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METHOD, APPARATUS AND SYSTEM FOR RESERVOIR
SIMULATION USING A MULTI-SCALE FINITE VOLUME
METHOD INCLUDING BLACK OIL MODELING

RELATED APPLICATION

This nonprovisional application claims the benefit of co-pending, provisional patent

application United States Seriad No. 600814,748, filed v June 18, 2006, and United

States Serial Mo, 0G/814,747, fled on Jung 18, 2006, which are both hereby

w

weorporated by reference in their entivetins,

The present mvention relates generally to the ainwdation of Haid Jow n sublerranean
formations, and more particulardy, to reservorr simudations which utihize black oil

models and to reservalr simudations winch use muli-seate methods.

BACKGROUND OF THE INVENTION

Reservodr simulation ts used to predict the How of [hads in an underground reservoir,

The Juid How may include oil, gas and water. Such reservolr forecasting i important in

reservoir management and estimating the petential recovery from o reservisir,
Reservolr stnnilation i3 wedl known throaghout the el indusiry and in the sctentific

Hrerature, A good primer on the privciples behind reservoir simudation is Ko Aziz and
A, Settart, Perrolewm Reservolr Simudaiion, Elsevier Applied Science Publishers

Lotdon (1979) Another description of hinw ressevolr simulalion ts generally
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performed is desoribed in U8 Patent No. §,032.528 1w Wars U1 ot gl These

¥

L2

references are hereby incorporated by reference in their sntireties.

The following are general steps taken in a convenbional reservour sivlation. Fust, a
S reservedr s scolevted for which the rock and fhend properties are 0 be niodeled and
simulated. The reservolr is modeled and discretized into a plurality of cells, Nonlmear
govermng cguations are constructed for each cell, generally in the form of finte
difference equations, which are representative of propertics of rocks and fluids in the
reservoilr, BExamples of rock properties inchide porosity, capiflary pressuere, and
10 relatve permeability tor cach phase of fluid (o, water, gas) BExamples of {luid
praperties include odl viscosity, oil fwmation fhotor (B, and pressurs, temperatire,
and saturation in sach of the calls. Monlinear torms in these equations arg hnearized o
arrive at a set of Hpear equations for cach timestep of the simulation. These linear
squations can then be solved (o estimate solutions for unknowas such as prossurs and
PS saturation w the cells, From these values of pressive and sataration other proparhies

can be estimated inchuding the overa or frown the

H production of mi, gas and ws
reservint v & timestep. The aforementioned steps are repeated over many such
timeyteps to simulate fleid Sow over time i the reservoir,

3 kP

200 The permcabiiy of natural formations of reservolrs displays high levels of variabibity

ot
e

and complex stractures of spatial heterogeneity wiich spans a wide range of length

g
scales, fn order t tmprove the reliability of petroleum resorvolr sinwdation musdels,
nmuch effort has begn divected towards characierizing the reservelr properties in great
detatl, Conserpantly, efficient nomerical algorithms are required o tackle the

25 resulting high resolution simelation models (with several million gnid cells), Regent

1

advanees 1 multi-scale methods have enhanced the ability 1o meke predictions of

Ponst

flow and transport in highly detatled heterogeneous reservelr models. U5, Fatent Nix,

6,823,297 1o Jenny et al, ULS. Patert Apphs 20030203725 o Jenny ot al, and papers
by Jemny, P, 8 H Lee, and B AL Tehelept, 2003, AMudii-Seale Finite-Volume Method
My o Ellipiic Problems In Subswrface Flow Stmulation. ). Corop, Phys, 187, 47-67; and

Jenny, P S H. Lee, and H. AL Tehelept: 2004, ddapiive Multi-scale Findte Volume

Method for Mudii-Phase Flow gad Trovmport. Moltbscale Model. Simel. 3, {1} 2004,
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10-64, doseribe a muli-scale fintts volume (MSEYY method for single phase flow and

L

adaptive IMPES (.., wnplictt pressure, explicit satwations. The MSEY method
solves How and travsport seguentially. To compute g fine-scale Bow fleld, dual basis
faretions, which are solutions of local problems on 2 dual grid, are used o comstruct a
» global coarse seale system of wquanions, which can be solved o obtain global coarse
gnid pressures, & velocily fiedd is reconstrucied on the {ine-seale using prinal basis

functions. In the MSFY approach, a block based Schoeare overlapping technipue 38

used to solve hyperbolic saluration equations {1.e., the transport problem), This MBPY

method has been proven to be accurate for strongly helerogenonus probloms.

Black oil formulation iz often wsed o perform stmuladion stadies i practive. Ina
black ol model, three compopents, which are defined as Hoid phases at standard
{surface} conditions, are wsed {6 represent o fhwd svetern, The hydrocarbon aystem 18

deseribed using two pseudo compoments, namely ol and gas, and the third component

15 represents water. The phase behavior of the [uid system is desenbed using
solubilities and formation volome factors,
The conservation equations of the three pseado components are nondinear. They e
parabolic due to capitharity {three immiscible fhud phases)y and compressibility {rock
20 and fhads). Howewer, n most setings, reservorr displacoment processes are
donunated by convection, st that the pressure feld v nesly elliptic, while the
saturation equations display nearly hyperbelie behavior.
iy the MSFV method of Jerawy ef al,) dual-grid basts functons, which are solmions 1o
25 Jocal problems on the deal grid, are used to assémble an upscaled fransmissibifity
field on the cparse grid. Solution of this global system yields the ooarse seale
prossure field A fine scale presswre field can be reconstracted using the dual-grid
basis Tunchions, Fine scale saturation equations ave then solved using the reconstrucied
fine scade velochly field In the satwration equation, a Schwars overlap method s
3 applied divectly for a primal coarss cell with local boundary conditions. For more

details of the calculation of the MSFV method and the use of dual-grid basis

functioms, seg Appendix A below,

Led
]
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Prior mult-seale metheds wypleally deal with single- or twoe-phase flow and only
consider very simplified physies. They neglect capillary pressore, gravily, and

dissolotion. They also assume that both the porous mediom and the fhads ae

.’.},~

meompressible. Accordingly, there i3 a need for o multi-scale finite volume metho

which sddresses the effects of corapressibility, capillary pressure and gravity,

SUMMABRY OF THE INVENTION

The present invemtion uttlizes a mult-scale fimte-volume (MEFVY)Y methad to deal
with nonlinear inwmiscible throo phase compressibie flow n the presence of gravity
and capillary forces (.o, black oif model). Consistent with the MSFV framewaork,
low and transport ave treated separately and differentdy, preferably waing s folly
irophicil sequential algorithm, The pressure feld is solved using an operator splitting
algorithon, The general sohution of the pressure ts decomposed inte an elliptic part, a

ik

burvancy/capbtlary fotee dombrant padt, and an inhomogenceous part with sourceds
{wells) and acoumulation. A MSFY method 15 wsed to compute the basis fanctions of
the elliptic component, whach capliwes long range teractions i the pressure field,
Direct corstruction of the velooity field and solution of the fransport problem on the
primial cearse grd allows for wide fexibility i accommodating  phivsical

mechanisos, such as compressibility, capillary pressure, and buovaney.

It iy anr object of the present Invention 1o provide an efficient algorithm for a Mack oil
model using & muoltisseale fintte vohume method in reservolr simuolation,

An operator sphitting alporithm iz devised 1o computs the pressure field, The genseal
solution of the messwre 15 decomposed inlo elliptic, buoyvancy dominated, and
capifiary dominated parts, The effect of wells {sources/sinks) on the How feld i3

represented as a particalar solution,

A method for stmulating the properties of a fluid-containing subterranean reservolr
meludes the step of partitioning a reseevolr model of a subterranean reservair intoe a
.
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grid of fine cells and respective grids of primal coarse cells and dual coarse cells
which overlie the grid of {ine cells, A first pressure equation 18 construcled. The fips
pressure eguation includes a homogenous eguation component pp, & gravity and
capiliarity oquation component p,. and an mhomogenous equation componend oy,
assoviated with at least one of sources and sinks and aceunmiabion. The homogenous
cquation componstt py 15 solved to obtain dual basis funetions giilining local
boundary conditions on the dual coarse cells. The gravity and capillarity equation
component p, Is solved to avive af a suometion of products of priveal coarse cell
pressures and dual basis functions and 3 correction torme The inhomogenous equation
component g, is solved to arrive at primal coarse cell pressure squations utilizing the
hasts funchions in corgunction with the correction term. The primal coarse ¢ell
pressure equations are solved for primal coarse cell pressures. Then pressures in the
;

fime cells are construcied, which are a combination of products of primal coarse geli

pressures and basis fonctions aggmented by the correetion term from the p, equation.

The method can also inchude the S‘E(?}Tf of constructing Neunwun boundary conditions

e

on the primal coarse colls vtilizing the fine cefl prossures proviously caleulated. Inthe
method, the conventional pressure equations on the fine celly contained in each primal

coarse cell can be caloniated with the Neumaon boundary condittons applisd af the

boundaries of the primal coarse cell to arvlve at mproved five cell presswres. In the
wethod, transport equations for cach phase in the fine vells can be solved utilizing the
nmproved fine eell pressures o arrive at fine cell saturations for sach of the phases, in
the method, the mwotality and mobility changss and pressure changes can be calcalated
mosach fine celll  If mobility changes and pressure changes are not within a
mredetermined toleranve, then the method steps can be repeated repeat woiil the
tolerance is satisfied. In the method, the pressure and satwations i the fine colis van
be cutputied, and then procced to the next time step by repeating the previons steps of

L

the method,

in the methed, the sobving of the homogeneous eguation component py can inchude
eynploving the basts finetons and & correction: function. The gorrection function can

be used to account for gravity effects and correct a course scale operator.

L
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- media carrying cotopEer-

readable instructions for earrying the sieps of the method. Another aspect of the
preserd ineendion inchades @ systenn conpmising computer hardware and tabgible

media carrving compuier imstructions for carrying oot the steps of the method,

o tod

According to anothor aspest of the invention, & methad for stmulating the propesties
of a fluidcontaining subterranean ressevolr ncludes the step of pastiioning 8
reaervoly madel of a subterranesn reservelr into a grid of fne cells and respeciive
prids of primal coarse cells and dual coarse cells which overlie the grid of fine cells.
An approximate pressure feld Ix computed, which ncluding a solution of 8 course
scale pressgre equativne Pinesscals flwves are comstructed. A phese-transport

squation 1s computed,

in the method, the step of computing the approximate presswie field can ncluds &

tuxtaposition of local solutions computed on the dual courae cells. In the method, the

atep of computing the approximate pressure feld can alse inclnde computing a fine-
seale pressure approximation responsive to a seb of basiv functions and a correction
function.  In the method, the coursesscale pressure equation can be an elliptic
homuogenous eguation ph, and the basiy functions comprise focal solutions o the
elliptic homugenous eguation. In the method, the step of computing the approximate
pressure Held can inchude using the basis equations to relwte a course-grid pressure 1o
a finite scale pressure distnbution, and extvact course-scale transmissibilities. In the
moethod, the correetion functisn can by independent of the course-seade prosswrs. The

S

correction function can accoumt for gravitational effects on the fhaid in the reser

.,,.
P /
-~
et
Pt
-

and can correct a cowrse-seale operator,

According to vel another aspeet of the wnvention, a method for simulating the
wroperties of & had-containing subtervanean reservoir includes the step of parttioning

a peservolr model of a subterranean reservoir o a grid of fing celly and respeciive

&

\

grids of primal coarse vells and dual coarse cells which overlie the grid uf fine cells,
An approximaie prasewre fedd s computed. The computing of the approximate
pressure filed inchades computing o solution of a course-scale pressure egaation. The
R

commputing of the approximate pressuve Seld inclodes a juxtaposition of local

hed
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solutions cornputed on the doal corae cedls, The computing of the approximde
pressure fiodd includes computing s fine-scale pressure spproximation responsive 1o i
set of basts fonctions and & correction function. Fineescale fhives ave constnucied. A

phase-trangport aquation is compited.

¥

fn the method, the coursescals pressure equation can be an elliptic homogenous
equation py, and the basis functions can comprise local solutions o the elliptic
homoegenous equation. In the method, the step of computing the approximate presse
field can sbso invlude wing the basis squations o relate & course-grid prossure to @
finite scale pressure distribution, and exsract vourse-scale transminsibilities. o the
method, the comrection funetion can be mdependent of the course-scale pressure. In
the method, the correction function can be wtilized 1o account Tor gravitavonal effects

on the fhuid in the reservorr, and correct a course-scale operator,

BRIEF DESCRIPTION OF {HE DRAWINGS

These and other objects, features and advantages of the present nvention will becorne

better anderstood with vegard fo the followmng description, pending vlaims and

weompanying drawings whers:

fe)

v bisa Bowchart of & method, practieed i accordance with the presont bvvention,

for sinmlatpg fluid How in a sablerrapenn reservoly

FEG. 2 shows () @ global problem domain partitioned into a primal {solid Hnes} and
dual coarse gnid (dashied gy and () dual control volome blows up depleting an

underiving fine grid stracture

3

FIG. 3 shows a coarse @il with wioe adjacent course volumes (sulid bingsy Also

o3 <

shiowi 38 a corresponding dual gnid (dushed Haesh Four adjacsnt coarse doal control

volumes comprise the boundary conditions for the coarse grid of a ecll 5,

r"7

s
’
b
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FRIS da)-(D) show py tor Example 15
FIGS, 8ap{fy show depletion with constant presswre boundary conditions at time =
30 days with {8} loganithm of permeability; (b) pressure MSEY; (o) 8 from MEFY,

(dy 5 from MSEFV: (o) 8 from fine scale simulation; frovn fine seals

simulation,
VIGL. & shows contour Hines of water sstwration for Example 2 (2) 0.21 PVL (b 0.4

¥ TY. 3
PVEL and {0

49

D.64PVE with solid contours reprosent multi-seale, dashed contours

PHA 7 13 g belerogenous model with teo wells {Example 3y with{a) log-peomeability
distribotions; and {b) oil saturation; just aBer breaktbrough;
FIG. 8 18 s comparison of pt(\imne it rates for Example 3 with mudtiseale (salid Hnwsy

and fine seale references (dash

FIG. 9 ie a fteldescale hoterogenons model with five welle (Bxample 4) with (2) log

]

permenbility distributiong (B) off saturation just after breakthrough;

FIE38, 1 shows production sates fr Example 45

Fity, 11 is a flowchart ¢

st a method, practiced o accordance with the another
embodiment of present nvention, fw snulating Hwd How i o sublorrancan
FOSCTVIMT,
FIG. 12 is a global problom domatn partitioned fnte g grimal or cowrse grid (sotid

fies) topether with s dual coarse grid (dashed nes).

Py

FIGE, 13A-131 Hlostrate water-phase saturation al

and the natwral logarithm of the heterogenvous permenbiliiy

.
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FIG, AL, associated with Appendix A, ithusteates g coarse 30 grid of coarse ©

an evertying dusd poarse grid meluding & dual coarse control volume and an

W

underiying fne grid of fine culls;

5 a coarse grid including nine adjacent coarse cells (bold sndid Tines)

with a corresponding overlying dueal coarse grid (hold dashed lines) including dual

£

comze control volames and an underlving fine prid (thin dotted hines) of fine celisg

and

FIG. AY shows flux contribution ¢4 and ¢} due (o the presawe in a partivelar

TAILED DESCRIPTION OF THE IKVEMTION

fry

. Overview

host practical reservoir shnulation studiss are performed using the so-called black oif
model, in which phase behavior is represented using solubilities and formatiom

vidumse factors, The present inverdion extends the mulii-scale fintte-vojume {(MBFV)
method, as referenced above, to deal with nonlinemy uwnuscible theee phass
compressible How i the presonce of gravity and capillary forces (1., black oil
model). Consistent with the MSFVY frawework, How and transport are treated
separately and differently, preferably using s fully waplicit sequential algonthm. The
prossure Held 18 sobved using an operstoy splitting algorithan, The general solution of
the pressure is decomposed infs an elbptic part, 8 buovaney/capiliary force dominant

part, and an inhomogensous part with sourcedsink fwvells) and sccomudation. A MSFY

method, stanlar o that described in ULS, Paw Noo 6,823,297, 15 used o compute the

basis Tunctions of the elliptic coraponent, which captores long range bnferactions b

o
s

the presswre feold. The methadology s demonstnded using black oil exanples of

mondinear vompressible multiphase Qow in strongly eterogeneme Dwmations. Dhiregt

1

copstraction ol the veloity feld and solotion of the trangport problem on the primad

i

ey

S
H
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cosrse yrid allows for wide Rexability In scommmpdating physical mechanisms, such

b

as compresstbility, capillary pressure; and buoyanov.

FIG 1 is a fHow chart depicting stops taken i a preferred orbodiment of the present

%43

invention which-are as fnllos

partitioning a reservoir model of a sulterrancan reservolr into a grid of fine
celle and respective grids of primal ooarse celly and dual coarse cells which

pveriie the grid of fine cedls; 110

atruety g a first PPURSHY ClldUOﬂ U’B‘I}’}':.; $ ] hmm}gmous C‘C}Liiiii.{)ﬂ

1 cOImponent py Y a gravity and capitlacily equation component py; and ni) an
mhomogenous equation componerd p, associated with at least one of souwrces

and sinks and sequmulation; 126

{1} solving the homogenous cguation component 1o oblain dual

hasis fonetions utilizing Tocal boundary conditions on the dual coarse cellg;

s
A5

(i} solving the gravity and capillarliy equation component p, o
arrive al 3 summation of products of primal coarse cell pressures and dual
basts funelions and g correction ferm; 148

(i) solving the inhomogenous sqaation component pp to arrive at

&

20 prisvial comse cell pressure gquetions utilizing the basls fimctions in

conjunction with the correction term; 130

solving the priumal comrse cell presswre equations for primal cosrse el

preasures; 16

nation of products of
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primial coarse cell pressures and busis Runctions augmented by the corvection

termn froun the pg equation;, 17

constructing Neumann boundary conditions on the primal coarse cells unlizing
the fine cell pressures from step (), 186
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solving wonventional presswin cquatons on the fine cells comtained In cach

primnal coarse cell with the Neuwmanp boundary conditions applied at the

boundaries of the primal coarse cell o arrlve at improved fine cell pressures:

19

solving eguations for cach phase 1 the Hre cells wilizing the

&

irangport

wroproved ting cell pressares of step (f) 1o antve at Soe cell satarations for cach

Cand mobility chapges and pressre changes in zach

if wmobility chanpes and pressure changes gre not within ¢ predetermined
i mobility changes and pressure changes are not within @ fetermined
3

tolerance, then repeating steps 120 to 210 wnti! the tolerance is satistied; 220

and

eutput the pressure and saturations in the fine celiy and procsed o the next

thne step, 238

The detailed deseription of a preforred embodinment of wtng the present invention 13

A

orpanized as follows. In section 2, the governing equations fov three phase transpont

are deseribed and a discretized formulmtion is derived. Transport oyuations are

rearranged 1o yvicld a single pressure eguation and twa phase transpos? equations, In

section 3, an operator sphiting scheme s wdroduced that decomposes the pressure

¥

pquation into three components. Corresponding malti-scale algorithms are derived for

each the three compouents. Section 4 deseribes a sequentially fully implicit scheme

for solving saturation equations. Also, the use of adaptivity in the MSFY mothod is
dizcussed. The novel algosithin of FIGL 3 R a preferred embodiment of this invention

iy summanized i Segtion 5, Fingdly, nomserical examples ave presented in Section &

I
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(3

2. roverntng Eguations and Diseretized Frormulation
b

The standard Black ol moded includes two hydrocarbon phases (ol and gas) and ong

acuevus phase {watery with rock and fluid compressibility, gravity effeets, and

capiflary pressure. The thermodynamic equitibrium between the hvdroesrbon phases

seribed by the selubility of gas fn ofl The conservation equaticns are nonlinear

due to the strong nondinear character of the velative permeability and capillary

The governing cquations for the black oif frvmealation wme:

on the domain £, with boundary conditions on 803 . Here, & =1/8, and

A== &k e tor phases {=oon g (e, ofl, water and gax). 8 denotes the formation
volimne factor of phase {1, Lo, the volume af reservowr conditions o volume &

standard condittons. Smndlarly, %, &, 4,0, denote, respectively, the saturation, refative

2

N

permeabiity, viscosity, and density of phase [ The well volumetnic How rate s ¢,

The tensor K desoribes the permeabilisy feld, which ts usually vepresented as a
complex mulibscale function of space that tends 1o be bighly discomtinuous in discrete

representalions. Porosity 13 denoled by ¢ g is the phase pressure, g is gravitational

< fag

Hty of gas i oil In

N

acceleration, z denotss reservolr depth, and K s the sol

peneral, g p, B R and ¢ ave fimctions of pressure. The relative permeabilities, £,

Saturations ave constrained by

[

{
p—
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and the three phase presswes p, p,and p are related by twe independent capilary

wresswre functions:

LA

The oll phase pressure i3 choxen as the primary varlable, p= p_ and substituted for
the others in Bga. (1) 0 (33 The following semisdiserete formoes are obtained:

it

-
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N Ty ST \" e
AL TR 183
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B Haga

The ume stop size 15 A/ and the supersenpt mdenotes the state al the old time level

{r1 s the current time level), Egs. (7)) 1o (9) are muoliiphied with factors «, |

S

15 respeclively:

{1

i

A subseguent subunation step removes the dependency of the cument Jevel of

S~ e
¥

satyrations in the accumalation tevn of the resuBling eguation. H

td

squation s further lnesrized sround pressure p¥ for p™, then the well-known

]
fad

{paraboliv) pressurs equation is oblained:

{a 1
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Eg. {11} is solved for p77 at the beginning of cach teration of & Meowion Raphson

foop and the updited pressure i then used {0 derive the lnearized transpott equations:

-

~ .
et

o gy stands for oil, water, and gas. The third

& computed from the simple saturation constraint (43 st the end of cach ieration if By
{18} s sobved for §) and 5. Note that the states denoted by the superseripts vy 1

and #+lare the smoe aller convergence 18 achisved,

3. Muhi-sesde Fintle-Volume Formulation

fngs of WE Patest Na.

! 1o Jenoy o al, LIS Patent Apph
20050203715 o Jenny et all, lenny, P, 8. H Lee, and H A Tohelept: 2003, M-
Seede Fintte-Vohane Method jor Ellipric Problems in Subsurfuce Flow Simudation. J.

Comp. Phys, 187, 47-67. Jeany, P, S, H,

(22

Lee, and H A, Tchelept: 2004, Adaprivs
15 Muldiscale Finite Volwme Method for Madti-Phose Flow and Transporr, Maltisscale

Model, Shonl 3, S0 64, are hereby ingorporsted by reference in their entivelies into

Sce Appendix A below for a condensed summary of methods

ribed in % Pat Mo, 6,823,287,

it In the moltseade fintte-volume (MSFV) algorithne desentbed in the references, the

global (fine scale) problers domain is parttioned e primal and doad coarse volumes
as mpdiarhy Wusteated i FIG. 20 A set of pressure basls functions i3 computed R

cach dual volume wd the coarse grid pressure s solved using  upscaled

15 -
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frapsmissibilities, The same s hasis functions allow for reconstruciion of the

{fing scale pressure from the coarse solation

The wriginal MSFV algorithm of these references was originally designed to solbve the
S elhplic pressure squation for meomgressible Sow in highly heterogeneons formations.

The black

ot model, which accounts for compressibility and capillarity offects, vields
a nonlinear parabolic pressure equation. However, compressibility and capillavy

effects dre, in general, quite sroall. As a rexadt, the pressure equation exhibiis a nearhy

T

=

elliptic hehavier. A nudti-seale algorithm iy designed for pressure based on this
Hb  observation

In g preferred embodiment of this rvention, the pressure o decomposed o 8

homogencous part and two inhomogensous pars, The howogensous {elliptic)

component is denoted by p, ;0 the inhomogsneous part I8 compesed of

5 It

13 contribotions: gravity and capillarity, p,, aod additioual sowrcedsind due to well and
nowlingarity of physical parameters, p . Following thig proced governing
equations for the difforent pressure componenis can be wiitten as

LY
20
R AR I
whare,
= RESY Dy
+ N
25 The pressae dhag o capiilary foree is o general much smaller and localized than the

pressure due 1o viseouas force and gravity, The first rerm i the right hand side of

16 -



WO 2007/149766 PCT/US2007/071227

{22} vanishes as the pressure sohution converges {\ EAN SR @} and the sscond lonm
hecomes only the sourcefsink as the fluid becomes tncompressible {a( } in the
subsequent sectiony, the modificstions w0 the onginad {(ncompressible) MSFY
framework ave disonssed that can sccommiodate the nperator sphitting approach of Hy.

(193,

P4

Homopencouy Pressure Sohytion

o
o
e

The original MEFV method of U8, Pat, No. 6,833 297 vields an acourate fine scsle
pressure solution by smploving a ooarse grid, The reconstructed fine seale Held 13
obtained osing the coarse scale preasure solufion and the loeally vomputed basis
16 functons. A general MSFV algosithm for the black oif formulation will now be
dertved. A conforming coaves grid with N nodes and M cells 18 vonstructed on the

s

origiial fine grd (see FIGL 2) Bach comse celll Q)

Yars

WM B compossd of

rnstinn,

R
S

7=

anliiple fine cells. A dual coarse grid, conforming to the Sne grid, is constructed such

<

J

A

N1 comtaine exactly sne node of the coerse

R

e

that cach dual coarse eell, £
TR " - . ] SN T
18 grid i dts intenor. The coarse dual gnd has M sodes, g, i\s @ i%i\n.,é‘%"\i‘ i cach m the
interior of a coarse cell £, Each dual grid has ¥ comers (four In pwo dimensions

arnd eight in three dimensions). A set of dual basis functions, €, is consirucled) oue

for cach comer 7 of each dual coarse cell Q7

The dual basis functions are vsed o assentble a coarse scale transmisstbility fHeld,

20 which i3 used o compute the coarse scale pressure,

py . The deat basls fimotion @,

£

Hw example, is the local solation of Eg. (20n

where the underdving fine grid, the fine scaly total mobility fiekl, and the reduced

7

problem boundary condition:

«
f—
3
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Pl
ot

(&

5

are used. Here, the subaeript £ denotes the tangential vegior coroponent Io PQ anid:

{3V

The value at the nede x, of (3] 3= given by

where &, s the Kropecker delta. By definition &' {x}=0for x e Q. Effective coarse

2

scale transmissibilities ave extracted fromn the dual bass functions €0 A set of fine
scale basis functions, &, is constructed; for each coarse cell (1), one basis function
for each adjacent voarse cell €, which includes (1), The boundary conditions for the
focal computations of the fing scale basis functions are extracted from the dual bas

functions. Finally, given a coarse scale sohdion pf | the phase fluy across the

interface:

{203

is approxireated by

ey o e STV
for  dms g (S

,",‘. ]JZ . By v e
where T, are phawe transmissibilitios obtained as follows:

)
s
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The vector #is the undt novmal of 2€3, polnting W the dwestion from ) &
Mote that the homogeneous solution iz later used 1o compute & coarse geid prosswrs
aperator (restriction operatery and the coarse grid solution is interpolated to fine grid

solution via the basis funetions {prolongation operatory.

5 320 inbowmogenecus Sofutiorowith Grovigy and Copillary Prexsise

i1

As shown in Lg. (21, the inhomogencous solution p, accounts for gravity and
capitary forces, Due lo the complexaty of the fractional How Bawelion s the presence

of gravity, the potenital field cannotl be represented by a shuple soperposition of the

basis fimetions, An efficient algorithm i3 proposed o compute p by splitting it into
) two parts. The fst part 18 mepreserded by the o basis functiony; the second part

K

i3 @ corroption torm based on solving a local problem that accounts for busvancy

effects, Fellowing this ides, p, 18 seomposed o two parts:

. R
.\I’:{,‘ i\xk 8
§
Nuwte that in the shaal comrse grid “‘,\p‘; 1 represented by a weighted lnear

shts ave given by the

{
57 ot

po7, where the we

Jemad,
57

combnnation of the comrse grid pressure,

basis functions. The correction tevm, p_ is obtained from Eq. (211

where solutions of reds

conditions:

-#3Y

whinre:
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i
o
a,

As discussed in the previous subszotion, the reduced system can be applied along the
boundary {odge n twi dimensions and intorfaces in theee dimsnsions) to specify the
boundary vonditions for each dual coarse grid. For instance, the reduced systems from

3 Eg. (39 may be solved along the boundary hines with the boundary conditions:

N s oo 4 3 e A L oo Yoy o
Note that the comrection form g, 18 conputed with the stmple boundary conditions fin

the reduced systemy that is indepondent of the global presse distribution. This

bopalization assumplion o compute p) is analogous {0 the one used 1o construct the

i{}.r

10 dual basis fanction in the absencs of gravity effects. Consequontly, this localization
assamiption 1% effective in resolving the fine seale struenes of compley
heterogeneous problems where buovaney plays an important role. Substituting

Eq.(32) into the goverming equation Bq. {21} and applying the Qreen's theoram for the

coarse grid operation, the selation from f:*;“z ecomes an additional source/simk for the

IS coarse gnd operaton:

FEET S IS ENE LA

Cuge p s computed, the coarse grid pressure p) can be computed by the coarse grid

) Farnissibility desoribed 10 the previoos seotion and the adiditiomal source torm from
20 wanamissthility desonbed in the previvos section and the additionad s term B

po The pl, asa result, does not have to be calculated separately. The coarse

- 3~
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1

i3

blook pressure can be calculated together with othwr source/simdk and socumuiation

teyms, which ave freated fn e next section,

3. Partiewdor Soludion with Wells and decwmulation Termy

o~

In addition to capturing the effects of the presgnce of svurces/sinks {wells) in the

domatn, the particular sohation | as given by Bg. (22), accounts for compressibility

o

affects on the sccamulation terms. To simplify the derivation of the inhomogenesus
sodution here, wells sre represerded as distribued fine seale source tovms in the coarse

grid containing the well,

The coarse grid transmissibility is obtained from the howogensous (sllipic)

grid travsmissibility field does not change for the particular

bad

connponent, I the coavss
solution with sowcesisinks and scowmnulation terms, the coarse grid pressure can be
computed directly. With the comrse gnd transonssibility approximation, @ mass

balmice eguation can be writtow:

NS 4 RO
where:

rosrerrorren

R I e

[
t
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ire sysiem can be solved for the

e

o g ’ e 1%

for cach coarse vell QI =L 4} and the en
{ N I= b Y

coarse pressure {p) = pl 4 oy } Naote that a coarse gride fctor s employed to

v

minimize the pressure dependency on the neow coarse saturation. The following couwss

o
[

Once the coarse grid pressure is computed, the fine grid pressure in the dual gid ean

be ohtained wsing the basts Ametons:

The pressure from the particadar sohution and the Iinear pravity part is interpolated by

the dual grid basis functions and then the correction gravity pressure 1s added.

T4 DTN ERAE NNt SRR ORTE st % SNV JURINTRNY ) ;
340 Conservative FVelooity Field and Tmproved Pressuve Field

-y

e presaure (1.e, using

The veloeity Deld as veadily obtained from the reconstracted §

enarse grid solution pf and the dual basis fuoctions ) suffers from local mass

salance errors at the dual coarse cell boundaries, As s remedy, a second set of
balance errors at 1 il coars H boundari s g oremedy, a secoud set of
{primal} bagis functions may be used for the construction of a congervative velponty

fedd. Using the fne seale Buxss obtained from the dual basis Rwmetions as boundary

condibions when computing the fine scale basis functions epsures thal {he

reconstructed fine scale velocity Held is conservative (Ree FIG. 34 Bven though an

adaptive method e crapleved to clinuns necessary computation of th
adapiiy thod san be cmpleved inale pnngccessary cormpuiati the

second set of bhasis functions, the large manber of such basts functiony dogs not
suarantos that this approach 18 mamerically more efficient than direct computation of

bl

the velooity and sataration felds every Ume step, or feration.

Ax g resuitl, a direet approach is used for obiaining velocities instead for this preferred
smbodiment, This 18, in vonstrecting the velogity field on locsl domaing, the

R
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)

P
¥

20

]

reconsiructed fine scale pressure soiutivn is sampled at the local boundaries for fluxes
avgd focal Newmann problems arg solved, The direct velooily construction allows sl
nondinear effects to be inchuded {fe., full black oif physies), however, adaptivity may
be lost. As a seocondary benefit, the fine pressure solution oblained from the Neunaon

N

solution is Hkely to be of higher quality (1, 1 is locally consistent with the velooity

ficld) as compared o the prossure sohution rovonstructed from the cosrse solution and
the basiy fonctions (a3 1o the original alti-scale mgthod of US. Pat. No, 6,823,297

This direct approach will now be detatled.

Fream the course grid pressore solation and the dead gid basts fimetions, the Bre grid
fan) oy

pressure ficld in a privoal coarse grid, 07, as shown in B (44), 13 constructed. The

Neumann boundary conditions are constructed along the primal coarse grid, &8

» u

3y ==
e < ‘;{ S F4m
and Eqo (19} is solved for the fine scale velociiy. In order to obtain a conservative
veloeity fleld ¢ which conforms oy, the requirement:

R IRR TR FURE ¢ e

iv traposed at the inferfaces betwesn coarse celly, where 11 is the inferface onit mormal

C‘

vector. The {ocal fine scale solution ¢ the sohution of Eq, {111 with the loeal boundary

e
o,

conditions o

g, {461 Bg. (11 can be rearvanged with the local boundary conditions

AN

o obtan:
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The resulling pressure solution 18 of good quality and replaces the nmilti-scals
recomstructed pressure salution in the black ot case. The local prossurg solution i

i3
¥t

=

S5 readily copvertad to velecitles, al the boundary the velocites Hg (39 will he

enforead.

From the couservative pressarg Held in Hg (11} the fluxes can be readily computad

N

0 3 ool and the fhuves substitted in Bg. (18):

N 2
L

., -
rveie et

which are sobved for & and & at the end of each iteration. Netice that the states

E

denoted by the seperscripty vov +1, and n+1are the same afler convergenee is

achieved.
4. Algorithm Summary
13 The sbove steps can be summarized into the form of an algovithny as described below,

Partition problem space into coarse and deal coarse vohimes (1.8, coarse grid

and duad grid)

]

Compie-dual basis functions () from Bg. {253 and local boundary conditions

Eq. (261 ared Bg. (28). This can be dowe adaptively.

~ 24~
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Ceropule the correction term of gravitv-capillary pressare solution (g | from
Fq. 333 and local boundary conditions Eg. (34) and Egq. (38). Compute the
coarse prossure values for inhomogenecus eguation with sourcedsink and

gravity, g . located at x, . 85 shown in By (39

The coarse pressure field p* logether with the dusl scale basis functions and

the gravity-capillary pressure comrection fenn po are used to construct fise

N ~ . . H PR Y o R
scale provewre for the inhomogenedus equations {p Lo} in Bg. (34

N

From the fine scale pressure solution plejs= p, ¢ p, + p, consinuct the

“h

Heurnann boundary conditions Tor the primal dual grid, Eq. (47}, This pressure
solution will vield fine scale phase velveny Beld w4, 4.
The “iau velooilies are used to solve phase ransport -;‘rt:;uatimxs an the fine

Uising the new saturation distribation, the mobility field A 15 updated and the
basis functions are reenmputed where § is necessary Owhich includes updating
the effective coarse scale transnissibilities). Here an adaplive scheme i3

preferably apphied.

1f an froplicit selution method is applied, one proceeds with the next Nowton

Ly

Raphson iteration by repeating steps 2-7, until convergence is achieved,
F &
The next tine step is performed by repoating steps 2-8.

Seguential Fully boplicit Coupling And Adaptive Computation

The algorithn, sunimacized in the provious section, comprizes two major steps. Fust

the phase veloeities are oblained from solving the pressure squation with the MsFY

mothod and then the travsport equation is soived on the fine grid by using the
reoonstrusted tine seale phase veloctly fleld w. A Schwarz overlap method e applied

~

for the

saturation equations. The transport problem i solved locally an gach coarse

‘}\»“
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26

volunte with an impliclt upwind scheme, where the satwation values from the

~

neighboring coarse volumes at the previons fteration ovel are used for the boundary
congitions, Ouee the trarsport eqiation is cowverged (for hyperboliv systerss the
Schwary overlap method 18 very efficient), the new sabwation distriibution determines
the new total mobility feld tor the elliptic problem of the next Newton iteration. Note
that, o general, some of the basis functions have fo be recomputed cach time step.

oy

hese steps can be itorated untl convergence P variables at the current time loved,

The MAFY approach can be casily adapted 1o a seguential fidly implicis trestment,

¥

N
The MBFY mmplementation allows G performing an IMPES, wraditivnal sequentisl,

,,,;,

or a fully tmphictt scheme: Herg, the full ponbinesy travsmitsetbility torms at the new

b

tise step leved are retajued s that stability s guaranteed. The converged solution

waing this sequential approach should be generally identival 1o the solution obtained
uging the simmiltansous sodution strategy, which 8 wsually osed 3o deal with the

coupled fully imphieit sysiem,

Axiz, K. and A, Settaris 1979, Fewolown Ressrvolr Simulation. Elsevier Applied

Scientific Pub. and Walts, J. W 1983, 'A Compositional Formulation of the Pressure
and Saturation Eguations'. I Procecdings of 7th SPE Sympostum on Ressrvolr
Simudanion: SPE 1223, San Prancisco, CA, pp. 3122, investigated 3 so-called
sequential method in shich the pressare i3 solved exactly the same way as for the
IMPES method; and then the saturation is obtuined with the limcarized mplich
transmissibilities, The somi-mplictt treatment of trangmissibility in the second step
improves the mumerical stability. Shuce the transmissibilities In the pressure and
saturation eguations are at different tme lovels, this formulation will wot satisfy the
material balance. Nevertheless, the material balanes error is very small in a black ol

stenn. Walts dertvedt a sequential algorithue of compositional formulation and also
voted that the material balance error was not & problemt In applications. A typical tme

step needs several iterations for

o the converdional roplict! schene in rescrvolr simalation, a Newion method iy wsed
to solve the ponbinger waasport equations with variables {e.g., relative pormeabilities,
Tt
LY

pressure and saturation) al a now time level The Hpearized squations are solved

- 36
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simultansousty for prossure and satiwation changes. Note that this implicit scheme of
may be a sequential, fterative implicit schome that is somewhat different from the
comventional fully implictt method, Nevertheless, the sohation should converge to the
fully fmpliclt solutton. The sequental impdiclt MEFV method has been tested for

lavge and stiff problems and the coupling scheme did not fad, sven for very large time

In the dermtion of saturation solution, the total veloaty bedween cells should remain
constant in order 1o conserve the wass for cach celll {1 is thus convenient to use a
penerabived fractional Sow and the total velocity formudation. In the seguential
imphoit algorithen, the saturation egualions ave Meratively solved with the tosel
veloctty fived o presevve the corservation of mass (e, divergence free). This
alporithm can be readily implemented by the ol velactty and fracthional flow
formulation, However, for the case o counter-current flow, the original Factional
fHow that is dependent on a singls senwation has 1 be modified n order & maintain
mass conservation. The convergence and acceracy of the sequendsal hnplicd method
with various error lerances in the ouler Newton loop have been examuned. The
results indicated that this sequentind algorithm converges as fast as the fully ympheyt

scheme,

The MSFY v well saited for adaptive computation, which can kead 1o significan

gains in computational efficlency. The most expensive part of the slgorithen s the

compuiation of the dusl basts functions. In general, his is performed every ieration
dus to changes o the sataration (mobility) Seld. An adaptive scheme can be used to
apdate the dual basis functions, Since the baxis funclions are constructsd with local
suppat, the shange of the teial mebility 15 used fo decide when and where to apdate

the basis functions b the domain.

For acorapressible fludd, an effsctive total mobility change ortterion can be emploved

for adaptable computation of prassure fiekd
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and £ & Is g wser-defined threshold for mobility and pressure change.
5 6 Nuamerical Examples
6.3, Computaiion of Ovavity Presyu
Ag the gravity pressure is compuied by an operator sphit, 118 instrugtive 0 examine

the gravity pressure. Fromr numericel exporirents, i has been found that the
algorithny with local correction s very accurats if the flow i3 close to one-dimensional

the real fow

wuch away from a gravilational egquilibvionm and

addition o

consiructed wi

s
L6

St
of the nx
valer
Are en

DEESANE

20

motton of fhads dae (o the presence of the
countaroarrent flow ds

setife down wiside

0.5},

{;i;} =

vertioal motion becsuse the

B Ve

ation 1§

and 6.8 ploe and 3
yroyved. Tn FIG. 4

s oompbied by

The uneven walsr

educed boundary conditions for ;.‘r;‘ closely represents

feld. In this example, the case is studied in which the Hads are very

3 maedion in

e a strong laters

crtical motion of fluids, A simple twe phase two-dimensinnal model is

12 fine grids that 35 divided by 4 x4 coarse grids. The oil

givert by 8, =08 fov i=i-6 and A =1-0ad §, =1in the remamder

b

v and viscosity for fhads ave sclected as L0 géoc and 1 op b

3y

cp Yor oil, yespeetively. The quadratio relaltve permesbilities

. the original oif ssduration i3

!.«:”

own in {a) and the gravity

saturation i the left lower corpey will induce laderal and verlionl

differevice of the fluids. The

o the

density

sxpected around the fluid interface and als water will

the left-bottom guarter as the witer was unifvrmly distibuied

IR -
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i o} and {43 of FIG. 4, it is shown that the two parts of gravily pressure { gy and
Pel 3 computed by the multi-scale algorithm discussed above and the combined
prasswe pd o PG4 (e} In addition, the difference of the fise seale stimualation and
the fivst mult-seale resulis from the dual grid i depictad 1n FIGO 4 (D) Due o the
fateral motion of fuids i this examiple, the boundary conditons for the reduced
system Do dual wrid in the multi-scale modeling 18 less accurate, compared with the

first exanple. Some differcnses are shown in the gravity pressures from the
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Table L. Physical Properties of Bla

bubble point { £} 3300

oil density at STC {p,) 0.8

water density at §TC { pw} I
o 0t

gas density at STC { B 3 S

U VISCOSHY l\u, ) =

N 3
water visgusity f,ﬁ s

LS

243 viscokity €

solution gas {Rs] 90— .3 { ph - p}

oif corapressibility for p > ph 2370
ol compressibility for p < pb ~4x e

| swater compressibility 137107
gas comprassibility .0006

mnultiseale calouiation and the fine seale sinudation, However, as expected, the error is
very much focalixed around the bowndaries of the dual grids where a redaced system
was applied and the error is of 2 fow percentages in most of the domain. Clearly, the
quality of this multi-seale solntion can be proved when the sobmtion is caleulated

with ingwroved bouadary comditions.

6.2, Warerflood De Linear Geometries
This test case has g two dimensional goometry with 1O x 60 fine colls. A umidorm

coarse grid of 22 x & 15 used for the andti-scale ron. The permwability deseription s
taken from the first layer of the Tenth SPE Comparative Solution Project, Chrstiz, ML
A, and M. 1 Blunt 20{}1x Tenth SPE Comparative Sehation Profect: 4 Compurison of
Upscaling Technigues, SPERE 44}, 30817, As shown 1o PG, 94, the permeainlity
varies 10 orders of meagnitnde. A hughly correlated area of low pormability iy found

n the lefi-hand-side of the model and that of high pormeability in the vight-hand side
of the modsl.

N
i

he whyvsical properties of the black o

1

model inelude three compressible flad

yﬂ/
revon

phases, .e., gil, water and gas. The pressure dependence of the dengities s deserthad

&

- 30~
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asing formation volume factors, and the phass equilibrium between the oil and gas
phases 1s described using the solution gas-oil-ratio. & typieal physical propertiss of
black ofl ix tabulated fn Table T For tus example, the gravity sifect is not considersd
and a higher oif compressibility, 48107 for pe p.is employved, a stringent test of

- >

3 cowmpressibility. Ax paet of the solution

s m afl moves from ol phase to gas phase

as pressure decrzases, the o volums decreases as prossure decroases in p < p, . The

selition gas is constant above the bubble polng pressure, the ol veolume decreasss as

the pressure mereases for po> opg.

; e s e . ey fe v ) o ey oy
10 The model was indtislzed with oil (¥ =1} and vonstant pressure {4000 noia) . Ad
i 4 K 5
#= 0, waler i ijected at a constant pressure of SO0 peéo from the left side; the right
boundary ¢ maintained at 2000 0o . This numerical example s & challenging test

due to the large pressure drops applied between two boundaries and a large varistion

bl

i permeability distibution o the weodel. A convtant fmestep stee, 1 day, wag

s
LA

emploved for this example.

In FIG. 5 the results from the MSFV simulator and fine scale refersnce simulations
are depivted at 3¢ days. Because gas compressibility s two to three ovders of

magnitude farger than that of either off or watgr, a large pressure drop occors at the
20 boundary of the off phase above the bubble~-point pressure and the mixed {off and gas)
phase below the bubble puint. Thiy sharp presare drop is demonsiraied clearly in

B, 8 (o) I sddition, FIG, 5 (or{d) indicate that the saturation distributions of watsr

$

5
and gas oblaiped from the MBPV sinnlation are in excellent agresment with the

reference Hoe scale solutions,

&3 wo Phase Dispdagement with Gravi
The accuracy of the black oif MSFV mode] in the presence of gravity is now assessed
with a two phase displacement example. The geomietry 18 8 hwo dimenstonal 23 < 25
30 grid with vertical orientation, the malti-scale coarse gf,id 13 5 x 3 The permeahibity is
homogeneous, k = 100 md, and the purssily s ¢ = 0.2, The physical properties are

S I
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given in Table 1 For a swrong gravity effect, we changed the oil denaity at STC o 813

giee, The model was inftialized at 4000 pria at the top of the wmodel and water was

injeoted al constant rate from the bottom left covner displacing the il towards the

producer located at the top right corner. The average pressure was closely mamiained

at the mutial value,

The overall Huid movement is upward, In FiG 6, water saturation coptours sre
comparsd between the multi-seale run (solid lines) and the fine scale reference result

fdushed) for three different tmes {ov pore volumes injected, PVIL The coniows
incicate dovwnward moversent of the heavier fluid (water). For all three snapshoss, the
saturation contours frm the MSFV approsch are in excellent sgreement with those

from the fine scale reference simudation.

6.4, 4 Three Dimensional Hetervgeneous Model with Two Wells

This example employs a three dimensional model with two wells at two opposite
corners and heterogencous permeability. The permeability feld i3 geoerated by the
Seguential Gaussian Simulation Method, Deutsch, C0 V. and A G Jowmel 1998,
GSLIB: Geostatistical Softwars Library and User's Guide, MNew York: Oxtord Univ.
Press. The logarithm of permeability has a Gaussian histogram with mean and
standard deviation, of 30 md and 1.5, respectively. The variogram 13 spherical with
range of 30 m and 15 m in the directiong of 45 depree and 135 degres in the
horizontal plang, respectively, and 7.5 m in the vertical direction, The permeability 13
shown i FEG. 7 (&), The model comprises 150m x 13m » 48m in physical stze and is
anitormby discretized using 45 x 45 x 30 fine grids, The multi-scale coarse grid s 9 x
@ x b funiformh

The permeability distribation 1s shown in RGO 7 {a) The fiuid properties in Table |
are also used for this example. The reservolr is imtially at gravitational equilibrium
with 4000 psia gt the top of the model. Water is injected at constant rate from the
bottom left corner (eell (1, 1,1) in coarse gnd)y displacing the oil toward the producer

.~

located &t the top right corner {well (9.9.6) in coarse gridy. FIG. 7 {b} shows ol
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saturation distribution at the water breakthrough, The pressure around the productisn
weil is below the bubble point, the solution gas becomes free gas and the gas

saturation becomes wround 0.2 In FIGL R the production rates from MSFV are

pos}

compared with those from the fing scale reference simulation. The comparison clearly
shows that MSFVY is very accurale in sinslating oultiphase flow with gravity and

conpressibility in heterogeneous mesdia.

An upsealed pradel v computed for this problem. The basts functions were used for
the upscaled transmissibility and computed pressure and saturation in coarse secale

seithout the reconstruction of fine scales solution. The results are also depicted in

FYG.R. Even though the results from the upseale was quaiitatively following
those from the fine scale reference sinudation, the upscaled modet vielded, dug to
large mumerical dispersion, much less aconrate production rates than the muiti-scals
finite velume method. This maperical example clearly illominmed that the
recomatruction of fine scale solution in M3FY is an important step in obtaining a lugh

quality solution.

&5, 4 3.1 Field Scale Model with Five Welis

This example emplovs a three~-dirensional feld-seate model with fouwr prodection
wells at the upper four corers and one injection wvell at the center of the bottom laver.
The model consisis of more than pue mitlion sells {1058851 = 147 x 147 x 49). The
permeability fleld was penerated by the Scguential Gaussian Simulation Method
Deutsch, € Voand AL G Jowneh 1998, GSLIB: Geosratistival Softweare Libravy and
Liser's Guide, New Yorke Oxford Uhuy, Press., with the same specifving parameters
of example 31 and the black oil physical properties in Table T were also used for this
examnple. The permcability distubulion v shown in FIG. 9 {8} A strong spacial
correlation is poted In permesbibity distibution, Eapeeially the correlated permenbility
v ortented n the direction along production wedls 1 and 3. A witlonm coarse grid of

2

o

E -~ " o~ R 4 i;\ ~
< 21 x 7 was osed that resulis in a scale-up factor of 343 {= 7 | between fine snd
coarse grids. Waler ¢ mnjected at constant rate from the center of the bottom laver

displacing

e}
m-

he oil toward the fowr produsers focsted at the top vorners, The model was

-
~ 33~
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simndlated for 2300 days with the bimestep size of 30 days. The oil saturation
distribution around the end of strudation was depicted in FIG. 9 (b}, The preferred
water path from the injection well o the production wells are well established along

~.

the conelsted orlerdation of high permeability. In FIG. 18 phase {oil, water and gu
production rates ave plotied for the production wells. Due to the strong spacia
correlation of hoterogeneous permeability, the water breakthrough patterns. are very
different between wells located along the major correlation divection (wells 1 and 3)
and the ones i the minor coveelation divection (wells 2 and 4}, This non-unifonn

distribasticn of saturations ¥ also evident in FIG. 9 (b

In sopwnary, s malti-seale finite-volume (MSFVY method has been developed for the
black oil formmalation of mualtiphase How and transport in helerogencous porous
media The black ofl fornutdation, which involves thvee phase fow with rock and fluid
compressibility, gravity, and capillary effects, s widely used in practival field-scale
simulations, This approach extends the sequential fully implicit MSFV methed to
monthingar toee phase compressible How with mass ransfer expressed  using
solubilities, An operaler sphitting algonithm s devised o compute the fing scale
pressure fleld. The black ot M58V method extends the ability to deal with large scale
problems of practical interest. The treatment ensures that the nonliveseity due to fhad
properties, gravity, and capillarity can be resolved by a localizaticn assumption for the
boundary conditions.
6.6 Throe Phase Bisplacement or Flow hiffuenced by Gravizy

2

In another embodinent, the Multsealé Fintie-Volume (MSFV) method 300 FIG 1 H

has been developed 1o solve wmultiphase flow problesss on large and highly

heterogensous domains elfficiently. I cmploys en awaliary coarse grid (FIG. 12,
together with s dual, 1o defive and sobve a coavse-scale pressure problem. A set of
basis functions, which are local solutions on duadl cells, is used to interpolate the
comrse-grid pressure and obtain the approximale fine-scale pressure distribution.
However, when flow takes placs in presence of gravity, it 1 preferable to atilize a

corrzetion funetion, added to the basis-fungtion interpolated pressure, in order 1o
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obtain gccuraty fing-scale approximations.  Numerical experimeents demonstrate
excollent agreement between the MSFV sohutions for pressure and saturation and the

corresporrding fine-scale reference solations.

6.6.1  deivoduciion

3 To model flow and traveport m geological porcus wmedia efficiently, a number of
gpscaling techiigues have been dcw‘mpccﬁ i the past 30 vears o coarsen the
numerical gnid vged for the simulations. The priee paid 1o reduce the computational
costs s the foss of fine-scale information. To overcome this deawback, several
muitiscale methods have been recently proposed fo model aguifers and reservoirs; the

1¢ Muoltscsle Finite-Element Method (Hou and Wa 1997); the Mixed Moliiscale Finite-

Bloment Mathod (Aammes et al. 2003; Arbogast 2002; Chen and Hoa 2003, and the

Multiscale Fintie-Volume (Jenny et al. 20031, o contrast 0 upscaling, the focus is

not simply on capturing the large-scale bebavior of the sy . i on solving the

problem with the original reselution, The goal is {o be ss accurate as the fine-seale

1

fa—
k3

solution keeping the computational costs low - ideally comparable with traditic

2

apscaling methods,

These methods usually deal with simplified physics {incompressible flow, negligible
capitlary and gravity effects). With this method, the application of a moltiscale
algorithm to gravity-driven multiphase fow is shewn, constdering the MSFV method,
24 which in contrast 1o mher nethods 18 based on a finite-volume discretization, This
hag technical and practicad advantages. Indeed, a conservative fluy field is obiained by
sobving a mass balance eguation, which facilitates Incorporsting complex physica
processes info the model. Morgover, it follows the main-stream of the currently
established simuolators in reservelr engineering, which are bused on Hadte-volume
25 diseretization. These fhets increase the appeal of the method for industrial and

practical applications.

The MSEFV method was developed to salve ellipue (honingeneris) equatinns ou large

il

and highly heterogencous domains efficiently and has been applied for incompressible

multiphase ity problems with neghigible capillary presowre snd gravity, The MSEV

il

method has beon modified to wcorporate additional physies and o has been applied

¥
Likd
1
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for compressible Hlow., The modified slgorithm 300 congists of three main steps:

computation of an approximate prossuwre solution, which includes the computation of
the basis functions o extract coarse~seale effective transmissibilities and the solution

of the coarse-seale pressure equation 310 construction of conservative fine-scale

3 O and solution of the transport equations 330, Especially {or three phase
flow with gravity, it is preferable to modify the pressure approximation in weder
traat How in presence of gravity correctly 340.
802 Mathematicad Model of Multiphase Flow
o When considering the flow of three incompressible phases in a rigid porous medium

with constant porosity, the mass balance equation ol each phase = 1,2, 3 is

{!} ,\ Se vV otte ¢ o= (3(, {&“

2 B
I3
2

where § [L70°7 is the porosity of the medium; S, /27527 the saturation; and g, [1/T]
15 the sowrce term {positive when extracted). If we neglect capillary pressure and
comsider an 1sotropic porous medium, the volumetric flux per undt aves, Mo [T 3

aiven by, the geveralized Darcy’s law, fe,

; Sy .
s = kA Vp — pog ) {35
whete A« 15 the wephass relative moebility; & f47°7 the intrinstc permeability, which ix
E N et g cy i 3 - S
20 Haoid wdependentyy p [ARLTY] the pressure: pe [AL7) the density; and g /LT the

[51+]

ravity agecieration vecior,

NITHY } ',.’ag the total velocity, s Latte , and the lotal souree

= §, we oblam

terem, ¢f =¥,

Veutgs=g {363

[
)
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According to Eq. (83}, the total

whete
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fractional Dow Binction of

pressure, g2, the velooities

(r

eorresponding fransport equations,

the thind phase can be ohtained from the

modified gravity; 4
the o

of two phas
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velo k‘ﬂ\’\' g1 be writien ag

,M_
i
g
et

“«{\ g~}

o the total mobility; and o= Ae/d, the

-phase, (wee . (36) bas been solved for the

es can he gomputed and used in the two

which have the form of Eg. (34}, The saturation of

1
’4( =4

constraint o

i
6.8.3  Finite-Volume Disoretizgtion
Chven a grid with M nodes and § cells, which defines a partition of the domain, Q)
into N eontrol volumes, (& - [iv}we can derive a set of discrete mass-halance equation
by integrating Fq. (36) over each controd volume, 1e 8. Negleoting
15 the souwrce termy, using Bgo {37), and applving {Gacss™ theorem {or dvergence

theorem), we can wrils

orthogoenal to 60

36 (o relate the continuous presst

the o cells, pr- g

hnear interpolation 18 used and flux continaity 18 enforced

MSFY

methad foca

pressure interpolators.

SC% s the jnterface bebween two cells, Qeoand
pointing from
we gradient, Vg,

. b the standard cellcentere

lized fnc-seale solutions

{39}

£y, the unit vector

L to & In Bg. {6) a chatee has (o be made in order

to the discrete potental drop bebween
d finite-volume seheme, & plecowiss

at the it ’?’ffht’ iy the

of the presawme

gguation are used ag
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S04  The MNFV Meihod 300

FIG. 12 illustrates a course grid {solid lines) together with its dual grid (dashed Hoesh

"’«

Referving to FIG, 12, in the MSFV method an auxiliary coarse grid with ¢ nodes and

L

N cells s constructed, which defines a partition, 3,

}af the dompan 3. A dual

course grid is constracted such that cach dual coarse cell, Q"% containg exactly
one node of the coarse grid in its interior. The dual coarse prid has ¥ nodes, bl

gxactly one in the ingertorof each coarse cell,

The modifted MYV nwthod 3008, consists of  three  main sieps

I compdation of an approximale pressure field 320, which ineludes the solutier ol a

30

¥l

coarse- seate pressure equatinyg constraction of conservative fine-scale fluxes 3

“

and solntion of the phase-trapsport equations 340

The pressare approximation

consists of & juxtaposition of local solutions computed on the dual eolls 311 To

npute the fne-scale pressure approximation, a set of basis functions angd a

s

2. The basis funoctions, which are local solutions

T
L2t
€

%
oag
foet
-
-
o
-
pavs
(o}
Lo
ot
g
ol
o)
e
ot
s
ot
=
foec)
fev]
oS
147
i
=
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g

=
-
o
v

ik

of the elliptic hommgeneous equation, are used 1o relate the crarse-prid pressuie 1o the
Fue-seale pressare distribotion and to extract the coarse-scale trapsmissibibiies 313,

The correction function, which is independent of the coarse~scale pressure, 18 wsed o

account for the gravity effects and correct the coarse-seale operator 314

20 Ooee the approsimate pressure 18 oblained, the fluxes induced at the voarse-vell
houndaries are extracied and used as Newmswr boundary conditions for local
proldems (one in cach coarse sell), wihich arg solved 1o compute & conservative fine-
scabe flow feld Thersfore, the Bux approximaiion is defined as a juxtaposition of

N H

lovad sohutions compuoted on the coarse vells. Mass conservation 1s guaranteed by the

£
ks

fact that fluxes are contivuous at the coarse-cell nterfaces stnge adicent celis shave

the same Hux boundary conditions {with oppesite sipal.

he conservative total-flug Deld 8 used 1o the phasesransport equations, which are
sobved by a Schware™s overdapping method using an iapliclt scheme locally within

the coarse cells. Since mobility depends on saturation, basis functions have to be

Lk
-
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o kaep the MSEV method efficiert ¥ i crucial that the basis

s

updated, In order

Lo

fimctions arg update adaptively onty 1o regions whers mobility changes excsed
wiven threshold, Like this, most functions can be reused for the suecessive step. In the
following, we describe how the presswre approximstion s constructed for a more
cornprehensive deseription of the methed including the adaptively sriterion o apdide
the basis wud correction functiony; the comstruetion of the flux approximation; the
solution of the phase transport equations; and the coupling between pressure and

saturation squations.

Finescale pressure approximation. The MSEV method relies on approvimating the
fine-scale presswre by a juxiapostbon of tocalized solotions corputed in the dual

e, and on the representation of these solutions as

{60}
. (613
and the n funetion, o of
o {62,
o ¥ '
Note that the boundary sondition assigaed on 8Q % is equivalent o reg

Vol uw={ (63

where the subseripg L denotes the vector compument perpendicalar to 825, and
plod= g {64}

e.‘

boundary conditicm proved to provide accorate reselts for a lwge set of
numerical test cases (Jenny of all 2003 Jenny ot al. 2004; Lanetl and Jenny 20662}

-39 .
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Sinee the velogity s divergence free and Veou =V oo+ Vis, g {6318 equivalent fo

&

R
§

asstgn the sotution of the reduce problem Vibw = € as Dirichlet boundary eonditions

on 202%, where the subseript § dentes the vector component paraliel to 3%

5 Coarse-seale problem. The coarse-scale pressure equation can he obtmned inserting
the approximate pressure, Bq. (60) into Bq. (89) This vields the following set of

discrote coarse-cell mass-balanve eqpations:

PSR TE

W wehere the transmissibilities,

(66)

are defined as i the case without gravity effects. The terms on the night-haud side of
bq. (63} represent two surface soures terms on Ok, Since the coarse-scale operato,

1y Ty .does not include gravity effects, @ }-"isi‘.kis fhoves geross LY that are ncorrect, The

fluxes and can be reparded as a local correction to the coarse-scale operator, T

independent of the coarse-scale prassurg,

865 Nwumerioa! Teals

Bt

in thisz section the accuracy of the MSEV methed for density-driven flow s
mvestigated by comparison with g fine-scaly veference solution, We consider a T3
conuter-current fline problent i & homoegensous permeabiiity feld and & 20 fock-

exchange problem o a heterogencous permeabiiity field. In both cases no-flow

o]
e

conditions apply to all boundaries,

LN
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Mo [Pas] | pfhoim’]

nieads 3 YV

waler 10 1000

brine (R I 106

heavy oil | 16 S0

hghtotl | 107 360

TABLE I, Properties of the phases ased for the numerical simalations

Counter-current flow, We constder g thressphase counter-curvent flow i an

homogeneous permeabnlty field, Instially, the lower part of the domain is filled with

3% heavy ol and 30% brine, and the wpper part wih 100%

4 ¥

water. Quadratic

mobilities are asswmed for all phuses; phase viscosities and densities ars given in

¢ 1. At time 2ero brine and ol begin to separate dus 1o buovancy effects, When

the bring saturation decreases at the water mferface, the water hecomes heavier than

the “mixture” below and starts moving downwaeds, while ofl continues flowing

crface

"

upwards, This numericsl experiment allows having in a single test a stable inte

{water/brine), an unstable interface {water/oil), and phase soparation.

The manenical solations are computed on a 11 domain of size £, which 1s discretized

o 54 fine cells. The coarse grid used for the MSEY method consists of 9 cells,

valution of the vertical profiles of oil and water

Referring w Charts 1A and 1{B), the e

saturation obtained with the MSFV method are compared with the corresponding

an be observed that solutions are ahmost identical.

=

=
\"/

fine-scale reforence solutions, Ty

N
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Lock-exchange problem. We consider a three-phase systemy consisting of water, Rght

3 §
iy

oit and a daremy phase, which hag the samé properties of the the oif phase. foidally

L5t

water occupies the lefl half of the domain, while the right part is filled with oil. Dugto
the density difference, recirculation is induced. Here, in contrast o the counter-vurrent
flow problem, gravity significantly contributes to the total velooity and thersfore an
aczurate global pressare infosmation 18 needed to corvectly caphurg the flow induced
10 o the horizontal direction. The satwration of the dummy phaw which is indtiadly not
present 1 the systam, is oltained froms the comstrained 2.e5« is used lo check
material-balance: the ervor has to reman smaller than the specified saturation-error
tolerance, Cuadratic wobllibes are assumed for all phases; phase viscosifies and

densities are givenap Table 1

JCPy
LA

The vumerical solutions are computed on a 2D dowmain of size L x I, which is
diserstived into 34 % 54 fine colls. The coarse grid used for the MSFV meths

of § x ¥ celly, The gromenic mean of the heterogencous pormeability fisld

o

ke = 13 W m” and the vatiance of the log-nommal permeaindity 18 o
FIGS, 13A130 sitestrate waler-phase saturation comtowr lines (L001, 6.25, 4.3, .75,
20 and £6.999) o theee different times, with the fine-scale solution {solid contours) and

the MSFY sohution {dashed contours), FIG, 13D Hustrates the natural logarithm of

N
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wicrogeneous permeability field  In FIGL 3, the evolution of the saturstion
distribution obtained with the IVISFY methed is compered with the fine- scale
reference solutions, Shown are waler-saturation condour liney o three differsat tunes,
Note the sharp deainage front {oil jovasion} and the expausion wave behind the
3 wetting Dont {water invasion) due to viscosily difference. The two solutions are in

excellont agreement even alter large siroulation times, which proves that the velocities

of the two imf;:tdiﬁg fronts are acowatsly capturgd by the MSEV methed, The
saturation of the dummy phase abways remains smaller that the error tlerance of the

shase-transpost equations.

Y Arn accuvate Geatment of demsity-driven How in the IVISFVY moethod has besn
achieved adding a correction function (0 the basis-fanction irterpolated pressure. This
corvsction yvields very accurate fine-scale pressure Belds, The mumerical experiments
performed for density~driven flow problems (counter-corrent flow mnd Lockexchange)
dernonstrate that the MSFY solutions for prossure and saturation are in excellent

agrecment with the vorresponding finc-scale reference solutions.

oy
A

While in the foregolng specification thiy invention has been deseribed in relation o
certain preferred embodiments thereofl and many details have been set forth for
purpose of iHustration, 10 will be apparent to those skilled in the art that the invention
s susceptible 1o alteration and that certain other details descrtbed herein can vary

26 considerably without departing from the basic principles of the invention,

iy L FLOW PROBLEM

A. O Phase Flow
Flud flow in a poroas media can be descrtbed by the clliptic probiem:

36 VA4 Vple f on (O (A1}
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whers p is the pressure, 4 15 the mobility cosfflcient (permeabitivy, K, divided hy
fluid viscosity, g} and Qi3 & volome or region of a subsurface which 1s o be
simulated. A source termn [ represents wells, and in the compressible case, hime
dervatives, Permeabibity heterogensity iy 3 doninant factor in diclating the flow
behavior in natural porous formations. The heterogeneity of permealnlity K is osually
represented as o complex mulii-scale Duwtion of space, Morsover, permeability K
lends to be a highly discontinuous full tensor.  Resolving the spatial correlation
stractures and captaring the varfahility of permeability reqoires a highly detasled
resenvolr description.

by

The velocity wof fluid Bow I8 related {0 the pressure feld through Darey's T

i = --,:L . V‘,PJ . **’\33

On the boundary of a volume, A0 the Dlux ¢ = u-v iy speeified, where v s the
boundary onit normad vector pointing outward,  Bguations (1) and (2 desoribe
meompressible flow 1o g porows media,  These eqoations apply for both single and
malti-phase Hows when appropriate nterpretations of the mobility coeflicient 2 and
veloeity w are made, This elliptic problem ie a simple, vet representative, description
of the type of systems that should be handied eofficiently by a subsorface flow
sipnidator. Morcover, the ability to handie this lwiting case of ncompressible flow

LTRUTLS ¢ systems can be freated as a subset,

o
s
e
Pt
L)
-
<
pos’
pro 2
s
-y
%
W
&
=
o
2
s

B. Two Phase Flow
The flow of two incompressibie phases n s heterogencous dowaim may be

mathersatically deseribed by the following:

- 44 -
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3

on & volume €2, where p is the wesswee, S, are the saturations (the subscripts ¢

avd e ostand for oif and water, respectivelyywith 6 58, stamd 5 + 8

ERT ‘g e

the heterogencous permeability, &, are the relabive permeabilities {(which are
functions of 8, ) a2, the viseosities and ¢, are source jerms which represent the

wells.  The system assumes thap capilary pressore and gravity are neg

Eruivalently, systens (33 can be writlen as

N g by

P

e {AM

and the totad mobility

- F{E

Ay (AT)
+ I‘EA’;‘;‘;L _gf{f‘l.‘ iz {{,} “\.
where 47 ¥ Ty S S ERNY

Equation {4} is kaown as the “pressure equation” and equation {5 as the “hyperbolic
muport equation.”  Agan, equations (4) and (5} are a represerdative description of

the type of systems that should be handled efficiently by a ¢ flow sinmilator.

Such fow simulators, and technigues employed to sinulate Hlow, are well known io
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those skilled in the art and are described in publicaticns sueh as Petroleum Ressrvolr

Simulation, K. Aziz-and A Settart, Sandord Bookstore Custom Publishing, 1999,

IL MULTESCALE FINITE-VOLUME (MSEV) METHOR

5
Al MEFY Method for OUne Phase Flow
i Finite-Volome Method
A cell contored finite-volome method will now be briefly desertbed. To solve the
problem of equation {1}, the overall domainy or volume Q is partitioned into smaller
W volumes i £, , A findte-volume sohution then satisfies

L 4 efld = { U “i Jel

s
Y &

e

AR)

o,

for each control volume Q. where ¥ is the uait nommal vectowr of the vohune

boundary @0 pointing ontward, The challenge ix t find a good approxiation for

g

13 v at

Wi =TT (AD)

= e - e i } « an - . 4 N o 7 ;‘.:“ % .
Beguation (9} is a Buear comblnation of the pressure values, £ | in the volumes {0} of

20 the demain €. The total numbser of volumes is ¥ and 17 denotes transmissibility

§ ¥ ey g g oo ; : - . i .
between volomes €2, ;. By definition, the fhoes of equation {(9) are continuous asross

4

o~

the imerfaces of the volumes

nd, 88 3 resull, the fAnltevolume method I8

conservative,

25 2 Construction of the Effective Transmissibilities
The MSPY methigd resolts in omdti-point stenails for coarse-seale flaxes, For the

following description, an ovthogonal 20 gid 20 of grid cells 22 is used, as shown in

ol

FIG. Al An underlving fing grid 24 of fine grid cells 26 confaing the Hue-scale

- “‘}.{3 ~
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pormeability K information. To computs the transmissibifities T between coarse grid

cells 22, a dual coarse grid 30 of dual coarse control valumes 32 is used. A control
volume 32 of the dual grid 30,82, is constructed by connecting the mid-points of four

adjacent coarse grid cells 33, To relate the uxes across the coarse grid cell interfaces
5 34 which le msade a particalar contrel volume 32, or 3, 10 the finite-volume
pressures Pk = L4} n the four adjacent coarse grid cells 22, a Jocal elfiptical

problem in the preferred embodiment is defined us
¥

VAR )= 00, G (A10)
For one skifled in the avt, the method can casily be adapled fo use 8 local parabolic

problem.

.

For an elliptic problem, Dirichlet or Neumann boundary conditions are fo be specilied

on boundary 00 Q. tdeally, the hmpoesed bowadary conditions shoald approximate the

—
T8

true flow conditions experienced by the sub-domain o the Bl system.  These

boundary conditions can be tme and How dependent.  Sinee the sub-dommn i

1

enthedded 1o the whole systern, Wallstrom et al. (1 €. Wallstromy, T Hog, M.

&

Christie, Lo J Dwlofsky, and D H. Sharp, Application of a new two-phase upscaling

bt

8 technigue o reshstic reservolr cross sections, SPE 31939, presented ab the SPE
Svimpoatin on Reservotr Stmulation, Houston, 1999) found that & constant pressure
emdition 1 the sub-domain boundary fonds to overestimate flow contribations from
high permeability arcas, I the correlation length of permeability is not much larger
than the grid size, the flow contribution from high permeability areas I8 no

23 proportional to the nopyinal permeability ratio. The transmissibifity between two cells

s @ hartnome mean that is closer to the lower peomeability. As a resudt, aptfoom flw

conditions aleng the boundary often yield much better numerical resulis for a

sub-domain problom than lngar or constant pressure conditions,

i
paned

Haeap and Wo (1. How and W H We, A mndlieecsle finite eloment method for ellipuic
problems in compostie malerials and poroas media, L Comp. Phys, 134:169-189,

1997} also proposed soiving a reduced problem

ATF
-4 -~
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to specily the boundwy conditions forthe

3 component paraliel to

sguation (11} and

convention will be used.

conditions of equation

method. In order to obtain a pressure solatio

B

pm—y
o
Lo

L

cell-r

CRLET PIRssung,

grigt velf having node 1 &t its con

duial basis

the beundary of the dual coarse contral volume 32

v the folloowing part of this

=14}, this preferved embodiment sebves four ¢

fanctions @k =

PCT/US2007/071227

(Al

focal problem. The subsoript 1 denotes the

ard}, For

specifigation, Dinstoln summation

The eiliptic problent on a contrel volume £ with boundary

{11} on &2 can be sobved by any appropriaie numerkeal
w that depends linearly o the pressures

Hiptio problems, one for each

For instanee, to get the solution for the pressuze B in the coarse

50w 8 ik set. The four solutions provide the

1,&%} control votume £2, an @ solution of the

local elliptic problem in a control volume €} is the linear combination
is
B \“ 7 {ATE)
! Kot :
e
Accordingly, the fhuy ¢ across the grid cell inferfaces can be writlen as a Hnear
combination
20
dorok
g = LF g
boon N
Al , (AL
where ¢ Hb =14} are the flux contributions from the corresponding dual basis
fanctions, given all ©7{k=14) from all conirol volumes Q. The effective
25 wansmissibilites T are computed, which can he used for fnde-volume simulutions,
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by assembling the flux condributions, in the pefeorred embediment integral fux

]

coadributions across the cell interfhses 34,

Note that the dowain £ cen bave any fneescale  distribagion of il’i(ﬁ‘uﬂit}"

2]

mq.

cocfficients 4 . Of cowrse the boundary condition given by eguation (11

approxinativa that allows one 1o decouple the local problenss. The MSFV and global
fime-geale solutions are identical, only i cguanion {11) happens fo capture the exact
fine-scale pressare solution. However, numerical experiments have been performed
which fndicste that equation {11} 18 an excellent approximation of the boondary

condition.

Although the MSFV approach iy a findte-volome method, 3t reserables the mufti-seale
finite-element method of W and Hou, briefly mentioned above. The constriiction of
the doal basis functions is similar, though i the present MSEV method they are
represented on the dual coarse grid rather than on the boundary of a tinike clement. A
signilicant  difference ix that the prosert MSEV method Is g celbventered
fimite-volume methed and 1s conservative, On the other hand, the mass matnix in the
mut-seale fintte-clement method 1§ constructed based on 8 varutional principle and
does not ensure Jocal conservation. In the next section, the importance is Hlustrated of
a fine-scale velocity field that is conservative

¥ 5

Reconstruction of & Comservative Fine-Scale Veloeity Finld

Tl

Fluxes across the coarse cell interfuces 34 can be accorately computed by multi-seale
transmissibilives T, In some cghes, 115 Interesting 1o accumstely represent the
natl-seale velocitivs u (e, @ predict the diswribution of solste transported by a

fluidy. A straightforward approach might appear 1 be 1o use the dual basis functions

B of Ceguation {12}, However, then the reconstructed fing-scake veloeily feld is, in
general, discontinuous at the cell iolertaces of the dual grid 36, Theretore, large
errors can poowr in the divergence field, and local mass balance is violated, MNotg that
mass conservation 1w abways satisfied for the coarse sohuion using the present MSFY

~ P

method,

,
W
p
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The comstruction of a second sel of local ne-seals basis Daetions @ will now be

deseribed which s fully consistent with the fluxes ¢ across the cell inferfaces given

by the dual basis fanctions @ . This second set of fne-scale basis functions @ allows

a eovmervative fing-seale velootty Seld o be reconstructed

FIG. A2 shirws a coarse grid 20 with nine adjacent grid cells 22 and a vorresponding

dual grid 38 of dual coarse conirol volumes For indexing purposes, these
particudar cells and corresponding dual volumes shall mow be identifted with numerals
9T and fetters YA-D at thely respective conters, Also shown i the underyving fine

3
}
3

prid 24 of Hine grid colls 360 The coarse grid, having the wine adjacent corse cells -
8, is shown in bold solid hines. The correaponding dual geid 30 of dual coarse control
voiumes A~ are depicted with bold dashedd lines. The undedying fine grid 34 of fine

prid cells 26 is shown with thin dotted lines.

To sxplain the reconstruction of the fine-scale velocity, the mass balance of the centey
grid cell 3 i3 examined. The coarse seale pressure solution, together with the duoal
hasis functions @ . provides the fine-scale flaxes ¢ across the interfaces of comrse

celf 5.

To obtain & proper representation of the fine-scale velooity field v coarse cell 3, G

e

the fine-scale uxes across an interfhce of coarse cell 5 must match, and () the

divergence of the fine-scale veloutty field within the coarse volume satistfies

f;;;if}r\ gl

[y

o
ot
by

1

construction of the Bne-seade basts functions © will be described. Esach coarse celi

prossure Fli = L9) contributes 0 the fine-seale flux ¢ Feor oxample. et the

contribution of the pressure o cell 2 1o the flux ¢ i grid cell 5 be ¢'*'. Note that

{2

g™ is composed of contributions ¢ and ¢t coming from the dual basis functions
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associated with node 2 of volume & and volume B, respectivedy, To compute the

fine-seale basts function @ associated with the pressere inacoarse eell ¥, Y = d, 18
set, and the pressare field is constructed according o the following equation.

N o
5 p= > D P (AL5)
el sy Yo
< Lt Y
The fine-scale luxes gare computed from the pressure field. These fluxes provide
the proper boundary condition for compmiing the fine-scale basis fanction & . To
sobve the eiliptic problom
13y
Y {3 Ve £ Qjy 160
ST o {A1D}
with the boundary conditions described above, solvatality noust be ensured. This s
achieved by setting
B
which is an equally ithin €

distributed source term within (. Finally, the solution of the
elliptic prablem, (16} and (17}, i3 the fine-scale basis function @ for coarse cell §

23 sasociated with the pressure in volunwe ¥ The swallscale velocty field is extracted
o the saperposition

> S
S
[ 5.7 R
& = :(...-\_s’-" Q{\S

jomd . -

L0 {AIR}

25 Por incompressible flow, this velocity  ficld

15 divergence froe everywhers
Cowppubing the [ne-scale basis functions @ vequires solving nine small elliptic

Lt
s
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20
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moblems, which are of the same size as those for the tranumissiblity valoolstions,
Nuste that this step 18 a preprocessing step and has o be done only once. Furthermore,
the construction of the fine-scale basis functions @ §s independent and therefore well

sutted for paralle] computation, The reconstraction of the fine-acale velooity Held is a

y

simple superposition and s ideally performed only inregions of nterest.

Alernatively, a conservative fine-scale velocity field may also be constructed divectly

in place. Thig constraction may be performed as follows: (1) compute the fine-scale
fluxes acvosy the coarse cell interfaces using the dual basis fanctions with the
pressures for the coarse cells; (1) solve a pressure equation on each of the coarse cells
using the {ine-scale fluxes computed i step {1} as boundwy conditions to obtain fine-
scale pressures; {1} compute the fine-scake velooity feld from Darcy™s lavw using the
fine-seale pressures oblained in step (1) with the underlying fine-scale permeabihity.
The pressure solution of step (1) may be performed on a system with larger support

fe.g., by over-samphing around the coarse cell}.

A conservative fine-seale velocity field may alse be constructed direotly in place ws
follows: (1 Compute the fluxes across the comrse cell boundaries using the deal basis

fimetions with the coarse pressures. (2} Solve the pressure eguation on cach of the
coarse cells using the fine-scale Thores comgnited in Step 1 as boundary conditions. (3)

Compuie the fing-scale velocity field from Darey’s law using the fine-scale pressure

oblained in Step 2 with the wderlving fine-scale permeability, The pressure solution

of Step 2 may be performed on a system with larger support {e.g. by over-sampling

aronad the coarse cellh.

'

L) ]

e
1
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WHAT IS CLAIMELR IS

i, A method fir sinpulating the properties of a fuid-containing subterrancan

reservorr, the method comprising:

LF
=
S

()

P
Py

s
Ly

partitioning a veservedt model of a subterranean ressrvolr into a grid of

fine cells and respective grids of primal coarse cells and dual coarse
cells which overhie the grid of fine celly;
constructing a first pressure eguation comprising 1) a homogenous
sguation component gy 33 a gravily and captllarity squation
component pgand 3} an inhomogenous equation componertt gy,
associated with at least one of sources and sinks and acouwmulation;
{1} solving the bomuyenons gquation component g 1o obiain dusl
asis functions wiilizing local b

cundary conditions o the dual

coarse cells:

(i solving the gravity and capifhurity equation vomponent p to

arrive at o sunonation of products of primal coarse cell

pressures and dual basis functions and & correction terim;

(i) selving the inhomogenous equation componert g, 0 arrve at

arimal comrse cell pressure equations withzing the basis

st

functions in conjunction with the correction ten;

solving the primal coarse cell prossure equations for primad coarse cell

P
73
[
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{d} gonsiructing pressures i the fine cells which sre a combination of
products of primal cosrse cell pressares and hasis functions augmented

by the eorvection tevm from the p, eguation,

it The method of clalm 1 further comprising
3 (&) eonstrocting Meamann boundary conditions on the primal coarse cells
uithizing the fine cell pressures from step (o)

5 solving comventional pressure equations on the fine cells contained in

each pritnal coarse cell with the MNewmann boundary condiions applied
¢ the boundarigs of the primal © ell to arrive at improved fine
i0 ced} pressures;

{gy  solving transport squations for cach phase in the fine cells ntilizing the
improved fing cell prossures of step () 1o arrtve at fine cefl saturations
forcach of the phases;

{h) catenlating the mobility and mobility changes and pressure changss in

H wach fing gell;

{1} if mobility changes and pressure changes are not within a
predetermined folerance, then repeal steps (b) to (I uniil the tolersnee
i satisfied: and

{13 oot the presare and saturations in the fine cells and proceed 1o the

24t ret time step by repesting steps () ~ 4).
3. A tangible nwedia carrying computerreadable nstrictions for carrving the

steps of clabg
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4, A system comprising comyputer hardware and tangible media carrying

compater instractions for carrying out the steps of elaim 1

|41

The method of claim 1, whevein step (00 forther comprises employing the

hasiz hmetions and a correction function,

5o

3 & The method of clam 3, wherein the cirrection function is used to account for
eravity effects and cotrect 2 vourse scale aperator,
7. The methed of claim 2, wharein step (B)(3) further comprises emploving the
busts {functions and a vorrection function.
8. The method of clam 7, whersin the correction funttion 13 wsed 1o accoant for
HE o gravity effects and correst 3 vouarse seale operator,
9, A method for sinuilating the properties of o fhuid-containing sublarrangan
reservoly, the method comprising:
{a} pariitiomng a reservoir model of 8 subterranean reservolr indo a grd of
fivie cells and respective grids of primal coavse cells and dust coarse
i3 cells which overdie the grid of fine celly,

{h} computing an approximate pressure field, incloding a soloption of s

sourse-seale pressure equation;

{¢) construotion of Hre-sonle flukes; and
{3 computing & phasc-transport eguation.

H
e
iy

L
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The method of claim 9, whereln step (b} further comprises a juxtaposition of

local solutions computed on the dual course cells.

. Themethod of elainy 10, wherein step (b) further comprises computing a fine-
scale pressure approximation responsive to 8 set of basts functions and a correction

3 function

12, The method of cliim 11, wherein the course-scale pressure squation 1¢ an
alliptic homogenoas squation py, and the basis functions comprise local solutions o

the elliptic homaogenous equation.

13 The methad of elsim 11, wherein step (b further coroprises using the basis

HY  eguations o:
{i} relate a course~grid pressure to a finite scale pressure
distribution; and

;

{i) extract course-scale transmissibilisies,

14, The method of clmm 13, whersin the correctiom funation s independent of the
1S course-scale pressure.
15, The method o elaim 11, wherein the correction funetion scvounts B

gifects on the fluid in the reservair and corrests a course-scale operator,

16 A method for simalating the propertics of a fluid-containing sublerrancan

reservedt, the methed comprising:
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(a2} partitisning a reservoir model of a sublorravea reservoir into a grid of
fine cells and respective grids of primal coarse cells and dual coarse
gl which overlie the grid of fine celly;

()  computing an approxinide pressure fald, including: compuling a

3 solution of a course~seale pressure equation, 8 juxtaposition of local
solgtions computed on the dual eowrse cells, a fine-scade pregsure
approximabion responsive to a setof basts functions and a correction
funetion;

£ gconstraction of fine-scade fluxes; and

10 {3 compiing a phase-lransport equation.

-
3
3

)

s

Phe method of claim 16, whereln the coursecseale progsurs equation is an
sliiptic homogenous eguation pr, and the basts fanctions comprise local solutions fo

the ethiptic bomogenous equation.

18, The method of elwim 16, wherein step (b} further comprises using the basis

1S equations o

() relate a course~grid pressure 1o a e scale pressure
distribution; and
(i) extragt vourse-scale fransmissibiiisies.
& The RS E o FR ey ¢ Toe o 8 - yodorvoricdant o F Fie
1% Fhe method of cluim 18, wherewn the corvection fusotion is independent of the

2. The methed of clatim 16, whetein the comrection function 1s ulilized to
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secount for gravitutional effects on the Huid in the reservolr;
and

correct a courss-scale operator.

*

-8B~
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partitioning a reservoir model of a subterranean reservoir into a grid of fine cells and respective grids of primal
coarse cells and dual coarse cells which overlie the grid of fine cells; 11D

v

constrizcting & lirst pressure n;uation‘comprisingi} a hamogenous equation component py; 1) 8 gravity

and capitlarity equation component p,; and iii} an inhosiogenous equation component p, associated

with at least onte of sourees and sinks gnd accumulation; 1240
13y solving the homogenous equation component o obtain dnal basis functions utilizing local
boundary conditions on'the dual coarse cells; 130

¥

{iy  solving the gravity and capillarity equation compunent py te arrive al g summation of produsts

of primat coarse cell pressures and dual basis fonctions and & corvection temy, 148
(i) solving the inhomogenous cquation component 10 ary tval pfimai coarse el pressure
cauations utilizing the basts functions in conjunction with the correc term; }3{)
1
solving the primal coarse cell pressure-equations for primal comrse eell pressures; 160 160

v

lconstructing preseures in the fine vells which are a combination of products of primal coarse cell pressures and

basiz functions augmented by the correction term feoin the pe equation; 170

‘ o : ¥ . ,

constieting Neumant boundary conditians on the primal coarse cells utilizing the fine cell préssures from
[step {e): 180

¥

salving conventional pressure equations.on the fine cells con tained i sach primal coarse cell with the

Newnann boundary conditions applied at the boundaries of the priveal coarse cell o arrive at improved

v

tsolving travsport c'qmmol s for each phcxac in the fine cells wilizing the improved fine cell pressures of step {1}

fine coll pressures; 198

to arrive al fine cell saturations Tor each of the phases; 200

catcutating the mobility and mebility changes and pressure changes inea ch e cell; 210

P mobility changes and pressure shanges are not within & predetermined tolerance, then repeating steps 1200
21§ unnl the tolerance iy satisfied; 220

autput the pressure dnd saturations in the fing cells ;.ud proceed to the next time step, 238

Figure 1 179
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