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Thermodynamic Force (Gradient of Potential)

Fluxes J

Hydraulic Temperature Stress
head

Fluid H ic__conduction  |Thermo-osmosis Consolidation
arcy’s law Density changes or Swelling

v=-KVp Fracture closure

Heat

Isothermal heat transfer  [Th nduction thermoelastcity
Fourier’s law Phase change
h=-AVT

Strain

Swelling Thermal expansion Constitutive law

or Consolidation Density changes Hook’s law

Fracture opening o=E¢
(effective stress changing) Elastoplastic or

Elasto-Visco-Plastic

Pore to Lithofacies
Lamina scale scale
Thin Probe Core  Logging
selection perm.  plugs

Facies
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Welltests
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Scale of modeling?
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Scale: Microscopic — Macroscopic- Multiscale...
Equation base: Biot Theory- Mixed Theory, ...

Solution Method: FEM-FDM-FVM-DEM, CVFEM...

Governing equations

Phases: Solid, Oil, Water and Gas are
present everywhere.

Equations are writing on micro level and
averaging in Macro scale based on
Mixed-theory

. Numerical solution is CVFEM
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Phases: Solid, Oil, Water and Gas are
present everywhere.

Equations are writing on micro level and
averaging in Macro scale based on Mixed-
theory

Numerical solution is CVFEM

D, 9. : Lagrangian description for solid
Dt ot

D = 9. +(Vf,)v, :Eulerian description for fluids
Dt ot

Df, o, . . e Df, _D'f,

— & =24 (Vf)v, :L -Eul d t - - =t (V)
D o V1), agrangian-Eulerian description D o (V1)

w,=v, -V, a#s

Dr. Hasan Ghasemzadeh 9

Mass Balance

D'ln .
% +n,p5.00,4v)+(Vn,p,) w, =M, v Water phase
= +V.(n.pw,)+0,p Vv =M,
Dt
D* [n P, ] p
Z 1 el y, Vo =¢ :
D TVAnp W) oV, =€+ M, Oil phase
_RePatPo .y oyt wmt
o Bu > o 00 oG
D’ [n P, ] y
&g
— V) p Vo, =+ M, Gas phase
e{fg = _el‘))g = mﬂg

Mass transfer between oil and gas phases
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Momentum Balance

Dy, . i
(I=mp, ==+ VA((=mt,) = YTy + (1-mpyg Solid phase
Ps
nupe 2V o () 4o, (W w, = S T 4 npg {a:w,o,g
ala Dt \aba alla al'a ~ aff allad> ﬂ:S,W,O,g Fluld phases

DTy +vel, +v,er, =0,  a,f=swo0,g Constraints: Momentum transfer between phases
a fra
TS =—Rnw,+pVn,; K,=n,(R)"; K, :M Momentum transfer between fluids and solid ignoring

a

momentum transfer between fluids

‘ Vo=pg

nw,= Ka [pag_vpa]

ko, =B(n); k,=F(n,); k,=Fn,n)  Relative Permeability
3 \2
= MK, Absolute Permeability
n, (1 - n1+])

Energy Balance

Local equilibrium hypothesis

s

D'T
C
P Dt

pC=01A-mp,C +n,p,C +n,p,C +n,p,C

g

+(n,p0,Cw,+n,p,Cw, +np Cw)VT—ph+tVq+el H, +e, H, =0

w

ph=QA=n)ph +nph, +n,ph, +nph,
qg=(0-n)q,+ngq,+ngq,+ngq,
T
q==Xe (VT)

Loy =XstXotXwtXs
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Constitutive law

Stress-Strain

t,=pd, a#s Total stress and Effective stress

1
o=0 +;(nwpw+napo +ngpg)1

de' =D, [de—de, Incremental relationship

A
ey = 3 Dar Strain due to temperature change

Constitutive law

Prosity dn=—-(1-myd[tr(e-2,)]+(A-n)[B - ,]dT
Fluid density Pu=1 (P T) > dp, = 2 dp, + (2% T
Ip

Capillary- volume fraction change

F T dn, =n (dp,—dp,)+n,,dT
7 = F (2o 1) ‘ dn, = n)(dp, ~dp,)~n(dp, ~dp,)+(nly —n_,))dT
n :F(pcgo7T)

dn, =—~(1-n)d[ti(e ~&,)] = n(dp, ~dp,) +{(1=n)[ B~ B, ] -, | dT

q
n=n,+n,,
,_ On
SI Bounding Surface n=_—,
Pego
. _on
" ar

LC Normal Yield Surface o5

5

.
SD Bounding Surface

Yield surfaces in q —p’-s space (G'hasemzadeh etal. 2017

n,=n-n
o,
w a
Peow
. _on,
My =
oT
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Initial and boundary condition

Initial condition

u:u0’ pw:pt1h7po:pon’pg:pgﬂ’T:T;) inQandr

Essential condition

— D - D — D - D T D
u=uonl',,p,=p,onl'l, p=p,onl’;,p,=p, onl,, T=Tonl;

Natural condition
t=l"¢ onT)

t7.={mew(pwg—Vp )}'m onT) w=[n, n n]
oK, (p,g~Vp,)) ' m on IV no 0 0 0
I={0 n, 0 n n
0 0 n 0 n

.=
{pg g pgg Vpg)} aooon Fg
r=(-

LV )n on I}

Numerical solution
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Equations solution method
Equilibrium equations: Standard Galerkin Method

Hydraulics and Thermal equations :CVFEM Method

FDM produces excessive numerical dispersion

and grid orientation problems

and difficulties in the treatment of complicated geometry
and boundary condition.

FEM (standard Galerkin) is not in general, locally mass conservative
And tends to generate numerical solutions with severe nonphysical oscillations.

CVFEM combines the mesh flexibility of FEM with the local conservative
characteristic of the finite difference method at the control volume level.

Numerical Approximation

Shape function N, = (0 51 nm )1+ E5)

Global and local transformation  x, ¢, p, )= N,n, 00X, ; i=1,2,3

a4 General coordinate
Unknown function interpolation )_,
=N, Enon
Dcn)=NeEnop, f
P&n)=N&Enop, 9

PO =NEnOP, . ¥
Temor=Nenof /— Local coordinate

e “  Element sample used in program
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Numerical solution: Equilibrium equations
Coby+Cob, +Coopo 3 K, i+ CpT = £, 2T
-1 . * ~

_ T ’
Cou=[ BT —m(n, -8, +n.p,) Nay oz

0 o 0
"¢ d 1L=10 ;O —
dajms ; mlitPp, r 00 pg i) N

1 , o 0
C,= nBT ;m(ng p, —O,pg)a%ldQO 5 a—x
(-n)

Loty :"i'k;f;a;;s’opa:;(":ﬁi{wyg%)go

Q}

Tla- 1
%gl;:4ﬂ—%19{7(’;n%2‘@ (mgp.+n,p,—(n=n)p,)+ gDT'n}ﬂ, +
Lt p. a0, + (=08~ A) ).}
(a-n

pe m[ﬂY —ﬂm](n“,pw +n,p,+n,p, ):|NdQ

fo==[ Nl pgdQ+ jr:} N'#r

B=LN,

Numerical solution: Flow equation

(a)

S el

a) System of finite element mesh in the Discontinuity of velocity field across element

transformed space; b) representation of faces and continuity of velocity field across
I o .
a control volume around a node control volume faces for a one dimensional

finite element mesh
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Numerical solution: Flow equation

Element out-flux

> ___v‘_,-./_“
14___{-7 l".‘ Element 2
= \
Elementin-flux | | ..o /
|
| .+

| LAEE—

Mass in-flux and out-flux through the elements
are not necessarily equal.

(b)
Control volume out-flux

'
'
T
I
1
LR S

Control volume 1

Control volume in-flux

Control volume 2

owing to continuity of the velocity field at the
control volume faces, if the mass flux is
integrated on each control volume surface,
conservation of mass will be obtained on the
control volumes

Numerical solution: Flow equation

bl

Sub volume control

& 7

0 elsewhere

Control volume definition in FEM -

{ 1 in the sub-control volume belongs to node i

Weighted function in CVFEM
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Numerical solution: Flow equation

Pobo+ P p,+Cpp,+C, 0+ C,T=f,
P,p,+Cop,+P,p,+Cppp, +C,u+C,T = f,

Pyp,+Cop,+P,p,+Cou+C,T=f,

_ . ;
Po=—f W (oK VN nf ar By W (e KIN) m ar
o op, C,.=[ W (n.p,)NdQ2
P, =[ W 0o p, | NEQ A o
P Pm,:jﬂw’[nu#—(n;m;)pﬂf - "g]NdQ
= QW' (n,p, ) NdQ op, »,
e
€= [ W (1,0, )m" B0 Cu =L, Grip. ) Ni
2 = QWT(n”p”)mTBdQ

o

fo=fwrae-| gwiar-| [ p:(K.g) m]wrar ° or

£, =[ M pwraa 7-""”\ gw'ar-

0, m,
Cr=[ W ’("o Lottty i, - "‘]NdQ

or

Irm - [pf(l(,,g)' ,,,}Wrdr

_ r 7 , om,, op,
I:‘F":i.'.r“\frg WT{(pgKKVN) .n} ar; €, = QWT[n,ngr ap:]NdQ; P, :jﬂw’[ngngn,pg]wg
o, - om,
C, :LW’ ((l—n)pg +n¥pﬂ)m'BdQ; C,, :IQW' (ng 6; —(A=mB, +nyp—np)p, + BT”JN(IQ
. _ T
fo=[ mwrao-| gwrar-[ [pi(l(ﬂg) 4n]W’dr
Numerical solution: Heat transfer equation

T+ Co b, + T, T = f,
_ T T a
T =[, W [pC AR (pg-Vp) +0.C, (K, (=0} +0,C.|K, (.80, )} }VNdQ—[jrwr;WT{(I‘,/,VN)’J:} dr}

a
C,=[. w| T A | Nae
To ey

Py
P,

T, —j W[ pc+ 2" Ay | Na
e P
£ :jﬂm phW’dQ—J’” gw'dr

System of equations

}_) ww 0 0 0 0 ﬁ w ww Cwo 0 CW“ CWT éw
0 I_)o 0 O 0 O i’ o ng I)oo Cog Cou COT ﬁo
o 0 P, 0 Ofp |+ 0 C, P, C, Cg,lp,
o o0 o0 o0 ofu|Cc, C, C, K, C,l| i
0 0 0 0 T,| T 0 &G 0 0 Tz
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Temporal discretization (fully implicit)

P +MP,  C, 0 C, C,, Ap,
¢, kNP, C, C, C, 4,
0 ¢, P.+AMP.C, C, Ap,
C, c, C, K, c, Aa
0 c, 0 0 T, +AT, AT |

Newton method for linearization of equation

F(X)=(A+AQ)AX, ., — (AF),,, +(AfQ)X,, =0.
2—;? ~ (A + AtQ) — leads to diverge

oF O0A 0Q 0Q

0AX

oF oQ ;
—=(A+ At At—— X!
X (A+ QH( anj s

i

- At

(=R -

OOOg"U‘o

®

o ox¥vlo o

S O o o O

— =(A+AQ)+| —+Ar—=|AX' ,, +| A\—=|X — high computational cost

o ocoo

Non isothermal Mandel problem

Two phases consolidation

cSu

Reservoir application

Heterogeneous def ble porow T

edia

S
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THM problem

2F&2Q

Non isothermal Mandel problem(Pao et al. 2001)

Time (days)
Pore Pressure variation in center of column

Shear moduflusi IRBermeable & thermally Insulated 2.38e4
Poisonsatio ° 0.2
Absolufe Sgrmgability, m’ 2a og l.e-6
ViscosiyskiPafec N e le3
Porosity, % 2b il 20
Thermal copduftivity, MW/m K 0.5
P, C M.l/rn3 K Impermeable & thermally Insulated a=b=1m 3.0
5§80 — ‘
pC O F=1e6 kN
=M Q=1000 MJ/D4.0
Cocfﬁcicntf)f thcrmaT cxpansktn for soln?l, vol/voTK 0.9¢-6
Fluid compressibility, vol/vol psi 3e-6
Geometry and boundary condition
Non isothermal Mandel problem
60 50
5o 4 Present Model
® Paoetal g 10
;:40 ] g 30
% 30 5
g
H 20 4 E 20
Present model
101 o e Pacetal.
0 o
1E04 1603 1E02 1E01 16400 1E+01 1602 1801 LES00 1E401

Time (days)
Temperature variation in center of column

0.022

0.02 4 [ .
g 0.018 4 . . .
] Displacement variation
£ .
£ oot in center of column
3
=
Fo014 4
3

0.012 4 Present model

s Paoetal
0.01
1E-04 1E-03 1E-02 1E01 1.E+00 1.E+01

Time (Day)

Sl oals Jo 5 (g3l s dlluss aials p)lex> G hasd o Lo«
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Non isothermal Mandel problem

t=0.0001 days

t=0.0005 days

5,649

47948

’/ﬁ\ C
?)’\QBV 1 eg
.

P

t=0.001 days

t=0.006 days

| aae/

sw/l

LY

o

989

\\w

&

8

Pore Pressure
Distribution

Sl oads Jo g (g5l et Al asals p)lez S aid )l o 4

Non isothermal Mandel problem

t=0.011 days t=0.291 days
5 =%
251223 3°—J
———— |
=3 10 gy,
3.36136.
E
t=1.291 days t=2.291 days
=
70.
s
—
—
30
20—
[ T trassy

Temperature
Distribution

Sl oals Jo 5 (g3l s dlluss aials p)lex> G hasd o Lo«
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Two phases consolidation(Pao et al. 2001)

q
l l l i PemT=0: Problem specification

b - N T(z=7.)=50C

3 C M3 Elastic modulus, kPa 6.e3

® ® Poison ratio 0.4

K K Density of soil at stc, ton/m® 2.0

£ £ Thermal conductivity, kJ/m C sec 1.15

z z Load function: Specific heat of soil, ki/kg C 125

£ £ - Thermal expansion for soil, vol/vol C l.e-6
| g e 0-g £ Porosity, % , 30.0
~ ; ; o Absolute permeability, m* 0.46e-11

° o 10 Residual water saturation, % 20.0

% % Initial water saturation, % 92.0

g g Density of water at stc, ton/m’ 1.0

5 5 » Thermal expansion for water, vol/vol C 2.1e-4

E E t(sec.) ‘Water compressibility, 1/kPa 0.43e-11

= c C = Gas viscosity, kPa sec l.e-6

Density of gas at stc, ton/m’ 1.22
Y
RN (n, ~
Impermeable P, =1.68x| —————
& Thermally insulated (n,, —

. 4, =661.2(T —229)"*
Geometry and boundary condition

Two phases consolidation

0
Lines : Present Model

. Markers : Pao et al.

. z=2m e It ZETTTRPE x
‘E P Xreremgerereres PR T grrengronee ey X
371
-] Y L e
i’ z=4m e’
Y 3% @ @8 (] () L] [) e ®®
c
E
8
A
a =

5 4

-6 T T T T T T

1.E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E403 1.E404 1.E+05

Time (days)

Displacement in different points of column
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Two phases consolidation(Pao et al. 2001)

60

Lines : Present Model

50 | Markers : Pao et al.

Temperature (°C)
w =
o o

~
o
N

10
/7 Sx
0 ' g e T .
1.E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E4+05

Time (days)

Temperature in different points of column

High heterogeneous medium (Christie and Blunt, 2001)
Production

Multiscale Multiphysic Mixed Geomechanical Model (M?GM)

E=1MPa
©—0.20
M, =107 pa.s
M, =107 pa.s
£, =1000 kfg}
m

kg
£, =950 %

=02
L S, =1
In]ectlon -5.80 -3.77 -1.74 0.29 2.31 434 637 840 Ax=Ay=1m

Natural logarithm of the permeability derived from the top layer of SPE10 test case

This layer belongs to a Tarbert formation with isotropic horizontal permeability that
varies over 6 orders of magnitude.
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Heterogeneous deformable porous media

Multiscale Multiphysic Mixed Geomechanical Model (M?GM)

T

44

Production

/!

0
. . 0 1M 2 33 4 55 6 77 8 99 110 121 132 143 154 165 176 187 198 209 220
Injection /

[ | I I

05 1 15 2 25 3 35 4 45 ™M

M3GM deformation fields for the SPE 10 top layer test case after 0.132 PVI

High heterogeneous medium

0
50 100 150 200 0 50 100 150 200
Water pressure- Fine simulation water saturation

W2 B W% BT B BN IR M IS 1 1T I 1B X0 I[ M2 03 M 55 85 77 885 99 110 121 12 W3 15 WS 176 187 156 200 20

water pressure - M3GM water saturation

Water pressure and water saturation fields for the test case after 0.132 PVI.
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Reservoir application

Outlet

Me
Capillary pressure and
permeability function_, 4100

n, =0.045+0.1619x 7}
Peon

_ 5
k}’w - Sew

by =(1=5,)"(1=s.7)

Node salNitial condition:
Sw =35%; So=65%
Pi=1latm; Ti=10C

Node 236

taueddGo m/day

46
1.e7
Poisor: 03
Density of rock, %%..
Absolute Permeabili 150.
08
y 107
1 6 al conductivity, kJ/m CAMay 4.5e5
Specific gt of soil, iyt 1250
Specific heat o N 4000
4000.

Reservoir application

Temperature distribution
after 50 days of injection
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Reservoir application

08

04

Degree of saturation distribution

Pressure distribution
after 50 days of injection

after 50 days of injection

Reservoir application

== =

LT AT
K

I
i

7
£

raal|
L)

i

)

/1, ¢\
S

Vertical displacement
after 50 days of injection

Vertical displacement vectors
after S0 days of injection

20
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Reservoir application

‘Water velocity vectors Oil velocity vectors
after 50 days of injection after 50 days of injection

Thermal and mechanical data are needed for modeling real reservoir
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