFM models

Two-phase DFM model, a =/, g,

OdmOtsyy +divqy, = 0
¢rdedesy +diveq? = qplrs -0t gl 0T
Continuous pressure model Discontinuous pressure model
» No pressure jump across I > Pressure jump/flux relation on r+
P,C:-,‘rJr :pﬁilr_ :p?' qa| + ni_ikrﬂ,f(sxf)Kf Pﬁﬂri *p?
mlil Na df/2

Alternative: formal upscaling!
Relative permeability upwinding

1Kumar, List, Pop, Radu, 2017



Two-phase DFM models

Two-phase DFM model, a =1/, g,

OdmOesty +divqy, = 0
$rdrdesf +diveqf = aglrr -nt + gl on”
Continuous pressure model Discontinuous pressure model
» No pressure jump across I » Pressure jump/flux relation on r+
P,C:,‘rJr :p;’;lr_ :P,‘cl~ qa| 4 .n:l:f_klfff(sr?qf)Kf Pﬁ‘;|ri _Ptfx
mil Na df/2

Alternative: formal upscaling!

Relative permeability upwinding

e

p?n. a5y PF

S sn(pen)ll 57 Sm Smo| 550 1 8F

1Kumar, List, Pop, Radu, 2017



Disc. pressure model with the linearized coupling

Nonlinear coupling

(e}

(e o
Pm [/ Po| 955 p?
K LLEEEE o 2o N
Sm Sina| S50 1 5F

S —

Linearized coupling:

with

Linearized coupling

S S—_

e = Keim(sm) (Vi) T+ K2 (s7) (Vi) ™

Tmo Tro

e

mf = Tmo + Tfo

(p

o
'm

Pf)




Disc. pressure model with the linearized coupling

Nonlinear coupling Linearized coupling

(e (e3 (o3

EL LY o
-

(ed o
Pm &, Po| a5y p‘; DPm qu p?
- -0 CEEEEEEE T
Sm Smol| 550 1 SF Sm 8f

Linearized coupling:
e = ke m(sm) (Vip) ™ + K2 (s7) (Vig) ™
with
Ve — Tmo Tfo
mf —
Tmo + ng

(Pm — PF)
Remark:
> p& is eliminated assuming continuity of the full Darcy flux.

> This is equivalent to assume that k,(s(pc)) is continuous.



Experimenting with the two-phase DFM models

Numerical comparison and validation of two-phase DFM models!:?2

Cases:
» In 2D and 3D;

» Fractures acting like drains and barriers,
including capillary ones

» Validation using equi-dimensional model

1B., Hennicker, Masson, Samier, 2018
zAghiIi, B., Hennicker, Masson, Trenty, 2019



Experimenting with the two-phase DFM models

Numerical comparison and validation of two-phase DFM models! 2

Conclusions:
» Nonlinear disc. pressure model approximate well the equi-dimensional one
» Nonlinear transmission condition is computationally challenging

» In some situation only the nonlinear disc. pressure model provides an acceptable
solution.

1B., Hennicker, Masson, Samier, 2018
zAghiIi, B., Hennicker, Masson, Trenty, 2019



Validity of cont. pressure models: drains becomes barriers?

Test case: Drying of a damaged zone e

» Domain Q = (0, 10m)? Matrix
Fracture

P Fracture width d = 1mm
» Permeability contrast K¢/Km = 10*

P Capillary pressure contrast
» Boundary conditions

Saturated top: s/ =1, p8 = latm

Dry bottom: 571 0.9, p& =1latm

m =

Continuous pressure Discontinuous pressure

P Disc. pressure model: some fractures acts as barriers. Why?



Fracture as a capillary barrier

SiPenli )87 Pemlrs) 57 Pes)
i

Pressure jump/flux relation for liquid
K;
I + f | o
Aylrx -0~ = k,,f(smf)f,df/z (pmlri pf)

o Sg(pc,m\ri), P%‘ri —pg >0,
mf S (Pe,f)s Pl — Pf <O.

U
svmsf"’l

K,
k’r,y(slmf) TII large

~—ee -

1

sm

Vsl = 09,55 =0
1
1

K} (st ,)Idi!’ small

Matrix
Fracture




Fracture as a capillary barrier

'
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Sl )1 8] Gemles)  SF(pes)
i

Pressure jump/flux relation for liquid
K;
| + 1o f | |
N = —k, ((5,0)—= ( — )
Al ,,f( mF)M/dF/2 Pmlr+ — Pr
o _ [ Sfleemlpx).  pplex —pf 20,
mf TSP (pe ) Pmlp —Pf < 0.
dr — 0 asymptotic model

» Cont. pressure — homogeneous matrix

» Disc. pressure — something else

U

Sm

,slle

K,
k',y,(s’mf) d—,! large

Se e -

1
m

s zO.Q,slsz

\
1
1
1

K} (st ,)Idi!’ small

Matrix
Fracture




Linearized disc. pressure model

Cont. pressure pressure Linearized disc. pressure

No capillary barriers Reference Overestimated capillary
barriers

1Aghi|i, de Dreuzy, Masson, Trenty, 2021



Linearized disc. pressure model

Cont. pressure Disc. pressure Linearized disc. pressure

ng1 Sgm

No capillary barriers Reference Overestimated capillary
barriers

Observations:

» Highly permeable fractures may act as barriers. Model with the nonlinear
coupling is required.

» Compositional models with Fickian diffusion reduce the barrier effect!

1Aghi|i, de Dreuzy, Masson, Trenty, 2021
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Improving nonlinear convergence

Nonlinear mf coupling challenges the robustness of Newton's method.

Possible solutions?

Discretization using face dofs Discretization using nodal dofs
T *
1 1
1 1
1 1
1 L}
1 L}
1 1
1 1

° ° ° ° i °

1 1
1 1
1 [}
1 1
1 1
1 1
1 1

Local nonlinear elimination! Improved primary variable selection?

1Aghi|i, B., Hennicker, Masson, Trenty, 2019
2B., Groza, Jeannin, Masson, Pellerin, 2017



PV selection in the homogeneous two-phase flow

Denoting A® = k,“S:)K and neglecting gravity
$0es!  —  div (N'Vpg — N'Vpc(s')) = 0
— div ((A + N )VpE —AN'Vpc(s')) = 0

Pe
Primary variable selection
B Good choice (p8,s') : NpL(s!) < oo

and A/ vanish at dry regions:

. os'

B Bad choice (p8, pc) :
pc

equation gives 0 ~ 0




PV selection in the homogeneous two-phase flow

Denoting A® = k,“‘S:)K and neglecting gravity
¢0es'  —  div (N'VpE — Npl(s)Vs') = 0
— div ((N + N)Vpe —Npl(s)vs) = 0

Pe

. . . Al
Primary variable selection

B Good choice (p&,s') : Nlp.(s') < oo

B Bad choice (p8, pc) : and A/ vanish at dry regions:

. . OPc
equation gives 0 =~ 0




PV selection in the homogeneous two-phase flow

Denoting A® = kf‘f:)K and neglecting gravity
-1\’ (A I
d)(pc ) Ope  — div (N'VpE — N'Vpe) -0
— div (A8 +A)VpE —A'Vp) = 0

Pe
. . . A!
Primary variable selection

B Good choice (pg,s') : NlpL(s') < oo

and A/ vanish at dry regions:

/
B Bad choice (p8, pc) : gs

C
equation gives 0 =~ 0




PV selection in the homogeneous two-phase flow

Denoting A® = kf‘f:)K and neglecting gravity
-1\’ (A I
d)(pc ) Ope  — div (N'VpE — N'Vpe) -0
— div (A8 +A)VpE —A'Vp) = 0

Pe
. . . A!
Primary variable selection

B Good choice (pg,s') : NlpL(s') < oo

) 1
B Bad choice (p8, pc) : (;S and A/ vanish at dry regions:

C
equation gives 0 =~ 0

PV selection is more tricky in heterogeneous setting




PV selection for two-phase DFM model

Heterogeneous two-phase flow problem

» Multiple switching of the “second” primary variable

De De

Matrix Matrix
Fracture Fracture

N —

Without entry pressure: With entry pressure:
(P%,5), — 51) (P, 5hy — pe— 51)



PV selection for two-phase DFM model

Heterogeneous two-phase flow problem

» Multiple switching of the “second” primary variable

De Dec

Matrix Matrix
Fracture Fracture

e

]
sy st

Without entry pressure: With entry pressure:
(P%,5), — 51) (P, 5hy — pe— 51)



Tight gas recovery test case

e i i
i i 1t
i ) "
gas —-—r— - -
— )
——
water o -t -~
i i W
I i "
—ir— ——— ——r—

Bentsen-Anli model

! [7001Pent,i]7 s =
(s =
Pe.i(s)) Pent,i — bilog(s'), else
Parameters
» Entry pressure pent

» Shape parameter b

Pe

Matrix
Fracture




. g </ g I
Performance: (p%,s,,) vs. (p%,s,, — s¢)
No entry pressure: p.; = —bjlog(s'), bm = 10°
e so
Matrix o
Fracture w00
¥ ’ 1 15 2 25 3 35 4 5
st 108106 /b7)
(pgasrlr) (pgvsr,nis;)
?T’: th NChap NNewton NGMRes CPU(S) th NChop NNewron NGMRes CPU(S)
10 226 2 4.2 25.9 4 638 226 2 4.3 26.2 5523
107 294 21 10.7 20.1 14 557 246 8 7.5 22.2 9 016
103 | 297 22 11.7 19.7 16 183 225 1 5.5 24.2 6 245
10% | 304 24 12.9 19.8 17 742 225 1 4.8 25.1 5 492
10° | 313 26 12.8 19.6 18 346 235 4 5.4 23.9 6 260
oo | n/a n/a n/a n/a n/a 235 4 5.3 23.9 6 4438
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10 226 2 4.2 25.9 4 638 226 2 4.3 26.2 5523
10% | 294 21 10.7 20.1 14 557 246 8 7.5 22.2 9 016
103 | 297 22 11.7 19.7 16 183 225 1 5.5 24.2 6 245
10% | 304 24 12.9 19.8 17 742 225 1 4.8 25.1 5 492
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No entry pressure: p.; = —bjlog(s'), bm = 10°
e so
Matrix o
Fracture w00
¥ ’ 1 15 2 25 3 35 4 5
st 108106 /b7)
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?T’: th NChap NNewton NGMRes CPU(S) th NChop NNewron NGMRes CPU(S)
10 226 2 4.2 25.9 4 638 226 2 4.3 26.2 5523
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. g </ g I
Performance: (p%,s,,) vs. (p%,s,, — s¢)
No entry pressure: p.; = —bjlog(s'), bm = 10°
e som
Matrix o
Fracture “o00
¥ ’ 1 15 2 25 3 35 4 5
s 108106 /b7)
(%, s,) (8, sty — s7)
?T’: th NChap NNewton NGMRes CPU(S) th NChop NNewron NGMRes CPU(S)
10 226 2 4.2 25.9 4 638 226 2 4.3 26.2 5523
10% | 294 21 10.7 20.1 14 557 246 8 7.5 22.2 9 016
103 | 297 22 11.7 19.7 16 183 225 1 5.5 24.2 6 245
10% | 304 24 12.9 19.8 17 742 225 1 4.8 25.1 5 492
10° | 313 26 12.8 19.6 18 346 235 4 5.4 23.9 6 260
oo | n/a n/a n/a n/a n/a 235 4 5.3 23.9 6 448




Performance: (p#,s}) vs. (p%,s!, — pc — st)

Pe

Matrix
Fracture

Pe

Matrix
Fracture

(pg,s;) ngs,l'*Pc*Sm)

%: th NChop NNewton NGMRes CPU(S) th NChop NNewton NGMRes CPU(S)
2 221 0 3 29.2 3937 221 0 3.1 28.9 4 479
10 398 52 9.9 20.2 23 400 262 13 6.8 22.7 10 378
102 | n/c n/c n/c n/c n/c 269 14 9.9 20.8 14 185
103 | n/c n/c n/c n/c n/c 285 18 8.9 20.1 13 740
10* | n/c n/c n/c n/c n/c 242 6 6.9 22.8 9 067
10° | n/c n/c n/c n/c n/c 276 16 7.5 21.3 11 516
oo | n/a n/a n/a n/a n/a 299 22 8.1 19.1 10 770




Conclusions

Two-phase DFM models:
» model selection is delicate;
> even very permeable fractures may act as barriers;
» nonlinear disc. pressure model is very accurate, but less robust.

Robustness of Newton's method can be improved by
» the local variable elimination;
P the appropriate primary variable selection.
» Ongoing work on DD nonlinear preconditioning.

Coupling with mechanical deformation!-2:3

O o

=

013 015

o T Pt

Lz

0

lBonaIdi, B., Droniou, Masson, 2021
ZBonaIdi, B., Droniou, Masson, Pasteau, 2021
3Bona|di, Droniou, Masson, Pasteau, 2022



