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Introduction: applications

» Shale/tight reservoirs with dual porosity media and
multi-stage fracturing horizontal well:

GEOLOGICAL TRAPS rmALBE“ METHANE r-rmHT 645

4 ton
mn@;ionl'ogﬁax times

http://www.total.com/sites/default/files/thumbnails /image/gisements-specifiques-pieges-zoom.jpg

/43



Introduction: applications

» Multistage fracturing horizontal well:
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Introduction: Basic idea

Modeling the coupled dual porosity flow and free flow:

> Use a dual porosity model to govern the flow in the dual
porosity media.

» Use the Stokes or Navier-Stokes equation to govern the flow
in the conduits/macro-fractures.

» Propose appropriate interface conditions on the interface
between the dual porosity media and the
conduits/macro-fractures in order to couple the two flows
together.

» Impose appropriate boundary conditions for different
applications.
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Introduction: dual-porosity-Stokes model

We consider a coupled dual-porosity-Stokes system on a bounded
domain Q@ = Q. JQq c RN, (N = 2,3).

Mg
Mg Qq Mg
,,,,,,, S
rC QC rC
e

Figure: The interface (dashed line) separates the problem domain into
two sub-domains: the dual porous media region and the free flow region.
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Introduction: dual-porosity-Stokes model

A traditional dual-porosity model (Warren and Root):
opm k

OmVm—F . ot -V ( mva) =-Q,
0 k
(Zsf’)/f% -V fva) = Q,
where
> Q= "k’"( — pr) is a mass exchange term between matrix

and micro-fractures

v

o is the shape factor characterizing the morphology and
dimension of the microfractures

v

pm and pf: pressures in matrix and micro-fractures

v

km and k¢: intrinsic permeability

¢m and ¢¢: porosity
Ym and ~y¢: rock compressibility

v

v

v

w: dynamic viscosity

~
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Introduction: dual-porosity-Stokes model

In Q, the fluid flow is assumed to satisfy the traditional Stokes
equation

-V -T(ue,p) = f, t€][0,T],
V-u. = 0.

ot

where

» T(uc, p) = 2vD(uc) — pl: stress tensor

» D(uc) = 1/2(Vue + VTu.): rate of deformation tensor

v

uc: fluid velocity

» p: kinematic pressure

v

f: external body force

» v: kinematic viscosity of the fluid
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Introduction: dual-porosity-Stokes model

Based on a fundamental property of dual-porosity model that the
flow in matrix only goes into the micro fractures but does not
interact with conduits on the interface, The first interface
condition is proposed for the flow in the matrix:

» No exchange condition:

Km
_7va n = 07
1%

where n is the unit normal vector on Iy pointing from Q. to
Q4.



Introduction: dual-porosity-Stokes model

Two interface conditions in the normal direction for the flow in
micro-fractures and the free flow in conduits/macro-fractures:

» Continuity of the normal velocity across the interface
(conservation of mass):

k
Uc-n = ——prf‘n
v

» Balance of the force normal to the interface:

pf

-
—n' ' T(ue, p)n =
(uc, p) P

where p is the fluid density.
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Introduction: dual-porosity-Stokes model

Three choices for the forth interface condition in tangential
direction:

» Beavers-Joseph (BJ):

e () ) = 2 e 45,
» Beavers-Joseph-Saffman-Jones (BJSJ):
—7j - (T(uc, p) - n) = ’jayce?]_[)Tj ‘U,
» Simplified BJSJ:
Ti-uc = 0,
where 7; (j =1,--- ,d — 1) denote mutually orthogonal unit

tangential vectors to the interface I', and [ = krL.
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Introduction: dual-porosity-Stokes model

» Y. Cao, M. Gunzburger, F. Hua and X. Wang, Coupled
Stokes-Darcy model with Beavers-Joseph interface boundary
condition, Comm. Math. Sci., 8(1):1-25, 2010.

» N. Chen, M. Gunzburger and X. Wang. Asymptotic analysis
of the differences between the dual-porosity-Stokes system
with different interface conditions and the Stokes-Brinkman
system, J. Math. Anal. Appl., 368(2): 658-676, 2010.
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Introduction: dual-porosity-Stokes model

» dual-porosity-Stokes model with Beavers-Joseph interface condition:

8pm km _ .

omym " =V (vam) =-Q, inQq, te[0,T]
Opr kr _ :

¢~V (;fo) =Q, inQq, t€[0,T].

%utc =V -T(uc,p) =f, in Q, t €0, T],

V-uc.=0, in Q,

7k7mva'n:07 on e,

v
uc-n:fﬁfo-n, on I,

v
—n - (T(uc, p) - n) = % on T,
avvd k¢

—7; - (T(ue,p) n) = ———=7; - (uc + —Vpr), on .

j (Tluesp) 1) = 22 (s V), on
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Weak formulation: notations

» Spaces:

HF () = {¢ € H(Qq) : 6 =0o0n Ty},
HE () == {ve HQ)": v=0o0onT.},

M = L*(Q),

Xo = {V € H} (Qq) x HE (Qa) x HE (Q0)},
L2 = [2(Qq) x L*(Qq) x L2(Q)N.
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Weak formulation: notations

> Bilinear form a(-,-) : Xo X Xg — R:

a(u, V) :/

Kk ok,
(me ' Vwm + 7(Pm - Pf)¢m> dQ
Q \ VY v

k km

+/ (fva - Vipe + L(Pf - Pm)¢f) dq2

Qqy 14 14

1

+/ (uc - nipr + =psv - n)dl

Med p
+/ 2vD(u.) : D(v.)dQ

Q.

avv' N ke )
n VT P (u+ Lpp) v,
/ch (N/trace(l'l) ( v pr)

where P, denotes the projection onto the tangent space on .y, i.e.,

d—1

Pruc. = Z(uc ST T

Jj=1
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Weak formulation: notations

» Bilinear form b(-,-) : M x Xg — R

b(p,7):—/ pV - v dd.

Qc

> linear form £(-) : Xo = R

() :< 0 ) , (2.1)

<f,v>q_

where f is functional on Hf (Qc) and < f,v >q = [, f-vdQ
is the dualities induced by the L? inner product on Q¢;

16
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Weak formulation

» The weak formulation of the coupled dual-porosity-Stokes
problem is given as follows: find
(U, p) € L2(0, T; Xo) N HL(0, T; X}) x L2(0, T; M), a.e. for
t € (0, T), such that

<O U,V >+a(d, V) +b(p, V) =4V), VV € L30, T;Xo),
b(g, W) =0, Vqe 20, T; M),
W(0) = Wo,

where X{ denotes the dual space of X, and
Wo = (p%,, pY, uo).
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Weak formulation: well-posedness

> In order to show the well-posedness of the proposed model,

we should multiply the Stokes equation by a scaling factor 9,

which does not change the original equation.
» The scaled inner product < 8t7, Vo>

O0tPm
< 81}?, 7 >5= < 8tPf 77>

(5(9tu
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Weak formulation: well-posedness

» The scaled bilnear form as(-,-) is
km okm
a;(U, V) =/ <me Viom + —=(pm — pf)¢m> d2
Qq 1% 14

k okm
+ / <fva Vs + ——(pr — Pm)¢f> dQ
Qq 14 14

_|_

1)
/ (uc - nor + ;pfv -n)dl

leq

+/ 5<MPT(UC+/Zfo)PT(v)>dF.
I—cd

trace(M)
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Weak formulation: well-posedness

» The scaled bilinear form bs(-,-) is

bs(p, V) _5/ pV -vdQ.

c

» The scaled linear form ¢s(-) is

55(7):< 5<f,0v>QC >
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Weak formulation: well-posedness

» The Garding type inequality holds for small enough ¢ [1]:
a(V, V) > [V |z — GlIVIE, YV eXo

» Continuity of a;(-,-) on X, i.e., there exists a constant Cj
such that, for all 7, Ve Xo

a5 (U, V) < CHlIE 1o | ¥ [1xo-

» The inf-sup condition, i.e. there exists a constant S > 0 such
that

bé(qv 7)

inf  sup > f. (2.2)
0£4EM g5 ex, l1alloll ¥ [Ix,
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Weak formulation: well-posedness

Theorem

Suppose that (pd’, pf—“r, ur) is the boundary value of some
function U = (pdr, p¢r u") € L2(0, T; X) N HY(0, T; X},) with
V-udr =0, and (pS,, p?, u®) € L2. Then there exists a unique
weak solution for the coupled dual-porosity-Stokes model.

N
N



Coupled finite element method

> X% and M, are proper finite element spaces of Xg and M
respectively, and satisfy the discrete inf-sup condition. There
exists a constant 3 > 0 such that

_ b(q, V)
inf sup > f.
0#qEMh 047 x? lalloll v [,

» The standard finite element method for the proposed problem
seeks (U, pp) € HL(0, T; X9) x L2(0, T; Mp) satisfying

< 8tﬁh, 7}, > +a(7h, 7;,) — b(ph77h) = E(Vh),VVh € X?,,
b(qn, W) = 0,Yqh € My,
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Coupled finite element method: analysis

Define P = (]P’Sﬁ,IP’pp) : Xo x M — X x M" such that, for
(ﬁ, p) € Xo X M the projection
(Psﬁappp) = (]P’slpmaPSQPfaPﬂUaPpp) satisfies

an(ﬁ — ]Pjsﬁ, Vh) + Com < 7 — Psﬁ, 7/, >n
+bn(p - Pppavh) - 07 \VIV[-, - (wmhawﬂ‘lav) S Xga
by(qh; uc — Pssuc) =0, Vgp e M.
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Coupled finite element method: analysis

Lemma
Consider 0 < r < k. Assume that (W, p) = (pm, pf, Uc, p) €

L9(0, T; HEF s HEFE x HEFY) 5 L9(0, T HY () for some
g € [1,00). Let (Psﬁ,IP’pp) be the projection solution of
(3.3)-(3.3), then we have
I - P57|’Lq(o,T;H} xHE xHL )+ 1P = PppllLao,T:m)
d d c
< Chr(HﬁHLq(O,T;HSleglXHSI) + ||P||Lq(0,T;H'(QC))>-

Furthermore, assume that (U, p) = (pm. Pf, Uc, p) €
HY0, T; HEFY s HEFY s HEFY) x HY(0, T HY (), then we have

Hat7 - 8tPSﬁHL2(0,T;H}dXH}d><H}C) + 10ep — 0ePppl|12(0,7;m)

< <||7||H1(0,T;H;;1 xHEP cHEE) T HpHHl(O,T;H'(QC))) :



Coupled finite element method: analysis

Lemma

Under the assumptions of Lemma 2, we have the estimates

I — P | 1ago,712) + hllp — PppllLaco, 7:m)

IA

Ch"* <”7||Lq(0,T;H|fd+1><HFd“><HFcrl) + ”P”Lq(OI;Hr(Qc)))y
10U — P || 20,712y + hlIOep — OePppll 200, 7:m)

IN

1
Ch™* (Hﬁ”Hl(o,T;HﬁlxHFjle;Jcrl) + HPHHl(O,T;H'(QC)))
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Coupled finite element method: analysis

Theorem

Assume that 0 < r < k, the solution (7, p) of the system satisfies
(U, p) € HY(0, T; HEM' x HEF x HEF) x HY(0, T5 HY (),
(U, p) € L0, T; HEFY x HEF s HEFY) 5 1290, T HY (),
DU € L2(0, T;L2). Assume that the initial approximation ﬁ% of
W (0) satisfies | W9 — P (0)]| 2 < C*h"+1. Then we have the
following estimate:

10 (tn) — Whllom
< C| At 120,z + (0 a0, 7ot st vty
+pll a0, THr(Q0)) T H?HLoo(o,T;H;dﬂnglXHQI)

+lpll o0, 7:1r(020))) |-

N
~



Decoupled stabilized finite element method

> Consider the mixed formulation for the dual porosity flow:

o k
¢m’7mﬂ ~Viup=-Q, u, = lVPm in g, t€ [07 T]
ot w
0 k .
¢Wf% ~V-ur=Q, ur = —-Vpr, in Qq, t €0, T],
t H
0
% — V- T(ue,p) =f, in Q, te0,T],
V-u.=0, in Q,
km
— —=VpPm-n=0, on I,
1%
k
uc-n= —prf -n, on [y,
—n- (T(ue,p)-n) = 2, on Iy,
P
_owvd

k
=7 (T(uc, p) - n) = T (uc + ;prf), on .

trace([])
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Decoupled stabilized finite element method

> Step 1:

n+1 n
(uch —Uen

At
—Pg/SO?h(Vch -n) ds + % (unt —uf) - n(ven - n) ds
I I

= (F(tat1): ven)as
b(gn, ugy ") =0,
where ag, (uc,v) = [ 2vD(uc) : D(v) d.
> Step 2:

’vCh)Qc + an(ug;H Vch) - b(pz+17 Vch)

pn+1 _ pn
tht_fh7 wfh)ﬂd + pg(v : u?ij_17 1/th)szd

+pg(pk; it vm)a, — pg(Pf™ Y - vm)a,

pPEokKm , N .
+=—"(pg"" = P V), + pg/pm(vfh “n) ds
I

P8P ye(

50 [zt~ ug) n(un - m) ds =0,
I
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Decoupled stabilized finite element method

> Step 3:

n+1

Py — Pn n
pg¢m7m(h7m7 wmh)Qd + pg(v : um-;l’ ¢mh)Qd

At
+pg (ko umtt Vinn)a, — P& (Pt Y+ Vi),

okm , n
_|_PgT( Jr1—Pfha¢mh) =0.

» Unconditional stability

» Optimal convergence
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Example 1: test for convergence

» Domain: Q = [0, 1] x [—0.25,0.75] where
Q. = [0,1] x [~0.25,0] and Qg = [0, 1] x [0,0.75].

» Parameters:

porosity : Om =1, ¢r=1,
permeability : km = 0.01, kf =1,
viscosity : v=1,

fluid density : p=1

other parameter: o =1y, =1,7 = 1.
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Example 1: test for convergence

» Exact solution:
P = sin(xy® — y*) cos(t), (x,,t) € Qu x [0,1],

pr = (2 - 7Tsin(7rx)) <cos(7r(1 —-y))— y) cos(2nt), (x,y,t) € Qq x [0,1],

x2y? + exp(fy)) cos(27t)
uc = , (x,y,t) € Qe x[0,1]
—2xy* +(2— 7rsin(7rx))> cos(2t)

p= (7r sin(mx) — 2) cos(2my) cos(2nt), (x,y,t) € Qc x [0,1]
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Example 1: test for convergence

L2 error and convergence order

h [lPm — Pmnllo _rate  |lpr — pmllo  rate  [luc —ucpllo  rate  [[p— ppllo  rate
1/8 2.033e-3 0.89 4.058e-2 0.59 1.423e-2 0.49 2.119e-1 0.66
1/16 1.136e-3 0.84 2.526e-2 0.68 8.557e-3 0.73 1.228e-1 0.79
1/32 5.515e-4 1.04 1.313e-2 0.94 4.272e-3 1.00 6.019e-2 1.03
1/64 2.838e-4 0.96 6.967e-3 0.91 2.217e-3 0.95 3.097e-2 0.96

H* error and convergence order

h [lPm — Pmnlly  rate  |lpr — pmlls  rate  [luc —ucplls rate  [[p— pplls  rate
1/8 2.125e-2 0.84 2.046e-1 0.92 1.308e-1 0.55 2.692e+00 0.73
1/16 1.188e-2 0.84 1.191e-1 0.78 7.854e-2 0.74 1.508e+-00 0.84
1/32 5.756e-3 1.05 6.038e-2 0.98 3.930e-2 1.00 8.148e-1 0.89
1/64 2.959e-3 0.96 3.170e-2 0.93 2.043e-2 0.94 4.827e-1 0.76

Table: The L? and H! errors and convergence orders for all variables at
T=1 with time step size dt = h.
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Example 1: test for convergence

L2 error and convergence order

h [lPm — Pmnllo _rate  |lpr — pmllo  rate  [luc —ucpllo  rate  [[p— ppllo  rate
1/8 3.968e-4 1.92 9.816e-3 1.84 3.076e-3 1.84 4.728e-2 1.91
1/16 1.002e-4 1.99 2.523e-3 1.96 7.830e-4 1.97 1.185e-2 2.00
1/32 2.510e-5 2.00 6.352e-4 1.99 1.967e-4 1.99 2.962e-3 2.00
1/64 6.278e-6 2.00 1.591e-4 2.00 4.927e-5 2.00 7.403e-4 2.00

H* error and convergence order

h [lPm — Pmnlls  rate  |lpr —pmlls  rate  [luc —ucplls rate  [[p— pplls  rate
1/8 4.283e-3 1.87 8.332e-2 1.90 3.392e-2 1.83 1.425e+4-00 1.12
1/16 1.083e-3 1.98 2.124e-2 1.97 8.720e-3 1.96 6.518e-1 1.13
1/32 2.714e-4 2.00 5.341e-3 1.99 2.200e-3 1.99 3.165e-1 1.04
1/64 6.787e-5 2.00 1.338e-3 2.00 5.520e-4 1.99 1.570e-1 1.01

Table: The L? and H! errors and convergence orders for all variables at
T=1 with time step size dt = h°.
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Example 1: test for convergence

L2 error and convergence order

h [lPm — Pmnllo _rate  |lpr — pmllo  rate  [luc —ucpllo  rate  [[p— ppllo  rate
1/8 7.176e-5 2.92 2.169e-3 2.97 6.629e-4 291 2.036e-2 2.05
1/16 9.034e-6 2.99 2.665e-4 3.02 8.351e-5 2.99 4.710e-3 2.11
1/32 1.133e-6 3.00 3.292e-5 3.02 1.047e-5 3.00 1.143e-3 2.04
1/64 1.418e-7 3.00 4.090e-6 3.01 1.309e-6 3.00 2.833e-4 2.01

H* error and convergence order

h lPm — Pmnlly  rate  |lpr —pmlls  rate  [luc —ucplls  rate  [[p— pplls  rate
1/8 1.373e-3 2.37 7.129e-2 1.96 2.045e-2 2.05 1.274e+4-00 0.87
1/16 3.047e-4 217 1.799e-2 1.99 5.027e-3 2.02 6.310e-1 1.01
1/32 7.352e-5 2.05 4.513e-3 1.99 1.253e-3 2.00 3.137e-1 1.01
1/64 1.821e-5 2.01 1.130e-3 2.00 3.134e-4 2.00 1.566e-1 1.00

Table: The L? and H! errors and convergence orders for all variables at
T=1 with time step size dt = hS.
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Example 2: multi-stage fractured horizontal wellbore

» The parameters of the model are chosen as: ¢, = 1072,
¢ =107 k=107 ke =10"3, p=10"3, v =107,
0=05Ty=10"% Tr=10"%

» A horizontal cross-section is considered: the simulation
domain is the square [0, 6]? and the horizontal wellbore is

simplified as a rectangle [1.8,4.2] x [2.8,3.2] in this domain.

» The interface conditions are applied on the boundary of the
hydraulic macro-fractures.

36

43



Example 2: multi-stage fractured horizontal wellbore

» The vertical wellbore is connected to the right end of the
horizontal wellbore. Therefore, the no-exchange boundary
condition —%fo -(—ng) =0and —%me (—ng) =0
and the outflow boundary condition T(uc, p)n.g = 0 are
imposed on the right end of the horizontal wellbore.

» With cased hole completion, the following boundary
conditions are imposed on rest of the boundary of the
horizontal wellbore:

k km
—;fVPf H(Nea) =0, == "Vpm - (~Neq) =0, uc - Neg = 0.

» We impose the constant pressure boundary condition for p,
and pr on the left, top, and bottom boundaries:

pm = 10°, ps = 10*.
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Example 2: multi-stage fractured horizontal wellbore

Figure: Example 4: Flow speed and streamlines around a multi-stage
hydraulic fractured horizontal wellbore with cased hole completion. Left
figure: the flow in micro-fractures and the multi-stage hydraulic fractured
horizontal wellbore; Right figure: the flow in matrix.
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Example 2: multi-stage fractured horizontal wellbore

Figure: Example 4: Flow speed and streamlines around a multi-stage
hydraulic fractured horizontal wellbore with cased hole completion and
larger macro-fractures. Left figure: the flow in micro-fractures and the
multi-stage hydraulic fractured horizontal wellbore; Right figure: the flow
in matrix.
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Example 3: horizontal wellbore with vertical injection and
production wellbore

a0, 00, o
an, a0, o0, 00,
Q,
a0%
! a03
Qg 1
203 I o,
H 2
203
a0%

Figure: The computational domain for an injection well and a horizontal
wellbore with a vertical production wellbore.
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Example 3: horizontal wellbore with vertical injection and
production wellbore

>

The parameters of the model are chosen as: ¢, = 1072,

¢ =10"% kp,=10"8, ke =10"3, p=10"3, v =109,
0=009I,=10"%Tr=10"%

The interface conditions are applied on the interface between
the wellbore and the dual-porosity media.

On the top of the left vertical well, the Dirichlet inflow
boundary condition is applied: uc. = [0, —32x(0.5 — x)].

On the top of the right vertical well, free outflow boundary
condition is applied: —pl + vVu, = 0.

On the vertical boundary of the vertical well outside of the
dual porosity media: u. = (0, 0).

On the boundary of the dual-porosity media, the velocity is
set to be along the normal vector pointing to the inside of the
dual-porosity media with the magnitudes |us| = 1 and

|um,| = 0.001.
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Example 3: horizontal wellbore with vertical injection and
production wellbore

Figure: Left: the flow in the microfractures and conduits; Right: the flow
in the matrix.
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Ongoing & future work

» Dual-porosity-Navier-Stokes model with data assimilation
» Stochastic Dual-porosity-Navier-Stokes model

» Multi-phase dual-porosity-Stokes (or Stokes-Darcy) model by
using phase field model (diffuse interface model: Cahn-Hilliard
or Allen-Cahn equations)

» Multi-physics domain decomposition method for physically
valid decoupling and efficient parallel computation

» Nonlinear dual-porosity models
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