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i ncor por Refkhtnd applldicatdenas if set forth inits entirety herein. )
TECHNI CAL FI ELD OF THE | NVENTI ON [0002] This invention relates generally to

met hods for el.i.ng physi cal stens using finite el enent analysis and,
nor e specificgﬁﬁyhjto 5d§PPi¥°aﬁbB%I?%31$%3EH¥%%1%Y WRdeBhIBi cal

systems, such as [ HAGLAT.eS 1197e)eehoBhsRbas SEUELL! BarlAl WADSHCOREOROT

nore properties. change at the boundaries between these feattres an
surroundi ng regi ons Nsf. 60/ 21L5h6o7c @ntdyd edn'MBAOKGROWAIDS OB EME EbVBRTI ON

[ 0003] Physical sys be,.nodel ed_mat hepat.i cal | to_sinulate their
behavi or under certgé%&ﬂ%%ﬁ&i%ﬁgﬁgakl?ﬁeﬁg a&ggﬁiﬁfgg PXrF§F§H8P Feans to
nodel these systens Kemgi,N&ok afyeNeime’ Yootk MRl i 8hh&ah0 Bhevext genmely

conplicated. One of the nore conplicated nmeans to nodel physical systens
is through the use #Bxd/niStaagteMenPongnalysi and BdvardndneBanphges, finite
el enent anal ysi s i@@y

el enments of the phyS|c§¥ﬁg§%ﬁg%??ﬁﬁgaﬁpbﬁﬁggﬁOgéoiggé%#%égﬁ?gogkgite

reference as if set forth in its entirety herein.

TECHNICAT, FTELD OF THE INY. ENTION

[o002] This invention relates generally to methods for
modeling physical systems using finite element
analysis and, more specifically, to methods for
modeling features of the physical systems, such as
fractures in a geological stiucture,'for which one
or more properties change at the boundaries between
these features and the surrounding regions of the’

physical system.

BACKGROUND OF THE INVENTION

[0003] Physical systems can be modeled mathematically
to simulate their behavior under certain '
conditions. There are a wide variety of means to
model these systems, ranging from the Véry
simplistic to the extremely complicated. One of
the more complicated means to model physical
systems is through the use of finite element
analysis. As the name implies, finite element
analysis involves the representation of individual,

finite elements of the physical system in a



mat hemati cal nodel and the solution of this nodel 1in the presence of a
predet er HE®/BM of poundary conditions. [0004] in fini?éﬂgﬁ@ﬁ@ﬁﬂ
nodeling, the region that is to be analyzed is broken up into sub-regions
called elenents. Tﬁﬁ§hﬁM@@é§§1omOdE&iGnﬁgthﬁespbgtéﬂniﬁgoth%%bm®@glons may

repr osont ed by functibleHERCRedcR, OF BabrearceEmiiie et SEmdtedd
nunber of |ocal funcionditiiomat. are nmuch sinpler than those which would be

required to represent the entire region. The next step is to analyze the
response for eac | ement . _Thi,s is. acconpli.shed by buildipg a matrjx that
defines the H&H&Eﬁtiesqﬁ=ﬁﬁﬁé aPESE@nﬁrgﬂ@ﬁ?%nﬂktﬁﬁﬁ fﬁ%lg?eﬁ?%E Hhd a
vector that defines deef anaayzaeal 1BIbr8Ref2GH ShEFEShbLRedinstELidl €.
Once all the elenent matriceS and vectors have been created, they are

conbi ned into a strgdemeatsat r Thigqpavreas ofhdividingi the reeaies Inal
responses for the entire structure to_nodal forces. After- lyin

boundary conditionsfu%hg%ggpaftﬁﬁg HﬁtFFgeEﬁﬁétﬁgnascﬁks%@?éﬁ#%ggpngBbtain
unknown nodal respomERS geh&%@i@heﬁemhefQé@@ﬁﬁeﬁscﬁépf@séﬂtédp@*at ed from
nodal val ues using the functions which were defined over each el enent.

[0005] Finite el enedinesdons defispdenvasetach elemerti neTkhe behavior of
O i “oocinsaithens, Bibobeoss2Lo; UidRL FRCL o0 C I Ly
regi ons of the resermdopilernthaesphose whithewvatlddbs peduiredvesy
operations, 2 represent the entire region. The next step is to
analyze the response for each element. Thig is
accomplished by building a matrix that defines the
properties of the various elements within the
region and a vector that defines the forces acting
on each element in the structure. Once all the
element matrices and vectorsg have been created,
they are combined into a structure matrix equation.
This equation relates nodal responses for the
entire structure to nodal forces. After applying
boundary conditions, the structure matrix equation
can be solved to obtain unknown nodal responses.
Intra-element responses can be interpolated from
nodal values using the functions which were defined

over each element.

[0005] FPinite element models are often used to
determine the behavior of geological structures
such as oil reservoirs under certain conditions.
Finite element models can simulate the flow of oil
through particular regions of the reservoir in

response to the various oil recovery operations,



WO 02/ 02901 PCT/ US01/ 20741 such as drilling. The resulting information is
useful i Y@ PEO2PL| ysis of the reservoir and the, nanagene\’“élfg‘f’”l {281, |

recovery operations. [0006]. Conventional finite el enment nodels, however,
have certain |init&9C §SWQFEH lingyedthe: mepulitdmo &@é@?ﬁﬁ&%@nsﬂ@UIatlng t he

behavi or of the Physkeah 15y EheTanthiyeho! B ERLCleoRl o AT rh the case

of the oil reservoir, the tinite elefrent nod represent a partlcular
property of the remenﬁebmenMspﬁgthen@aﬁeMECDwakyf@pewamnomm ch gradually
changes according to the position within the reservoir It may be very

oroper 1 o5 ARPERTocour CTEPY ABRa £y E, <TERRPE P IS bt carur o

within the reserv0haveF@rerrcaahanﬁmtat1bﬁgewmlch pRevlare them Gk nct
| ayers, each of which has_a substantlallé.dlfferent value for a given

property (e.g., poPESPERLRlyt siFelpsdngatie bebawder REs&hewphyajesd, a
mat hemati cal funct o LEpLeIeRt LAY RgYa! Ugod ob LeAfpR Op\%ljlt ¥ pd %gttshe ot her

therefore have to e an imediate transition fronr oné ue to
at the boundary bebfiethet bél reyeryolEvenheffuh&teaénemehtcmbdbunmhyon can

be adapted to represent the resp: Ctl e values for the roper at the
boundary between thEP Fﬁ&engérEa SGRABE PERPEESY WguFaet§E?@§v%}rbe very

conpl ex and woul dygegdi kematdepatidgal faﬁcﬁgesaum&bangkadhaiw ces. [0007]
It would therefore be desirable to provide a nethod for nore accurately

representing the vehaagesoficeerdang peropbet besifiohi wishfinnithe el ement
model , partlcularl¥egg&9%§ Ehe QOHQQaE'e%ery difficult to force these

functions to approximate changes in the properties ?
which occur very abruptly as a result of geological
features within the reservoir. For instance, a
reservoir may have two distinct layers, each of
which has a substantially different value for a
given property (e.g., porosity.) at the boundary
between these two layers, a mathematical functiomn
representing the value of the property might
therefore have to make an immediate transition from
one value to the other at the boundary between the
layers. Even if the mathematical function can be
adapted to represent the respective values for the
property at the boundary between the two layers,
such a function would typically be very complex and
would require a great deal of computational

resources.

[0007] It would therefore be desirable to provide a
method for more accurately representing the values
of certain properties within a finite element

model, particularly across the boundaries of



3 WD 02/02901 PCT/ US01/ 20741 feature within the nodel for triich the
properti eNOBHBAYe rapidiy or are discontinuous, while at PERESOEAMI tine
requiring a relatively small anmpunt of conputational resources. SUGARY OF
THE | NVENTI ON [ 0008feahurs wWihtbinftheenpdeb| fom whidh fdee ampentses be

solved by the vario odi ent. .inventi.on. Bro

speaki ng, the inven#ﬁgﬁggc%égﬁaggsgé %£$H§%§$éﬁkﬁﬁ¢éh iWﬁ%iftﬁﬁygﬂg%! .
system using a finghmeetemeniequieinahi cheTOPréBeemill |@afint WE di stinct
nodel s corresponding to distinct regions within the nodel ed system [00091
In one enbodi ment oFCFRBLAEIERRL oReS@UREeMod conprises defining a finite
el ement nodel corresponding to an oil reservoir. A second finite elenent

model CO@?%&EQ@db@gTﬁE anveREeepR found within the reservoir is also
defi ned. e oundaries of the feature nodel are used to carve out a
portion of the reservoir nodel. The feature nodel is then inserted into
the carved outl0BBBii on OBe ohemprecrf oihe muriilens thiigmeachepovepmayent

portions of the sang_oj 0j t he, properties orr nding to. the
two finite el ement rTBrr%dé %{rgéﬁgyb%ﬁ%eY?]ﬁle Fn Oéﬁd'é% Sy.oeqsﬁ" oﬁ’é?'%@%%s,
there will be nodesnwshehoale BHGHETY tSpdiing0dels aREntidst therefore

take on different values for certain roperties, depending upon whether
the val ues are useSCTRTLFESsd| WetRed ofox helmEsdiing @ mhyelced slystemeat ure

T at o Choy at ot ub kel 101 SPARGILRTAY YAk liRSTade! o The

eval uator determ nes ether the value of a proper
least two distinct models corresponding to distinct

regions within the modeled system.

[0009] In one embodiment of the invention, a method
comprises defining a finite element model
corresponding to an oll reservoir. A second finite
element model corresponding to a feature found
within the reservoir is also defined. The
boundaries of the feature model are used to carve
out a portion of the reservoir model. The feature
model is then inserted into the carved out portion
of the reservoir model. BAlthough they represent
portiones of the same oil reservoir, the properties
corresponding to the two finite element models can
be defined independently. In some cases, there
will be nodes which are common to both models and
must therefore take on different values for certain
properties, depending upon whether the values are
used in the solution of the reservoir model or the
feature model. An evaluator is therefore
associated with each of the models. The evaluator
determines whether the value of a property is

governed by the definition of the reservoir model



governed by the definition of the reservoir nodel 4 WO 02/02901 .
PCTIUSOlFEg¢w¥m"or that of the feature nodel. Wien one ofPGTHESOIRBHA s is
sol ved, the correspondi ng evaluator is wused so that the nodes which are
comon to both no@eEl shateoévihgafeatureomaniad -t oWbar eeei pft tba of that

particul ar nodel . . ogi e qknvent | reservoir
or ot her systen1mh%%ﬁégéskgegpgyggPtEggeggggg?épgﬁﬁgélgbégﬁgFgﬁtggn one _
di mension (e.g., ueedi sal thpti shevdetied whithr aeedtommenons bythcreating a
t wo- di mensi onal finite_el enent for each of the different features of

del Lent |
t he system and exWPgﬂiﬁgaFﬁi§VggH@Fe@naFﬁ8r pPFgtei FBRsAghintRdon of

t wo- di nensi onal nngﬁgtn?grQQCQQanﬁgdgy.generating ~a first nodel and then
0 t

carving out a portion hi's nodel to accomobdate a second nodel. The

second nodel corresponds to a feature within the systemof the first
nmodel . The filP8L0kpndel Insongdapbedimenthefbbhadinventions ha sasesvodr so

that each of the I ends . : en them A
plurality of nodesggfggggﬁngxsﬁ%ﬁ %%%%Hoggghggﬁggg%é.tgﬁéggrgonnon nodes
may have two diffeetativellyesohetantginednpr dpnehyionagh.gf, which is
associated with one of ;the_nodels. The _elenents of the conbined nodels are
then extruded andVehbaraild¥y iftBodaled- dpnEREeendimengpreg b¥l enents. An

o e “CcGEPSELYLY ESathonkbonkecelsh bRCRERY, gBRBIORgL

gener ated, the coreashondii bheedafEfiarentcbaatukres ohiethel sgstbinchnids

associated wth ea%ﬁt%ﬁd&ﬁ% this model in the third dimension. The
two-dimensional model may be defined by generating
a first.model and then carving 6ut a portion of
thie model to accommodate a second model. The
second model.corresponds to a feature within the
system of the firsp model. The first model is
adapted to the boundaries of the carve-out so that
each of the two models extends to the boundary
between them. A plurality of nodes are common to
both of the models. These common nodes may have
two different values for a given property, each of
which is associated with one of the models. The
elements of the combined models are then extruded
and subdivided into three-dimensional simplex
elements. An evaluator is associated with each of
the resulting three-dimensional finite element
models. When a solution for each of these models
is generated, the corresponding evaluator controls
the value which is associated with each of the

common nodes (so that the values associated with

the corresponding model are used).



conmon nodes (so that the val ues associated with the correspondi ng nodel
are used) WEONBY2/ 02901 PCT| USO1/ 20741 [0011] In: ther BEHESWRIML, a s
Otware application is configured to inplenent the nethods described above.
The software Bpplikati dihn cEtprhee ssmbodbimendt,i anssaéfitwelireae@pdderitdoned to

cause a conputer to performthe descri.bed ods. .These . inst. tions may
be stored on any tyh® ?f?ng’cﬁf'b’fﬁ‘irto Fé‘?ﬂfaﬁﬂe@% %l’ﬁe%?gedﬁ?&%&%%gy
i hclude, without 1igid@li Ofhe GoFMre fdriRAiishs coi@iieidsc t apes,
solid-state nenories and the |ike. BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0012]

Cther objects and atietrageton? whhch Mz 9 igvpdh&CoFEESpar ent upon

reading the foll ow i | Rt 0 ; ceqi@othe
acconpanyi ng draw ngg%“?lggéﬁléﬁdp% Hﬁeﬁsg%%%ﬂgﬁgg% [ I'I‘Ihussier ating
the sinplices in tims@ndetives mhyrdesidesed (R0 bly Ey@dREL2 cdompateiragr am
Il lustrating the boundaries between eral features w thi reservoir

) sev hin a .res
[0015] FIGURE 3 is Beadialtamedius rafherfge PG YRS ’ M%F?’Pé‘ta ement
mesh correspondi ng { g & 2 PP5A | Wb Govd), @ﬂqﬂr?sﬁ%ﬁ\éﬁéé,- =@kl FligdRE,4 is a

an expanded view of the two- dinmensional fini'te el ement "nesh illustrated in
FI GURE 3. [0017] Fl&RESstata fémuridsagrainttd dsitkeati ng a net hod
according to one enbodi nent of the invention. 6

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] Other objects and advantages of the invention
may become apparent upon reading the following
detailed description and upon reference to the

accompanying drawings in which:

[0013] FIGURE 1 is a diagram illustrating the

gimplices in two and three dimensions.

[0014] FIGURE 2 is a diagram illustrating the
boundaries between several features within a

reservoir,

foo1sl PIGURE 3 is a diagram illustrating a two-
dimensional finite element mesh corresponding to a

portion of an oil reservoir.

[0016] FIGURE 4 is a an expanded view of the two-
dimensional finite element mesh illustrated in

FIGURE 3.

fo017] FIGURE 5 is a flow diagram illustrating a
wmethod according to one embodiment of the

invention.



WO 02/ 02901 PCT/US01120741 [0018] FIGURE 6 is a diagramillustrating a
three di MNhHBAY finite el ement mesh generated by extr RETGSRABT41

t wo- di mensi onal nmesh of FIGURE 4. [0019] FIGURE 7 is a diagram .
i | lustrating i 8&tanneFIGURHI ¢ H s & wblagnamsilgnstratsing sa eshrested to form
a three-di nensi onal qﬁgg; 20 Fi .S g di ' trating the
manner i n which adtlwo- |lr§ergagll g:']nla 1t5| %e@éﬁs%$§g%%{%%éé¥%rgrfnew
sinmplices which |i exmrmelidercisd davosfdiarend idrerls esdshh b EIERE .4 [ 0021]
VWhile the invention is subject to various nodifications and alternative
fornms, specifjic nbodi thereof are sho by way of exanple in the

dr awi ngs and ljt%é’écconrf%‘ﬁ% 7détsaia} ag(f@é’bvﬁﬂﬂt‘{ﬁgq:‘cn% otff qragEer

under st ood, howeverin yHidh tah&oE-Ainis i&Hh 10eiit ok A88Gided Wb ¥ S Ot
intended to limt the invention to the particular enbodiment which is
described. This di scltdwge dignensigingdd meglended to cover al |

nodi fications,. equivalents and alternatives falling within the spirit

and scope of rese LAME 1.QN . defin ed ¢l ains.
DETAI LED DESCRI PTI'ON o&t Lekt E%:&R ol %% %%%P%Se}geert?ae er
embodi nent of the iinvetidn d Twalehinernaidnal @imgless hiol abidatdtns t hat
this and any other_enbodi nents descri bed _below are exenpl ar and are

i ntended to be il | fFaAE %mawq%v&ﬁq%&%%@%%rﬁ#%%.ar{ 0023]

Ceneral |y speaki ng,iﬂﬂ@cstg&si@%\gdﬁfﬂg' )n conprises a nmethod for
sinmulating systens using a 7 02/ 02901 PCT/ USQL1/ 20741

[0021] While the invention is subject to wvarious .
modifications and alternative forms, specific
embodiments thereof are shown by way of example in
the drawings and the accompanying detailed
description. It should be understood, however,
that the drawings and detailed description are not
intended to limit the invention to the particular
embodiment which is described. Thisg disclosure is
instead intended to cover all modifications,
equivalents and alternatives falling within the
spirit and scope of the present invention as

defined by the appended claims.

DETAILED DESCRIPTION OF A PREFERRED EMBODIMENT

[0022] A preferred embodiment of the invention is
described below. It should be noted that this and
any other embodiments described below are exemplary
and are intended to be illustrative of the

invention rather than limiting.

[0023] Generally speaking, the present invention

comprises a method for simulating systems using a



finite elenent nodeling, as well. as conputer applications which enbody

t he met hod¥@028Unputers which are configured to perfor nPERESHEIMID. The
met hod i nvolves the defirdition of nultiple, distinct finite elenent nodels
whi ch represent cofin$pendleagenegnodslinghias twed Inede |cahpsarsfrem Each of

these finite only nodels cpnprises, a set. o odes: at ich val ues are
defined for variousathﬁﬁagggﬁg.géiﬁhrﬁﬁﬁggxw#hﬁ1Wqé}QﬁyaﬁdLﬁﬁﬁﬂdi?rsbetmeen
nodel s, there are awRhidhahbYcOAfVRIHES t& VLEERMAHY nied > VamePr operty,
wherein each of the values corresponds to a different one of the nodels.
Each of the nodel s metbefyéavetyes dtke defimitien nf vatlvdplicor each
property which corr : t o, [.0024] Jd_Rdi ove, the
present invention é;geggcﬁsg%%{:@% né?%gé%? nﬂg %ﬁso%oﬁ&oiﬁ%%%%%eeggoi rs which

have features that ceusespentiing psdimnd iwithin Witey modlied Byatem.f uncti on
of position within the servoir,, These feature naé I ncl ude di stinct

"
geol ogi cal strata, Epght e’él,le%%n{)’r%’t‘?%ri’rt]éhé@de PRI T2 GEs 2 é"retfaﬁf‘ ot her
feature which may cayges st'@RfchefLIpgensid 'ch‘esfti‘#eéd‘!fbf R i8R voi I. |t

shoul d be noted that, while the enbodi nents i nvent1 on descri bed
herein are prinarilprdpertied. tFor hewdemiethiuh dfigen byundlarsesuct ures

h i | ' th l.so b lied tq.the del i ng of ot her
System. [0025] TheDUEPaPRoTAett prdiehs G o au e, A DELU8d for b
bel ow. It may be hetdipbspBRABNE to tD gifvdrs tordfd sy, a vl BBchBor

the values corresponds to a different one of the

models. Each of the models is solved separately,
using the values for each property which correspond
to that model.

[0024] As indicated above, the present invention may
be useful in the simulation of oil reservoirs which
have features that cause certain properties to wvary
rapidly as a function of position within the
reservoir. These features may include distinct
geological strata, fractures, completion zones,
damage zones, or any other feature which may cause
strong heterogeneities within the reservoir. It
should be noted that, while the embodiments of the
invention described herein are primarily directed
to the modeling of geological structures such as
oil reservoirs, they may alsc be applied to the

modeling of other systems.

[0025] The details of a preferred embodiment will be
set forth below. It may be helpful, however, to

first define a few terms.



WO 02/ 02901 PCT/ US01/ 20741 [0026] A node is a point in space. In finite,
el ement WMy nodes formthe vertices of the el enentRCT/USNLEHAT4Ar e
nmodel ed. The nodes also formpart of a nesh of nodes and edges which
define the bd@Aa&li es Abvpdechschepeint in specesdelod fipite. eledRTk An

cdges form part of "CREL N AGREEn aEH: hBE VRYERbRRGRE LA TSRS emonts -

in the nodel ed spashich0828] médeleyl exThe aoaeataaboCQa&mgpa&tlem ef n
di mensions determned by n + 1 points.in a sp of ~dinension equal to or
greater than n. InmSFHeP R8ﬁ8§ aﬁdsP9§P§xWh§°§ gesiper thespaipdprdesnent

having the nininunbgggggh g chenbdaiy Qﬁénhéde@ggegagﬁg to encl ose a space
0 |

in a given nunber | mensions. For exanple nmensi ons, a
sinpl ex conprises a triangle, together with the interior area bounded by
the trianglelP888]FI GURE edgp Twoapdiinesbetweenstibi tiodes wbithrﬁpansinplex

t di I b bounded _by th d
he I nes ahi ch | nPEFEORRBCEE BoRETaRFr e FBEr ChOFHt SORR) PRECSERt EbFont (o

bound a two- dlﬂEnSm@Bh|wﬁﬁeh,dbh@ﬁedothétbéﬁﬁﬂér&és bbeweenl suemauiaer of
boundary points by which the _two-dinensional area can be bounded. In three
di nensi ons, a si npiBxtBgnPPrAsdsdaspPaErahedron, which i s bounded by four
vertices (see FI GURE 1. ) In four dinmensions, a sinplex conprises a

hypert et rahodpere{somehl Beaphkenced badsad cBURSELERLBAVLRORT IV

vertices col [ ection of el enent
These elenents arednmpnssenSadEtermﬁnad by n + 1 points in a space of

dimension equal to or greater than n. In other
words, a—simplex is a geometric spatial element
having the minimum number of boundary points
necessary to enclose a space in a given number of
dimensions. For example, in two dimensions, a
simplex comprises a triangle, together with the
interior area bounded by the triangle (see FIGURE
1.) Two pointg are insufficient to form a simplex
in two-dimensional space because no area is bounded
by the points (and the lines which interconnect
them.) ‘While four points may be sufficient to
bound a two-dimensional area, they do not comprise
the minimum number of boundary points by which the
two-dimensional area can be bounded. In three
dimensions, a simplex comprises a tetrahedron,
which is bounded by four vertices (see FIGURE 1.)
In four dimensions, a simplex comprises a
hypertetrahedron (sometimes referred to as a

hypertet) having five wvertices.

[0029] A mesh is a collection of elements that f£ill a

space. These elements are representative of a



9 Wc) 02/02901 PCTIUSCL/ 20741 system which resides in that.space.
Because eXh02/@90lel enent can be defined by a plurality of PREYESV208Hd/ or the
edges between those nodes, a nesh may alternatively be considered a

col l ection of nodes sysitdmwltih mﬁgéﬁdseﬁme@hatthgg{acﬂt- vBerausepepabs in
this disclosure, "nmesh" w1l be,used t.0 ternatély.refer ot | ections
of elenents or nod %,C%&&%ﬁdnﬁ oft ot ﬁepé'blﬁ%&?yi gﬁf\/\iq]?égls the term
i's used. The mesh maynh@isxo he R edtiveenhehese asdasii ai meshl pagnt nodel
or sinply a nodel. [00301 Referring to FIGURE 2, a diagramillustrating

the boundaries betwethtesaatrigelve feuconsidered a cpdderbdrr gfenCAB8Nn. The

figure is a section ' | bk V@Qk.LWhi | 8,89 g%ed.
Figure 2 depicts a %%dsxt/dﬁe\%#ea; e?%e%n:bgﬁ%%%#p?lh%gs asL iﬁfgm?e??gﬁ e.g.,
shal e) which has a ortleispahididigssete,of*meshfemtilésbeAusedond | ayer 12 is

al so shown. Layer 12 conprises a second erial (e.g.,.chal whi ch has a
corresponding set Gt : 'Ye§ef¢ﬁ¥n§r°alclr@1"'§§§&ﬂ’%g?%t ﬁll.eg"ﬁﬁgé BFoperti es
(e.g., perneability QIsOfQRdeY) a@ﬁelndaelgT dent kheedohobxboth {ayeRs for

t he purposes of nodeling the reservoir. The values for these properties

in each of the |ayerthe Hewavdrs used. dilhleemesbboeynelabl pe rFefesxadpte, the
pernmeability of one

other is low FlI GJRéle?/ea{‘e'Irr%(ngsg (hf;[a 'J‘%ti?eg%%\llg%igl r%‘g%§15§%g§§§i§#ghésg{)ﬁ%gggh

both layer 11 and layer 12. The fracture can al so be characterized by
correspondi ng pEdaEs foRedriely to FIGURE 2, a diagram illustrating

the boundaries between several features within a
reservoir are shown. The figure is a .sectional
view of an oil reservoir which is being modeled.
Figure 2 depicts a first layer 11 which comprises a
first material (e.g., shale) which has a
corresponding set of properties. A second layer 12
igs alsoc shown. Layer 12 comprises a second
material (e.g., chalk) which has a corresponding
set of properties. Generally speaking, the same
properties (e.g., permeability oxr porosity) will be
identified for both layers for the purposes of
modeling the reservoir. The values for these
properties in each of the layers, however, may
differ substantially. For example, the
permeability of one layer might be high while the
permeability of the other is low. FIGURE 2 also
depicts a fracture 13 which extends through both
layer 11 and layer 12. The fracture can also be
characterized by corresponding values for each of
the identified properties. For instance, although
it is not normally used as an ldentifying

characteristic of a fracture (i.e., empty space,} a
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the identified properties. For instance, although it is not normally used
as an id &’g characteristic of a fracture (i.e., erg@EyUsSpaor1) a 10
WO 02/ 02901 PCTIUSO /20741 perneability value (which will obviously be
very high) can bepesmeghéllity vhduer dwhick. wiDD3dbvibaslyg benvkeyel enent -
nodel for the rese vohg dephcted I, N FIGgREbﬁ ig constructed, it may
conprise three sub®HW888I §280RE 28PFERE8NEPNERE ot TREFBFS11: one
corresponding to layer 12; and one corresponding to fracture 13. Each
sub- model wi [bo3ihcl udwheadastihied kiementthsaboupdartre PeLveeBiit and

the other sub-nodels. Generally speaking, each node which is on one of
t hese boundari es mﬂ?PlCEQdcbﬁn%ﬁGFBEa?l1§fc@hﬁt§%@tﬂddel§ Mavch share that

boundary (although S ] I S as es, which are

conmon to nore thaﬁSQ%Elééug8%%§e¥a§AT%a%%%d ?%éh%§%£§?§$%$§ﬁ? Y8l ues for

particul ar propertilagerdependnagcoppespbrding- todbdyenhizh asdbehag

eval uated, a nechani sm nust . be grﬁ%ided to ensure that the proper_ val ues
Hpgqte

are used. ['0032] FRTLEPPER Bartere, 13n Hafharab-nedehswbtiat ed
with each of the sphcTRde! SoddBewheva! yfé%nca@érﬂéé%aﬁfigs' H&gvé%nt hlen

parameters for each of. the nodes on the boundaries between no

this way, it defintt padakeecpthenrsdacnodelie. sGenedahlyt spedleingp- nodel
whi ch is being sol tion for_a ri.icul ar sub- npdel |

conput ed, the eval%% ornég??%@%%ﬁd#%go%oo?%éggu%@e%%gg?u? aﬁb%?i%ﬂf%o t he

common nodes so tlioé tdmmopatan®l Brof colié eswenabddl & okl Skbr&0ERA: ar e

used for the conqgn nodes. Thus, a single node which
oundary (although this is not always the case.)

Because nodes which are common to more than one
sub-model will need to have different values for
particular properties, depending upon the sub-model
which is being evaluated, a mechanism must be

provided to ensure that the proper values are used.

[0032] In a preferred embodiment, an evaluator is
associated with each of the sub-models. The
evaluator controls the values of the parameters for
each of .the nodes on the boundaries between models.
In this way, it defines parameters for each node
according to the sub-model which is being solved.
As a solution for a particular sub-model is
computed, the evaluator corresponding to the sub-
model is applied to the common nodes so that the
parameters corresponding to that sub-model are used
for the common nodes. Thus, a single node which
lies on a boundary between two sub-models is seen
as having a first set of parameters from a first

one of the sub-models, but is seen as having a
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lies on a boundary between two sub-nobdels is seen as having a first set of
par amet er VOO f i rst  one of the sub-nodels, but is sed¢TASWHMhg a |s
11 WO 02/02901 PCTIUSO /20741 second .get of paranmeters froma second one
of the sub-nodels. se@888] dat tdfe ppregetersefion, asapcondeprecad bee
created for selectedégjﬁﬁigyes within a reservoir® (e.g., geol ogical
strata, fractures, & ) g these sub-nodels, unique val ues or
functions can be enployed to sinulate property variations within each
structure. Beciussit he subvlderesent meéthbnciubbnoddhsi esnbeéween

el ements with sharpl contrasting properties can be, ac¢urat el ,

repr esent ed. (0034)4&9@5@4|ﬂ?q1§ FGBRESS§rHﬁHuﬁ?SaW%€b£Hiﬁﬁﬁ% ThEPiTfinite
el ement mesh correspang N9 ded1dcAekl 88rata, ABrQLLurESET¥OL!) | Sys to

il lustrate the use ggpq%isf%%%tﬁ@é%SUE-ﬁbdgrs fo r%present d%fferen

regi ons within the résse sub-redelRE 8nigue tratyes ovi Bunctiohe cmshhe whil e
FIGURE 4 is a close-up.vie of Lhels%ne nesh.tThe extgnt of the, nesh shown
N FIGURE 4 1s i ndicOiay s tRo ot Pt foPSSPRE ERRER L3008 B3R o mosh

shown in FIGURE 3 ceiyH stguotrsub- seedaks tREr ssBhoagl 8 skénct features
within the reservoir. The first nodel 21 corresponds to a, partial
conpl etion area and ddstdaetur dourardesohat vasdetleneres okl sharply

separat e, reIativeI%pﬁggggggggﬁgibig&ggggrﬁaﬂhﬁ%gaggégg@élﬁhe conpl eti on

area and fracture. nogene ST uSeé ere
represented.
[0034] Referring to FIGURES 3 and 4, a two-dimensional

finite element mesh corresponding to a portion of
an oll reservoir is shown to illustrate the use of
distinctive sub-models to represent different
regions within the reservoir. FIGURE 3 is a larger
view of the mesh, while FIGURE 4 is a.close~up view
of the same mesh. The extent of the mesh shown in
FIGURE 4 is indicated by dotted line 23 in FIGURE
3.

[o035] The mesh shown in FIGURE 3 comprises two sub-
models representing distinct features within the
reservoir. The first model 21 corresponds to a
partial completion area and a fracture. The second
model corresponds to a separate, relatively
homogeneous structure which adjoins the completion
area and fracture. ("Homogeneous'" ig used here to
refer to properties which change relatively slowly,
rather than simply being constant.) Model 21 is

stippled to more clearly delineate its extent.
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refer tgﬁgro erties which change relatively slowy, rather than sinply
bei ng cOHQLHP0Y) Nobdel 21 is stippled to nore clearly dRET/HEM{28741t 5

extent. 12 WD 02102901 PCTNS01120741 LOOSG] The el ements of the nesh in |
FI GURES 3 adf0363re bBhededempntreofi ke WREEhine FASYRES Bhandddesrsf the

el ements. Each Ofbkﬁﬁdggg §h§§%egq§egegﬂggﬂ L eggkaQ?%$g%Eﬂﬁng@s of the

mesh. The two- di TENSI ONa can be extruded 1 nto a | "ension to
form a three-di neshieordlenkntiste Eakhnefit theskdges eiitlends deph@iencd i n nor'e
detail below {0037] Because the eleggnts of . nodel .22 represent a

rel ativel y honogef¥8uSOorE§EBRNIiRgy negdRspet Shenfiested Weh t¥orati ve ease

by a correspondi ngipRhaRBhkY WekHe chfl hBRERerakkeak ntd 6l teArl The
el enents of nodel 21 are also sufficiently honogeneous within the nodel

t hat the properti démghsiphe tpodezm A thyespdimepgiobpelmfdalise by assi gned
val ues or mat hematihcal _fu hons. u del ed separat e
Bt 0755, B5088 FBYa058 T e, Bl

val ues and/or fun€ -ons, properf el eme he two
nodel s (one fronbedekw.nodel ) can have sharp changes or discontinuities at
t he boundary between the elenents. [0038] Referring to FIGURE 4, it can be

easily seen thaﬁ sone of the nodes which defineg elenments of nodel 21 are
al so used td%8éfine cBERFENEE SherSdemenss of MOdedBile TORFESE™62 27 and 28

) Spony ey CounielSay pbieoRia e oH Py Tl IR el e

on stimulated with relative ease by a corresponding
property value (or mathematical function.) The
elements of model 21 are also éufficiently
homogenéous within the model that the properties of
the nodes in the model can be modeled by assigned
values or mathematical functidns. Because they are
modeled by separate values and/or functions, the
properties of adjacent elements in the two models
(one from each model) can have sharp changes or

discontinuities at the boundary between the

elements.

[o038] Referring to FIGURE 4, it can be easily seen
that some of the nodes which define elements of
model 21 are also used to define elements of model
22. For example, nodes 26, 27 and 28 lie on the
boundary between the two models énd are used to
define elements of each of the mbdels.
Consequently, these nodes may have to take on
different values for a given property, depending
upon whether they are being evaluated with respect
to one model or the other. This is achieved in the

preferred embodiment by associating a unique
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different values for a given property, depending upon whether they are
bei ng eval Wet0eM298t h respect to one nodel or the other. RATAUSE280dhi eved
in the preferred enbodi nent by associating a unique 13 WO 02/02901

PCT/ USO1/ 20741 eval eaamuambrhwétahtemhtds@ trhoel edade Mhe n Wlegpladtsadmt dics:
generated for a particul ar t he eval uat ar sspci at.ed mﬁt that node

is.:.used to determ h8 gﬁger f) of P &t PR ao'?a ofi4%h

nodes. [0039] It shoabgoefaaeaeﬁltma&hé&tqtﬁémylé)%éw% d@'ﬁefﬁm:dﬂeet%%the
boundary between two nodels, but which are not common to both nodels.

Because these nodesaEprPREiatensntaefonmachme dhe houndaays nodesey have
only one val ue/function for each property, so there is no need to I dentify

t he nodel for t hecpo ol 14 . [ 00401
Referring to FI[WS I I%l\?vo ;f%tg%m%&?‘f trating ae&}é’t tlto?)ad accor d| ng to
one enbodi nent of thhlchvbi]el on tlise %mndaﬁ&hlhea:vtehars thiog miceladid,| bulte

described with refere ce to an 0|I reservoir a t he nDdeIed syste t he
sane net hodol ogy can"BiChaphei BRaF  SPHEMRER é%n@9ﬂ?%ﬁﬂl gkéPh

an initial finite el ggEak aeebn&%mmlm dr y Rghe e@rtqté HRRARYOI T 1S
generated and then separate finite el enent neshes corresponding to

features within thethegehgveronty omseralaeffwstinn fiowteadhesh. Thi s
first nmesh is adapted to accommpdat the new, second h her
words, the regions %E%B%Fgﬁ byt ﬁeeléeecloﬁtcﬁﬂ Qier?ecgﬁces J:aaé{%’tgg‘rsyvg%‘ Sﬁtdogf t he
first mesh so that ngotWihiEs heSe OESAPYis IS iR (B ePAGE compute a

solution.

f0040] Referring to PIGURE 5, a flow diagram
illustrating a method according to one embodiment
of the invention is shown. While this figure will
be described with reference to an oil reservoir as
the modeled system, the same methodology can be
applied to other systems as well. In this method,
an initial finite element mesh corresponding to the
overall reservoir 1is generated and then separate
finite element meshes corresponding to features
within the reservoir ere inserted into the first
mesh. This first mesh is adapted to accommodate
the new, secondary meshes. In other words, the
regions occupied by the secondary meshes are carved
out of the first mesh so that no two meshes occupy

the same space.

foo41] The initial finite element mesh, as adapted to
accommodate the other meshes, will serve as a model
for one of the regions of the reservoir., (Although
this region may be smaller than the other regions

in some cases, it will typically represent the bulk
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[0041] The initial finite elenent nmesh, as adapted to accommodate the

ot her nd¥Q&%0291 || serve as a nodel for one of the regi PAYUSI20/ .
reservoir. (Although this region may be snmaller than the other regions in
sone cases, it wildf tohs cxdervicdpr.gsefhifshanesll kanl beNGOBBREE by

PCT/ US01120741 of__the r, VOi_r Thi s nesh can be generat.ed h n
suitabl e means knGRH %@islfns"e(#‘ss%qqm %-Ot I??rséﬂl}sg(ﬂr}efqe}?ﬁﬁge %1 @%’r.%-t

nodel i ng. An unst 38 Wedidte lfenfintp haealigient A uriehfihadg After the
first mesh is generated, a feature_is defined and then a secondary region

is carved out of wesh jqfsEimpdax m@"ﬁﬁ%%nm % d&dieon. A
Ty be const ruct e o e YA, 1 ettt L Ger st g 1Y, Mot

may be constructe con ary region.is carved
mesh, or it nmay lheaye reersstahdaitye megdds. ilan cairvest adseyf theo fdapar at e

finite el ement nodel § correspondi tg, the d| ferent regions of .the

model ed system ar &€ Si'r ‘POFW&&G‘%FD%@GS HiEREIF adfadEf t o each
other (i.e., thergd %éhe&%ﬁ!@&‘ W he Wl@lﬁf&éﬁ-ﬂécﬁ f0¢8%s may be
repeated for additional features in the nodel ed system (and additional

secondary regi ons figathine .t hdlfs rlTﬁSh friayt the aoa@mqmweqo@mzpa n the

preferred embodi ng t Gess I ed I n t
di mrensions to gengaﬁo dl\r%’mpa‘;q% clﬁ |ca%ﬁ1e£ % rude S r#]dr%thr“g
di nensi ons. For exanmilte may b geile'xsawaae@ftﬂmaﬁ&s cqm)leﬁlum zeie and

fracture represent ed by nmodel 21 in FIL.GURE 4 resent features in a
hori zontal  pl ane tWhe&aRaFahendridtidae issmts lish e ssRamddng to

the different regions of the modeled system are
created. These models are immediately adjacent to
each other (i.e., there is a common boundary
between them.) This process may be repeated for
additional features in the modeled system (and
additional secondary regions within the first

finite element mesh).

[0042] In the preferred embodiment, this process is
actually carried out in two dimensions to generate
a mesh which is then extruded into three
dimensions. For example, if it is assumed that the
completion zone and fracture represented by model
21 in FIGURE 4 represent features in a horizontal
plane, the two-dimensional mesh shown in the figure
can be extruded vertically to generate a three-

dimensional mesh. This is illustrated in FIGURE 6.

[0043] FIGURE 6 shows the two-dimensional mesh of
FIGURE 4 from an oblique angle. This two-
dimensional mesh is extruded vertically (as

indicated by the dotted lines) to form a plurality
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can be extruded vertically to generate a three- dinensional nmesh. This is
i 11 ustrat eWORMOMOGCURE 6. [0043] FI GURE 6 shows the two-di RGRVEH274hesh of
FI GURE 4 from an oblique angle. This two- dinensional nmesh is extruded

vertically (as i ndiafatBurdn-divenddoned ptﬁsmp.tolhoanpaeﬁemradity is 15

WO 02102901 PCT/ US01/ ee- di_rensj onal l.n.a erred
enbodi nent, these pr?‘é?&d:d?eéi uth gﬁe\ﬁed@ff i‘ﬂsoatrﬁr E@i’da"ﬂréﬁé i F E FFces
(tetraheda.) The gendinmdhisicnsll Andlieesdi(rershbedt-alpshThe gbheraBpogr nmy
reduce the conputational requirenments of nesh generation by confining the
adapt ation process (?he QhRﬁQhQﬁPQﬂSMﬂ@§1|Wﬁﬁhaﬁnnﬁghslﬁﬁ@nﬁﬁom§3parate

h to t di e de I
mooh: Thi S ol i nat oW s T EARE ey Ae e anaareer of Reth T or °Th

separate refinement of the
sane two- d|nen3|cnmgen&fdtxnnuhyMcdnﬁﬁmangttﬂefhdagbatlpnlptscessthbhehlrd
di mensi on. [0044] he e |Qn r,ocess W not be described in
detail in this dISC| 'Yﬁ gass ia§r5§§ éﬂtﬁng?ns?8a¥?F%strate t he

manner in which theiné:—'éﬁéé')s'tﬂﬁ tfwroo'@ltcdé%sqb%nahanﬁhéﬁ Eﬂﬁ%ﬁdﬂh@%‘ﬁéons is
acconpl i shed. FIGURE 7 shows a single, two-dinensional sinple

triangle) which is reacffmﬂﬁad:wqwd‘:memsa.omﬂemeahneng'h@ﬁaelpmgmesT\Mh@t prism
I's then subdivided into rahedra). It

di_nensij naI S
shoul d be noted that® ﬁﬁt’g Jﬁ%e B’r glgdﬁregarg ﬁéggm%g 8%?%8?3‘“6
t hr ee- di mensi onal Wﬁﬁsz-ldh.niérfs(lldiﬂall mélsmieaéiv@@aﬂ.etgmestaﬂ’edlfferent

points in the third dimension.

4

'{0044] While the extrusion process will not be
described in detail in this disclosure, FIGURE 7 is
presented herein to illustrate the manner in which
the extrusion from two dimensions to three
dimensions is accomplished. FIGURE 7 shows a
single, two-dimensional simplex (a triangle) which
is extruded to form a three-dimensional prism.
This prism is then subdivided into three three-
dimensional simplices (tetrahedra). It should be
noted that this same procedure can be used to
extrude a three-dimensional mesh in a fourth

dimension (e.g., time.)

[0045] In one embodiment, the boundaries of the
different regions are determined before any of the
meshes are generated. When the different regions
are defined, a mesh ig constructed within each
region. Each mesh is constructed so that it
extends to the boundaries which are shared by the
meshes {(as well as the outer extent of the entire

modeled system.) The generation of the mesh may be
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[0045] I n one enbodi nent, the boundaries of the different regions are
det er mi YEQOHEMBt e any of the neshes are generated. WenPEHESW2074dr ent
regions are defined, a nesh is constructed within each region. Each nesh
i s constructed soperformed dut emys sustelbd ehvanaer.es Ay desdmedshar ed by ~

the nmeshes (as |l .a e n e tem)
The generation or% &% %% r%é&%ﬁs ?%%MB Fgg§6% %b?lﬁggﬁ%%%sgfaxf%rforned
in any suitable nmaBQES Aay: thesigenerateddern thiin ehiesrs regfidne def i ned and -
corresponding meshes can be generated w thin these regions [0046] In

anot her enbqdi ne the fir nesh_i ener at ed _so t hat fills the
entire spac #63 §%§f %ﬁﬁ%ﬁﬁndikf f§r?ﬁeﬁﬁﬁ ifed to o
separate the regi 9@&&5&&6@%@@ 18 #9Q1ENkhe ROWAGR BpaRL G @ Sting
el enents into two pieces,, the nesh'in each region is adapted to formvalid

sinplices in pIacmOdﬁlﬁﬂeSwﬁt@ﬂsecﬂeboemdﬁﬁwtss Then dediined ite t wo neshes

correspondi ng to the t IQns _of th St hough t he
adapt ati on proces%e@FFF Ethﬁé 1§PF|8§dt é??gF det%lpkeFF RE 8 is
presented to provodadaty mays ot leecﬂsezfmgheleme%s inflGdWe $iee@mri ses
three views of a two-dinensional sinplex (a triangle) which s adapted to
formsinplices ontheapgsly da srCh FEGHOEr y& PAaPRe tpsﬁoﬁﬁgﬁ

Si TPl ex 115 shoun Ll Sesked DA cRouadanl aukeaeotln %(ieﬁeﬁef the si npl ex

are intersected at t A new node is created at eac
i ntersections. A thsedgeuﬂ$sthantWQfmns&eBeCWEEESpomduug tbethawtm@des and
t he opposite vertex OE t he

ns of the system.

[0047] Although the adaptation process will not be
described in great detail, FIGURE 8 is presented to
provide an illustration of the process. FIGURE 8
comprises three views of a two-dimensional simplex
(a triangle) which is adapted to form simplices on
each side of a boundary. In the first figure, the
simplex is shown intersected by a boundary curve.
The edges of the simplex are intersected at two
points. A new node is created at each of the
intersections. A new edge is then defined between
one of the new nodes and the oppoeite vertex of the
simplex, forming two new simplices. A new edge is
then defined between the remaining new node and the
opposite vertex of the new simplex. This procedure
results in three new simplices -- one above the

boundary, and two below it.

[0048] Essentially the same procedure can be performed
in the case of three-dimensional simplices. The
resulting simplices will lie essentially on one

side or the other of the boundary. (Because the
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sinmplex, formng two new sinplices. A new edge is then defined between the
remai ni ng WeW2/M98k and the opposite vertex of the new si MOTEEIIZTAL
procedure results in three new sinplices -- one above the boundary, and
two below it. [0048bcEssiamyi alalyy beheusaed, pEbecdimpligasbewpéehobazd in

the case of three-di si on sinmplices. . T r Ing siqplices will lie
essentially on one é;%igs %%ﬁ Sdtﬁ@&'%PttEgebggﬁggé¥.g?85§§use the 17 WO
02/ 02901 PCT/ USOL/ 2@p&thdargundanynday the adepedtibhepsbpbicesodubégh have

flat surfaces, may nat |ie exactly on the boundary. Since the adaptati F h
process produces siSimldees,mbdichy preaPABSEt e RRELERYY oRRoRBE sEHES 0P t he

boundary, they can eagh e.fieblnedras ban! eabn bheabbtabar &gl gl ot he

second regi on, hence part inite el enent node r the second.
[0049] It shoul d be the i ndtatregienpoec étliengecpadagegpbs, desece bpagtt he

creation of finite nt_.nmodel § gorrespondin o.different regions of
t he nodel ed systen1é§%%g%bﬁ¥£§%|giP&%ﬁ-GZEW§Htiaﬂ§F1n8§h3é9 f%@%g .
Benefits, other advantages, and solutions to problens have been descri bed

above with regaighg]o specidhonianbednarals thhewerer prébegbagefits,
advant ages, solutions to problens, and any elenent?s) that may cause any

benefit, advantage, Pagacyepls cesceibiagr the peeahionoPE PiBhbenced are
t tob t d Lt |, ' : '
1 1, b GO e SO B SR

el ement of any or al e nprises, "
"conprising," or anyfotdmer mediclald epsther apk, appkicable to n-

dimensional meshes.

[oo50] Benefits, other advantages, and solutions to
problems have been described above with regard to
specific embodiments. However, the benefits,
advantages, solutions to problems, and any
element (g) that may cause any benefit, advantage,
or solution to occur or become more pronounced are
not to be construed as a critical, required, or
essential feature or element of any or all the
claims. As used herein, the terms "cowmprises,"
"comprising,® or any other variation thereof, are
intended to cover a non-exclusive inclusion, such
that a process, method, article, or apparatus that
comprises a list of elements does not include only
those elements but may include other elements not
expressly listed or inhexent to such process,

method, article, or apparatus.

[0051] While the present invention has been described
with reference to particular embodiments, it should
be understood that the embodiments are illustrative

and that the scope of the invention ig not limited
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i ntended to cover a non-exclusive inclusion, such that a process, nethod,
articleW@P28¥ar at us that conprises a list of el enent sPEKEESVRBT4L| nc| ude
only those elenents but nmay include other elenments not expressly listed
or inherent to sutk ph@@esgmbOdemﬁvas arMhuyevaGnaapp@ﬁatus [0051] Wiile"

t he present inven h. articul ar
enbodi nents, it shﬁ%ﬁgh H%é ER?% taPﬁe éﬁ%@ a?% ustrative
and that the SCOpén@bd&h@rﬂt&Vdﬁfslcﬁﬂbea abbvel mrbe@osb&b\w 02102901

PCTI USO /20741 to these_enbodi nents. Many variations, _nodifications,
additions and i npF 6%?%@#@§IQE'tF@esénBEHFﬁEﬁPgsdE§¥fPE@&uéﬁove are

possi bl e. Part'C%b%bh&er%h%&eoMﬁEEaHEEQS gggegggh QeviEaut ers or ot her

data processing deviCes, conputer readab such™as floppy disks,
CD- ROWs, DVD-RCNbom@M@e;)x@Edabge tediieedsuchnpst Eloppyeddskes abd t he

i ke mhich cont ai ft e re,or _other progqranm ng enbod ing t he
f or egoi ng mathodsRO '|¥®@ pr%plgﬁgd ?hﬁFOFﬁgge% RVE (w1 EQWFQ 4

modi fications, adgiehopi®sAhd ithRr QUREEHhS chakbntalifl Rofheageqpe of the
invention as detailed within the following clains. is is 19 | WO

02/ 02901 PCTf USO £igmwarecox pther RresrhBEins: embedliing sheystem using
finite element tegchalgyes &%%Bbdﬁkngqt is contemplated that these

variations, modifications, additions and

improvements fall within the scope of the invention

as detailed within the following claims.
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nodes are WOMEHI0Lo at |east two of the finite el enent mPEHEES01
property associated with each of the finite elenment neshes, wherein for
each of tCAIMSite el enent neshes, the property is defined by a
correspondi ng function which is independent of the other functions;

associ ating a a MA I niL.ke e ; and
generat i n:g a sr}})%aqlgoré %orr Jb}?‘i Ig’[ i%ieineﬂgl&glﬁe%?ﬁ%n%s ggt,%gﬁf'lerei n for
each of ttecHniiies adaprisimpshes, the function used to define the value

of the property at each of the common nodes is selected according to the
eval uat or asso 3§H$d wth the_ finite element_nesh, 2. ghod of claim

1 wherein defi e HIRFHAYNFYPE SlodtR: ShEeRBE @Sﬁb??sey QEFLRI Fg al |

nodes on bOU”dar'e%ﬂd&%l%%¥1dﬂ“%ddé%'%%eebgﬁﬁﬂh EBSgesléaséetQQ”BE”tEQ t he
finite elenment nmeshes whi ¢ch touch the correspondi ng boundaries. 3.

met hod of claim 1l Jhieridien elteriesds meshbesiode which |ies on one of the
boundari es between the finite elenent neshes is not commpon to all of the
finite el enent es_which . 1 ch th LIse di b y he

met hod of cleuééﬁi &t (%995r Sﬁé |og %ggﬂd%s h 8# gﬁ%n? %t%ther
functions. 20 ||||kﬂk&&hﬁih&k&ks@ thr%@nOZbQZQQ&hPGI/HSQlfiﬁZﬂé 5. The
nmet hod of claim4 wherein at |l east two of the functions _are not conti nuous

with each other. 6.clmRenfetifshest &he REPPRREYeif 6REIBEPILRE Rinite el enent
meshes corresponds dQ.a Sdd3i P e 185 #R10h! 1E€SRAYPLRABRE of the

other functions;

defining a plurality of finite el enent neshes, wherein a pIurall'tE%1
ning a

associating an evaluator with each of the finite element

, meshes; and

generating a solution for each of the finite element
meshes, wherein for each of the finite element
meshes, the function used to define the wvalue of the
property at each of the common nodes is selected
according to the evaluator associated with the

finite element mesh.

2. The method of claim 1 wherein defining the plurality of
element meshes comprises defining all nodes on boundaries
between the finite element meshes to be common to the finite

element meshes which touch the corresponding boundaries.

3. The method of claim 1 wherein at least one node which
lies on one of the boundaries between the finite element
meshes is not common to all of the finite element meshes which

touch the corresponding boundary.

4. The method of claim 1 wherein the each function is

distinct from the other functions.
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another of the finite elenent meshes corresponds to a feature wthin the
oi | resd¥Q@P290hnd wherein the feature is selected fronPEHUSHY29T41
consisting of: a fracture; a conpletion zone; a. damage zone; a geol ogi cal
stratumy and a near well region. 7. The nethod of claim1 wherein defining
the plurality of finite el enment neshes conprises defining a plurality of

t wo- di gensi LRLEeoe! & d_gex n he -t di mensi onal .
finite g? fﬁ é%%é& of ?ﬁ?&dggﬁﬁgﬁgggn F iéHgFa?wE Feﬁﬂglnen5|onal .
finite ﬁmncehenseahesnoe.cahelnubhsdwbthcéach1éthbeneln defining the
plurality of finite el enent neshes conprises defining a first finite

el enent _nes n |on and_a_se

corr esp®ndi n ? ?ﬁ% ﬁn8£|8€a§?s W%e?ﬁ PnPRG ?ﬁetﬁ?r ?anan#Em@PEnent
nmesh t om&ahee ObtréBeona@sond sepipst poLtifRf bhi 88 a8iseeandribikt 8ngl enent
mesh within the second_ region. 9. The nmethod of claim8 wherein refining
the firaeothertef ehenfinikesalewvertrwesbee carrespondsrbgi anfeahpreses
defi ni o} S t S e d;th n

Fegi on. WHHRHE HAERLL FHESBEFO L, BAR WHEFCLAChRE CPLRPHRR 18 R IREE N, g
Surfaceﬁrdﬂmt]helgfoﬁpbebﬁsisﬁihg‘ ofi: t aefrhevudet yasooipleridaf zohag ahe
first fénlte el ement nesh_as e elenents on a first side of .the boundary
sur f ace“23AYIC dBPLRT NG Qﬁﬁlggéﬁﬁ PrRREEMe| BRENE RERK YelinkegieRents on a
second side of the boundary surface. | 11111111111211211121121121112112111 21 * C
L M S D 02/ 92000 F,IAUSR16207 11 Iflexdbl BBEDAUNG! LRbabMLFathepebe
adaptlng the first finite elenent nesh conprises identifying intersections
of edgeBimitetabentnheneshes t:omprlsesstiefining al phvnelingsafwbwh-t he

ety iHee EP Gt nE hBF O R SRR he b RFp R0 ShLEashy! EREoELE"S, And

dimensional finite element meshes in a thlrd dimension to

obtain three-dimensional finite element meshes.

8. The method of claim 1 wherein-defining the plurality of
flnlte element meshes comprises defining a first finite

element mesh to include both a first region and a second
reglon correspondlng to the modeled system, reflnlng the first .
finite element mesh.to carve out the second region, and
defining a second finite element mesh within the second

region.

9. The method of ciaim 8 wherein refining the first finite
element mesh to carve out the second region comprises defining
a boundary surface between the first region and the second
region, adapting the first finite element mesh to define
elements having surfaces which lie substantially on the
boundary surface, defining the first finite element mesh as
the elements on a first side of the boundary surface and
defining the second finite element mesh as the elements on a

second side of the boundary surface.
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el ement nesh to incorporate the newly defined nodes. 11. A nethod for
nmodel i ng aWodRi0290¢servoir using finite element anal ysis, REWRVNLA0HLe
reservoir has a plurality of adjoining regions corresponding to the
reservoi ri@and Tre methodref falstim ds whicedeiim tldeptdsgr tber fiwkbr Einitach of

the regio i s chargcterized in ,a cqorresponding finite el egen nodel , and
whor o1 o forensnt A Fndaeq) et ARG by seBh L hE| s BIEPBER | madol
enpl oys aghd ndegradentof Wi 1187-dt0 FikARkeSaRmehiiemeahestiedl Bheperty,

wherein the nethod conprises: associating an evaluator with each of the
finite elkeowrdaryotiarfacandafdndng negles 88 GheoAdersEifaed of the finite

el ement %%g% ec ese,i/a”c}rgg%ﬁ%:ﬁg%st&%% %‘i'g':hte%% SWEEESﬁr%E' gghﬁé”g a

sol ution ecte roperty at eac € nodes
in the fielément ey tondelorpdiete theohesdyhdefinrd aodesre nodes which
| ie on boundaries between the finite el enent nodel being solved and one or

nore others of the pluralit f, finite elenent mydel s, the,value for the
sel ected 1%roﬂ%ﬁ¥?j§§idgﬁé lﬁﬁbﬁ“¥ﬁ@ﬁe€§Fﬁ§F8Fra§§bEQa§éﬁltﬁﬁth t he

finite el engpdndrodel1heidg Aelnad: the xés%%a&ehagead@@heamguaf

containing 1nstructions which are configured to cause a conputer to
per f or m t&dj ortingl regimnd sionyespondd ng 2oWohe? 6280 voPCTANS00N2071 1

defining a plucality of fi.nite.elenent nmeshes, wherein urality of nodes
are connﬂﬂaﬁ% _?ang%ﬁ paintl exeFFEfFérélg%?ﬁFlﬁe?ﬁgg;Bﬁegﬁﬁing_a
pr Oﬁer;y ﬁ@%&n@tw oM Fa et Add ke of cdirtespehaibgt fiRsbeselufienei n for
each of the_ finite

model, and wherein for a selected property of the reservoir

each finite element model employs an independent function to

represent the selected property, wherein the method comprises:

asgociating an evaluator with each of the finite element

models; and

generating a solution for each of the finite element

models;

wherein generating the solution comprises calculating a
solution based on the wvalue of the selected
property at each of the nodes in the finite element
model, wherein for each of one or more nodes which
lie on boundaries between the finite element model
being solved and one or more others of the plurality
of finite element models, the value for the selected
property is dependent upon the evaluator associated

with the finite element model being solved.

12. A computer readable medium containing instructions which
are configured to cause a computer to perform the method

comprising:

AR
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el ement neshes, the property is defined by a corresponding function which
i s i ndep¥@d¥MIOBbf the other functions; associating an ePElU8AIM074% t h each .
of the finite element mnmeshes; and generating a solution for each of the

finite el enedéfimbsdies, pIed Bity fof £hgitofeldifehit Nhdshed crmére@sies, the
function used to define the value of the property at each of the_common
nodes is sel ect ePLlEERbEY L tRPIPR R CRIFEFN o2 RF at RPN FWP tPE thenite
el ement mesh. 13.gdhe ComPEhe IRaskabd £ medi um of claim 12 wherein defining
the plurality of el enent neshes conprises defining all nodes on boundaries
between the finite el ement neshes to be common to the finite el enent
meshes whi chdebiring e poepesty riseciafved datteseadl. offiehe ofirutiee readabl e
medi um of ' claim 1 erein at lea one pode ich-li.es on pne of the
boundari es bet me?%l%\ﬂ%ﬂtfm%%%sél% 0 ﬂ?‘reé% se%,\cghnf[ YRmbtrtTal | of the
finite elenment rebdmenthnseshéoycthd heraweres piaddatimednepry. 15. The

conput er readabl e nmedium of claim 12 wherein the each function is distinct
fromthe other fuFR¥FeFRONAENT Thenebinntwhick skrapirderendenipfot| Hien 15

wherein at | east e gctions are not continuous with each other.
----------- 23 | e T e c L MIf; WO 02/02901
PCT/ USOL/ 20741 17. The conputer readabl e nedi um of claim 12 wherein one of
- the finit casbeuntingsimsevaluaspondsth osach i oEtthporfinihtefehement |
reservoir and another of the finite el enent neshes corresponds to a
feature within t%e%?Ts're?é voir, and wherein the feature i s selected from
the group consisting of: a ’

generating a solution for each of the finite element

mesheg, wherein for each of the finite element
meshes, the function used to define the value of the
property at each of the common nodes is selected
according to the evaluator associated with the

finite element mesh.

13. .%hé computer readable medium of claim 12 wherein defining
the plurality of element meshes comprises defining all nodes
on boundaries between the finite element meshes to be common
to the finite element meshes which touch the corresponding

boundaries.

14. The computer readable medium of claim 12 wherein at least
one node which lies on one of the boundaries between the
finite element meshes is not common to all of the finite

element meshes which touch the corresponding boundary.

15. The computer readable medium of claim 12 wherein the each

function is distinct from the other functions.

16. The computer readable medium of claim 15 wherein at least

two of the functions are not continuous with each other.
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fracture; a conpletion zone; a damage zone; a geological stratum and a
near wel | WQ/®BAM 18. The conputer readabl e nedi um of cl aPETAB0IRM4Iei n
defining the plurality of finite elenment neshes conprises defining a
pturalit¥7ef The-dompusepnbeadaple anediumemt mighes 12nvhapgitu@ng cdthe

t wo- di mepsiopal . fini sg§§ ' i d J s i Q.0 i

t hr ee-di géﬁs?%ﬁ%’lt’éfle}r'ﬁgféﬁgﬁg%%}ﬁgnes eéséboarﬁcg] {Pnez’1 gé&rrpui gg%%%&a%tf: a%edi um
of clainbi2 wbeeeroidedndi mgothde qf wisd ifdniafe fdlentemte nemirts meshes
conprises defining a first finite, elenment nesh to include both_a first

regi on aRBTESSBERGRAATP Y bFRERF? Hgie P éfermoé‘d:'sfé’tdeﬁ’lherr@flfnni ng
the fi [ Sth 'Eéé&fée%”éeﬂ@ﬁimi%f&ﬁ%&l&ré &AM RGN, 5 and defining

a second tfinite el enent nes I n the-second region. 20. The conputer

r eadabl efredtunepf actanpl diwhezene; refdanage 2dre f i gedliogittalel enent nesh
to carve out the second regio conprises defining a boundary surface

bet ween ?HEaFPWéta?ég?dﬂea n n%%é“%%ﬁ%ﬁﬁ regi on, adapting the first finite
el enent nesh to define elenents having surfaces which |ie substantially on

the boundary sHef aemputieti féddahle médiim fdMNidlviel arenhorRsh dRTitheg
el ements on a first side of the boundary surface and defjining the second
finite eFbaeRtufebhtysof hEinlepentement JreshasPrprdssst dafdm3egndary

surface. 4 b} dd 4183333 dnddd idndd #dded G dnddtSibnes and

extruding the two-dimensional finite element meshes in a third

dimension to obtain three-dimensional finite element meshes.

19. The computer readable medium of claim 12 wherein defining
the plurality of finite element meshes comprises defining a
first finite element wmesh to include both a first region and a
second region corresponding to the modeled system, refining
the first finite element mesh to carve out the second region,
and defining a second finite element mesh within the. second

region.

20. The computer readable medium of claim 12 wherein refining
the first finite element mesh to carve out the second region
comprises defining a boundary surface between the first region
and the second region, adapting the first finite element mesh
to define elements having surfaces which lie substantially on
the boundary surface, defining the first finite element mesh
as the elements on a first side of the boundary surface and
defining the second finite element mesh as the elements on a

second side of the boundary suxface,
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