Office de la Propriete Canadian CA 2776764 A1 2011/06/03

Intellectuelle Intellectual Property
du Canada Office (21) 2 776 764
g,lnngL%?rri‘fgaena " mjgter;%yaﬁ; " 12 DEMANDE DE BREVET CANADIEN
CANADIAN PATENT APPLICATION
13) A1
(86) Date de depot PCT/PCT Filing Date: 2010/09/02 (51) CLInt./Int.Cl. GO6G 7/48(2006.01)

(87) Date publication PCT/PCT Publication Date: 2011/06/03 | (71) Demandeur/Applicant:
(85) Entree phase nationale/National Entry: 2012/04/04 EXXONMOBIL UPSTREAM RESEARCH COMPANY,

US
(86) N° demande PCT/PCT Application No.: US 2010/04/673
(72) Inventeurs/Inventors:

(87) N° publication PCT/PCT Publication No.: 2011/066021 LU, PENGBO, US;

(30) Priorité/Priority: 2009/11/30 (US61/265,103) BECKNER, BRET L., US
(74) Agent: BORDEN LADNER GERVAIS LLP

(54) Titre : PROCEDE ADAPTATIF DE NEWTON POUR SIMULATION DE GISEMENTS
54) Title: ADAPTIVE NEWTON'S METHOD FOR RESERVOIR SIMULATION

110
‘\‘ 116
164
10 | | SYstem Memory T |
124 TT{ROM) a ‘
“IH_ Bes 166
1 2& __________ Processing Video O_l'tp“t m
196 RAM) Unit Interface ﬂﬁ:;';:‘:;:'
eakers
L Operating P
System 118
128 System Bus
Application
Programs 144 148
130 Non-Removabhle Removahle User Network C 174
\_| | Other Program Non-Yol Memory | [Non-Vol Memory Input Interface LAN
Modules Interface Interface Interface
2 134 136 [ 140
=== =B

\ 188

\ (176
el ==
Other H 150 170
. Appl. Module Program ot Tahlet
rograms Pro Data 142 Remote Computer
grams P—— -
178 180 182 184 172 190
(155 e < 154 Remot
L emote
FIG. 12 (= “ a2 ‘Application Programsl

(57) Abréegée/Abstract:

A method of performing a simulation of a subsurface hydrocarbon reservoir. The reservoir Is approximated by a reservoir model
having a plurality of cells. Each cell has an equation set representing a reservoir property. An initial guess Is provided to a solution
for a system of equations formed using the equation set for each of the cells. An iterative root- finding method and the Initial guess
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(57) Abrege(suite)/Abstract(continued):
are used to solve for a solution to the system of equations. When the number of non-converged cells Is greater than a

predetermined amount, neighboring converged cells are added to the non-converged cells. Parts of the method are repeated,
substituting the solved solution for the Initial guess and the equation sets corresponding to the non-converged cells for the first
system of equations, until substantially all equation sets satisfy the convergence criterion. The solved solution Is outputted as a

simulation of the subsurface reservolr.
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(57) Abstract: A method of performing a simulation of a subsurface hydrocarbon reservoir. The reservoir 1s approximated by a
reservolr model having a plurality of cells. Each cell has an equation set representing a reservoir property. An mitial guess 1s pro-
vided to a solution for a system of equations formed using the equation set for each of the cells. An iterative root- finding method
and the mitial guess are used to solve for a solution to the system ot equations. When the number of non-converged cells 1s greater
than a predetermined amount, neighboring converged cells are added to the non-converged cells. Parts of the method are repeated,
substituting the solved solution for the imitial guess and the equation sets corresponding to the non-converged cells for the first
system of equations, until substantially all equation sets satisty the convergence criterion. The solved solution 1s outputted as a
simulation of the subsurtace reservoir.
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ADAPTIVE NEWTON’S METHOD FOR RESERVOIR SIMULATION

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims the benefit of U.S. Provisional Application No.
61/265,103 filed November 30, 2009, entitled Adaptive Newton’s Method for Reservoir

Simulation, which 1s incorporated by reference, 1n 1ts entirety, for all purposes.

KIELD

[0002] Disclosed aspects and methodologies relate to reservoir simulation, and more

particularly, to methods of solving multiple fluid flow equations.
BACKGROUND

[0003] This section 1s intended to introduce various aspects of the art, which may be
assoclated with aspects of the disclosed techniques and methodologies. A list of references 1s
provided at the end of this section and may be referred to hereinafter. This discussion,
including the references, 1s believed to assist in providing a framework to facilitate a better
understanding of particular aspects of the disclosure. Accordingly, this section should be read

in this light and not necessarily as admissions of prior art.

[0004] Reservoir simulators solve systems of equations describing the flow of o1l, gas
and water within subterranean formations. In a reservoir simulation model, the subterranean
formation 1s mapped on to a two- or three-dimensional grid comprising a plurality of cells.
Each cell has an associated equation set that describes the flow into the cell, the flow out of
the cell, and the accumulation within the cell. For example, if the reservoir 1s divided 1nto

1000 cells, there will be 1000 equation sets that need to be solved.

[0005] To model the time-varying nature of fluid flow 1n a hydrocarbon reservoir, the
solution of the equations to be solved on the grid cells varies over time. In the reservoir
simulator, solutions are determined at discrete times. The time interval between solutions 1s
called the timestep. For example, the reservoir simulator may calculate the pressures and
saturations occurring at the end of a month, so the timestep 1s a month and a single solution to

the equation set 18 needed. To calculate the changes 1n pressure and saturation over a year,

21 -
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the stmulator 1n this example calculates twelve monthly solutions. The time spent solving this

problem 1s roughly twelve times the time spent solving the single month problem.

[0006] The size of the timestep that a stmulator can take depends on a number of factors.
One factor 1s the numerical method employed to find the solution. As some reservoir models
may have thousands or millions of cells, various methods have been proposed to etficiently
solve the large number of equations to be solved by a reservoir simulation model. One
popular strategy for finding the solutions to these systems of equations 18 to use an iterative
root-finding method. These methods find approximate solutions that get progressively closer
to the true the true solution through iteration and solution updating. Newton’s Method 1s one
type of iterative root-finding method 1n general use. In Newton’s Method, the set of
simulation equations are cast into a form that makes the solution an exercise 1n finding the

zeros of a function, 1.e. finding x such that f(x) = 0.

[0007] Figure 1 1s a graph 8 that depicts Newton’s Method for a single equation. Curve
10 1s the function f(x). What 1s sought 1s the value x where f(x) = 0, indicated by point 12. The
initial guess 1s xy. The second guess 1s calculated by taking the line 14 tangent to f(x) at x, and
applying the formula x;=x,-(f(xy)/f (xy)). Here f'(x) denotes the derivative of the function f(x)
and 1s the slope of the tangent line at x. The third guess, x»2, uses the line 16 tangent at the
second guess (x;) and applies the same formula, x> = x;-(f(x;)/f'(x;)). Continuing this iterative
algorithm one can get very close to the root of f(x), 1.c., point 12, in a modest number of

iterations.

[0008] Reservoir simulators have expanded Newton’s Method to solve for the many

thousands of equations at ecach timestep. Instead of one equation a system of equations 18

used:

fi(xi,...,x2)=0

S22 =0 Equation 1]
.ﬁ;(xl,. ,Xn) =0

where fi(x1,..., X,) = 0 are the reservoir simulation equations for grid block 1 containing the
variables x; through x,, and n 1s the number of grid cells. The vanables, x;, ..., X, are

typically pressures and saturations at each cell.
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[0009] To apply Newton’s method to this system of equations the tangent of the function
1s needed to use 1n the iterative method, like that described above for the single equation
above. The tangent of this matrix A 1s called the Jacobian J and 1s composed of the

derivatives of the functions with respect to the unknowns.

Of O
oy,
J=| : .
oo
OX; OX,

- [Equation 2]
[0010] As 1n the case with one equation an initial guess x, 1s made, where X, 1s a vector

of solutions. Each subsequent guess 1s formed i1n the same manner as that for a single

variable, where X, 18 formed from from the previous guess X, , using the following equation:

‘fz' — ‘fz'—l B (f(f i—1 )/ J ()_é i—1 )) [Equation 3 ]
This equation can be rewritten as

J(x_ )(x,—x,_)=-1x_,) [Equation 4]

—

which 1s a matrix equation of the form A x =5 . The solution 1s thought to be converged when

either the term (x, —Xx._,)or -f(x,) approaches zero, i.e. 1s below a small threshold, epsilon

(¢). This 1dea 1s applied thousands or millions of times over hundreds of timesteps in a
reservolr simulator.

[0011] Figure 2 1s a flowchart 20 showing the steps of Newton’s Method for a system of

—

equations. At block 21, a solution vector Xx,, representing the solutions for the system of

equations, is set to an initial guess ¥,. At block 22 a Jacobian Matrix J; and a vector b, is

constructed for all cells Z,,, or equation sets associated with the cells, using the solution vector

x.. At block 23 a new solution estimate X, 1s obtained for all cells Z,. At block 24 1t 1s

determined how many cells are unconverging, which may be defined as having associated
equation sets that have not satistied a convergence criterion. If the number of unconverging

cells 18 zero, then at block 25 the method stops. However, 1f at block 26 1t 1s determined that

the number of unconverging cells 1s not zero, then at block 27 the solution guess vector x, 1s

set to the new solution estimate X, and the process returns to block 22. The method repeats

23
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until no cells are unconverging. At that point the system of equations may be considered

solved.

[0012] While the Newton’s Method provides a simple way to iteratively solve for
solutions to systems of equations, its effectiveness 1s lessened when the equations 1n a system
of equations do not uniformly converge. For example, a two-dimensional grid 30 1s shown 1n
Figures 3A, 3B, 3C, and 3D as having 169 cells. Each cell has an equation or equation set
associated therewith. Prior to any iteration (Figure 3A) the 169 equations are used as mputs to
Newton’s Method. After one iteration of Newton’s Method (Figure 3B) the equations related

to 111 cells have converged (shown by the lighter-colored cells 32). In other words, some

areas of the reservoir have found solutions such that the term (x, —x, ,)1s below ¢ for those

arcas. The unconverged cells are shown as darker colored cells 34. The second 1teration
(Figure 3C) uses all 169 equations, and the equations related to 147 cells have converged
thereafter (as indicated by reference number 36). After the third iteration (Figure 3D) - which
also uses all 169 equations- 1s completed, all equations have converged. This example
highlights a drawback of Newton’s Method: even though most equations have converged to a
solution after a single 1teration, Newton’s Method uses the equations for all cells for all
iterations. In other words, the size of the system of equations to be solved does not change
after each iteration. For a large two- or three-dimensional reservoir stmulation grid having
thousands or millions of cells, the time and computational power required to perform

Newton’s Method repeatedly may be prohibitive.

[0013] Various attempts have been made to reduce the time required to solve a system of
equations using Newton’s Method. Examples of these attempts are found in the following:
U.S. Patent Nos. 6,662,146, 6,052,520, 7,526,418, and 6,230,101; U.S. Patent Application
No. 2009/0055141; “Krylov-Secant Methods for Accelerating the Solution of Fully Implicit
Formulations” (SPE Journal, Paper No. 00092863); “Adaptively-Localized-Continuation-
Newton: Reservoir Simulation Nonlinear Solvers that Converge All the Time” (SPE Journal,
Paper No. 119147); and “Preconditioned Newton Methods for Fully Coupled Reservoir and
Surface Facility Models™ (SPE Journal, Paper No. 00049001). While each of these proposed
methods may reduce the time necessary to solve a system of equations, none of the methods
reduce the number of equations (or cells) required to be solved using Newton’s Method.
What 1s needed 1s a way to reduce the number of equations needed to be solved 1n successive

iterations of an iterative solver such as Newton’s Method.

_4
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SUMMARY

[0014] In one aspect, a method of performing a stmulation of a subsurface hydrocarbon
reservoir 18 provided. The reservoir 1s approximated by a reservoir model having a plurality
of cells. Each cell has associated therewith an equation set representing a reservoir property.
An 1nitial guess 18 provided to a solution for a system of equations formed using the equation
set for each of the cells. An iterative root-finding method and the initial guess are used to
solve for a solution to the first system of equations. A list of unonverged cells 1s established.
The unconverged cells have equation sets that have not satisfied a convergence criterion.
When the number of unconverged cells 1s greater than a predetermined amount, neighbor
cells of the uncoverged cells are added to the list of unconverged cells. Each of the neighbor
cells has an equation set that satisfies the convergence criterion. Parts of the method are
repeated, substituting the solved solution for the initial guess or the most recent solved
solution and substituting the equation sets corresponding to the cells in the list of
unconverged cells for the system of equations or equation sets from the most recent iteration,
until substantially all equation sets satisty the convergence criterion. When substantially all
equation sets satisfy the convergence criterion, the solved solution 1s outputted as a

simulation of the subsurtace reservoir.

[0015] The reservoir property may be one or more of fluid pressure, fluid saturation, and
fluid flow. Some or all of the method may be performed using a computer. The iterative root-
finding method may be Newton’s Method. The stmulation of the subsurtace reservoir may be
a simulation at a first timestep, and the method 1s repeated at additional timesteps. The solved
solutions for the first timestep and the additional timesteps may be outputted, the solved
solutions simulating the subsurface reservoir over time. The neighbor cells may be adjacent
the cells having equation sets that have not satisfied the convergence criterion. The number of
neighbor cells may be between 1 and W-1, where W 1s the number of cells having equation
sets that satisfy the convergence criterion. Outputting the solved solution may include
displaying the solved solution. The predetermined amount may be zero. A post-Newton
material balance corrector may be employed when substantially all equation sets satisty the
convergence criterion. The post-Newton material balance corrector may employ an explicit

molar update or total volumetric flux conservation.

_5 -
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[0016] In another aspect, a method of performing a simulation of a subsurface
hydrocarbon reservoir 1s provided. The reservoir 1s approximated by a reservoir model having
a plurality of cells. Each cell has associated therewith an equation set representing a reservoir
property. A solution 1s estimated for a first system of equations formed using the equation
sets associated with the plurality of cells. An iterative root-finding method and the estimated
solution are used to find a first solved solution to the first system of equations. A list of cells
1s established having equation sets that have not satisfied a convergence criterion. Neighbors
of the cells having equation sets that have not satisfied the convergence criteria are added to
the list of cells. A second solved solution to the equation sets associated with the cells 1n the
list of cells 1s 1dentified. Portions of the method are iterated until substantially all equation
sets satisty the convergence criterion. The list of cells and the second solved solution are
replaced each iteration. When substantially all equation sets satisfy the convergence criterion,

the second solved solution 1s outputted as a stmulation of the subsurtace reservorr.

[0017] The second solved solution may be identified using a direct solver or an iterative
root-finding method. The 1terative root-finding method may be Newton’s Method. A post-
Newton material balance corrector may be employed when substantially all equation sets

satisfy the convergence criterion.

[0018] In another aspect, a method of performing a simulation of a subsurface
hydrocarbon reservoir over a plurality of timesteps 1s provided. The reservoir 1s approximated
by a reservoir model having a plurality of cells. Each cell has associated therewith an
equation set representing a reservoir property. A solution for a system of equations formed
using the equation set for each cell 1n the plurality of cells 1s estimated. For each timestep, a
root-finding method 1s iteratively run to solve for a solution to the system of equations, using
as mputs either the mnitial guess or subsequent solutions derived from a previous iteration of
the root-finding method. Each iteration within a timestep runs the root-finding method to
solve for the solution using equation sets associated with a variable number of cells 1n the
plurality of cells. The solved solution at each timestep 1s outputted when the equation sets
associated with substantially all cells 1n the reservoir model satisty a convergence criterion at

said each timestep.

[0019] The number of cells associated with the equation sets used to solve for the
solution may be varied based on the previous iteration solution. The variable number of cells

may 1nclude cells having equation sets that have not satisfied the convergence criterion
_6 -
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during the previous iteration. The variable number of cells may also include a variable border
arca of cells having equation sets that have satisfied the convergence criterion during the

previous iteration.

[0020] In another aspect, a computer program product 1s provided having computer
executable logic recorded on a tangible, machine readable medium. The computer program
product includes: (a) code for providing an initial guess to a solution for a first system of
cequations formed using an equation set for each of a plurality of cells 1n a model of a
subsurtface hydrocarbon reservoir, wherein the equation set represents a reservoir property;
(b) code for using an 1iterative root-finding method and the 1nitial guess to solve for a solution
to the first system of equations; (¢) code for establishing a list of unconverged cells, the
unconverged cells having equation sets that have not satisfied a convergence criterion; (d)
code for adding neighbor cells of the unconverged cells to the list of unconverged cells when
the number of unconverged cells 1s greater than a predetermined amount, each of the
neighbor cells having an equation set that satisfies the convergence criterion; (¢) code for
repeating parts (b), (¢), and (d), substituting the solved solution for the initial guess or the
most recent solved solution and substituting the equation sets corresponding to the cells 1n the
list of unconverged cells for the system of equations or equation sets from the most recent
iteration, until substantially all equation sets satisfy the convergence criterion; and (f) code
for outputting the solved solution as a simulation of the subsurface reservoir when

substantially all equation sets satisfy the convergence criterion.

[0021] In still another aspect, a method of managing hydrocarbon resources 1s provided.
A subsurface reservoir 1s approximated using a reservolr model having a plurality of cells.
Each cell has an equation set associated therewith that represents a reservoir property. A
solution for a system of equations formed using the equation set 1s estimated for each cell 1n
the plurality of cells. For each timestep, a root-finding method 1s iteratively run to solve for a
solution to the system of equations, using as inputs either the initial guess or subsequent
solutions derived from a previous iteration of the root-finding method. Each iteration within a
timestep runs the root-finding method to solve for the solution using equation sets associated
with a variable number of cells 1n the plurality of cells. A characteristic of the subsurface
reservolr 18 simulated using the solved solution at each timestep when the equation sets
associated with substantially all cells 1n the reservoir model satisty a convergence criterion at

sald each timestep. Hydrocarbons are managed based on the simulated characteristic.

_7 -
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[0022] The simulated characteristic may be fluid flow 1n the subsurface reservorr.
Managing hydrocarbons may comprise extracting hydrocarbons from the subsurface

reservolir.
BRIEF DESCRIPTION OF THE DRAWINGS

[0023] The foregoing and other advantages of the present invention may become
apparent upon reviewing the following detailed description and drawings of non-limiting

examples of embodiments 1n which:
Figure 1 1s a graph demonstrating the known Newton’s Method;
Figure 2 1s a flowchart showing steps used 1n executing the known Newton’s Method;

Figures 3A, 3B, 3C and 3D are schematic diagrams showing convergence of a system of

equations using the known Newton’s Method;

Figure 4 1s a chart showing the number of unconverged cells using a known Newton’s

Method;

Figure 5 1s a graph demonstrating a strategy for performing an adaptive iterative equation

solving method according to disclosed methodologies and techniques;

Figure 6 1s a flowchart of an Adaptive Newton’s Method according to disclosed

methodologies and techniques;

Figures 7A, 7B, 7C, and 7D are schematic diagrams showing convergence of a system of

equations using the Adaptive Newton’s Method;

Figure 8 1s a graph comparing performance of the known Newton’s Method and the Adaptive
Newton’s Method;

Figure 9 1s a schematic diagram showing a cell selection strategy according to disclosed

methodologies and techniques;
Figure 10 1s a flowchart of a method according to disclosed methodologies and techniques;

Figure 11 1s another flowchart of a method according to disclosed methodologies and

techniques;
_R -
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Figure 12 1s a block diagram illustrating a computer environment;
Figure 13 1s a block diagram of machine-readable code;
Figure 14 1s a side elevational view of a hydrocarbon management activity; and

Figure 15 1s a flowchart of a method of extracting hydrocarbons from a subsurface region.

DETAILED DESCRIPTION OF THE INVENTION

[0024] To the extent the following description 1s specific to a particular embodiment or a
particular use, this 1s intended to be illustrative only and 18 not to be construed as limiting the
scope of the invention. On the contrary, 1t 1s intended to cover all alternatives, modifications,

and equivalents that may be included within the spirit and scope of the invention.

[0025] Some portions of the detailed description which follows are presented 1n terms of
procedures, steps, logic blocks, processing and other symbolic representations of operations
on data bits within a memory 1n a computing system or a computing device. These
descriptions and representations are the means used by those skilled 1n the data processing
arts to most effectively convey the substance of their work to others skilled 1n the art. In this
detailed description, a procedure, step, logic block, process, or the like, 1s conceived to be a
self-consistent sequence of steps or instructions leading to a desired result. The steps are
those requiring physical manipulations of physical quantities. Usually, although not
necessarily, these quantities take the form of electrical, magnetic, or optical signals capable of
being stored, transferred, combined, compared, and otherwise manipulated. It has proven
convenient at times, principally for reasons of common usage, to refer to these signals as bits,

values, elements, symbols, characters, terms, numbers, or the like.

[0026] Unless specifically stated otherwise as apparent from the following discussions,
terms such as “providing”, “using”, “solving”, “establishing”, “adding”, “repeating”,
“outputting”,  “employing”,  “estimating”,  “identifying”,  ‘“iterating”,  “running”,
“approximating”, “simulating”, or the like, may refer to the action and processes of a
computer system, or other electronic device, that transtorms data represented as physical
(electronic, magnetic, or optical) quantities within some electrical device’s storage into other
data similarly represented as physical quantities within the storage, or in transmission or
display devices. These and similar terms are to be associated with the appropriate physical

quantities and are merely convenient labels applied to these quantities.
_ 0 _
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[0027] Embodiments disclosed herein also relate to an apparatus for performing the
operations herein. This apparatus may be specially constructed for the required purposes, or 1t
may comprise a gencral-purpose computer selectively activated or reconfigured by a
computer program or code stored 1n the computer. Such a computer program or code may be
stored or encoded 1n a computer readable medium or implemented over some type of
transmission medium. A computer-readable medium includes any medium or mechanism for
storing or transmitting information in a form readable by a machine, such as a computer
(‘machine’ and ‘computer’ are used synonymously herein). As a non-limiting example, a
computer-readable medium may include a computer-readable storage medium (e.g., read only
memory (“ROM?™), random access memory (“RAM?”), magnetic disk storage media, optical
storage media, flash memory devices, etc.). A transmission medium may be twisted wire
pairs, coaxial cable, optical fiber, or some other suitable transmission medium, for
transmitting signals such as electrical, optical, acoustical or other form of propagated signals

(e.g., carrier waves, infrared signals, digital signals, etc.).

[0028] Furthermore, modules, features, attributes, methodologies, and other aspects can
be implemented as software, hardware, firmware or any combination thercof. Wherever a
component of the invention 18 implemented as software, the component can be implemented
as a standalone program, as part of a larger program, as a plurality of separate programs, as a
statically or dynamically linked library, as a kernel loadable module, as a device driver,
and/or 1n every and any other way known now or in the future to those of skill in the art of
computer programming. Additionally, the invention 1s not limited to implementation in any

specific operating system or environment.

[0029] Example methods may be better appreciated with reference to flow diagrams.
While for purposes of simplicity of explanation, the 1llustrated methodologies are shown and
described as a series of blocks, 1t 1s to be appreciated that the methodologies are not limited
by the order of the blocks, as some blocks can occur in different orders and/or concurrently
with other blocks from that shown and described. Moreover, less than all the 1llustrated
blocks may be required to implement an example methodology. Blocks may be combined or
separated 1nto multiple components. Furthermore, additional and/or alternative
methodologies can employ additional blocks not shown herein. While the figures illustrate
various actions occurring serially, 1t 18 to be appreciated that various actions could occur 1n

series, substantially in parallel, and/or at substantially different points in time.
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[0030] Various terms as used herein are detined below. To the extent a term used 1n a
claim 1s not defined below, 1t should be given the broadest possible definition persons in the
pertinent art have given that term as reflected 1n at least one printed publication or 1ssued

patent.

[0031] As used herein, “and/or” placed between a first entity and a second entity means
one of (1) the first entity, (2) the second entity, and (3) the first entity and the second entity.
Multiple elements listed with "and/or" should be construed in the same fashion, 1.e., "one or

more" of the elements so conjoined.

[0032] As used hereimn, “cell” 1s a subdivision of a grid, for example, a reservoir
stmulation grid. Cells may be two-dimensional or three-dimensional. Cells may be any shape,

according to how the grid 1s defined.

[0033] As used herein, “displaying” includes a direct act that causes displaying, as well
as any indirect act that facilitates displaying. Indirect acts include providing software to an
end user, maintaining a website through which a user 1s enabled to affect a display,
hyperlinking to such a website, or cooperating or partnering with an entity who performs
such direct or indirect acts. Thus, a first party may operate alone or 1n cooperation with a
third party vendor to enable the reference signal to be generated on a display device. The
display device may include any device suitable for displaying the reference 1mage, such as
without Iimitation a CRT monitor, a LCD monitor, a plasma device, a flat panel device, or
printer. The display device may include a device which has been calibrated through the use
of any conventional software intended to be used 1n evaluating, correcting, and/or improving
display results (e.g., a color monitor that has been adjusted using monitor calibration
software). Rather than (or 1n addition to) displaying the reference 1image on a display device,
a method, consistent with the invention, may include providing a reference image to a
subject. "Providing a reference 1mage" may include creating or distributing the reference
image to the subject by physical, telephonic, or electronic delivery, providing access over a
network to the reference, or creating or distributing software to the subject configured to run
on the subject's workstation or computer including the reference 1mage. In one example, the
providing of the reference 1image could involve enabling the subject to obtain the reference
image 1n hard copy form wvia a printer. For example, information, software, and/or
instructions could be transmitted (e.g., electronically or physically via a data storage device

or hard copy) and/or otherwise made available (e.g., via a network) 1n order to facilitate the
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subject using a printer to print a hard copy form of reference image. In such an example, the
printer may be a printer which has been calibrated through the use of any conventional
software intended to be used 1 evaluating, correcting, and/or improving printing results (e.g.,

a color printer that has been adjusted using color correction software).

[0034] As used herein, “exemplary” 1s used exclusively herein to mean "serving as an
example, instance, or illustration." Any aspect described herein as "exemplary” 1s not

necessarily to be construed as preferred or advantageous over other aspects.

[0035] As used herein, "hydrocarbon reservoirs" include reservoirs containing any
hydrocarbon substance, including for example one or more than one of any of the following:

o1l (often referred to as petroleum), natural gas, gas condensate, tar and bitumen.

[0036] As used herein, “hydrocarbon management” or “managing hydrocarbons”
includes hydrocarbon extraction, hydrocarbon production, hydrocarbon exploration,
identifying potential hydrocarbon resources, identifying well locations, determining well
injection and/or extraction rates, identifying reservoir connectivity, acquiring, disposing of
and/or abandoning hydrocarbon resources, reviewing prior hydrocarbon management

decisions, and any other hydrocarbon-related acts or activities.

[0037] As used herein, "machine-readable medium" refers to a medium that participates
in directly or indirectly providing signals, instructions and/or data. A machine-readable
medium may take forms, including, but not limited to, non-volatile media (e.g. ROM, disk)
and volatile media (RAM). Common forms of a machine-readable medium include, but are
not limited to, a floppy disk, a flexible disk, a hard disk, a magnetic tape, other magnetic
medium, a CD-ROM, other optical medium, a RAM, a ROM, an EPROM, a FLASH-
EPROM, EEPROM, or other memory chip or card, a memory stick, and other media from

which a computer, a processor or other electronic device can read.
[0038] In the context of cell location, “neighbor” means adjacent or nearby.

[0039] As used herein, "subsurface" means beneath the top surface of any mass of land at
any clevation or over a range of elevations, whether above, below or at sea level, and/or

beneath the floor surface of any mass of water, whether above, below or at sea level.
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[0040] Example methods may be better appreciated with reference to flow diagrams.
While for purposes of simplicity of explanation, the 1llustrated methodologies are shown and
described as a series of blocks, 1t 1s to be appreciated that the methodologies are not limited
by the order of the blocks, as some blocks can occur 1n different orders and/or concurrently
with other blocks from that shown and described. Moreover, less than all the 1llustrated
blocks may be required to implement an example methodology. Blocks may be combined or
separated 1nto multiple components. Furthermore, additional and/or alternative
methodologies can employ additional blocks not shown herein. While the figures illustrate
various actions occurring serially, 1t 18 to be appreciated that various actions could occur 1n

series, substantially 1n parallel, and/or at substantially different points in time.

[0041] According to methodologies and techniques disclosed herein, an adaptive iterative
root-finding method 1s used to solve systems of reservoir simulation equations at each desired
timestep. As previously explained, an iterative root-finding method such as Newton’s Method
characterizes the system of simulation equations into a form that makes the solution an
exercise 1n finding the zeros of a function, 1.¢. finding x such that f(x) = 0. It 1s observed that
in reservoir simulators the convergence behavior of Newton’s Method 18 non-uniform

through the reservoir grid. Some parts of the reservoir grid converge (1.e., the

term (x, —x, ;)18 below g) in a single iteration while other parts of the reservoir grid require

many 1terative steps to converge. The standard Newton’s Method requires that equations for
the entire reservolr grid system are solved at each iteration, regardless whether parts of the
reservolr have already converged. In an aspect, a method 1s provided to adaptively target an
iterative method like Newton’s Method to only a portion of the reservoir cells while not

losing the effectiveness of the convergence method.

[0042] More specifically, 1t 1s noted that portions of a reservoir simulation domain are
relatively easy to solve while other arcas are relatively hard to solve. Typical reservoir
stmulation models 1involve the injection or production of fluid at specific locations. It 1s the
arcas around these injection/production locations that the hard solutions typically appear.
This leads to the variability in the solution characteristics 1n a reservoir simulator. Applying
standard methods that apply the same technique to all areas of the reservoirs will suffer from
a “‘weakest link” phenomenon, 1.e. the solution method will apply the same amount of effort
in solving 1n the problem 1n the easy and hard areas, thereby leading to overwork on the total

solution.
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[0043] Figure 4 1s a chart 40 showing four empirical datasets from actual reservoirs
showing this “weakest link” characteristic of simulation solutions and the observation that
stmulation models are constrained by a small subset of the actual grid cells. In these four
simulation runs, the number of unconverged cells, “hard cells”, at each 1teration was noted at
two different timesteps. If the simulation system converges uniformly at each iteration then
all the grid cells should approach the true solution (1.e., converge) at the same time. However,
the empirical data does not show uniform convergence. Dataset A shows that after the first
iteration 109,165 of the 110,000 cells have converged with only 835 cells not converging.
The conventional Newton’s Method uses all 110,000 cells in the second iteration, even
though only 835 cells are not at the true solution. Similar trends are seen for Dataset B,

Dataset C, and Dataset D.

[0044] According to aspects disclosed herein, an adaptive iterative method that only
works on the unconverged cells during each iteration of Newton’s Method takes advantage of
the extremely non-uniform convergence behavior found in reservoir simulation datasets.
Figure 5 1s a graph 50 showing a graphic representation of the Adaptive Newton Method
according to aspects disclosed herein. The true solution that the reservoir simulator seeks to
find at a particular time 18 given by the solid line 52. The 1nitial guess 53 1s everywhere
relatively far from the true solution. Two iterations of an iterative solution method, such as
Newton’s Method, are shown by dashed lines 55, 56. Conventional application of an 1terative
solution method to reservoir simulators secks to find the solution along the entire x-axis.
According to disclosed techniques and methodologies, the Adaptive Newton’s Method uses
knowledge of the previous iterative method to only to continue to work 1n a subset of the
modeled domain (the x-axis). This subset 1s the part of the solution space furthest from the
true solution and 1s shown by the arca 51. The Adaptive Newton’s Method attempts no

solutions 1n areas outside of arca 51 as those areas have already converged.

[0045] Figure 6 18 a flowchart of the Adaptive Newton’s Method 60 that may be used to
perform a simulation of a subsurface hydrocarbon reservoir according to disclosed aspects.
The reservoir may be approximated by a reservoir model, which has a plurality of cells. Each
cell has one or more equations (an equation set) characterizing one Or more reservoir

properties, such as fluid flow, in the cell. In this discussion the term “cell” may be used

—

interchangeably with 1ts associated equation set. At block 61 a solution vector Xx,,

Z

representing the solutions for the system of equations, 18 set to an initial guess x,. The
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number of cells to solve, Z;, 1s set to the total number of cells Z,. At block 62 a Jacobian

Matrix J; and a vector Z_);. arc constructed for all cells Z; using the solution vector x,. At

block 63 a new solution estimate X, 1s obtained for cells Z;. At block 64 it 1s determined

which cells Z;; are unconverging, which may be defined as having associated equation sets
that have not satisfied a convergence criterion €. If the number of unconverging cells 1s zero,
then at block 65 the method stops. However, 1f at block 66 1t 1s determined that the number of
unconverging cells 1s not zero, then at block 67a the neighbors Z;» of the unconverged cells
Z;; are found. At block 67b a new list Z;31s created comprising the unconverged cells Z;; and

the neighbors Z;». At block 67¢ the new list Z;3 becomes the list of cells to proceed 1n the next

iteration. The solution guess vector x, 18 set to the new solution estimate X, , and the process

returns to block 62. The method repeats until no cells are unconverging. At that point the

system of equations may be considered solved.

[0046] In the 1terative loop of the known Newton’s Method (Figure 2) the number of grid
cells used to construct the Jacobian matrix J and the residual vector Z;;. 1s constant for every

iteration. In the Adaptive Newton’s Method (Figure 6), only those cells where the solution

has yet to be found, and their converged neighbor cells, are used 1n subsequent updates of the

Jacobian matrix J and the residual vector Z_);. . As a result, the size of the Jacobian matrix J and

—

the vector b, may vary with each iteration, and 1deally will be much smaller than the fixed-

sized Jacobian matrix J and b, used with known methods. The successively smaller size of

the systems of equations used by the adaptive approach means less computational resources

and time are required to run a reservoir simulation when compared with known methods.

[0047] Figures 7A, 7B, 7C and 7D depict a two-dimensional 13-by-13 rectangular grid 70
stmilar to the grid 30 shown in Figures 3A-3D. Each cell in grid 70 has an equation set
assoclated therewith. Prior to any iteration (Figure 3A) the 169 equation sets are used as
inputs to the Adaptive Newton’s Method. After one iteration of the Adaptive Newton’s
Method (Figure 3B) the equation sets associated with 111 cells have converged (shown by

the lighter-colored cells 72 and 73). In other words, some arcas of the reservoir have found

solutions such that the term (x, —x._,)1s below ¢ for those areas. The unconverged cells are

shown as darker colored cells 74. Instead of using all 169 equations sets 1n the second

iteration (Figure 3C), the Adaptive Newton’s Method solves only for the unconverged
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equation sets (represented by cells 74) and the converged equation sets associated with the
cells that neighbor cells 74 (in Figure 3B, cells 73), which together number 88. After the
second 1teration (Figure 3C) the equation sets associated with 147 cells have converged (cells
74 and 75) and the equation sets associated with 22 cells have not converged (cells 76). 39
equation sets (representing the number of unconverged cells 76 and their converged neighbor
cells 75) are returned for a third iteration (Figure 3D). After the third iteration 1s completed
all equation sets have converged. The decreasing number of equation sets to be solved at each
iteration of the Adaptive Newton’s Method results 1n a significant time and computational

savings over known methods.

[0048] Figure 8 18 a chart 80 comparing computational titme required to run a reservoir
simulation for four empirical datasets A, B, C, and D. Bars 82a-82d represent the time
required to perform a reservoir simulation according to the known Newton’s Method,
normalized to one. Bars 84a-84d represent the time required to perform the same reservoir
stmulations using the Adaptive Newton’s Method disclosed herein. Inmitial runs of the
Adaptive Newton’s Method as disclosed herein resulted in 1tmproved solution times by a
factor of about two, and 1t 1s expected further runs 1n a reservoir stmulator will show even

better performance improvements.

[0049] Aspects described herein use the Adaptive Newton’s Method at each iteration.
However, the smaller solution sets formed at the later iterations could be solved by root-
finding methods that are more efficient for the smaller sizes of equation sets, such as a direct
solver. Changing the size of the matrix as well as the type of method for each iteration 1s an

additional variation.

[0050] As discussed previously, including cells bordering or neighboring converged cells
helps the Adaptive Newton’s Method work successtully. It 1s believed this 1s so because the
border cells provide accurate boundary conditions to the unconverged cells. Previously
disclosed aspects have used only one layer of neighbor cells, but in another aspect more than
one layer of neighbors may be used. As this would increase the number of equation sets to be
solved at each iteration, some of the solving time otherwise saved would be lost. However,
having two or more layers of neighbor cells might be useful in making the method more
robust for very difficult problems. Figure 9 illustrates this 1dea with a 13-by-13 rectangular
orid 90 similar to rectangular grid 70. On the second 1teration of an 1terative root solver such

as the Adaptive Newton’s Method, the nearest two neighbors 92 to each unconverged cell 94
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arc included 1n a subsequent iteration of the Adaptive Newton’s Method. While this increases
the number of equation sets to solve from 39 to 63, 1t still 1s significantly less than the known
Newton’s Method, which as demonstrated would use 169 equation sets 1n each iteration. In
unusual cases the number of selected neighboring converged cells may total all but one of the
converged cells, or alternatively may comprise a single converged cell. In other words the
number of selected neighbor cells may be between 1 and W-1, where W 1s the number of
cells having equation sets that satisty the convergence criterion at the relevant iteration. Other
strategies or methods to select the number and location of converged cells to be combined

with unconverged cells are contemplated.

[0051] In another aspect, a post-Newton material balance correction/smoothing
mechanism 18 disclosed. Because the global system 1s not solved at every single Newton
iteration, some material balance errors or non-smoothness 1n the solution might be
introduced. Among the possible approaches that can be used as a post-Newton smoother 18
known as an explicit molar update. Using the converged solution and updated reservoir
properties on each cell, the molar fluxes on connections between cells can be calculated. The

molar fluxes at each cell can be updated with

CO¥FLH

N;:.l =N, ;. — Atz Ul [Equation 5]
r

m,i—>j

where N is the moles for component m in cell i, Ar is a timestep size, and U”" . is the

m,i—>j

molar flux for component m between cell 7 and cell j with updated reservoir properties.

[0052] Another more sophisticated smoother 1s to use the 1dea of total volumetric flux
conservation. With this scheme, the saturation correction can be computed while counting for
any material balance errors or volume discrepancies 1n the system. One specific form with the

volume balance formulation 1s shown here:

\ n+1 \ n-+1

comp(’ ﬁV CONH phase—1 4 ﬂ] o comp/ ﬁV N\
pIAss, + Ay | 2 SR . e | gy g
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i i

[Equation 6]

. . 1 - 1 1 . .
In this equation, V) is pore volume, V" is phase volume, S is phase saturation, J5,, , 1S

saturation correction, and the material balance errors and phase volume discrepancies are
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The molar flux can be updated with the saturation correction term as

| phase1( A7\ |
Urr, =UML +> > —=| &5, [Equation 9]
k=i,j v \ O/SV k)

[0053] Figure 10 1s a flowchart showing a method 60a similar to the method shown in
Figure 6. Method 60a additionally employs a post-Newton material balance corrector. If at
block 66 1t 1s determined that the number of unconverging cells 1s zero or substantially zero,
then at block 68 a post-Newton material balance corrector 1s employed as previously

discussed. Once the material balance 1s corrected, at block 65 the method stops or ends.

[0054] Although methodologies and techniques described herein have used rectangular
orids for demonstration purposes, grids of any size, type, or shape may be used with the

disclosed aspects.

[0055] Figure 11 1s a flowchart showing a method 100 of performing a simulation of a
subsurface hydrocarbon reservoir according to aspects described herein. At block 102 a
model of the subsurface hydrocarbon reservoir 1s established. The model 1s formed of a
plurality of cells. Each of the cells has an equation set associated therewith. The equation set
includes one or more equations that represent a reservoir property in the respective cell. At
block 104 the number and frequency of timesteps 1s set. The timesteps may be measured by
any unit of time, such as seconds, months, years, centuries, and so forth. At block 106
solutions to the equation sets are discovered according to according to aspects and
methodologies disclosed herein. For example the Adaptive Newton’s Method, as disclosed
herein, may be performed iteratively at each timestep. Based on the output of block 106, at
block 108 a reservoir simulation 18 generated, and at block 109 the simulation results are

outputted, such as by displaying the simulation results.

[0056] Figure 12 illustrates an exemplary system within a computing environment for
implementing the system of the present disclosure and which includes a computing device 1n

the form of a computing system 110, which may be a UNIX-based workstation or
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commercially available from Intel, IBM, AMD, Motorola, Cyrix and others. Components of
the computing system 110 may include, but are not limited to, a processing unit 114, a system
memory 116, and a system bus 146 that couples various system components including the
system memory to the processing unit 114. The system bus 146 may be any of several types
of bus structures including a memory bus or memory controller, a peripheral bus, and a local

bus using any of a variety of bus architectures.

[0057] Computing system 110 typically includes a variety of computer readable media.
Computer readable media may be any available media that may be accessed by the
computing system 110 and includes both volatile and nonvolatile media, and removable and
non-removable media. By way of example, and not limitation, computer readable media may
comprise computer storage media and communication media. Computer storage media
includes volatile and nonvolatile, removable and non removable media implemented 1n any
method or technology for storage of information such as computer readable instructions, data

structures, program modules or other data.

[0058] Computer memory includes, but 1s not limited to, RAM, ROM, EEPROM, flash
memory or other memory technology, CD-ROM, digital versatile disks (DVD) or other
optical disk storage, magnetic cassettes, magnetic tape, magnetic disk storage or other
magnetic storage devices, or any other medium which may be used to store the desired

information and which may be accessed by the computing system 110.

[0059] The system memory 116 includes computer storage media 1n the form of volatile
and/or nonvolatile memory such as read only memory (ROM) 120 and random access
memory (RAM) 122. A basic input/output system 124 (BIOS), containing the basic routines
that help to transfer information between elements within computing system 110, such as
during start-up, 1s typically stored in ROM 120. RAM 122 typically contains data and/or
program modules that are immediately accessible to and/or presently being operated on by
processing unit 114. By way of example, and not limitation, Figure 12 illustrates operating

system 126, application programs 128, other program modules 130 and program data 132.

[0060] Computing system 110 may also include other removable/non-removable,
volatile/nonvolatile computer storage media. By way of example only, Figure 12 1llustrates a
hard disk drive 134 that reads from or writes to non-removable, nonvolatile magnetic media,

a magnetic disk drive 136 that reads from or writes to a removable, nonvolatile magnetic disk
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138, and an optical disk drive 140 that reads from or writes to a removable, nonvolatile
optical disk 142 such as a CD ROM or other optical media. Other removable/non-removable,
volatile/nonvolatile computer storage media that may be used in the exemplary operating
environment include, but are not limited to, magnetic tape cassettes, flash memory cards,
digital versatile disks, digital video tape, solid state RAM, solid state ROM, and the like. The
hard disk drive 134 1s typically connected to the system bus 146 through a non-removable
memory interface such as interface 144, and magnetic disk drive 136 and optical disk drive
140 are typically connected to the system bus 146 by a removable memory interface, such as

intertace 14%.

[0061] The drives and their associated computer storage media, discussed above and
illustrated 1n Figure 12, provide storage of computer readable instructions, data structures,
program modules and other data for the computing system 110. In Figure 12, for example,
hard disk drive 134 1s illustrated as storing operating system 178, application programs 180,
other program modules 182 and program data 184. These components may either be the same
as or different from operating system 126, application programs 130, other program modules
130, and program data 132. Operating system 178, application programs 180, other program
modules 182, and program data 184 are given different numbers hereto illustrates that, at a

minimum, they are different copies.

[0062] A user may enter commands and information into the computing system 110
through input devices such as a tablet, or electronic digitizer, 150, a microphone 152, a
keyboard 154, and pointing device 156, commonly referred to as a mouse, trackball, or touch
pad. These and other input devices often may be connected to the processing unit 114 through
a user mput interface 158 that 1s coupled to the system bus 118, but may be connected by

other interface and bus structures, such as a parallel port, game port or a universal serial bus

(USB).

[0063] A monitor 160 or other type of display device may be also connected to the
system bus 118 via an interface, such as a video interface 162. The monitor 160 may be
integrated with a touch-screen panel or the like. The monitor and/or touch screen panel may
be physically coupled to a housing in which the computing system 110 1s incorporated, such
as 1n a tablet-type personal computer. In addition, computers such as the computing system
110 may also include other peripheral output devices such as speakers 164 and printer 166,

which may be connected through an output peripheral interface 168 or the like.
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[0064] Computing system 110 may operate in a networked environment using logical
connections to one or more remote computers, such as a remote computing system 170. The
remote computing system 170 may be a personal computer, a server, a router, a network PC,
a peer device or other common network node, and typically includes many or all of the
clements described above relative to the computing system 110, although only a memory
storage device 172 has been illustrated in Figure 12. The logical connections depicted 1n
Figure 12 include a local arca network (LAN) 174 connecting through network interface 186
and a wide area network (WAN) 176 connecting via modem 188, but may also include other
networks. Such networking environments are commonplace 1n offices, enterprise-wide
computer networks, intranets and the Internet. For example, computer system 110 may
comprise the source machine from which data 1s being migrated, and the remote computing
system 170 may comprise the destination machine. Note however that source and destination
machines need not be connected by a network or any other means, but instead, data may be
migrated via any machine-readable media capable of being written by the source platform

and read by the destination platform or platforms.

[0065] The central processor operating system or systems may reside at a central location
or distributed locations (i1.e., mirrored or stand-alone). Software programs or modules
instruct the operating systems to perform tasks such as, but not limited to, facilitating client
requests, system maintenance, security, data storage, data backup, data mining,
document/report generation and algorithms. The provided functionality may be embodied
directly 1n hardware, 1in a software module executed by a processor or in any combination of

the two.

[0066] Furthermore, software operations may be executed, in part or wholly, by one or
more servers or a client's system, via hardware, software module or any combination of the
two. A software module (program or executable) may reside in RAM memory, flash
memory, ROM memory, EPROM memory, EEPROM memory, registers, hard disk, a
removable disk, a CD-ROM, DVD, optical disk or any other form of storage medium known
in the art. For example, a storage medium may be coupled to the processor such that the
processor may read information from, and write information to, the storage medium. In the
alternative, the storage medium may be integral to the processor. The processor and the
storage medium may also reside m an application-specific mtegrated circuit (ASIC). The bus

may be an optical or conventional bus operating pursuant to various protocols that are well
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known 1n the art. One system that may be used 1s a Linux workstation configuration with a
Linux 64-bit or 32-bit Red Hat Linux WS3 operating system, and an NVIDIA Quadro

oraphics card. However, the system may operate on a wide variety of hardware.

[0067] Figure 13 shows a representation of machine-readable code 200 that may be used
with a computing system such as computing system 110. At block 202 code 1s provided for
providing an 1nitial guess to a solution for a first system of equations formed using an
equation set for each of a plurality of cells 1n a model of a subsurtace hydrocarbon reservorr,
wherein the equation set represents a reservoir property. At block 204 code 1s provided for
using an iterative root-finding method and the 1nitial guess to solve for a solution to the first
system of equations. At block 206 code 1s provided for establishing a list of cells having
equation sets that have not satisfied a convergence criterion. At block 208 code 1s provided
for adding, to the list of cells, neighbors of the cells having equation sets that have not
satisfied the convergence criterion, when the number of cells having equation sets that have
not satisfied the convergence criterion 18 greater than a predetermined amount. At block 210
code 1s provided for repeating the code 1n blocks 204, 206 and 208, substituting the solved
solution for the initial guess and the equation sets corresponding to the cells 1n the list of cells
for the first system of equations, until substantially all equation sets satisfy the convergence
criterion. At block 212 code 1s provided for outputting the solved solution as a simulation of
the subsurtace reservoir when substantially all equation sets satisfy the convergence criterion.
Code effectuating or executing other features of the disclosed aspects and methodologies may
be provided as well. This additional code 1s represented 1n Figure 13 as block 214, and may
be placed at any location within code 200 according to computer code programming

techniques.

[0068] Aspects disclosed herein may be used to perform hydrocarbon management
activities such as extracting hydrocarbons from a subsurface region or reservoir, which 1s
indicated by reference number 250 1in Figure 14. A method 300 of extracting hydrocarbons
from subsurface reservoir 252 1s shown 1n Figure 15. At block 302 mputs are received from a
numerical model, geologic model, or flow simulation of the subsurface region, where the
model or simulation has been run or improved using the methods and aspects disclosed
herein. At block 304 the presence and/or location of hydrocarbons 1n the subsurface region 1s
predicted. At block 306 hydrocarbon extraction 1s conducted to remove hydrocarbons from

the subsurface region, which may be accomplished by drilling a well 254 using o1l drilling

ol
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equipment 256 (Figure 14). Other hydrocarbon management activities may be performed

according to known principles.

[0069] The disclosed aspects, methodologies and techniques may be susceptible to
various modifications, and alternative forms and have been shown only by way of example.
The disclosed aspects, methodologies and techniques are not intended to be limited to the
specifics of what 1s disclosed herein, but include all alternatives, modifications, and

equivalents falling within the spirit and scope of the appended claims.
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CLAIMS
What 1s claimed 1s:

1. A method of performing a simulation of a subsurtace hydrocarbon reservorr,
the reservoir being approximated by a reservoir model having a plurality of cells, each cell
having associated therewith an equation set representing a reservoir property, the method
comprising:

(a) providing an initial guess to a solution for a system of equations formed using the
equation set for each cell 1n the plurality of cells;

(b) using an iterative root-finding method and the initial guess to solve for a solution
to the system of equations;

(¢) establishing a list of unconverged cells, the unconverged cells having equation sets
that have not satisfied a convergence criterion;

(d) when the number of unconverged cells 1s greater than a predetermined amount,
adding, to the list of unconverged cells, neighbor cells of the unconverged cells, each of said
neighbor cells having an equation set that satisfies the convergence criterion;

(e) repeating parts (b), (¢), and (d), substituting the solved solution for the initial guess
or the most recent solved solution and substituting the equation sets corresponding to the cells
in the list of unconverged cells for the system of equations or equation sets from the most
recent 1teration, until substantially all equation sets satisfy the convergence criterion; and

(f) when substantially all equation sets satisfy the convergence criterion, outputting

the solved solution as a simulation of the subsurface reservotr.

2. The method of claim 1, wherein the reservoir property 1s at least one of fluid

pressure and fluid saturation.

3. The method of claim 1, wherein some or all of the method 1s performed using
a computer.

4. The method of claim 1, wherein the reservoir property 1s fluid flow.

3. The method of claim 1 wherein the iterative root-finding method comprises

Newton’s Method.
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6. The method of claim 1, wherein the simulation ot the subsurtface reservoir 1s a
stmulation at a first timestep, the method further comprising:

(g) repeating parts (a) through (f) at additional timesteps; and

(h) outputting the solved solutions for the first timestep and the additional timesteps,

the solved solutions simulating the subsurtace reservoir over time.

7. The method of claim 1, wherein the neighbor cells are adjacent the cells

having equation sets that have not satisfied the convergence criterion.

3. The method of claim 1, wherein the number of neighbor cells 1s between 1 and
W-1, where W 1s the number of cells having equation sets that satisty the convergence

criterion.

9. The method of claim 1, wherein outputting the solved solution includes

displaying the solved solution.

10.  The method of claim 1, wherein the predetermined amount 1s zero.

11.  The method of claim 1, further including employing a post-Newton material

balance corrector when substantially all equation sets satisfy the convergence criterion.

12.  The method of claim 11, wherein the post-Newton material balance corrector

employs an explicit molar update or total volumetric flux conservation.

13. A method of performing a simulation of a subsurface hydrocarbon reservorr,
the reservoir being approximated by a reservoir model having a plurality of cells, each cell
having associated therewith an equation set representing a reservoir property, the method
comprising:

(a) estimating a solution for a first system of equations formed using the equation sets
associated with the plurality of cells;

(b) using an iterative root-finding method and the estimated solution to find a first

solved solution to the first system of equations;
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(¢) establishing a list of cells having equation sets that have not satisfied a
convergence criterion;

(d) adding, to the list of cells, neighbors of the cells having equation sets that have not
satisfied the convergence criteria;

(¢) 1dentifying a second solved solution to the equation sets associated with the cells
in the list of cells;

(f) 1terating parts (¢), (d), and (e) until substantially all equation sets satisfy the
convergence criterion, wherein the list of cells and the second solved solution are replaced
each 1teration; and

(g) when substantially all equation sets satisfy the convergence criterion, outputting

the second solved solution as a simulation of the subsurface reservotr.

14. The method of claim 13, wherein the second solved solution 1s 1dentified using

a direct solver.

15. The method of claim 13, wherein the second solved solution 1s 1dentified using

an 1terative root-finding method.

16. The method of claim 15, wherein the iterative root-finding method 1s

Newton’s Method.

17.  The method of claim 13, wherein the iterative root-finding method 1s

Newton’s Method.

18. The method of claam 13, further comprising employing a post-Newton

material balance corrector when substantially all equation sets satisfy the convergence

criterion.

19. A method of performing a stmulation of a subsurface hydrocarbon reservoir
over a plurality of timesteps, the reservoir being approximated by a reservoir model having a
plurality of cells, each cell having associated therewith an equation set representing a

reservoir property, the method comprising:
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estimating a solution for a system of equations formed using the equation set for each

cell 1in the plurality of cells;

for each timestep, iteratively running a root-finding method to solve for a solution to
the system of equations, using as inputs either the initial guess or subsequent solutions
dertved from a previous iteration of the root-finding method, wherein each iteration within a
timestep runs the root-finding method to solve for the solution using equation sets associated

with a variable number of cells 1n the plurality of cells; and

outputting the solved solution at each timestep when the equation sets associated with
substantially all cells 1n the reservoir model satistfy a convergence criterion at said each

timestep.

20. The method of claim 19, wherein the number of cells associated with the

equation sets used to solve for the solution 1s varied based on the previous iteration solution.
21. The method of claim 19, wherein the variable number of cells includes

cells having equation sets that have not satisfied the convergence criterion during the

previous iteration, and

a variable border area of cells having equation sets that have satisfied the convergence

criterion during the previous iteration.

22. A computer program product having computer executable logic recorded on a
tangible, machine readable medium, the computer program product comprising:

(a) code for providing an 1nitial guess to a solution for a system of equations formed
using an equation set for each of a plurality of cells 1n a model of a subsurtace hydrocarbon
reservolir, wherein the equation set represents a reservoir property;

(b) code for using an iterative root-finding method and the initial guess to solve for a
solution to the first system of equations;

(¢c) code for establishing a list of unconverged cells, the unconverged cells having
equation sets that have not satisfied a convergence criterion;

(d) code for adding neighbor cells of the unconverged cells to the list of unconverged
cells when the number of unconverged cells 1s greater than a predetermined amount, each of

the neighbor cells having an equation set that satisfies the convergence criterion;
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(¢) code for repeating parts (b), (¢), and (d), substituting the solved solution for the
initial guess or the most recent solved solution and substituting the equation sets
corresponding to the cells 1n the list of unconverged cells for the system of equations or
equation sets from the most recent iteration, until substantially all equation sets satisty the
convergence criterion; and

(f) code for outputting the solved solution as a simulation of the subsurface reservoir

when substantially all equation sets satisfy the convergence criterion.

23. A method of managing hydrocarbon resources, comprising:
approximating a subsurface reservoir using a reservoir model having a plurality of

cells, each cell having associated therewith an equation set representing a reservoir property;

estimating a solution for a system of equations formed using the equation set for each

cell 1in the plurality of cells;

for each timestep, 1teratively running a root-finding method to solve for a solution to
the system of equations, using as inputs either the initial guess or subsequent solutions
dertved from a previous iteration of the root-finding method, wherein each iteration within a
timestep runs the root-finding method to solve for the solution using equation sets associated

with a variable number of cells 1n the plurality of cells;

simulating a characteristic of the subsurface reservoir using the solved solution at
cach timestep when the equation sets associated with substantially all cells 1n the reservoir

model satisfy a convergence criterion at said each timestep; and
managing hydrocarbons based on the simulated characteristic.

24, The method of claim 23, wherein the simulated characteristic 1s fluid tlow 1n

the subsurface reservoir.

25. The method of claim 23, wherein managing hydrocarbons comprises

extracting hydrocarbons from the subsurface reservoir.
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202

Code For Providing an Initial Guess to a Solution for a First
System of Equations Formed Using an Equation Set for

Each of a Plurality of Cells in a Model of a Subsurface
Hydrocarbon Reservoir, Wherein the Equation Set
Represents a Reservoir Property

204

Code for Using an lterative Root-finding Method and the
Initial Guess to Solve for a Solution to the First
System of Equations

206

Code for Establishing a List of Cells Having Equation Sets
that Have Not Satisfied a Convergence Criterion

208

Code for Adding, to the List of Cells, Neighbors of the Cells
Having Equation Sets that Have Not Satisfied the
Convergence Criterion, When the Number of Cells Having
Equation Sets that Have Not Satisfied the Convergence
Criterion is Greater than a Predetermined Amount

210

Code for Repeating the Code in Blocks 204, 206, and 208,
Substituting the Solved Solution for the Initial Guess and the
Equation Sets Corresponding to the Cells in the List of
Cells for the First System of Equations, Until Substantially
All Equation Sets Satisfy the Convergence Criterion

214

212

Code for Outputting the Solved Solution as a Simulation of
the Subsurface Reservoir When Substantially All Equation
Sets Satisfy the Convergence Criterion
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