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Abstract: Reservoir simulation is a powerful tool to mimic the formation behaviour during primary production and
later on for planning enhanced oil recovery (EOR) pattern. However, all available commercial and developed scien-
tific/academic software for this purpose is based on either finite difference method (FDM) or finite volume method
(FVM). Recently finite element method started to gain more attention in the scientific and commercial practices due
to its robust results and the ability to deal with complex boundaries. COMSOL Multiphysics is a finite element
method (FEM)-based software, having very special features, which are different from standard reservoir engineer-
ing software packages like Eclipse or CMG, which are black box-type software. The most important feature of the
COMSOL is that user can see equation and modify it — customize for specific conditions and objectives, as well as
couple different physics together and apply different solvers, which are under user’s disposal. In this paper, short
background of FEM will be illustrated and then the mathematical models of two-phase immiscible flow of water
and heavy oil will be reviewed and simulated using COMSOL Multiphysics on the famous inverted five-spot mod-
el. The comparison between the results of Comsol Multiphysics and Eclipse shows good agreement. This study is
the first step in applying Comsol Multiphysics to reservoir simulation. Further steps will involve simulating thermal
enhanced oil recovery using steam flooding technigue and coupling Comsol Multiphysics with CMG software
package to enhance simulation inputs and outputs.
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Kone4Ho-3/1eMEeHTHOE MOAEIUPOBAHUE MHOTO()A3HOI0 TCYCHUA
B He()TeHaChIIIEHHBIX IUIacTax-koutekropax — Comsol Multiphysics
KAK HHCTPYMEHT OBICTPOrO CO3IaHUS YNPOLIEHHO! MO/Ie/IH
NPHU MOJIeJIMPOBAHMH IJIACTA

Haccan T. X., Ampo M.

Opaiibeprckas ropHas akagemus, @paiibepr, ['epmanus

AHHoTauus: MoJenupoBaHue IacTa SBISETCS MOIIHBIM HHCTPYMEHTOM [UIsi UIMUTALMHU TIOBEJICHHS IUIACTa NPU
MIEPBUYHON JTOOBIUE, a 3aTeM JUIs IJIAHUPOBAHMS CXeM MoBbieHus HepTeoTnauu miacta (EOR). OnHako BcE KoM-
MepUecKoe U IeJIeBOoe pa3paboTaHHOEe HAYYHOE MporpaMMHOe oOecriedeHne A 9TOW eI OCHOBAaHO JIH0O Ha Me-
ToJle KoHeuHbIX pasHoctelt (FDM), nubo Ha merone koHeuHsix oobeMoB (FVM). B mocneanee Bpemst MeTon Ko-
HeuHbIX neMenToB (FEM) cran npuBnekars Bc€ Gombpliee BHUMaHUE B HAYYHOM M MPOMBIIIJICHHOHN o0nacTsax Ona-
rojiapsi €ro HaJeXKHbIM pPe3yJbTaTaM U CIOCOOHOCTH paboTaTh MpH ciaokHbIX rpanuiiax. COMSOL Multiphysics -
3TO MPOrpaMMHOE o0ecrieueHre, OCHOBAHHOE Ha METO/Ie KOHEUHBIX 3JIEMEHTOB, M OHO 00J1aJjaeT COBEPILIEHHO OCO-
ObIMH (QYHKIHMSIMU, KOTOPBIE OTIMYAIOTCS OT CTAaHAAPTHBIX MaKETOB MPOrPaMMHOT0 o0ecrieueHus! A1l IPOEKTUPO-
BaHUs pa3paboTKu MmaacToB, Takux kak Eclipse i CMG, B KOTOPBIX HCIOJIB3YETCs MPOrpaMMHOE 00eCIieueHHE,
OCHOBAHHOE Ha TPHUHITUIIE «IepHOTO smmuKay. Camas BaxHas ocobenHocts COMSOL 3akimodaercs B TOM, 9TO
MOYKHO BUJIETh YPAaBHEHHE U U3MEHSITDH €r0 B COOTBETCTBUH C TIOTPEOHOCTSAMH 3a/1a4i, OObEANHATH Pa3InuHbIe (u-
3WYECKHE MTPOIECCHl/CBONCTBA M PelIaTh 3a/1a4y C TOMOIIBIO PA3TMYHBIX CPEJCTB, KOTOPBIE HAXOAATCS B PacHopsi-
JKEHHUH T0JIb30BaTest. B aToit craThe Oyaer npeacrapieH Kpatkuit 0030op FEM, a 3aTtemM OyayT pacCMOTPEHBI | 110O-
CTPOEHBI MaTeMaTHYEeCKUEe MOJEIH ABYX(a3HOr0 HECMEIINBAIOIIETrOCs MMOTOKAa BOJA—TsDKeNasi HeTh C UCHOIb30-
BanneM COMSOL Multiphysics Ha ocHOBEe 3HAMEHUTOH OOpaTHON MSATHTOYEUHON CXEMBI pa3MELICHHUSI CKBaKHH.
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Cpasuenue pe3yiasratoB COMSOL Multiphysics u Eclipse nmoka3siBaeT ux xopoliee corjacue. ITo HCCIeI0BaHHe
SBIISIETCS TIEPBBIM marom B mcnonb3oBannn COMSOL Multiphysics mist MomenupoBanus muiacta. JlanpHenme
miary OyAyT HampaBJeHBI Ha MOJCIUPOBAHHUE MOBBINICHU HEPTEOTAaUM 3a CUST TEIJIOBON SHEPTHU C UCTIOIh30Ba-
HUEM METOJIa MAPOBOT0 3aBOAHCHUS U COBMECTHOTO Ucmonb3oBanus COMSOL Multiphysics ¢ maketom CMG st
YIIyHIIEHHs] BBOJHBIX M BBIXOJIHBIX JaHHBIX MOJEIUPOBAHUSI.

KnioueBble cjioBa: MOIETMpOBaHHE HE(TSHOTO IUIACTa, METOABI TOBBIICHNUS HE(PTEOTNAuM IUIACTa, METOH KO-
HeuHbIX neMeHToB, COMSOL Multiphysics, MaTremaTndeckue MOJETH ABYX(Pa3HOTO HECMEIINBAIOIIET0Cs IOTOKA
BOJIa—TsDKemast HeTb.

Jas murupoBanmsa: Nassan T. H., Amro M. KonedHO-3JIeMEHTHOE MOJIEIHpPOBaHNe MHOTO(GA3HOTO TCUCHUS B
He(TeHACHIIIEHHBIX TUTacTax-koyuiekropax — Comsol Multiphysics kak WHCTpyMEHT OBICTPOTO CO3aHHS YIPO-
HICHHOW MOJETH TPH MOJCTUPOBaHUU Tutacta. [opusie nayku u mexnonoeuu. 2019;4(3):220-226. DOI:

10.17073/2500-0632-2019-3-220-226.

1. Introduction

Reservoir simulation combines mathemat-
ics, physics, reservoir engineering, and computa-
tional science to develop a tool for predicting oil
and gas reservoirs performance at different oper-
ating patterns [1]. To describe the fluid flow in-
side an oil or gas reservoir a set of partial differ-
ential equations (PDE’s) must be solved with the
use of consistent set of initial and boundary con-
ditions. Different numerical methods are applied
to solve these equations, but the most applicable
methods in commercial and scientific software
are finite difference method (FDM) followed by
finite volume method (FVM). The application of
finite element method (FEM) is still very limited
in this branch of science.

In this paper, short background of FEM
will be illustrated and then the mathematical
models of two-phase immiscible flow of water
and heavy oil will be reviewed and simulated
using COMSOL Multiphysics on the famous in-
verted five-spot model. The comparison between
the results of Comsol Multiphysics and Eclipse
shows good agreement.

2. Finite element method

While FDM and FVM can be considered
as easier methods in terms of programming lan-
guage, FEM is a little bit difficult to program due
to its speciality in equation discretization. There
are different procedures to solve PDE’s in FEM,
but the most famous method is the Galerkin
method. To solve PDE using Galerkin approach
the following steps should be followed [2]:

— multiply the original equation with a test
function;

— integrate the equation and apply bounda-
ry conditions to produce weak form of the origi-
nal equation;

— write the finite element solution as linear
sum of a set of basis function (in the Galerkin
method, test functions and basis functions are
identical);

— apply the finite element solution into the
weak form equation;

— solve the set of algebraic equations pro-
duced at the previous step;

— perform the error analysis.

3. Computational methods

3.1. Two-phase immiscible flow model

Two-phase flow in any porous medium can
be described by continuity and momentum equa-
tions for each phase [2, 4, 5].

Mass conservation (continuity equation)

Let the porous medium fills a domain

Qc R®. Conservation equation for each phase o
is written as:

09S.p.) , v (
ot

Darcy’s law (momentum equation).
It is also defined for each phase a:

PoU,)=0,. (1)

0, =K (vp, ~p.gvz) a=wog. (2)
0

Define the mobility for each phase too:
}\’a = kra/l’ta’

where total mobility is A=2_ A,.
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Fractional flow for each phase f =X /A
and > f, =1

In the case of two phase flow for oil and
water, the total velocity is:

u=u,+u,.

To close the equations’ system, two cus-
tomary equations for saturation and capillary
pressure are introduced as follows:

S,+S, =1,

P. = Py — Py-

3.2. Fractional flow formulation of im-
miscible two-phase model

Equation (1) can be simplified by the fol-
lowing assumptions [3]:

— temperature is constant in the domain;

—there are two phases: water (w) and
oil (0);

— there are two components: water (w), on-
ly in the water phase, and oil (0), only in the oil
phase;

— the rock (porous matrix) and the fluids
are incompressible;

— the solid matrix is not poroelastic; this
means that the available pore space (porosity) is
constant.

Applying equation (2) into (1) results in:

8(S.p.)
ot

+ V-(pa&k“ (Vp, - pagVZ)D =q,. (3

o

+

When applying the above assumptions and
adding oil and water continuity equations, equa-
tion (1) can be written for the two-phase
system as:

Vu =0, —0y- (4)
Subtracting the continuity equation for the
two phases produces:
a(s,)
——*+Vu=q,. 5
P d, (5)

This will lead to the total velocity and
phase velocities:

u=—k[AVp-2,Vp, = (A,p, +2.p,)aVz]; (6)
u, = fu+kn, f,vp, +k, £, [(p, —p, )aVz];(7)
u, = fu—ku, f,vp, + Kk, f, (0, —p,, )aVz].(8)

Neglecting capillary forces leads to our
model that may be applied in Comsol
Multiphysics:

u=—kAVp—(hpu +2opo)avz];  (9)

l"IW = fwl"I + k}\‘o fw[(pw - po )gVZ], (10)

u, = f.u+kr,f,[(p, —p, )avz]. (11)

3.3. Comsol implementation of immisci-
ble two-phase model

Simulation  steps using COMSOL

Multiphysics® software are different from the
traditional reservoir simulation software packag-
es owing to the speciality in discretization pro-
cedure used in FEM that is significant difference
compared to FDM and FVM. In general, the
simulation procedure is as flows:

— setting model environment;

— creating geometric objects;

— specifying materials properties;

— defining physics boundary conditions;

— creating the mesh;

— running simulation;

— post-processing of the results.

Mathematical module is used due to its
merits in stabilizing the solution, and we use
general form and coefficient form PDE to solve
pressure (p) and saturation (s) equations, respec-
tively. The numerical study is applied on the fa-
mous SPE case study quarter five-spot inverted
model shown in Fig. (1) and meshed in Fig. (2).

Pressure equation

General form time dependent PDE from
mathematical module in Comsol is applied to
pressure equation (4) with p as an independent
variable. The components of the total velocity
are the components of conservative flux vector.
There is no source term, equation (11).

eaa—p+daa—p+v.l“:f. (12)
ot ot
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Fig. 1. Quarter five-spot inverted model
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Fig. 2. Triangular mesh of the domain

Initial conditions
Initial pressure in the

P(t,)=p,,and ép/ét =0.
Boundary conditions
Injection well —nu =u,,.

whole reservoir

Production well p= p,,.

Saturation equation

Coefficient form time dependent PDE from
mathematical module in Comsol is applied to
saturation (4) with S, as an independent variable.
The components of water velocity are the com-
ponents of conservative flux source. There is no
source term and c used as stabilization parame-
ter.

2
e 6_u+d ou

.o +V.(-cVu—oau+v)+

a

+BVu+oau=f. (13)

Initial conditions
Initial pressure in the whole reservoir

s, (t,)=S,. and &S, /ét, =0.

Boundary conditions
Injection well S, =1.

Production well —n(-cVS, +u, )=-u,.

Simulation findings

Selected data from [1] are chosen to be ap-
plied in this study. Figs. (3) to (6) illustrate the
saturation profile in the domain at different peri-
ods through the life of the reservoir where the oil
saturation decreases significantly toward the
production well to reach minimum at 2350 days.
Fig. 7 shows the saturations (So, Sw) as the func-
tion of time. Fractional flow (fo, fw) is shown in
Fig. 8. The comparison between the daily pro-
duction from Comsol and Eclipse-100 shows al-
most identical results for the first period before
water breakthrough, Fig. 9.
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Fig. 7. Average oil and water saturation vs. time (days)
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Fig. 8. Fractional flow of oil and water (fw, fo) vs. time (days)
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Fig. 9. Daily oil production rate (comparison of Comsol and Eclipse results)

3.5. Heavy oil model
Heavy oil model can be derived from clas-
sical continuity equation (1) and Darcy’s law [4]

as follows:
oS - (1 —
— 22X |+V]—u, |=0q,;
%t[BWJ [BW j a,
oS -1 —
—| == |+V]—u |[=q;
(Pat(BOJ (BO Oj qo

Momentum equation

o

u (Vp, - p,gVz), a=w,0,4,

o

where B, is formation volume factor and R, is
gas solubility in oil phase.

This model must be manipulated and can
be written in two-equation model for applying in
Comsol environment. The new model is called
phase formulation model with total velocity:

Total velocity

U=u,+U,+U; =X Ug;

u= —kk(Vp —gVzX, fipg + 2, 1 pcBo);
Peoo =0

U, = fu+KE, 252 (V(Pogo = Peoo )~ (P = Pa JOVZ),
o,p=0,w,g; a=f.

Pressure equation:

- o1 1
v.u=zsﬁ[qﬁ_(psﬁ_{_J_uﬁ.v(_D_
: at( B, B,

_Bg Rsoao +(P_S()&+i
B, ot

0] (0]

uo.VRSOJ.(M)

(0} +Vu, =

Saturation equation:
0
= Bﬁ[qa _(pS(x A

oS
1 1
a(s—][B—D ()

ot
Customary equations:
SwtS,+S,=1;

pcgo = pg —Pos

Peow = Po — Py, -

Equations (14) and (15) can be applied in
Comsol Multiphysics in the same way as in two-
phase flow model.

Conclusions and future work

Principle of FEM has been reviewed and
mathematical models of two-phase immiscible
flow model and heavy oil model have been for-
mulated to be easily applied in Comsol
Multiphysics to illustrate saturation profile in the
reservoir. The results show good agreement with
commercial software Eclipse 100.
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