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ABSTRACT: In this paper for flow simulation in fractured porous media, a multiscale finite volume Review History:

method on unstructured grids is developed. To this end, algorithms for generating coarse scale unstructured  Received: May. 10, 2020

grids for the matrix and fracture networks are presented independently. The presented algorithms for  Revised: Jun. 26, 2020
generating coarse scale unstructured grids are adaptable based on local changes in permeability field. ~ Accepted: Aug. 18, 2020
Unstructured grid adaption based on permeability field has significant effect on improving the multiscale ~ Available Online: Aug. 24, 2020

solution results in highly heterogeneous permeability fields. For the first time in this research, applying

adaptive unstructured grids in fractured porous media is done. Coarse scale grid cells are generated  Keywords:
such that strong variation of permeability along their boundaries and also the placement of coarse scale . .
Multiscale finite volume method

vertices in low permeability region are prevented. To reduce the computational cost, fracture-matrix i
. . . . . . . . Fractured porous media
coupling is considered only for the calculation of basis functions in the matrix domain. In order to

evaluate the proposed algorithms, various 2D test cases are designed and solved. Finally, it is shown that Unstructured grids
the multiscale finite volume method with the proposed algorithms is an efficient numerical method for ~ Discrete fracture model

flow simulation in heterogeneous fractured porous media.

1. INTRODUCTION

Flow simulation in fractured reservoirs is an important
and challenging issue in the oil and gas industry. Various
numerical methods have been proposed to investigate the
behavior of fractured reservoirs. One of the numerical
methods that has been considered is discrete fracture
modeling, where fractures are modeled as elements with one
dimension less than the matrix [1]. In discrete fracture model
using unstructured grids, fractures are placed at the interface
between matrix cells [2,3]. In this method due to using
unstructured grids, complex geological features including
fracture networks are better described. However, for real field
application that leads to large linear systems which cannot
be solved with the existing classical method. To resolve this
problem, multiscale methods have been developed [4].

Although promising progress has been made in recent
years, the challenge of generating flexible multiscale
unstructured grids for discrete fracture modeling has not yet
been addressed. In this paper, the multiscale finite volume
method for discrete fracture modeling on unstructured
grids is developed. To this end, algorithms for generating
adaptive unstructured coarse grids are presented. Generation
of unstructured coarse grids is based on local changes in
permeability field. Numerical results show that the multiscale
finite volume method using adaptive unstructured coarse
grids predicts fine-scale solution with high accuracy without
using iterative methods.
*Corresponding author’s email: z.mehrdoost@iauahvaz.ac.ir

2. METHODOLOGY

For incompressible flow in porous media with discrete
fractures, the pressure equation is described using Darcy’s
law as:

—V-(4-Vp)=¢q M

where A is the mobility, p is pressure and g represents
injection and production wells. Eq. (1) is solved to obtain the
pressure field in fractured porous media using discrete fracture
modeling where in this model, fractures are considered one
dimension less than the matrix (as a line in a two-dimensional
matrix and as a surface in a three-dimensional matrix).

The discretized form of Eq. (1) for matrix and fractures
can be written as:

4 4 = 2

i 7 APy ds

where subscript m and fare intended for the matrix and the
fracture, respectively.

Solving the system of Eq. (2) for real-field simulations

will have a high computational cost. To resolve this problem,

Copyrights for this article are retained by the author(s) with publishing rights granted to Amirkabir University Press. The content of this article
BY _NC is subject to the terms and conditions of the Creative Commons Attribution 4.0 International (CC-BY-NC 4.0) License. For more information,

please visit https://www.creativecommons.org/licenses/by-nc/4.0/legalcode.

981



Z. Mehrdoost, Amirkabir J. Mech Eng., 53(7) (2021) 981-984, DOI: 10.22060/mej.2020.18399.6809

Fig. 1. (a) Primal coarse grid, (b) dual coarse grid in matrix
domain

multiscale methods have been introduced. In this paper, the
multiscale finite volume method is used to solve the above
linear system by providing efficient algorithms.

The multiscale finite volume method uses a Prolongation

operator P to solve the system of Eq. (2). If p‘ and p™°
are pressure fields on coarse-scale and fine-scale, respectively:

pms :Tpc (3)

To solve the coarse-scale system, a restriction operator

R is defined that describes the mapping from fine to coarse
space:

(RAP)p° =Rq
— Hrc—'

A€ q

“4)
Finally, the multiscale pressure solution is calculated as:

p, =p™ =P(RAP)'Rq
:

M—l

ms

)

The multiscale finite volume method uses two types of
primal and dual coarse grids to calculate the restriction and
prolongation operators. In this paper, a multilevel tabu search
algorithm is used to generate primal coarse grid. The primal
coarse grids for the matrix and fracture domains are generated
independently.

At each iteration of the algorithm, the subset with the
maximum weight is selected. Then, the boundary vertex with
the maximum gain is chosen for migration to the preferred
subset. The gain g(v,n) of vertex v for migration to the
neighboring subset S is defined as

g(v,n):ED[v]n —ID[v] (6)
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Fig. 2. (a) Primal coarse grid, (b) dual coarse grid in fracture
networks

where ED [v ]n is the sum of common edge weights
between vertex v and its neighboring vertices located in the
subset S, and 7p [v] is the sum of common edge weights
between vertex v and its neighboring vertices in the same
subset. After moving each vertex, the gain of the vertex and
its neighbors are updated. The algorithm continues until
stopping criteria are met.

The proposed algorithm for generating dual coarse grid
employs the equivalent graph of unstructured grids. The
first step is to specify the vertex cells within each primal
coarse cell. Since the presence of vertex cells in a low-
permeability region causes nonphysical peaks, the fine cell
whose centroid is closest to the mean centroid is selected
and its permeability value is checked. If the selected cell
is located in a low permeability region, it will be removed
from the list of candidate cells. Then, the algorithm searches
for the next fine cell and this process continues until the
closest cell to the mean centroid with acceptable permeability
value is identified. The next step is to assign the edge cells.
Dijkstra’s algorithm is employed to find the shortest path
between the two vertex cells of coarse blocks, so that the
strong permeability contrasts along the path of edge cells are
minimized. Finally, the interior cells are assigned as the cells
that do not belong to the edge and vertex categories.

3. NUMERICAL SIMULATION

In this section, the multiscale flow simulation results in
fractured porous media using the proposed algorithms for
generating multiscale unstructured grids are presented and
compared with the fine-scale reference solution. The test case
consists of a 1[m]x1[m] homogeneous matrix with 9 fractures
and kf =1000% . Dirichlet boundary conditions are applied
on the left and right boundaries with normalized pressures
of 1 and 0, respectively and no-flow boundary conditions
are specified on the top and bottom boundaries. The fine-
scale grid has 10226 matrix and 306 fracture cells and the
coarse scale grid contains 12 matrix and 5 fracture cells. Figs.
1(a) and 1(b) present the primal and dual coarse grids for
matrix domain. The primal and dual coarse grids for fracture
networks are illustrated in Figs. 2(a) and 2(b) respectively.
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Fig. 3. Pressure contours obtained by the (a) MSFV method, (b)
fine reference solution

Figs. 3(a) and 3(b) present the multiscale and fine-scale
pressure results. The multiscale finite volume predicts the
pressure distribution with relative error e =6.48x102 1t is
clear that the MSFV solution agrees well with the fine-scale
reference solutions.

4. CONCLUSIONS
In this paper, the multiscale finite volume method
for discrete fracture modeling on unstructured grids is

developed. Algorithms for generating adaptive unstructured
coarse grids are presented. Unstructured coarse-scale grid
adaptation based on local changes in permeability field
can significantly improve the multiscale solution results
in highly heterogeneous permeability fields. Numerical
results show that the multiscale finite volume method with
the proposed algorithms is an efficient numerical method
for flow simulation in heterogeneous fractured porous
media.
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£1¢y



FIOY B FIVY axao NF- JL.J s b)l.mﬁ oY 0,90 s).:.S).:.nl Sl (e & s

(<)

LB 20VAY. AWANyAVAVAVAR
KIS AN
ORI O

N
%

s
2
\/

N

N
o
\J
/N
54
X

N\

(Y
bav
X
VA
K/
i
L
X
Vav
AA‘AL
K/
N/
AVAY;

S
[
SO
5k

]

KK
YAy

N

<y
SRR

NANN

VAVAV)

N

X

Y4\
2
S
A%’A )
gv
%

Y

vl

/X
K
N
L
.
s
Ve
~
e
;1
0
<
g
Vary
A %AV»"
Az <
™
B/
VN
M\
A\
X
YA
AV,
s
%
%
o
DA

Y

%
R AR
) 4AA >

a
X
g
5
%ﬁ
TAVA
.
’ﬁ‘
o
<X
ORI

Vi

V)
g
L

/3

N

va
X

S
INPRIFAK)
ISR
AKX
Y.
X
<]
kK
RS
\Vi
8

VA"

ANzl
ay;

K
VA n
\VA'

KT
XN 1 R
N S SAVAR - SOAVAVAVAY, O SN e, A
RS

QW NNSOTOVAVAVAY. VAV ST
R VAVAVAVAYAYAY

%
]
VN
X
5
K
C

VA‘QB
KO0
gVAVr 2
RS
KK
VAV
N

DY

Y,
‘V

/A

NS

ay OV
s W VAV
SR e

LVAVA
LA
%
i
o
EREK]
K]
2
%
AéAA
\/

VAVAVAY
NN
DO
/N
%%
>
N
AN

/\
1
7 g'
Y,
IN

AVA

A
AV
»‘

o,
Vs

/)

A

0

AN
VA
K/

\VAVA'

)
N
&
%‘
&
B
1)
<]
N/

KB
% N7
<]
T
N

VNAADSK
YA\
s
avAy

h
4
by
Vs

g
%
K1
1
1%
N
EAVAY\VAV v# <

74Y
VaVA
/N
o
K
i
]
5
;’A
o
R
v
4
A
Y,
5K
PR
(VaYA)
\VAVAVAVAVAY

K

BT

VAVA

N
oY
AN
KD
i,
NP 2
A%
Y
vand
ﬂA
&
ad

%
VY,
%
)
PV
AV
IAVA
B
X\
»
VA
N1
K
%
N
VAV

V4%
D
e
0%
%
1
W
X
WA
OV
WAV
VAN
>
<
4554);’;
AR
SRR
oY
0
DK
SV
\J
)
%4
AV

KPaK
4A§'§
<\
> AVAUX(
Q
A
>
L
JAVavAY

5

L]

A
X!
SOy
U3
3
X/

>
VoAl
Z\/
v"%v
5
KRR
'S
%
W
N/

N

N
QAV
X
X<

™
N
Q'{
Va) yé’

V{

£
e
K]
0
N

Kl

K]
K
NONA
ravay

X
s
K
</
i

4
AVAN

ORI
RRASROCOK SR \ KN
ERASSIARERTD

‘y" o AN
KRB,
AR ORI
SRRSO
AR
J RIROER?

DK
R
2

KD

iYay

Y

&

X

A
0
/N

Ny
X]

AV

vay
NECAAZ

!
ARL

)
X
A
X
V'

Ty
I
'Y
% v
/N
N/
8
L7
&y
;:
0
%
2

K]
a D
WAVY-
KA
AVAY/

N/
NASKISOIR &
SRS
SRR ORISR
NI VO LK ACKIASAS
Y g%véeémmsr < SO QA

VAN

S
N

X
v

%
SA

VAV,
J

AN

%
A
:

Y

AV,

Jd

L B aiuold () ¢ gw yilo diuold (W) jo wilFgo i jo oSl Y Sl
Fig.7. Dual coarse grid in (a) matrix domain, (b) fractures domain

el 3l 0,8 Jsbe GBI o b e 3Ll ccens] iy
sladsbe ad 3 0)lzen 0,5 Jobo SLLI slaobo il nle

GBS 5 o yilo asald j0 oabadgy dilfg o aSLL Y JSCs

olid cawloas ades & S0 o ady| Sy Al lul oS

.MOLSA

GO 53w s s ¥
sl 1o (b cwldosis ilbad s (isu (ol 5o
adg gl 0aialll slapis,sSIl 5l eolizal b oISt s
odnliewds bl b g oo &l cwldonis lojle o sloaSs
g 4 Jhw (b Wghoe amlie p) whie 0 J>
4l 45 09d (oo 23 Cenloadiaid 5l (55 50 paLeST s
T 0 & Gy ol 51 o g sl i 51 ul o
3l odalaway @l o Uz Gliae () p joliie 4 .00 5 (o0 By
oz wlidog ) (B9, b dunlio )0 (cwliodin Sgaome poe> (b9

109 g0 a8 ) Oyge a4 € (LAS o s

Y

w oS cpizen D()=D(0)+t(1,])) s5i 0 230> ggeme
Parent()=n g oo 25 f 0,5 Glp oy olsie

ApNoSas Sy boanlp 1S5 5V al> e 4 cuas;lb -4
bl duaie 0,5 L

rralisS (0,8 et gl o sl 5l Al e (3T 50 -
Parent) o1 5l L5065 g05,5 &S > a5 9,5 duatia 0,5 5 ¢ punno
Sy e Lo daho 5 oo (o sms 07255 5 (D)

Sloo,S e 3l 0,5 Joboo 99 (o yemne (2 0lsS (&) 7 SO
Jobo 99 o @ Gladobe ol jmwe 30 Glis wulS
Cewloddools Hlas (&) £ s jo adsl e o

sbrl el FouSo b b e S35 (rizron g Lo e 3l
JEI5 5l easasl )l o2 o801 50 09d oo b @l drulre yo s
SRS sz (OBl ax B) b e Glbail 515 (oS j5boa) Lo e
Sedyd Job 99 52 G o Slagbe jane (ot ) 098 o
las a5 oaliigeend e SLbI uliiiag ) sladsbe il
lp 2l slaobo Cocd 51018 e (pl b S it 05 S
oalolonl (6o o Cod 5 s g oo B> o s pleo s
2y b glileg glaasid o culls walyss J2Ias Sus b

0,5 Johw 0szg oo 3l dsluar ciiyo sl Jokw oloss aSo) 4

£Y¢€¢



FAOY B FIYY dorao AF v Jlo oV olaud Y 080 ¢ pusS yuol SOl quwiins 4 puls

o ple dials jo ailfge culsyo 4l (O) o ile dals jo adgl e jo aSs (Al

OIS aSus jo 4l g0 ol aSuls () 8IS asiass (o adgl i jo aSs ()

LA § uw).:l.n Qwld j0 ailFgo g adgl ual.\.ﬂ..o Sl yo svasil JHLN A S
Fig. 8. Primal and dual coarse grids in the matrix and fracture domains

a) Primal coarse grid in the matrix domain, (b) dual coarse grid in the matrix domain, (c) primal coarse grid in the frac-)
ture networks, (d) dual coarse grid in the fracture networks

(<) (&

ooldio 3y b3y () o omliliodin dgamo s by () 31 evelCaway HLid olase A JS
Fig. 9. Pressure contours obtained by the (a) MSFV method, (b) fine reference solution
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Fig. 10. Primal and dual coarse grids in the matrix and fracture domains

a) Primal coarse grid in the matrix domain, (b) dual coarse grid in the matrix domain, (c) primal coarse grid in the frac-)
ture networks, (d) dual coarse grid in the fracture networks
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Fig. 11: Pressure contours obtained by the (a) MSFV method, (b) fine reference solution
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Fig. 12. The natural logarithm of permeability field in the matrix domain
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Fig. 13. Standard primal and dual coarse grids in the matrix domain
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Fig. 14. Pressure contours obtained by the (a) MSFV method, (b) fine reference solution
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Fig. 15. Standard primal and adapted dual coarse grids in the matrix domain
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Fig. 16. Multiscale finite volume pressure solution using adaptive dual coarse grid
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