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production fluids. Typically, these production fluids include the components of

oil, gas and water. Chokes or flow control devices are used to adjust the
allocation of flow rates among the well bores in a field. The relative quantities
and ratios of production of the different components of oil, gas and water for
an individual well bore can be controlled by adjusting a choke to change the

pressure in a well bore.

Surface facilities are needed to produce and process the production fluids.
These facilities may include apparatus such as separators, pumps, storage
tanks, compressors, etc. Ideally, the capital expenditures on these facilities
are minimized by employing the smallest and least expensive surface facilities
possible. However, fluid handling capacity should be sufficiently large so as
not to unduly limit the production rate of the economically desirable oil and/or
gas. Hence, the allocation of fluid flow in the well bores is ideally optimized to
maximize monetary return while meeting production constraints such as those

imposed by the fluid handling capacities of the surface facilities.
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19 hore than a specified quantity of water. A feasible
solution to the objective function with this set of

20 cohsirstahotisoming ofdypice! field scale optimization schemes is that feasible

21  solutions to an optimization may not be possible for specified production

22  constraints. For example, a certain level of oil production may be desired

23 while not producing more than a specified quantity of water. A feasible

24 solution to the objective function with this set of constraints may not be

25 possible. In this event, one or more of the constraints must be adjusted and

26  the reservoir simulator and optimizer run again to determine when a feasible

27  solution is possible. Such iterative runs in solving numerous optimizations of

28 the objective function are computationally intensive and undesirable.

29

30 A second problem in some optimization schemes is that while a feasible

31  solution to the optimization of the objective function may be achieved, the

32  results may not be practical. For example, in a first run or time step, the

33  optimizer may determine that a first well bore should produce at a high level
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bagantrof@@ the wdlkebore. This process is repeated many times until enough
data points, perhaps as many as 30-50 data points, have been calculated

such that an overall flow rate curve or equation can be developed. The
optimizer then uses the rates curves or equations during the optimization of
the objective function. Generating data points using these many Newton

iterations to create rate curves or equations is computationally costly.

The present invention provides solutions to the above described shortcomings
of conventional field scale optimization schemes. First, an objective function
and associated constraint equations are generated which can be solved in a
single run of an optimizer to produce a feasible solution. Second, constraint
equations may be created which requires the rates of production from similar
well bores to be related to prevent significant oscillation of well rates between
time steps of a reservoir simulation. Finally, an efficient method of generating
-3-



pressure draw down in a well bore is related to how
open is a choke controlling the well bore. This
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simulated flow in the well bores. Production
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20 penalties which correspond to the soft constraints and soft constraint

21 equations. The objective function is then optimized utilizing the component
22 flow rate equations and the constraint equations to determine an enhanced
23  allocation of fluid flow rates among the well bores. If necessary, soft
24 constraints may be violated to achieve a feasible solution to the optimizing of
25  the objective function. The presence of the constraint violation penalties
26  allows the soft constraints to be violated while still satisfying a corresponding
27  constraint equation. The fluid flow rates are then allocated among the well
28  bores as determined by the optimizing of the objective function.
29
30  The soft constraints may be prioritized as to which of the soft constraints
31 should be most difficult to violate if necessary to achieve a feasible solution to
32  the optimization of the objective function. Weighting scale factors may be
33  associated with the constraint violation penalties in the objective function.
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necessary during an optim zation process to provide a
feasi bl e solution. Constraint equations correspondi ng
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11 necessary to achieve a feasible solution to t he
optim zation of the objective function. Wighting
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20  ideally generated by scaling and summing the fluid flows in the completion
21 elements based upon the component flow rates determined by an initial
22 simulator run and in relation to an incremented range of pressure draw downs
23  between the reservoir and completion elements.
24
25 Itis an object of the present invention to provide a method wherein an
26  objective function is created which includes at least one constraint violation
27  penalty corresponding to a soft constraint which allows the objective function
28  to be optimized wherein the soft constraint may be violated if necessary to
29 arrive at a feasible solution for the optimization.
30
31 ltis another object to generate an objective function which incorporates
32  weighted constraint violation penalties which may be appropriately weighted
33  so that soft constraints may be violated in a prioritized order.
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well bore flow rates. The enhanced all ocati on of fl ow
rates anong the related well bores will then be
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object to relate production rates of well bores in an
optim zation so that the flow rates anong those wel|
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to the surface of the field with chokes being used to control well bore

pressures and flow rates so that production from the field may be optimized;

FIG. 2 is a flowchart of an exemplary method for field scale optimization made

in accordance with this invention;

FIGS. 3A and 3B illustrate component flow rates curves generated using a
“quick rates” method made in accordance with the present invention and
component flow rate curves generated using a computationally intensive

iterative Newton method;

FIGS. 4A and 4B are graphs showing how well rates are related between a

pair of well bores having similar fluid characteristics;

-6-



rate oscillations of those well bores between tine
steps in a reservoir sinulation. It is still another
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i ndi vi dual conpletions el enments based upon flow rates
originally determined in a reservoir simnmulation run
and a range of changing pressure profiles within the
wel | bores. BRI EF DESCRI PTI ON OF THE DRAW NGS These
and ot her objects, features and advant ages of the
present invention becone better understood with
regard to NQ“BUIWﬁUEQSUPQN EH—W)@ndl ng cl ai ns
and acconpanyi ng drawi ngs where: FIG 1 is a schematic
draw ng of an exenplary hydrocarbon producing field
contai ni ng subterranean reservoirs which are fluidly
connected by well bores to the surface of the field
wi th chokes being used to control well bore pressures
and flow rates so that production fromthe field may
be optimzed; FIG 2 is a flowhart of an exenplary
nmet hod for field scale optimzation made i n accordance
with this invention; FIGS. 3A and 3B illustrate
conponent flow rates curves generated using a "quick
rates” nethod made in accordance with the present
i nvention and conponent flow rate curves generated
using a conputationally intensive iterative Newt on
met hod; FIGS. 4A and 4B are graphs show ng how wel |
rates are rel ated between a pair of well bores having
simlar fluid characteristics; NOT FURNI SHED UPON
FI LI NGpr ovi de fluid communi cation between reservoirs
22 and 24 and well bore 30, 32 and 34. Well bore 34
only connects with upper reservoir 22. Chokes or well
control devices 54, 56, and 60 are used to control the
fl ow of



fluid into and out respective well bores 30, 32 and
34. As will be described nore fully bel ow, chokes 54,
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respective well bores 30, 32 and 34. Although not
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19 PERTB5&Rir SntiBtorié 658 BPARe! heltlig Wbatif field 50 which includes
20  the reservoirs and well bores (step 110). Generally, such a reservoir model
21 will include thousands or even millions of discrete elements to carry out a
22 numerical simulation. These discrete elements comprise reservoir elements
23 and well bore elements. The well bore elements include specific completion
24  elements which transfer fluid back and forth between adjacent reservoir
25 elements and other well bore elements which are in fluid communication with
26  the choke and the surface facilities (not shown).

27

28 Initial and boundary conditions are specified on the field model. These initial
29  and boundary conditions include, by way of example and not limitation, the
30 initial pressures and flow rates in the reservoir elements and well bore

31 elements, fluid compositions, viscosities, etc.



reservoir and fluid flow characteristics for a tine
step. In particular, fluid flow rates between the

WO e®e0sss62 s and the well bores are determ ned BGI/HSZH05/042470
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the pressures in the reservoir and well bore el enents.
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bores are next calculated (step 130.) These conponent
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Component flow rate equations for each of the well bores are next calculated
(step 130.) These component flow rate equations describe the estimated flow
of one fluid component relative to that of another fluid component over the
anticipated range of flow rates for a well bore. Physically, the chokes on the
well bores may be opened or closed to increase or decrease the overall fluid
output or input relative to a well bore. Because of changing pressure profiles
in the well bores, the relative ratios of oil, gas and water produced from a well

bore may change with the opening and closing of a choke.

Examples of component flow rate curves for a well are shown in FIGS. 3A and

3B. In FIG. 3A, the rate of production of gas in MSCF/D (million square cubic

feet per day) is plotted against the rate of production of oil in STB/D (stock

tank barrels/day). In FIG. 3B, the rate of production of water (STB/D) is

plotted against the rate of production of oil in STB/D. The rate of production
-9-



Exanpl es of conponent flow rate curves for a well are
shown in FIGS. 3A and 3B. In FIG 3A the rate of
w@e@dosteson of gas in MSCH/ D (mllion square cR@i/vsSioes042470
per day) is plotted against the rate of production of
oil in STB/D (stock tank barrels/day). In FIG 3B, the
r a:tf@asfvemussd@rtm reratruelyvlmeerly (osesa wjide garp]ebot redssatgarqrist

t he rat.e of ucti on,of e. rate,.of
ISl TarY, Ja0Ghh Sttt g Whis TP ot P el iy fFar retative
OMgth@ pmﬂ@trbﬁ'ﬁ@@ FoilP dasePhrématd o puedidd aigBer outputs
However, the rate of water production is non-Ilinear

r @f@rlrwedwfélonﬁaapﬁbmru r@tesm‘tqu ppdgeonvuidighnsiedugkiereputputs

aPlREr Tt Bl $REh SEKEIERIER. i of broduction

out put s correspond to a wi de open choke posrtlon In
the preferred enbodi nent of this_ invention,

" doitleg Prejewed embadinentofibisdnyentipiner GuiskiTatasyiraetapd is used
;S{J‘@%ﬁg%e rr?cirﬁdg?ltc%nf?ﬁg]ngrﬁ A $ha ?@ﬂwté mlpgarlr‘ﬁfeq\oév@ used to

y construc S or generate conponent
9 r@m@u&tsto@grd%e&amrwrbm ctmnpdnentdomteter et;eatlons More

10 Moty oh s Ruiskaeies Rasthan el brelaedesahole TBete skiled in

11 98RELALINGp ?édré't%tt 5t SthePMEhdEs REYHEGIdRin erfé'?&trng
PR s

component rsus the rate of production of anothe
12 caspiorsdes ohfegw Ve prasietion Iméooee:oatdonout pertsusdlrngeatefofa

. user wl |l cif roducti on co aints

19 Brogrdiehor s B SSmpar L G Y DYRT le A AL ol gerige of
14 @8l boBY Way of exanple and not limtation, exanples
of production constraints include (1) producing oi | at

15 a target level; (2) produci ng gas at a target | evel ;

16 %ﬁer va/i{)sp%pﬂ{ prlrc%rcv@ir: tgpﬁ {?o(%v e?pn{) {@de e usede N conjunction

17 prvmrheﬂherfr@rdrmt)dler B wdy2of é)dam;tre R d it ﬂmmaﬂbﬁ%xa?ﬂprb@ of
an anount related to the water produced fromthe wel

18 b(pfr@@uct@ﬁ.cpopgjramtenqcmd@ @é@rgdgcmg pibat gmrg@t vel; (2) producing
19 prg%‘%‘-’a‘t%rr%b‘%‘?e\'/ér;“h‘) li}n?tir@ 83@ gr%d%%ﬁor?ﬁao\?\} 5 %redetermined limit;

20 (4) limiting water production below a predetermined limit; (5) limiting water

0 N O oA WN -

21 injection to an amount related to the water produced from the well bores; and
22 (6) limiting gas injection above a predetermined limit to provide gas assisted
23  lift. Further, these targets and limitations may be combined or scaled relative
24 to one another as well.

25

26 The production constraints may include hard or soft constraints. Hard

27  constraints are constraints which will not be allowed to be violated. Soft

28  constraints are constraints which may be violated if necessary to produce a
29 feasible solution to an optimization problem. Optionally, the order in which the
30  soft constraints are preferably allowed to be violated, if necessary to achieve

31 afeasible solution, may also be specified.

-10-



lift. Further, these targets and |imtations may be
conbi ned or scaled relative to one another as well.

wabm7psssezict i on constraints may include hard oPCBHU$1005/042470
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33

constraints. Hard constraints are constraints which
will not be allowed to be violated. Soft constraints

arinaiBasesRadliof thehprere by verlion Bickides antionatieseeflying

pr C

QRO RSREIR, 75|l a3 oL AL B are tobe
caniitedl Fbseram@pley, efcliravey halihgwbhdilaofllie chacdca¢resdicsisich as
necessargrt_o achi eve a feasible al sp be

I i ,
o alrakpdiior T apatarianiato acIR hinay be kBt o one

| '
IS 0 KB SR o BRGS0 MORATH i85 v
r elatdseof. préducterafuplirgectivel) Ibebhoeers tHemel wgll boras il ok artsitrarily
characte[)i stics, such as gas-to-oil ratio [GOR ) or
welt s ate, Deiwes g SISRSR) . nay be rel ated to one

anot her. The relating of production rates between well
bores will insure that rates of production (or

i endtraom) e etinasare tesegewdrbtduoiseep W60 ) froratthe production
arbitraril cillate between {i st eps. . Const r ai.nt

c st Brd neBbaneLboR ol asDboisELdR oS are
Praxeki fBPtRBIoNatrAngs ARG 1R AbREIWE e WehRd. Soft
rates. Hard constraint equations are created for those

c aresistraintesuatioshcerres ingg fodhe doftcdnstraints atedendgatad
constrai nt , equat.ions .colrespondi ng-to the soft. .. .
conaeh Hdbe G RGT RRR SR eFna g o GAL Vilation penaltes
Vidgioat thersgfedtstiafit eqlibBokPitshé shidfiod &le¥ WREN the soft
penalties allow the soft constraint equations to be

sadnsiaids awsh barvialatedescsioat ae ordmizationsmauproduce a feasible
s%hﬂ[)q%q ﬁ‘x)? é?ﬁ%rgﬁ&r%ﬂﬂi@sé%f %ﬁf%%ﬁt%{g?xg%@& 9@% be described

Vi
feasibl'e so he "gener at

cansiedetaiibelomons wi l | be described in further
detail below. An objective function is created in step

170 which seeks to optim ze an
An objective function is created in step 170 which seeks to optimize an

objective, such as oil production from field 50. The objective function ideally
includes the component flow rates of the well bores and also the constraint
violation penalties associated with the soft constraint equations. Weighting
scale factors may be associated with the soft constraint penalties in the
objective function. By appropriately weighting these weighting scale factors,
the order in which related soft constraints may be violated, may be prioritized.
The objective function is then optimized (step 180) by an optimizing
subroutine (optimizer) to produce an optimized allocation of fluid flow rates
among the well bores. The optimizer uses the component flow rate equations
calculated in step 130 and the constraint equations set up in step 160 to

optimize the objective function.

The optimized fluid flow rates, and other fluid flow characteristics determined
from the optimizer such as constraint violation penalties, may then be
-11-



obj ective, such as oil production fromfield 50. The
obj ective function ideally includes the conponent fl ow
w0 2008858862 t he wel | bores and al so the constr ai PE€T/US2005/042470
viol ation penalties associated with the soft
constrai nt equations. Wighting scale factors may be
1 asalwateccdmanghihe ielidutres eodsesevalr (perald0)ed heae pgmized

2 Lol GRIHES e fdariies AR, IR e FbolH Mk PEPLHEG"
3 soinitiat/boahday Hondys e thd ebatiedativeelimbete)s indthetregedoir
The objective function is then optimzed (ste 1‘2&3 _b,y
4 ansispiatianzi Sigrs JBPA0 A theprepeated o Pso\ide gnbanegd field scale

op 0 -
5 nepioBE s BeHabL A bt oA s BBLASpaAR Br KRR nae,
6 eqelapsedand ahe vinadledbn 3 thteeniidl. dMctetdetaitoos thieabbbdve
equations, set up in _step 160 to optim ze the objective
7 f udlererpantionad Ysps wlizaavvfhetﬁ%scrlbsa/ rates, and ot her
g fluid flow characteristics deternined fromthe
optim zer such as constraint violation penalties, may
9 t hBn be@tdatioataf dhaQinjectived-unetion lrodeSormsidhintdsquatimins
(step 190). These optim zed flow rates and
10 characteri stics may then be inposed (step 200) as
11 1 ni ti al { boungagincOMEbidiRs EdudtidRsnext iterative tinme
step in the reservoir simulation. Steps 120-200 are
12 t hen repeated to provide enhanced field scale

13 DeRTBRRLRERBE (o BT nh Sehl el RpbRns Shfibear
14 smne&%tramé.e/x%k@é irﬁe%’@r ArogrARRYR) PN BRI A8 8ebbEiRfear or

I'l now be described. B. Creation of the Qbjective
15 Funen-ioearsauations endioonsginig. i brie presyrftimvandion, preferably a

16 o5 sk SRR S40 2 bR R P AT RRuid SRS Rhor
17 M &ibtiaiite gebredePts@bbrEe(Mdlinstt ti8tTldns, Aes@d tdbe solved to
i near or non-linear equations and constraints. In the

18 pracfupie anwetiMmizad ohjeelve: abyp ppan source software package, which
19  uses LP and MIP techniques, is used in this exemplary embodiment to

20  optimize the objective function. In particular, the present invention uses a
21 package entitled LP-Solve, which is available from

22  htip://packages.debian.org/stable/math/Ip-solve. An alternative commercial

23  solver is also utilized entitled XA which is available from Sunset Software

24 Technology Corporation, of San Marino, California. Those skilled in the art

25  will appreciate that other commercial LP/MIP optimizer packages may be

26  used to optimize the objective function using fluid flow rates and constraint

27  conditions.

28

29  The constraint equations, component flow rate equations, and the objective

30  function are input into the optimizer. The optimizer then outputs a feasible

31 solution to the optimization problem including enhanced allocation of well bore

32 flow rates. Values for the violation of any soft constraints necessary to

33  achieve a feasible solution to the optimization are also ideally output. A user
-12-



M P system augnents a LP system when a set of
non-1|inear equations or constraints, represented by

w@r@cesscse | i near functions, needs to be sol veRICT/0S2005/042470
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achi eve an opti m zed objective. An open source
sof twar e package, which uses LP and MP techni ques, is
ugeay ithen Fake Spprgiriaty chabers teeprodustigp EPRgtFEnisHy to the

ORI LR PR PP BT 858 of g s
av@risatlrgsfrom

htt p: // packages. debi an. or g/ st abl e/ mat h/ | p-sol ve . An
alternati ve comrercial solver is also utilized

ont i : . o : ;
o A el LIS P R4FRBle (D s may have
Ththedoltkivihgdormi:n the art will appreciate that other
commercial LP/MP optimzer packages may be used to

optim ze the objective function using fluid flow rates

and constraint condiytions. The constraint equations,
conponeOB/ H mux @:t,.ei}equubjebtdomonatrdirﬁmm thiejfemhiofe (1
function are input i‘nto the optim zer. The optim zer

t hen o;%rfuts {%eas' l e solution to the optim zation
pr obl enz-ilfiéi T ‘i] 92’5 anced al l ocation of well bore
flow rates. Values for the violation of any soft
constraints necessary to achieve a feasible solution
to the optim zation are also ideally output. A usermay
t hen makegppropri ate changes to production
constraints or to the capacity of surface facilities
to reflect the value of the violation of the soft
constrai nts.= An déndeera of an objective function is
sought. A sinple LP system nmay have the follow ng
form OBJ =rax cMeighingsga|esl@cialo constraints in the

formof: (1) [ . -,.]£<,> =0 .
X; = parameters being optimized
a; = multiplicative constant and;
b, = additive constant

1

In one embodiment of this invention, the main variables are well bore rates.
That is, the rates at which components of fluid production, i.e., oil, water and
gas, are produced from a well bore. Component flow rate equations are
preferably generated using a “quick rates” method which will be described
below. The component rate equations describe how much of one component
is transported through a well bore as compared to another fluid component.
The rates of production of the components may remain linear with respect to
one another or may be non-linear over the potential range of well bore
production outputs. The present invention ideally handles nonlinear scaling
between component or phase rates through piecewise linear functions by
formulating the system as a MIP problem. Production constraints are set up
as hard constraints, which are not allowed to be violated, and/or as soft

constraints, which are allowed to be violated when necessary to achieve a
-13-



where / = index c,- = weighing scale factor c i =
paraneters being optimzed C = nultiplicative

w@onsis8ss2 and; b{ = additive constant |In one ePGDUSIP0F042470
of this invention, the main variables are well bore
rates. That is, the rates at which conponents of fluid

1 pr solutivn.oheicoastraiotd mavaitaudea tatggbshjealivee sparut peldiction
froma.well_bore. Conponent.flqgw rate.equatjions ar

2 o PRGNS, T ePlelie Hichion s seflp o iidamatan Riglided by a

3 Whijgdr Wi | | be described bel ow. The conponent rate
equati ons descri be how nmuch of one conponent is

4 transported through a well bore as conpared to anot her
fluid cgnpongnt.. The,rates of production of the

5 conponent s n’gﬁﬁlpgr’rﬁ)l tnelac??iégiw%\ﬁt”ﬂ&}o@spect to one

6 anot her or may be non-linear over the potential range
of well bore production outputs. The present invention

7 i deegenerakiie ekjeabva funstion seripiong vith athempativeht or
ph s through pi ecewi se |inear functions by

8fo§ﬁﬁ?%§bﬁg the systemas a MP problem Production

g constraints are set up as hard constraints, which are
not allowed to be violated, and/or as soft

10 const r aP#'ss 2whidah ate &VPpwed to be viol ated when (2)
necessary to‘acHi evefasol ution. The constraints nay
i nclude target objectives and production |limtations.
The objective function is setup frominformation

11 provi deWh®ie a user. 2. Setting up the Objective

1o Function In general, the objective function conports
with the mat hemati cal expression:

13 OBJ . = objective to be optimized;

14 i = number of fluid components in a well bore fluid;
(- w, = weighting scale factor for production of the i fluid

16 . component in a well bore;

17 J = the number of well bores;

18 q; = quantity of the i" component produced by the " well;
19 k = number of constraint violation penalties associated with
20 the production constraints;

21 w, =  weighting scale factor for the k™ constraint

22 violation penalty; and

23 CVP, = k™ constraint violation penalty.

24

25 A more specific exemplary objective function for the LP/MIP system might

26  consist of the weighted sum of total production rates of oil, water and gas for a
27  selected set of well bores. In the present invention, the objective function may

28  also include constraint violation penalty variables (CVP, ) to accommodate the

29  use of soft constraints. A typical objective function may be expressed in the

30 following mathematical form:
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OBJ wtq - kCWPk (2) j k where OBJ - objective to be
optim zed; i = nunber of fluid conponents in a well

wherg/ofdeot d; W = weighting scale factor for pPOOUS1008042470
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28

of the ith fluid . conmponent in a well bore; j = the
nunber of well bores; g = quantity of the ith
conpone@B/ priegugged ‘ay> yher i B owet Ewid@Fe number(3pf
constraint violation penaltiés asdociated with the
production constraints; wk = weighting scale factor
for the kth constraint violation penalty; and CVPk =
kt h conglterai nt vi ol ati on penalty. A nore specific
exenpl ary objective function for the LP/MP system

m ght consi st of the weighted sum of total production
rates ohpgi s walgfie AN 1988 Jtimidegel ected set of wel |
bores. In the presént I nvention, the objective

functi om, may= al savaigistinglscate festtoafonbil proadwdtioon penal ty
vari ables (CVPk ) to accommbdate the use of soft
constrajnts.= A t yqiardity obpieptddueed bydhée dhwetly be
expressed in the followng mathematical form OBJ =
woqoi +wg qgi +wampighting scaMPkadt@)fo( gas iprédudiieng OBJ =
obj ective to be optim zed;

9 = quantity of gas produced by the i well bore;
w, = weighting scale factor for water production;
gy = quantity of water produced by the i well bore;
w, = weighting scale factor for the k™; and

CVP, = k™ constraint violation penalty.

The weighting scale factors w; or well rate parameters may be specified by a

user. For example, a user might specify:

w, =1.0; w, =-0.1; and w, =-0.2.

These weighting scale factors correspond to the maximization of oil
production rate while trying to minimize gas and water rates. In this case, the
objective function is incremented by 1.0 for each stock tank barrel/day
(STB/D) of ail produced (w,; = 1.0) and penalized by 0.2 for every million
standard cubic feet/day (MSCF/D) of gas and 0.1 for every STB/D of water
produced. In this case, the units of the objective function are a combination of
STB/D and MSCF/D units. Normalization of the objective function
components is ideally carried out to render the objective function

non-dimensional.
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w0 = weighting scale factor for oil production; gol =
guantity of oil produced by the ith well; w =

wowioglosseny scal e factor for gas production; g PCEUS2005/042470
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quantity of gas produced by the ith well bore; ww =
wei ghting scale factor for water production; gqw =
quamther prsfered waypf ddndbag s tihié nismaied in therabjeaiive-function

ighti | e fact f. the kt.h ; . Pk = kth .. .
ool s BTl e Bl aliSlorpafan i aiai B, chokeR bl if o
f aelehseNMroP29YSITB/D 2485 RAGANBS BFS 3FAYSLE/D @@@ié\)egd SIB/D of
a user. For exanple, a user mght specify: W = LG w

= water costgriB. uip aandepthemhese wei ghting scale factors
correspond to the maxim zation of oil production rate
while trying to mnimze gas and water rates. In this

case, the=opp ectiyeFJochh@n is pnecgmented by 1.0 for
each stock tank bafrel/day (STB/Dj of oil produced
(woil = 1.0) and penalized by 0.2 for every mllion
standard cubic feet/day (MSCF/ D) of gas and 0.1 for
eviaithissasepther units @frthe obrastivel funationrare raeretant ($e andiare
of t j ective.f ion,are a.c i natiqn of STB/ .
o P T B e R et oo GRS B2 e Bre, 88 e w, s
f t C | 1.9 Le ri r .
t O PR ERLE v RET P AsiEl LGP s Rtbu Bp FEARRlIzed by
pr&f.etes givenay of handling this unit msnmatch in the
obj ective function is to nake use of econoni cal
information, if available. For exanple, if oil
revenue @ﬁ022$/§T@093§%§§r evenues a}gs 3%/ MSCF/ D and

e

every STB/ D of wat®er c¢osts $3.5 t han , then: w0 =
22.0; g = 3.0; and w= -3.5.

3. Production Constraints

Constraints may be based on physical limitations such as well
production limits, injection rate limits or gas lift rate limits. Alternatively,
constraints may be determined to meet engineering preferences such as
production/injection targets for a group of wells. Other constraints by
way of example and not limitation might include Gas to Oil Ratios
(GOR), Water to Oil Ratios (WOR), and constraints on a subset of wells

or completions.
The LP/MIP system constraints are classified as hard and soft constraints.
For example, hard constraints may be imposed on a pair of wells such that

the combined maximum oil production is 5,000 STB/D. These hard

constraints are translated into the following LP/MIP constraints:

q g:gfom <5,000 (4)
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In this case, the units of the objective function are
nonetary ($) and are consistent. It is preferred to

wa@ @l os86he wei ghting scale factors so that w0 PGI/LISIIN5/042470

hence the previous well rate paraneter val ues woul d be
normal i zed by 22.0 to give: = 1.0; wy =0.136; and ww =

1-0.1 59.,78L70Pt qdugjpi on Constraints Constraints may be

2
3

5

6

7
8

based onpf)“ffysi cal limitations such as well production
limts, injection rate limts or gas |lift rate limts.

Alternatively, constraints may be determ ned to neet

engi neeMihgge pr ef er ences such as production/injection
targets for a group of wells. Qther constraints by way
of exanple and not limtation mght include Gas to Q|

Ratios (feRppt Vater oyl ?ué\jﬂﬁf‘c* 8 ol WRluce@tbm a ﬁrﬁ]\évell; and

const rai'ft¥ on a subset o s or conpl etions.
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i nposed on a pair of wells such that the conbi ned
maxi mum oi | production is 5,000 STB/D. These hard

constraints @reritizatits] et Seft Cohstraings fol | owing LP/M P
constraints: g pw om 5 0Q (4)where p WODl - the

9quantity of oil produced froma first well; and ~ the
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QLA bl L PSS T8 SRRV e rapc oyt
ar ¢hereris hoaitindrswaynsd haner thelsoltexdnstrainés while abegining a feasible
' 's%flx%bﬁ%r‘/ t_hiefsystem. ldeally, this violation of constraints will be the
minimum possible necessary for obtaining a solution. Constraint violations
may occur when the system has conflicting limits/targets. Consider the
following situation where the field has constraints including an oil production

target and a water handling limit on a group of wells as follows:

Oil Production Target = 7,500 STB/D (5)
Water Production Limit > 5,000 STB/D

There might, and most probably, will be a point in the simulation where the
group of wells will not be able to produce 7,500 STB/D of oil without producing
more than 5,000 STB/D of water. Wells tend to produce more water as they
age or mature. In such a case, the optimizer will not report a no-solution but
instead will allow the violation of one of the soft constraints. Preferably, a flag
will be raised indicating that the constraint has been violated. Which
constraint is chosen to be violated first may be determined by the user as well

in this preferred embodiment of this invention.

These oil target and water limit conditions are translated into the following

three soft constraint equations:
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there is no other way to honor the soft constraints
whil e obtaining a feasible solution for the system

WO d@alossse2 t hi s viol ation of constraints will bRCT/H82005/042470
m ni mum possi bl e necessary for obtaining a solution.
Constraint violations may occur when the system has

1 confl i cgdmrdint :t SLEEPYRS= Bhsicger >tspof ol | owi ng  (6)
situation where tHe fiel d’fis constraints includi ng an

2 0il production target and a water handling Iimt on a
group of wells as follows: G| Production Target =

3 7,500 SIBILDrafriE)2: \/@fﬁﬁ”m@g ¢?1onncmoﬁ£t7 5905, 000 STB/ D
There m ght, and nost probably, will be a point in the

4 sinmul ati on where the group of wells will not be able
to produce 7,500 STB/ D of pll wi t hout producing nore

5than 5, COBISTHELD @Eyva»a*eq“ A1 -sCVBna 51060 pr oduce nore
wat er as they age or mature. In such a case, the

6 optimzer will not report a no-solution but instead

7 Cosenin Rt WoRRplenahy 1V PRIl a1 tRpededdq the objective
3 nﬂlng%%ng that the constraint has been viol at ed.

Wi C nstraint is chosen to be violated first may be
9 determ ned by the user as well in this preferred
enbodi nent of this invention. These oil target and
0 water | P&/t= cotd¥¥Fon®,aF8 traGEPated into the 7)

followi ng three soft constraint equations:constraint-1
1. q om +gq 0D2 +CVvPx > 7,500 (6) constraint-2: g om +(

12 0 Rybioctie: péngf;?’y‘:%%tkw@%@fw Ry e B
13 obj ective function: sogra\’%d wntﬂl&y@ith co\“@%(ﬁ?wolahon

W3CVP3 (7) subject to: ere
14 wei ghti ng scal e fact orpenalty; and

15 CVP, >0  where CVP, is the k™ constraint violation
16 penalty which is associated with the k™
17 . constraint equation.

18

19 Note that this setup forces the CVP variables to be zero since they have

20  negative weights in the objective function which makes them equivalent to
21 hard constraints whenever they can be met, i.e., when oil production is equal
22 1o 7,500 STB/D and water production is less then 5,000 STB/D.

23

24 Suppose the reservoir conditions are such that in order to produce

25 7,500 STB/D of oil, 5,100 STB/D of water has to be produced. In this case,

26 there are two options:

27

28 e scale back production and meet the water limit but disregard the oil
29 target; or

30

31 + meet the oil target but produce more water than the water limit.
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associated with the kth constraint violation penalty;
and CvPk 0 where CVPk is the kth constraint violation
w@ewalosssexnhi ch i s associated with the kth consPCHEURS1005/042470
equation. Note that this setup forces the CVP
vari ables to be zero since they have negative wei ghts
11 nWikethebjhedt P/iPfystem ehovsecto smk@bacmpmc&npmonairem&et the
to hard constrai nts whenever they can be net, i
2 whietesilimipfepeirds o thes C@%{ﬂ@r&nﬁ%owﬂ@ebﬂ@Bﬁﬁeafﬁat%t%rof the
production is | ess then 000 STB/D.. Supp
37 44t ofarablsind; SuRRsang AlEhcaRRA bR Ao redhaine of

7 500, STB/ D I 1 00 STB/
4 b BEREHON Pl ioy B SofReTizclta Feg g walcum e Bihs case,
S bagbpﬁscgjwzu 10% angi diRed, LrﬁveY%heéorFéégoth% c@hﬁr&ﬂ?@Qwater

the o tallg t; neet”the oil target but produce

6 MObRoRLiBH i 'anW\%; %F@Erléﬂlt?‘tﬁaﬂtﬁg‘&haﬁfwé B@néiPést‘:(Sll

system chooses to Scal e back” producti on or neet

7 \Napmduqtum tardepe Mdstedhat the wmglﬁiﬁng:smmie $adior weiigbivienggreater
scale factors wk of the 3 CVPk variabl es. Suppose the

8 waiveight diparc iiteyothemiwo iveigtiingl acate tactbrs hat and evzoﬁiSsod;iated with
production is allowed to be scal ed back to nee

9 wathe oif praduction. VWen eswell rtes pppsealed back to nwetihe; water

10 ang dég% ’c'oa hmm%ps)ﬁﬁéé P& n@r%dh&l&?ﬁﬁ{prsac%)h ain ‘8“*‘@/? Nwifen water

I"on avi ng Fiori he ©

11t WRrsRIRSibh aé Bk&ctlyd, 000 Sﬂ@@uthﬂm cta@é,ge’lVPr whibt gved faﬁfbe non-zero
t he wei ghti ng scale factor w3 is gi ven greater 8

12 wetgbatidfh aonstraindt Herbd exacilyi GHEi-ng08.c &t this aettiogsthk L P/MIP
and w2 associated with 9 the oil production. Wen the

13 webystert will chogsedalsealepzask the ratestrathes then produge more water
14$r§5 t' onsld nﬁ%v%{agro?s 1J coe C|enPsrm9kduﬂ\'e%rk]uéjcrtl(\)/gsfun&lon

15  entries will appear as follows for these two cases.
16
17  If the oil production target is disregarded and oil production is allowed to be

18 scaled back to meet the water limit, then:

19

20 quzhiOP 1 gzl =7,400 (8)
21

22 gyEIROP + gy EOP = 5,000

23

24 CVF, =100 CVF, =0 CVF, =0

25 |

26 OBJ =...—1CVF, =1CVF, —2CVF, =...—~100 | (9)
27

28 If the oil production target is enforced but the limit on the water production

29 limit is allowed to be violated, then:
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11 production is exactly 5,000 STB/D. In this case,
CVP1 will have to be non-zero 12 to satisfy constraint
wa 2007058862 exactly CVP1 = 100. In this setting, P€h@ES2005/042470
LP/MP 13 systemw || choose to scal e back the rates
rather than produce nore water 14 due to the specific
val ues g@t= LpefffeRienssowk . The objective functigm
115 entri9 ~s;?;\j'vl‘!xI I@péf?gear as follows for these two caseg. )
216 17 If the oil production target is disregarded and
oi |l production is allowed to be 18 scal ed back to neet
3 the wat gbZ["0Ri+ ¢ f#HT=900@ 1 nnn 23 24 CVF1 =100 CFF2
=0 CFF3 = 0 25 26 OBJ ...-1CVF1-1CVF2 -2CVF3 =...-100
4(9) 27 28 If the oil production target is enforced but
the limt on the water production 29 limt is allowed
5to be vidFardd Chend KB %0 + P w D2 = 500 (io0) 2

5 i uu4

7 OBJ = ...~ 1CVF, =1CVF, = 2CVF, = ...— 200 (11)

8

9  Since, everything else being the same, scaling back rates resuits in a higher
10 objective function value (+100), the LP/MIP optimizer will prefer to scalé back
11 the rates. The same approach may be used to handle n soft constraints and
12 put them in a desired priority order of violation.
13

14 If the order in which the soft constraints are to be violated is not specified and

15 remains unprioritized, then all of the weighting scale factors wy, are equal and

16 no preference is given as to which constraint is allowed to be violated first. In

17 this event, w = w, = w, = 1. Alternatively, a first soft constraint may be given

18  the lowest priority, a second soft constraint is given a slightly higher priority,
19 and a third soft constraint is given the highest priority. In this exemplary

20 embodiment of the invention, the weighting scale factors w; are then given
21 values corresponding to 10 x 10° where p is order of priority in which the soft
22  constraints may be violated. For example,

23

24 w =10 x 10", w, =10x10% and w, = 10 x 10°

25

26 The general equation for the objection function is:

27

28 OBJ =...—w,CVR - w,CVP, —w,CVP, (12)
29

30  The objective function with weighting scale factors then becomes:
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5CFF1 =0 C2 =0CVF3 =100 6 7J = -ICFF 1 -ICFF 2

-2CFF 3 = ...- 200 ( 1 1) 8 9 Since, everything el se
whedngsgehe same, scaling back rates results i nPEI/OBPaE042470

O objective function value (+100), the LP/MP

optimzer will prefer to scale back 1 the rates. The

1 sane apppgach-mgyl cbevEsedxt @ dramdliex10’spiy constrai nts)
and 2 put themin a desired priority order of
2w olation. 3 4 If the order in which the soft

stral ts are to_he viol ated ot s fied,and
¢ cniaigbli oSt adtidantete Roaneliéad g Banlis aig Bear
f
4 Ly o3, IR RofifiRangfii BaftRIPLASE! BEGR the pplofll Bhdbdr a
5 t heansénagnitvjoldtion p2naltywn3 = 1. Alternatively, a first

6 soft constraint may be given 8 the |owest priority, a
second soft constraint is given a slightly higher

7 prioritgeondrand @ third soft congdd gippt |s<gj ven the
hi ghest priority. In this exenplary O enbodi nent of

8 the invention, the wei ghtl ng scale factors W are then
given 1 | ues e o 10 Op where p is

9 or der OF@I“‘?”@I‘I?@H’D 8\%% W?Jr{)g“@b’r"?i?lr@ nstraints ms(QA’

10 be viol ated. For example, 3 4 W= 10 x 101; w2 = 10 X
102; and w3 = 10 x 103 5 6 The general equation for

11 t Her,sjesc CF Bmifiambwayszére: 7 8 OB = ... - WCVPL -

12 W CVP2 - WBCVP ( 12 )

13 w; = 10 x 10P/( CVP maxi) (15)

14

15  CVP, parameters are optimized along with the other parameters in the

16 optimization system (production/injection rates). Since any positive value of

17 CVP, imposes a penalty through the objective function, the system tries to
18  keep CVE, values as zero. CVP, gains a positive value if and only if there is

19  no other way to achieve a feasible solution.

20

21 Note that if there are no conflicting objectives for optimization, all of the CVP
22 variables will be zero and soft constraints will be equivalent to hard

23  constraints.

24

25  The operators used with the soft constraints are translated into LP/MIP

26  equations as follows:
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9 0 The objective function with weighting scale
factors then becones:J -IxIO0O 2 CFF 2 -1 Ox1 O 3 CFF 3

W@ 1®y/0F%6ef er abl y, t hese coefficients are nor maPCHES0085042470
gi ve val ues of between O and 1. The nornmalization is
partially based upon the potential range of a

1constra| nt VI ol ation penal ty. Constral nti 0<= CVP

D /D a.Wim)
CVI_ III Li} )I \ viE—ax VT

nor fflul L a

n n op14) 80 %‘?'?I%té '@I&P mn is al viagp zer DP/MP sqditisn
10p/ [(CER_nmaxi) Crl Qn&) CvPklparanetdrs are optinized

al ong x|t h Y\HET R Fre Oﬁﬁr ankbecsmies |t he opt i e Zatisgiwo

syste I tip . SIpce an

p)o/si rg\n(: \Iggllgbﬁgg@ p%f:m'\ Qgé&i,% andl t v thr n%lﬁ‘iﬁsfqgo

obj ecti vye function, the system tri gsfo keegoeijgoo and

val upes= 8 s Z¥LER €Vi0Mai nsbecpmest|iangl val ue i f &rkg)o

only|if |[there is no other jmay to adhixeve a f eesT

zsolution Note that if there are no conflicting
objectives for optimzation, all of the CVP variables

3wi Noteéhatdhe (Rrepesatar is testergstmperaipr Bne avasta satishym condition
to QIS U
4 ol DB LGRS 2] BB TR b e crteri
5folngbtABaMbB&jethat the (=) operator is the target

operator and would satisfy a condition (thus trigger

an action) if the criteria |eft-hand-side is not equal

7to the grite side. 5. Relating \Well

Rat es Lé] M Pﬁgas?{nl %@’%}J{?‘Zﬁg% ctly mathematical and
8t hus have no notion of the physi cs underlyl ng the

Vaf_bﬂ\mﬁsyste saatrle%?r?ct@/ ﬁ‘n%%%hrcg QI%(? ’[hus egv%f r?(g %otlor? of the

10  physics underlying the variables, equations and constraints. Therefore, in

11 some cases, the LP/MIP results, although mathematically sound, may make
12 little practical sense. Such a case may occur when the LP/MIP optimizer
13 decides to significantly choke back only one well bore in a group of well bores
14 that all have insignificant differences in their properties. This might result in
15 large rate oscillations for individual wells between time steps. To prevent
16 such an occurrence, the present invention provides the option that well rates
17 of well bores with close characteristics be related.

18
19  Ifitis determined that the well rates should be related, in addition to the
20  existing constraint equations, further constraints equations that relate certain
21 well bore flow rates are setup. For example, if well bores which have fluid
22  characteristics which are within a predetermined range of one another, such
23  as gas-to-oil ratios (GOR ) and/or water-to-oil ratios (WOR), then the flow
24  rates of these well bores may be related. Similar to the soft constraint
25  equations described above, these rate relating equation may have weighting
26  scale factors which are close to one another and include constraint violatiqn

27  penalties.
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sonme cases, the LP/MP results, although
mat hematical ly sound, may nmake little practical sense.

w@oa/os866ase may occur when the LP/ M P opti m zB€T/US2005/042470

g obh W N =

10
11
12
13
14
15
16
17

18

19
20

21
22
23

24

25
26
27

decides to significantly choke back only one well bore
in a group of well bores that all have insignificant
diR¢ferringceswitn HGet A, for bpdandes givemhihe fiovwgtate oégwvell bore with
I e rate oscill atigns_for individual well et ween

¢ T T 0 (B o ret e EpTRlas et Fie ARt to be
[ ' j.des.; i t ;

ool S8 SRS R Tt MEaBbY ] bl 28ntithp Ry Rp Popfipints to
deherystegs that the well rates should be related, in
addition to the existing constraint equations, further
constraints equations that relate certain well bore
flow rates are setup. For exanple, if well bores which
have flcyzidi’dh@l;agzt_e)ai/ptgi(;:s which are within a (16)
predet erm ggd range of one another, such as gas-to-oil
rati os (GOR) and/or water-to-oil ratios (WOR), then

the flow rafes of I}IJ@@G wel | bores may be rel ated.

Si mi | ardoto-t hd sdP €8nst rai nt equati ons descri bed

above, thedd rate rel ati ng equati on may have wei ghting
scal e factors which are close to one another and

i ncl ude constraint violation penalties.Referring now

to FI Gwhke for instance, given the flowrate of a

wel |l bore with the maxi mum GOR (ql) , the flow rate of
the related well (g2 ) is allowed to be in the shaded

area 1'h¢fzs' s achi eved,fiy tﬁ%@go%ﬁgrélﬂédqwq@ta%tger

constra to the system rates t
being rgl at ed to-one anAlifem bodsiBRXaMETbPRESE bl e
val ue of T4t es RVP Rate Viol ation Penalty a val ue

determ pipg " striCt nestte YfiolbBbRPeRBIty

a = value determining “strictness” of relation

all RVPs are added to the objective function with a negative weight:

OBJ =..— ) w_RVP, (17)

where w, is chosen to be -10 in this particular example.

a is given by:

[ GOR, - GOR,
a—f[——-———GORl ]qu (18)

This means that wheng, =¢;, ¢, needs to be in the range [q;mm,q;maxj. The

function £ is a simple linear function as shown in FIG. 4B.
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all RVPs are added to the objective function with a
negati ve weight: OBJ=...- WRVP ( 17) where ; is chosen

W0 20038680 in this particular exanple. a is gi RENUR5/042470
This means that when gl - gq* , g2 needs to be in the
range [ 2mr> < 2maxj - The function / is a sinple

1 | i nearpresardtinentios allbwsme LaeHpGhange BHdreshedénalue £, however,

2 ohevih ot 9% Br bRl chtes TP TS REE aeh § 71 4. wet vitn
3 SetGCDR‘ZQ: 09 WMt be réldi’ed 2areill hevielarGRddpenfe® rtd Scaling

not be related, and will have an independent rate

4 scgddtong whaes s on Wheotrs extrefrirewlémeFORXE GRIME , Weshaded area in
GOR2= CGOR1, the shaded area in FIG 4A w | col | apse

5i nfFtG adAiwilecallapskinio & hn@la@sh@@nandF |GhéBsarabivg sesiond well bore
rced to have b me sca factor as

bOl‘ e” }B% F%-Cﬁg ’[(Aﬁayeh e Wetsga rfﬁ‘so‘()(/e{) ng%

7through scaling flowrates in a group of wel | bores by
the sane factor. For exanple, the |niect| on rates of
8 aI Anptheriwgetotrelate flawarates istthiosigbccatinglbw rgtesip agebup of well

§8Bé&%wﬁteb$agﬁ%?%ﬁg(mﬁ? %ﬁfé@ghﬁ&? ﬁlng i éétgaaof%:q t@e injectors

10T eirﬁé ifid? injectopvenaredp @R d BeRpesdUBn leretsfbf%llQﬁé @vrod]d&%rs ina
relation sinply inplies that when the rate of a well

11 pofiestipsodichipa @rpyp af waltberes may be tetatede(Tihés Tefatiaieis not based
r el ﬁtﬁgR%r%Mrl {hllsbg%s?eg%g gelyrlcs legy irﬁﬁﬁet\g ﬁ%& hgn t% rate of

ance f a we

13 ne@d/selt iforeus spaledusta eactdry thw@bihet ells &t tref bel@t@dtda@up will be
constraint perhaps), then all the well bores in a

14 1 sealed matuibeismey i -wi || cut production by half.

q5ldeally, the default for this relation is to have |ess
weight in the LP/MP systemthan the specified

16 coﬁst mstantce, if Bwell beenin 4 fist praduetiorigadumnsed®io bet production

17 2 BB P55 e hond el B Red e TR oL Boros n s
18  production group will cut production by half. Ideally, the default for this

19 - relation is to have less weight in the LP/MIP system than the specified

20 constraints. This means that rate-relations may be broken for the sake of
21  satisfying the constraints. Parameters can be used to determine the relative
22  weights of the constraints and rate-relations in the LP/MIP system. The

23 smaller (more negative) these coefficients, the more influence these

24 coefficients will have on the system.

25

26 C. Generation of Rate Curves and Component Flow Rate Equations

27

28 1. Quick Rates Method

29

30  The following “quick rates” method is preferably used in generating fluid flow
31 component flow rate curves and equations. A rate curve relates how the

32  production of one component compares with the production of another. For

33 example, as a choke or valve is opened on a well, oil, water and gas
94



wei ghts of the constraints and rate-relations in the
LP/MP system The snmaller (nore negative) these

w@ ol sssbent s, the nore i nfluence these coeffi PCBOSZ05/042470

W N O O A WwN -

10

19 X

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

will have on the system C. Ceneration of Rate Curves
and Conponent Flow Rate Equations 1. i ck Rates
VeRieductivrewlligenmblhginceadsek The iasreasetdriweps any two of the

I urpaRea i ees Indmag Rt ke ot i RGP0 TR e
hayvotihetid. OREfdrifd aghindB & | GIBANGY 3BOgRSBAG oMPrbdlidtRon are
production of another. For exanple a choke or

vaihewn ¥ b ersaradi lineaewhile wiater M@?S@wcﬂon are generally non-
g r.od [ ' ' € JREA] e

SBREES b s BREBEA Bt P25 T B AT Dt
nogoihisngateratedrusintpan dtegeiveiNevenhaRaptidan propeddtécihi cwmjuction
Referring again to FIGS. 3A and 3B, g_as and oi |
pr‘%@métﬁug’np%?'@n ShHithressrd medel are ipdicaieskby whinarks. Data

}“’Z;%&ﬁtsé}ﬂﬁ‘icgt'éd 8y QRMADA il geneLakyy U&gbgd;‘;%@ﬁck rHiss”

e CUrves ar€ genera roma Series o
pansted. Dddta thal ndth nyethedapeolids singilaamesuley. atlowever, the “quick

Newt on- hson procedure in canjuction with a
B0 RBAIGH UGB PR BPHEHBNEN AGeThdi cat ed by
x" marks. Data points indicated by "dianond” indicia

were created using a "quick rates" nethod. Note that -
bothe geickadtespnethiodestiizes ther fackthalt B a fidedmodnt,in tihes, production

"qui ck r.ates thod i h. tational |
eftToBiVIa U3 ORISR Pl s Remeily nsaly prhbortienal to
t hatbs@lireadrhivi®@vPOPRessuRe i doRhas ted bRRshiFOf¥ferential

i ndi vi dual conpletion elenents is generally linearly

prisioeendhabrassups bsa wed hprawoopletionreleswnt and ealiaadmin

PO RERE R S SR R BB P A o ano
el@@iitise chmpletiohlemBhesaiting spéetheniroalicdi 8Rd injection

drives fluids into and out of the conpletion elenents
duineigtionss pdeingvennbeiet ditiereah aressuee draw down profiles for each

well bore, a set of data points is generated. Then, a piecewise linear function
that best fits these points is ideally constructed. A component flow rate
equation is then generated from this piecewise linear function which is to be

used by the optimizer.

The oil-water total component flow rate curve is piecewise linear, which is not
a linear function. FIGS. 5A-D show the flow rates of individual completion
elements for four different overall production outputs for a well bore. Also
shown are the pressure profiles for the reservoir and well bore elements for
these different production rates. FIGS. 5A-D illustrate cases where oil
production is being sequentially reduced, such as occurs when a well head
choke valve of a well bore is being closed. Note as oil production is reduced,

water production is reduced until almost no water is produced.
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operations. Using a nunber of different pressure draw
down profiles for each well bore, a set of data points
w0 go00gessssnt ed. Then, a pi ecew se |inear functiPCT/URRD5/042470
best fits these points is ideally constructed. A
conmponent flow rate equation is then generated from
1 t hiéhilgi tbe ealesel prodectionf iamecreasedhthehwel boe bmssst&jpltmjile of the

t he tirri r. The | -wat er tot nt flowr
2 el Rot WiEheiale. eSSl Shte SRR aSetnls s Hoddthed o
3f urzs%éﬁrbon'é{éﬁ%at 5@@%&%&&? frh@vwln &t @fthéﬁﬁéé{élﬂéf{‘iraw
conpl etion elenents for four different overal
4 pr ddwotin tre wetl pecredsing 2s thel welbboee pmsguresmr@fv&e iaceeases toward
ssure p rof| les for

s ErBlrbnle pribo i TR rPEry B de8Se eamletions

6 5Awm he bresttércthan GRASRSIWET ¢erh lcopipetivHs i toSprl@gs@@
sequentlally reduced, such as occurs when a

7 chbred/geavity effects. iepnsassiestly sPisesws dpsdewn mlli e Jawer at
g Ol {;rg%ﬁ%f@b@%e?e QSHE@gﬁ%tre hgégeg\;ﬁ%%%%rﬂse% Fseé’f%‘ﬂe&hd gas.

9 pr oduction is decreased, the wel | bore pr essure

profile of the well bore will increase, The pressur
10 pr dhe PEessNt inventia explsits the “ﬁ‘é»@dﬁﬁfds@@ﬁgef%lwl\&%%%’tvﬁﬂ bore
at I
11 drg@vﬂgle\ﬁgﬂsnﬁﬂﬁtﬁfaﬁap ody?:'(t:@g\gésﬂlenof %ﬁﬁ’écﬁne’n\?\gr F@ Bﬁ e\ﬁﬁférr%r gas,
12 pr gesud wefiriothd sumnd raesdont awﬂbtzi/mg"leompmbms: r
pressure profile. Note that the pressure at deeper
13corrpl etions will be greater than at shall ower depth
conpl etions.gyg to pressure head/gravity effects.
4Conseqquzt Ly, zpqessure draw down will be | ower at (19)
greater depths wher e denser water underlies |ess dense
15Iayers of oil and gas. The present invention exploits
the linear rate scaling for individual well bore
16 conpl et{ypege The total production rate of conponent p,
i.e., oil, water or gas, froma well is the sum of
17rates fromits flow ng conpl etions: "cotnp

18 qor = total quantity of flow from a well;

19 — number of completion elements s in a weill; and

20 qp = quantity of flow of a component from the i well bore.
21

22  The baseline flow rate of each component at each individual completion is

23  extracted from the reservoir simulation run at a particular time step and well
24 production level. It is assumed that at a fixed point in time the completion rate
25  for each individual well completion element is linearly proportional to the

26  pressure draw down. Thus, if the pressure draw down in a well is reduced by
27  an amount, ¢, individual completion rates will be scaled back accordingly and

28 the new total rate will be given by:
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gpT S gpi (19) where pT ~ total quantity of flow from

a well; r = nunber of conpletion elenents s in a well;
w@ee7gfs662= quantity of flow of a conmponent fr oPCT/H8200%/642470

wel | bore. The baseline flow rate of each conponent at

each individual conpletion is extracted fromthe

reservoid si’cgapii—oﬂ run at a particular tine step 358
T wel | préduct o hgveds It is assumed that at a fixe )
point in tinme the ‘conpletion rate for each individual
wel | conpletion elenent is linearly proportional to
the pressure draw down. Thus, if the pressure draw
down i whergel | is reduced by an anount, c¢, individual
conpletion rates will be scal ed back accordingly and
the new total rate will be given by:where |IpT new

t ot al ntity Ofnew fb\g%%“%n%d?}%%ﬁdﬂ frgn{§%q,t ion in

pressur&%draw down: conpl etion
elements in.a well; arj.gl draw down in
the it hcscon'pl eti éﬁd%ﬁ%ﬁtqrggﬁglﬁéﬁﬁ%ﬁrﬁm ity of flow

of a phase fom tignbdrivfWehipl&reslehiainds it Avepmount  of
pressuré®®hift, c , required to reduce the wel | oil

g rate fromagdo q.o:}itg'irglll %%é’s%‘ﬂlrg}ﬂ%aﬁdﬁy\lﬁﬁiﬂ) téﬁ?f?%ﬁ%ﬁg element;

This priedsure shi ates a para

~N O o AW N

g well bore pressurgqgprofile, as illustrated in FIG 6.
Havi ng cal cul ated ¢ , equation 20 can be used to
10 gp = quantity of flow of a phase from the i well bore;

11
12 Thus, the amount of pressure shift, ¢, required to reduce the well oil rate from

13 ¢ to ¢ is given by:

14
15 ¢ =dor ~ o1 (21)
reomp 9oi
5
16

17 This pressure shift dictates a parallel shift in the well bore pressure profile, as
18 illustrated in FIG 6. Having calculated ¢, equation 20 can be used to

19 calculate the well rates of other components flowing in the well bore. The
20  same procedure can be used for injection rates as well. Repeating this

21 process, a number of component flow data points may be generated and a
22 curve may be generated as has been considered previously with respect to
23  FIGS. 3A and 3B.

24

25 2. Piecewise Linear Function Construction

26

27  Piecewise linear functions are generated which best represent these data

28 point sets generated by the “quick-rates” method for each of the well bores.
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calculate the well rates of other conponents flow ng
in the well bore. The sane procedure can be used for
WO pjogosseen rates as well. Repeating this proceBGT/US2005/042470
nunber of conponent flow data points may be generated
and a curve may be generated as has been consi dered
1 pr é'hecm@eywmehhearefs:petncbns inclEie® n@abandf Bk s@gments and

I ecew se L| ncti on Constr t| on Piecew s
21 RESAKOPAiE 1 DR e GuROPER D OhheihTEeko sy eddeqlly selected
3 t hagﬁ\gd@te%spgware§ & & ﬁ\%rtﬁététségg@bfer‘ét@i bﬁ e kqidt-pRes”
met hod for each t he wel boreés. The piecew se |i near
4f um:etth@dms In nds ammalanwm@lodwnemts ad-eyegherg-klasgeardt least

5oy sakpeet Daiped iR o DM eToraR itakidas Tinsgdied in
6fithd Qrttv\hl‘?aé ;aﬁébtrm&nﬁurr@é edefyatidregerfdrafifg tedHSques may be
nmethod. In this exenp enbodi nent, a

7 LeViendér gemawudhatgen@%@d §qt?am@§t3fwh10h1é$ kobeiused by the
pr y used to | ocate breakpoints. Those skilled
8; SE)ﬁr[n?%rt wi || appreciate other curve or equation
ggeneratl ng techniques may be used to represent the
generated data points which is to be used b¥ the
10 ophieeTriag noretoe Gy Amand '8, pives.a yeomaat ZBihereeidinates of the
se e the end points of the
11seg@:ﬁo'¢%§05|{r{/éesn %ﬂéﬁelg%‘i\%%wa% ) n {a2k+u a2l c+2 )
12 (22) Least square met hods “such as the
Levenber g- Marquardt, require the derivatives of this
3functi ohfuy»9baNddeennined with respect to the (22)
paraneters, a . These derivatives are: )) 2 (23) dy _
41 x - a- 1 2k x a 2k a 2k+\ a 2k-\

15  Least square methods, such as the Levenberg-Marquardt, require the

16 derivatives of this function, y , be determined with respect to the parameters,

17 a. These derivatives are:

18
oy ~lypyg +X
19 P = (g4 — a2k)“*—ﬂﬂ“_’—2— (23)
A2k-1 U ~ Aoy)
20
21 ¥y _ 1= X7 %%
Oy, Aogrl ~ App1
22
23 ¥y (* = Gypryapprn — %)
Oyt (@op41 — a2k—1)2
24 h  _ x—ayy
Oyry  Oopy — Agpoy
25

26 In the preferred embodiment, ideally an appropriate number of breakpoints as
27  well as their optimum locations are determined. The algorithm shown in

28  FIG. 8 is used for the selection of the number of breakpoints.
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y X ~a 2k-1)(a2k+2 ~ a ) d a 2k+\ (a 2k+\ a 2k-\) vy
_ X a 2k-i a 2k+2 a 2k+\ a 2k-\ In the preferred
wepdomsssent , i deal |y an appropriate nunber of PCT/US2005/042470
breakpoints as well as their optinumlocations are
determi ned. The algorithmshown in FIG 8 is used for
1 t hehs firgetéis tofstarhwithuntirerardandtionalk poa sirgld beglfﬂen!;,ttwo end
step is to start_with a |linear functiop

2 Scghel eﬂﬁ%"e?adﬂb%l}htfé)rtméﬁeéarfUECt'%@ it (D Then a

I [ nea al cul at ed Then break. point js
3 polgaksT e do Tt ke Siicoe Makng 1A pidsaulie ear function
|'i f 6%@ t E

4 11 b wRgHicPR M R B BT TS bROAKH It

5 opmardzmmbs‘ sroptimizediforahinimbin i he Ifithe fit & inmroos@ dybyore than a
nmore than a factor of f fromthe initial fit, then a

6 nefactoredik frommthei isitiatifite theama nelnebrpekioaiakisi adde@.tmai bk process is

til t t f
7 o et G G et R ot < rompgoring Kegps adding
g 'W\b@é’@ﬁé%@lrﬁé bl M‘s‘fmﬁﬁr@%é e fit byarﬁegﬁaét%h ffit can

be made by decreasSing the val ue of t expense of
9 having a larger nunber of segnents. This approach is

10 £ PABeREL Y (S hade. SV FECaPRg e TRlLE ST ATTE 2BP &g ghhaving
11 (T4 IHheOn@Aband) seghhési TraNapsREcRYs g@rﬁ@lanwaﬂjs(t PR check
the solutions that fall into 1 nfeasible areas

2 shivai benmefiesto make sura deatpbe Sreampobits Bre ebvaysdnithe deasible

3Sr@@edvu"@frsf:%a@géﬁmfb@q S B REREBE bl S et
14 i nihtoothfeedsisle apdad)iasashons ingtld. ©L onal conti nuous

paraneters and some constraints. Followng is the set
15 of equations and variables that need to be

16 3. Incorporation of Piecewise Linear Functions Into the Linear
17 Programming
18

19 Incorporation of piecewise linear curve to the LP setup requires the

20  introduction of binaries, additional continuous parameters and some

21  constraints. Following is the set of equations and variables that need to be
22  added:

23

24  Break points:

25

26 (Xp15 Y1) i=12,.,n (24)
27

28 Replace rate term with:

29

30 q:Zbei+ZZyb2+"'+Znybn

31
32  Add constraints:
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added: Break points: {xbi ,ybi ) i =1,2,...,1i (24)

Repl ace rate termwith: = ybi + z2yb2 +. + z ny bn
wo7osmest raints:z x y x z 2 y i +y 2z y PCHU$2085/042470
.. ZnNXx yn2+ynx7 - i 31+32+- +IJVi =1

(25) 1 +22+ . +2Zn=1qc = ZcXbc + Z2 Xb 2+ + 2z

1nX bn 14&!le-} qzls.il!-}-_yZ ’ RZ3 SIyZ:H-y?& 0..i Zzl-'l Z!ymd +Iynhlere’zn Syn—l
is the dependent rate and gxis the controlling rate.
2Now it wiHy,be.deppnstlrated why such a setup resul ts(25)
in the correct behavior with a sinple piecew se |inear
3functi o wizb b .t Hez, t=l0 segnments. Suppose the function
appears as in FIG 10. The value for the function at x
4= 15 i s & & 4%, depebi -ned,XFhe fornul ation
corresponding to this problemwould be: // ((xX)) z 1
590 + - 272403} 3++i74.23..92(P6) X - Zj O + z2 20 + z3 30

zz x\
z; 20 i=12,..,n

0o N D

Here, ¢is the dependent rate and g is the controlling rate. Now it will be

9  demonstrated why such a setup results in the correct behavior with a simple
10 piecewise linear function with the two segments. Suppose the function
11 appears as in FIG. 10. The value for the function at x=15 is to be
12 determined. The formulation corresponding to this problem would be:
13

14 J(x)=2,0+2,3+2,9 (26)
15 x=2z0+2,20+2,30

16 z; <y Zy Sy + Y, 735 )y

17 Yty =1

18 Z+ 2y +zy=1

19 v; € {0,1} i=12

20 z; 20 i=123

21

22 The binary y indicates the segment that x belongs to. In this case, ¥, should
23 Dbeoneand y, should be zero. First, check to see if y, can ever be one. If
24 y, was one, then y, has to be zero, which means z is zero and z, and z,
25 arenon-zero. However, if z, and z;, are non-zero, x =15 for the second

26 equation can never be satisfied, thus y, cannot be 1. Thus if y, is one, then

27  solving for z obtains:
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yJ " xl zz 22 y xt++yy 2 z3 <y 2y \ +21 z\ +z 2
+z =1y {0,1} i =1,2z; >01i =1,2,3 The binary y

WO p@i7 058665 t he segnent that x belongs to. In tPCEHUSHS®)42470

-

o ~N oo N

11
12
13

1 should be one and y2 should be zero. First, check to
see if 42 can evepde one. If y2 was one, then yx has
to be zero, which neans Z1 is zero and z2 and z are
non- zer fx)However2.25.f z2 and z3 are non-zero, x =15
for the second equation can never be satisfied, thus
y2 canngt bee1l. ThGs if 1 is one, then solving for z
obtains:Z1 - 0.25 /0 = 2.25. 2 0.75 Incorporation of
the equations and variables in equation 24 force the

L g i 8 the LP/MIP
e PR B o e O L

i roptingizemtohasdp des cdmponebieitbw rateeliatdson to certain
preferred enbodi nents thereof, and nany details have

been set forth for purpose of illustration, it will be
a bifi@lidnnthishBvantiort e béde described in
iﬁ@®ﬁ§?gﬁkﬁ§hgﬁgg%%§?%“e {g alteration and that

c aetaion totceerineeitired debodirpents fieereoh arshmagy yetalls have

consi der.abl y .w t hout departi.ng f.r t ' . .

et e At B BERRA A PR G ig hose sk
the art that the invention is susceptible to alteration and that certain other

details described herein can vary considerably without departing from the

basic principles of the invention.
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1. A nmethod for enhancing the allocation of fluid flow
rates anong a plurality of well bores in fluid
W@ ooumsseent i on with at | east one subterranean PCT/US2005/042470
reservoir, the nmethod conprising: (a) sinulating fluid
flowof a fluid containing nmultiple conmponents in at
11 WA DHe GLWAIMED tSiean reservoir and in a plurality of
2vveII bores which are in fluid comunication with the
at | east one subterranean reservoir; (b) selecting

3 product AgRetted o éiHdreing®leUslioBgticn of B tflodnts®hmong a

constraint wherein the at |east one soft constraint

4 may be RIHBAIEY etwel bpregdndivid cormnuipicationauiuet isast one
5 | ncl udi %tgﬁgﬁg%?ﬁsgwlﬁwﬁg%tﬁ%gbm@ﬁ?m@or respondi ng

6

8

to the sinu

ul oW in ores and
constraint equations including at | east one soft

constraj nt equat ion associated with the at | east one _
soft coddt r ad'Mulatingdlud flowpfa thHd coptainiag mylkalerromponents in

equation i ncétqgéé’cgbn% &Rﬂ?ﬁ%ﬁééﬁ redePl At %r?@irpg?mr"abft Lof well

(CVP) which allows the a east one so constral

9 equation to Isaessfhich bee mdfuid comsturdcattan Wit the at least one
10 generating an ?%1 ective function corresponding to the
fluid flow i HHRENRAN MS6PEY and to the constrai nt
11 violation penalty; (e) optimzing the objective
function utilizing an optim zer and the system
12 equat i o3 t csalestingrprodushivrectramtiaints adlodiagiad teast ohkusodt
flow rates anong the plurality, of well hores, wherein
13 the at | eastcomg'a%f"fr%&'ﬁgb?ﬁ faskRye ﬁ@ﬁ\ﬁo&sgﬁ M3y be
14 necessary tojigeiigeve a feasible solution to the
optim zation; and(f) allocating the fluid flow rates
15 among the plurality of well bores as
16 (c)  generating system equations including component flow rate
17 equations corresponding to the simulated fluid flow in the well
18 bores and constraint equations including at least one soft
19 constraint equation associated with the at least one soft
20 constraint, the at least one soft constraint equation including a
21 constraint violation penalty (CVP) which allows the at least one
22 soft constraint equation to satisfy the soft constraint;
23
24 (d)  generating an objective function corresponding to the fluid flow
25 in the well bores and to the constraint violation penalty;
26
27 (e)  optimizing the objective function utilizing an optimizer and the
28 system equations to determine an enhanced allocation of fluid
29 flow rates among the plurality of well bores wherein the at least
30 one soft constraint may be violated if necessary to achieve a
31 feasible solution to the optimization; and

-32-



determined in step (e). 2. The nethod of claim1l
wherei n: the production constraints include a
w@bwrakicsyy of soft constraints which may be vi BCHUSZH)5/042470
the system equations include a plurality of soft
constrai nt equations corresponding to the soft
1constrailfit s, abeetingrtherigikiew raiesamengtheeplusalitpagwell bores as

including a r ' aint violation penalty
2(CVP) whi ch ggfe%@ﬁ‘%cxiﬁggi%{constrai nt equation to
3satisfy the respective soft constraint; and the
objective function caorresponds to the fluid flowin
4t hJ8~ wel ITheanelhogdd daim hwheesit rai nt vi ol ati on
penal ties; wherein the soft constraints may be
violated if necessary to achieve a feasible solution
6to the ¢t priduatib®oonsraifisencatibedlofalie) af sof2caistrants:which
the soft constraints are prioritized as to the
7difficuMay RYViRKIteH t he soft constraints are to be
gviolated. 4. The nethod of claim 3 wherein: weighting
scale factors are associated in the objective function
9w t h colist syEten equatians iclydalplurektyaff soéspestriaing esjabtions

ST e o L SO T e
. ort _ . o
11 assocl ab&@aﬁ&ﬁﬂn&lﬂ@hrgge% ii‘)%ﬁ)gézﬁﬁe EQﬁétré?Ht;\Zi%{aﬁgﬂ enalty (CYP)

equations to make t priority onstra
12 mor e di vhiahuditowsothat ebfhcendraifhequetiomad saftishy takmedpective soft
13Wherei n; tsge.obj egtive function conports with the

mat hemaPP e % BPEssi on: OBJ w qd - wkCVPk

14

15 the objective function corresponds to the fluid flow in the well bores and
16 to the constraint violation penalties;

17

18 wherein the soft constraints may be violated if necessary to achieve a
19 feasible solution to the optimization.

20

21 3. The method of claim 2 wherein:

22

23 the soft constraints are prioritized as to the difficulty to which the soft
24 constraints are to be violated.

25

26 4. The method of claim 3 wherein:

27

28 4 weighting scale factors are associated in the objective function with

29 constraint violation penalties of respective soft constraint equations and
30 are weighted in accordance with the prioritization of the soft constraints
31 associated with the respective soft constraint equations to make the

32 higher priority soft constraints more difficult to violate.
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i j k where OBJ = objective to be optimzed; i =
nunber of fluid conponents in the fluid; w = weighting

wagcahmsdeert or for production of the ith fluid PeT/aS2w85/042470
bore; j = the nunber of well bores; qj = quantity of
the ith _conponent produced by the jth well; Ic =

1 nubber ©he sribod af aleinilovbeiedti penal ties associ at ed

2vvith the soft constraints; wk = weighting scale factor
for the kth constraint violation penalty; and CVPk =

3 kt h contershjsitive fahatidrobordppas With the nTdtBefritibadefression:
claim2 wherein: the objective function conports with

4 the mat hemat i cal expression: OBJ Wq wCVP i j k where
OBJ = objectivedo optiym zed; i = nunber of fluid

5conpone?¥gqfIV%EQUFREWGE&#?1meighting scal e factor for
production of the ith fluid conponent in a well bore;

6) = the nunber of well bores; g = quantity of the ith
conponenh?Produced by the jth well; k - nunber of

7 const r aVRE®i ol ati on penal ti es associated wth
8
9 OBJ = objective to be optimized;
10 i = number of fluid components in the fluid;
11 W, = weighting scale factor for production of the i fluid in a
12 well bore;
13 j = the number of well bores;
14 q; = quantity of the i component produced by the | well;
15 k = number of constraint violation penalties associated with
16 the soft constraints;
17 w, = weighting scale factor for the k™ constraint violation
18 penalty; and
19 CVP, = k™ constraint violation penalty.
20 |
21 6. The method of claim 2 wherein:
22
23 the objective function comports with the mathematical expression:
24
25 OBJ = gwl%qij ——%WkCVPk
26
27 where
28
29 OBJ = objective to be optimized;
30 i = number of fluid components in the fluid;
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the production constraints; wk = weighting scale
factor for the kth constraint violation penalty; and

W@YPR/0586k1 h constraint violation penalty. 7. TPeT/msio0dok2470

1

2
3

4

5
6

of claim6 wherein: the soft constraints are
prioritized as to the difficulty to which the soft
constraiwts are t oeightiigadcatleetiictarfdr ptoelustion of thegi™ fluid
scale factors wk associated with the constraint

vi ol ati on penal ti esmpyRRNbIN a well besgiect i ve soft

constraint equatigns _are weighted in accordance with
the pri dritizati oﬂ"eo?gmﬁgr gt\%?ﬁ §8F1esstrai nts to nmake the .

i olat e g, The SnéP%%@%?*”é??@?%%ﬁ’é@%%% U g vwel
[ h LSt i g L [ : . ;
Fuo vl Pbor s angeiel REodistidi HoieiBipefafes Eibiateg win

predet erm ned range plodastornoohdtedintst hen rel ating the
fluid flowrates of the at | east two wel| bores

7t oget hemiby Fener weighjingaacele teckarifagtheddaconsirintrvielation

system equations so that the at |east two well bores

8will have rel at edP8N@B6&Ed f1 ow rates. 9. The net hod

9

of cl ai 'B“LJP wher ei Rmﬁ%’ﬁgtgn {{/iﬁ%‘?iﬁﬁsqéngﬁwde a plurality

of conpletion el ene e at 'Ieast’ one

gsubterranean reservoir includes a plurality of

11
12
13
14
15
16

17

18
19
20
21
22
23
24
25
26
27

reservoir elenments which are in fluid conmunication
wi ¥h t hdheonpthetlicddcladiedrwhessint he step of simul ating
fluid flow includes determ ning pressures in the
reservoir elenents and in the conpletion el enents and

i ncl udegdedeEshditigtstdhe prBRiiAsPaoH M GRMRAPEOWHdHINE soft
flowrates in the
constraints are to be violated; and

the weighting scale factors w, associated with the constraint violation
penalties CVP, of the respective soft constraint equations are weighted

in accordance with the prioritization of the soft constraints to make the

higher priority soft constraints more difficult to violate.
8. The method of claim 1 further comprising:

comparing characteristics of fluid flow in at least two well bores and if
the characteristics are within a predetermined range of one another,
then relating the fluid flow rates of the at least two well bores together
by generating rate relating equations in the system equations so that

the at least two well bores will have related allocated flow rates.
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conpl etion el enents due to the pressure draw down
bet ween the reservoir elenents and the conpl etion
web@nmestes and the conponent flow rate equati OPGT/HEB05/042470
generated from conponent rate data points which are
created by scaling and sunm ng the conponent fluid
111 8ws i mMhemeethodulf etdimr wheraémt s of each wel |l bore
5 based upon the conponent fluid flow rates determ ned
in the sinmulation of fluid flow and in relation to the
changi n %OFWU
° conpl et ?]oeﬂhgfpgﬁéeﬁst @E:I%We Threamm &gnb%ﬁof]al m éﬁﬂs artffhe at
4 wher ei nFeaﬁhen@ @u’p’@m@meaﬂ degerair ingeded 8 phureliyerieestedir

ut|I|2|n . hemat i cal,. ex si on

54 where % %%W%'%Wet'gt Ja?mm%”ﬂ%?t@f“ ‘p'l ef?%ﬁP%%OH
6 wel | bogsemdmem = nunber of conpletion elenments in a

particul ar well bore; AP = original pressure draw down
7of the ith conpletion el enent; ¢ = change in pressure

d do te
5 Snon e ERPs RSB EhIAncR] MLl B RLRGRIG T G s in tre
9 si nul at @@emmmélemér@é aﬁ@n”p@féedﬁm;ﬁlb%\h %[é?ﬁér‘it@%ridtlhcludes
conpletion elenent. 11. A method for enhancing the

10 al | ocat #efermining thetcamesnondingscamportent fividifawiretesdn the
11 el 1 bog &R plefioh et e SRHMNLGAS R8s rd irdl dofStetesn the

12 reservoir elements and the completion elements; and

13

14 the component flow rate equations are generated from component rate
15 data points which are created by scaling and summing the component
16 fluid flows in the completion elements of each well bore based upon the
17 component fluid flow rates determined in the simulation of fluid flow

18 and in relation to the changing pressure draw down between the

19 reservoir and completion elements.

20

21 10. The method of claim 9 wherein:

22

23 the component rate data points are generated utilizing the following

24 mathematical expression:

25

26 Tpr = wézp A‘Z;; 24,

27

28 where

29

30 q;T = new total quantity of flow from a well bore;

31 Toomp = number of completion elements in a particular well bore;
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subt erranean reservoir, the nmethod conprising: (a)
simulating fluid flow of a fluid containing nultiple

waeompossset s in a plurality of well bores and i PCHUS2005/042470
| east one subterranean reservoir, the well bores
including a plurality of conpletion elenents and the

1 at | eastApone=subt grgiaaeeRss@sadrd@i dowmof tHl ificompletion
plurality of reservoir elenments which are in fluid

2 comuni cati on w t blebdentconpl etion el enents, and
determining pressures in the reservggr elenents and in

3the congletion el enHSINAHESHEES AW AN frAE the original
correspondi ng co f [ 0 ki i
4 e ements due to T RE R Ed g BB i SOTRN A cloment;
5reservoir el ementanénd the conpletion elenments; (b)
generati ng conponent, rate data points for the well h
6bores oder a=ranggriginaksigauepted awaniily of comprpemsfow from the |
summ ng the conponent fluid flows in the conpletion
el ements based up&?MesHEB efl ow rates deternined in
gstep (a) and changing pressure draw downs between the
reservoir and conpletion elenments; (c) generating
9 componeAtméthod foaerhawieg thenslidcation loé fluel flovio cates abaswda

upon the data points for the respective well bores; (d)
10 gener at PW@Q%H ye &ﬁ@(esemﬁ{'q? 6RQ *?%WH'F@&P%?W&
product | j air ( Welen .0bj ective
11 P et 1 o e aRERh et oi 1R} HRABH RIS 2L R Lt
12 bores; (f) optim zing the objective function utilizing

13 70 o eqlfl | oREMRIRIER R RSt AR BaaRG THala Ginggnents in
14 fluid flow r atagamyuidvdliitores whalih by Iist WRE Isubterranean

15 reservoir, the well bores including a plurality of completion

16 elements and the at least one subterranean reservoir including a
17 plurality of reservoir elements which are in fluid communication
18 with the completion elements, and determining pressures in the
19 reservoir elements and in the completion elements and

20 determining the corresponding component flow rates in the

21 completion elements due to the pressure draw down between
22 the reservoir elements and the completion elements;

23

24 (b)  generating component rate data points for the well bores over a
25 range of fluid flows by scaling and summing the component fluid
26 flows in the completion elements based upon component flow
27 rates determined in step (a) and changing pressure draw downs
28 between the reservoir and completion elements;

29 (

30 (c)  generating component flow rate equations for the well bores

31 based upon the data points for the respective well bores;
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5

8

bor es;

and (g) allocating the fluid flow rates anong

the plurality of well bores as determned in step (f).
wa2007/0k8s62ret hod of claim 11 further conpri si ngPCT/US2005/042470
generating pi ecewise linear functions fromthe data
points for each of the well bores; and generating the

1 conpone(d) f| generatirg equstrainheqdatmmstdoergspendingse production

I i near functi ons 13 The net hod of claim 12 wherein:

t he conponen€o?§i@intsat e equations include binary

vari ables to describe the piecewi se linear function;

and the optim zing step includes using m xed integer

4 pr ogr antg)ng. g&lzﬂeraﬂ“h@ anelhjm]iveffumthjmo:dmesﬂwdéﬂmto thidluid flow
flow rates betwg Ieast two of the well bores is

related to ofd
g Wher ei n:

©§5. The method of claim 11
the optim zer utilizes at | east one of |inear

programing and mixed integer programming in
7 opt i mi z(fhg t optiniEjrecthievabjeaivetibaetion@tlizitgeameptioizesfand the

claim 15 wherein

t,h
g am ng Fen st

ﬁgtlmze tilizes m.xed

A BRASTLtk £ o RERS 4 S fine an

9 The net hod ognigdradcdn difbcutien ef Mid tildey @@@@9&%@ thatpfurality of well
data points are constructed utilizing the foll ow ng

O mat hemat i cal besegi @8di on: "cotnp AP - C

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

12.

13.

14.

(g) allocating the fluid flow rates among the plurality of well bores as

determined in step (f).
The method of claim 11 further comprising:

generating piecewise linear functions from the data points for each of

the well bores; and

generatihg the component flow rate equations from the piecewise

linear functions.
The method of claim 12 wherein:

the component flow rate equations include binary variables to describe

the piecewise linear function; and

the optimizing step includes using mixed integer programming.

The method of claim 11 wherein:

the flow rates between at least two of the well bores is related to one

another.
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where gp * T = newtotal quantity of flow froma well
bore; n CONYYiu n = nunber of conpletion elenents in a
w@a0oviosssbar wel | bore; and AP = origi nal presseCBEUSN08M042470
down of the ith conpletion elenent; c¢c = change in
pressure draw down fromthe original sinulated
pr'¥s surhalmeihathehclaion 14 vd@rmpineti on el enent; and qpi =
original simulated quantity of flow of a conponent
fromthe ith conpletion elenment.18. A nethod for
enhancithg dpfifiadr Aiaés anleabt bhalbAlifd HWroGaPEmHPAY ixed
plurality of well bores in fluid commnication wth at
| east dREOSUBIQarAEWRIAE If 8BEINZNG ther oliestiveribaction.
conprising: (a) simulating fluid flow of a fluid
containing nultiple conponents in at |east one
suldt. er ridremetiaibef olaint 18nthargina plurality of well
bores which are in fluid comunication with the at
| east one subterranean reservoir; (b) generating rate
rel ati ] QNS f . wel .
bor os: 02 FRHRIIRIRES HERY Rlodr Wibgrahtpflg b Cbiffizhg the
9 corr espixebtivg ftuoctiome fluid flow in the well bore; (d)
optim zing the objective function utilizing the rate

0 N OO O W N

10 rel ating
11 17.  The method of claim 11 wherein:
12
13 the component rate data points are constructed utilizing the following
14 mathematical expression:
15
" ”COWlp AR —C
16 qdpr = E _—ATi_Qpi
17
18 where
19
20 q;T = new total quantity of flow from a well bore;
21 Teomp = number of completion elements in a particular well bore;
22 and
23 AP, = original pressure draw down of the i completion
C 24 element;
25 c = change in pressure draw down from the original
26 simulated pressure draw dawn for a completion element;
27 and
28 Iy = original simulated quantity of flow of a component from
29 the i™ completion element.
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equations to determ ne an enhanced all ocation of fluid
flow rates anong the plurality of well bores with the
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(e) allocating the fluid flow rates anong the
plurality of well bores as determined in step (d). 19.
THS. nethhowthdd tr &inlmab8ingtibe ailocatidnueidiuid 8ew rates among a
characteristics e co red between.the. at |east two
wel | batwany it orss e R Rt B atdpastang
equat i @btdrfaridand88eRBir thd hetrrasngesirgui d f1ow
characteristics are within a predeterm ned range of
one anot her.

(a)  simulating fluid flow of a fluid containing multiple components in
at least one subterranean reservoir and in a plurality of well
bores which are in fluid communication with the at least one

subterranean reservoir;

(b)  generating rate relating equations between at least two of the

well bores;

(c)  generating an objective function corresponding to the fluid flow

in the well bore;

(d)  optimizing the objective function utilizing the rate relating
equations to determine an enhanced allocation of fluid flow rates
among the plurality of well bores with the at least two well bores

having related flow rates; and

(e)  allocating the fluid flow rates among the plurality of well bores as

determined in step (d).
19.  The method of claim 18 wherein:

fluid flow characteristics are compared between the at least two well

bores; and
the generation of the rate relating equations is triggered if the

compared fluid flow characteristics are within a predetermined range of

one another.
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