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(57) Abstract: There is provided a method for
modeling a hydrocarbon reservoir that includes
deriving a computational mesh on a fine un-
structured mesh using a multilevel mixed multi-
scale finite volume (MMMFV) method. Deriv-
ing the computational mesh includes computing
a first algebraic multilevel basis function for a
pressure, constructing an interaction region, and
generating a primary mesh. A second algebraic
multiscale basis function for a velocity approxi-
mation is computed and the primary mesh is dis-
cretized. The hydrocarbon reservoir is simulated
using the computational mesh. A data represen-
tation of a physical hydrocarbon reservoir is
generated in a non-transitory, computer-read-
able, medium based at least in part on the results
of the simulation.
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METHOD AND SYSTEM FOR FINITE VOLUME SIMULATION OF FLOW

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims the benefit of U.S. Provisional Patent Application
61/330,012, filed April 30, 2010, entited METHOD AND SYSTEM FOR FINITE
VOLUME SIMULATION OF FLOW, the entirety of which is incorporated by reference

herein.
FIELD

[0002] Exemplary embodiments of the present techniques relate to a method and system

that provides finite volume simulations of flow in porous media.

BACKGROUND

[0003] This section is intended to introduce various aspects of the art, which may be
associated with exemplary embodiments of the present techniques. This discussion is
believed to assist in providing a framework to facilitate a better understanding of particular
aspects of the present techniques. Accordingly, it should be understood that this section

should be read in this light, and not necessarily as admissions of prior art.

[0004] Modern society is greatly dependant on the use of hydrocarbons for fuels and
chemical feedstocks. Hydrocarbons are generally found in subsurface rock formations that
are generally termed reservoirs. Removing hydrocarbons from the reservoirs depends on
numerous physical properties of the rock formations, such as the permeability of the rock
containing the hydrocarbons, the ability of the hydrocarbons to flow through the rock

formations, and the proportion of hydrocarbons present, among others.

[0005] Often, mathematical models termed “simulation models” are used to simulate
hydrocarbon reservoirs for locating hydrocarbons and optimizing the production of the
hydrocarbons. A simulation model is a type of computational fluid dynamics simulation
where a set of partial differential equations (PDE’s) which govern multi-phase, multi-
component fluid flow through porous media and the connected facility network can be
approximated and solved. This is an iterative, time-stepping process where a particular

hydrocarbon production strategy is optimized.

[0006] Properties for reservoir simulation models, such as permeability or porosity, are
often highly heterogeneous and can vary. The variation is at all length scales from the

smallest to the largest scales that can be comparable to the reservoir size. Computer
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simulations of such models that use a very fine grid discretization to capture the
heterogeneity are computationally very expensive. However, disregarding the heterogeneity

can lead to wrong results.

[0007] In order to achieve reasonable computational performance, the reservoir properties
are often upscaled. For example, a homogenization technique may be employed to define the
reservoir properties on coarser simulation grids. This technique in different variants has been
widely used in the academia and the industry with reasonable success. Nevertheless,
upscaling may have numerous drawbacks. As an example, upscaling may not work well for
problems with non-separable scales, as discussed in greater detail below. Further, upscaling
may not fully capture global features in a reservoir flow. Upscaling may also have

difficulties estimating errors when complicated flows are modeled.

[0008] Heterogeneous or multiscale phenomena can be classified in two categories:
separable scales and non-separable scales. It is common for a porous media to have multiple
scales on which the properties of the media vary. The scales in reservoir may be not
separable, for example, if the features vary continuously across the reservoir. Upscaling
methods may resolve models with separable scales, but may not be able to correctly resolve

non-separable models.

[0009] In addition to non-separable phenomena, there are features like channels, long
fractures and faults that can extend through a large part of the reservoir. These may be
referred to as global features and information. Current upscaling methods can miss the
influence of the global features that could be significant to flow simulations, i.e., there may
not be information that upscaling algorithms can use to generate more complicated models.

Thus, the results may not be very realistic.

[0010] Another approach that may be used instead of, or in addition to, upscaling is
multiscale simulation. In a multiscale simulation, the computations are still performed on a
coarser grid, but fine grid information is used to construct a set of basis functions that may be
used for mapping fine grid properties to the coarse grid. Multiscale simulations can be orders
of magnitude faster than simulations on the fine grid, providing solutions that are of
comparable quality. One multiscale method is the multiscale finite element method
(MSFEM). See, e.g., T.Y. Hou and X.H. Wu, 4 multiscale finite element method for elliptic
problems in composite materials and porous media, J. Comput. Phys., 134:169-189, 1997.
This technique shares similarities to other numerical multiscale methods, such as variational

multiscale finite element methods. See T. Arbogast and K. Boyd, Subgrid upscaling and
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mixed multiscale finite elements, STAM Num. Anal., 44:1150-1171, 2006; see also T.J.R.
Hughes, G.R. Feijoo, L. Mazzei, and J.-B. Quincy, The variational multiscale method — A
paradigm for computational mechanics, Comput. Meth. Appl. Mech. Eng., 166:3-24, 1998.
The techniques may also be similar to heterogencous multiscale methods proposed by W. E
and B. Engquist, The heterogeneous multi-scale methods, Comm. Math. Sci., 1(1) (2003),
pp.87--133. Another approach that has been developed is a mixed multiscale finite element
method MMSFEM, which is locally mass conservative and can be applied to multiphase
simulations. See Z. Chen and T.Y. Hou, 4 mixed multiscale finite element method for elliptic
problems with oscillatory coefficients, Math. Comp., 72:541-576, 2002. As these references
show, intensive research into the use of multiscale methods has been performed for more than
ten years, especially in academia. The simulation problems solved with multiscale methods
have been simplified and are more academic than practical, though there is a trend to apply

multiscale methods to more realistic and complex problems.

[0011] The multiscale methods discussed above use local information and perform well
for separable scales. However, multiscale methods using only local information may suffer
from resonance errors, which can be the dominant error in multiscale simulations. Resonance
errors show up as an oscillation of a function across a simulation cell, increasing in
magnitude near the edges of a cell in a simulation mesh. The resonance errors are usually
proportional to the ratio between the characteristic length scale and the coarse mesh size. The
ratios are small when the magnitudes of the characteristic length scales are distinctly different
from the magnitude of the coarse mesh size. The ratios become large when the characteristic
length scales are close to the coarse mesh size. Thus, the errors show up for the entire range
of the characteristic length scales, and the errors are different for different characteristic
length scales. See, e.g., Y. Efendiev, V. Gunting, T.Y. Hou, and R. Ewing, Accurate
multiscale finite element methods for two-phase flow simulations, J. Comp. Phys.,
220(1):155-174, 2006. Using some limited global information may be useful for the
construction of basis functions in order to develop multiscale methods that reduce or remove
resonance errors, see J.E. Aarnes, Y. Efendiev, and L. Jiang, Mixed multiscale finite element
methods using limited global information, SIAM MMS, 7(2):655-676, 2008. Moreover,

MsFEMs using global information may be applicable in problems without scale separation.

[0012] Industrial and academic researchers have reported results for a similar technique,
the MultiScale Finite Volume method (MSFV). See e.g. P. Jenny, S. H. Lee, and H. A.

Tchelepi, Multi-scale finite-volume method for elliptic problems in subsurface flow
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simulation, J. Comput. Phys., 187 (2003), pp. 47-67; see also P. Jenny, S. H. Lee, and H. A.
Tchelepi, Adaptive multiscale finite-volume method for multiphase flow and transport, SIAM
MMS, 3 (2004), pp. 50-64.

[0013] For example, U.S. Patent No. 7,496,488 to Jenny, et al., discloses a multi-scale
finite-volume method for use in subsurface flow simulation. In the method, a multi-scale
finite-volume (MSFV) method is used to solve elliptic problems with a plurality of spatial
scales arising from single or multi-phase flows in porous media. The method efficiently
captures the effects of small scales on a coarse grid, is conservative, and treats tensor
permeabilities correctly. The underlying idea is to construct transmissibilities that capture the
local properties of a differential operator. This leads to a multi-point discretization scheme for
a finite-volume solution algorithm. Transmissibilities for the MSFV method are preferably

constructed only once as a preprocessing step and can be computed locally.

[0014] U.S. Patent Application Publication No. 2008/0208539 by Lee, et al., discloses a
method, apparatus and system for reservoir simulation using a multi-scale finite volume
method including black oil modeling. The multi-scale finite-volume (MSFV) method
simulates nonlinear immiscible three-phase compressible flow in the presence of gravity and
capillary forces. Consistent with the MSFV framework, flow and transport are treated
separately and differently using a fully implicit sequential algorithm. The pressure field is
solved using an operator splitting algorithm. The general solution of the pressure is
decomposed into an elliptic part, a buoyancy/capillary force dominant part, and an
inhomogeneous part with source/sink and accumulation. A MSFV method is used to
compute the basis functions of the elliptic component, capturing long range interactions in the
pressure field. Direct construction of the velocity field and solution of the transport problem
on the primal coarse grid provides flexibility in accommodating physical mechanisms. The
MSFV method computes an approximate pressure field, including a solution of a course-scale

pressure equation; constructs fine-scale fluxes; and computes a phase-transport equation.

[0015] As described in the references above, the MSFV methods have been used in
structured Cartesian grids and are closely related to the Multi-Point Flux Approximation
schemes (MPFA) popular in the oil industry. MSFV relies on two sets of basis functions,

both for the coarse-scale pressure.

[0016] However, there are several problems with the existing approaches for finite
volume discretizations using the MSFV. For example, solving problems for the basis

function can be computationally expensive. Further, the MSFV has not been extended to
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unstructured grids and global information is not used in the MSFV. Geometric information
can be needed to impose boundary conditions, which is very difficult to implement for
unstructured grids. In addition, the multiscale basis uses only local information and cannot

resolve global features like channels, impermeable shale barriers, fractures, etc.
SUMMARY

[0017] An exemplary embodiment of the present techniques provides a method for
modeling a hydrocarbon reservoir. The method includes deriving a computational mesh from
a fine unstructured mesh using a multilevel mixed multiscale finite volume (MMMFV)
method. Deriving the computational mesh includes computing a first algebraic multilevel
basis function for a pressure, constructing an interaction region, generating a primary mesh,
computing a second algebraic multiscale basis function for a velocity approximation, and
simulating the hydrocarbon reservoir using the computational mesh. The method also
includes generating a data representation of a physical hydrocarbon reservoir in a non-

transitory, computer-readable, medium based at least in part on the results of the simulation.

[0018] The method may also include using global information in the construction of the
second algebraic multiscale basis function by selecting an auxiliary mesh, approximating a
solution on the auxiliary mesh, and calculating one or more velocity basis functions using the
provided global information. Further, in the method the first algebraic multilevel basis
function, the second algebraic multiscale basis function, or both, may be based, at least in

part, on a discrete harmonic function.

[0019] In the method, deriving the computational mesh may include calculating a primary
mesh and one or more interaction regions, and selecting an approximation spaces, wherein
the approximation spaces comprise P and U. Deriving the computational mesh may also
include selecting test spaces, where the test spaces comprise Q and V, and selecting discrete

gradient and divergence operators.

[0020] In the method, computing the first algebraic multilevel basis function may include
setting a plurality of boundary conditions to one at a center point of a coarse computational
cell in the primary mesh, setting the plurality of boundary conditions to zero at a boundary of
the coarse computational cell in the primary mesh, and solving a basis function using the

plurality of boundary conditions.

[0021] In the method, computing the first algebraic multilevel basis function may include

computing all coarse functions for a computational mesh simultaneously so as to minimize an
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energy of a computational mesh. Further, computing the first algebraic multilevel basis
function may include selecting one or more coarse points, selecting one or more fine points
that belong to each coarse point, computing a coarse basis, and evaluating an approximation
quality of the coarse basis. The method may include iterating until the approximation quality

is acceptable.

[0022] In the method, computing the coarse basis may include connecting two points, a;

and b, in a computational mesh X, with a straight line [a;, b], assigning a point in 2, that is

closest to the straight line [a;, b] to be a,

i+1?

connecting generating a line from a; to a.,, and

i+1?
if a,, #b, setting i=i+1. Computing the coarse basis may include selecting another

connection and repeating, for example, until all connections are finished.

[0023] In the method, computing the coarse basis may include selecting a center point of
the interaction region, selecting a center point of one or more edges of the interaction region,
connecting the center point of the interaction region to the center point of an edge, and

connecting the one or more edges to form faces of polygons.

[0024] In the method, constructing the interaction region may include constructing a
triangulation of coarse points by constructing each edge of the triangulation. Constructing

cach edge of the triangulation may include connecting two coarse points, ¢; and b in a

computational mesh X, with a straight line [a;, b], and assigning a point in X, to be a,,,,

wherein the point is closest to the straight line [a;, b]. Further, constructing each edge of the

;and if a, #b,

triangulation may include connecting generating a line from a; to a, ;
setting i =7+ 1, and repeating until a;+; = b. Constructing each edge of the triangulation
may also include selecting another connection and repeating. Finally, constructing each edge
of the triangulation may include constructing one or more faces of the triangulation by
selecting a center point of an interaction region, selecting a center point of one or more edges
of the interaction region, connecting the center point of the interaction region to the center

point of an edge, and connecting one or more faces of polygons.

[0025] The method may include managing a production of a hydrocarbon from the
physical hydrocarbon reservoir based, at least in part, upon data representation. Managing
the production may include converting injectors into producers, converting producers into
injectors, changing production rates, drilling new wells to the reservoir, or any combinations

thereof. In the method, a quality of the velocity approximation may be improved by



10

15

20

25

30

WO 2011/136861 PCT/US2011/021869

calculating a special vector basis functions, and solve a small local system for a coarse cell.

[0026] Another exemplary embodiment of the present techniques provides a method for
producing a hydrocarbon from a hydrocarbon reservoir. The method includes simulating the
reservoir using a multilevel mixed multiscale finite volume method on an unstructured mesh.
Simulating the reservoir may include computing a first algebraic multilevel basis function for
a pressure, constructing an interaction region, generating a primary mesh, computing a
second algebraic multiscale basis function for a velocity approximation, and producing a
hydrocarbon from the hydrocarbon reservoir based, at least in part, upon the results of the

simulation.

[0027] In the method, producing the hydrocarbon may include drilling one or more wells
to the hydrocarbon reservoir, wherein the wells comprise production wells, injection wells, or
both. Further, producing the hydrocarbon may include setting production rates from the

hydrocarbon reservoir.

[0028] Another exemplary embodiment of the present techniques provides a Mixed
Multiscale Finite Volume Method for simulating flow in a porous media. the Mixed
Multiscale Finite Volume method includes collecting global information about a hydrocarbon
reservoir, deriving an elliptic problem based on a saturation equation, calculating a plurality
of unstructured coarse meshes and a plurality of pressure basis functions corresponding to the
plurality of unstructured coarse meshes, solving the plurality of basis functions to reconstruct
a velocity vector field for each of the plurality of unstructured coarse meshes, and iterating a
simulation until a final timeframe is reached. The simulation may include solving a pressure
equation for a plurality of computational cells in each of the plurality of unstructured coarse
meshes, calculating a total velocity for each of the plurality of coarse meshes, solving the
elliptical problem for each of the plurality of unstructured coarse meshes, computing a phase
velocity for each of the plurality of unstructured coarse meshes, and computing a component

transport for each of the plurality of unstructured coarse meshes.

[0029] The Mixed Multiscale Finite Volume method may include combining the phase
velocity computed for each of the plurality of unstructured coarse meshes to obtain a phase
velocity for the hydrocarbon reservoir. The Mixed Multiscale Finite Volume method may
also include combining the component transport computed for each of the plurality of coarse

meshes to obtain a phase velocity for the hydrocarbon reservoir.

[0030] Another exemplary embodiment of the present techniques provides a system for
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simulating a hydrocarbon reservoir. the system includes a processor, and a non-transitory
storage device, wherein the storage device comprises a data representation of the
hydrocarbon reservoir, wherein the data representation is a unstructured computational mesh
determined by a Mixed Multiscale Finite Volume method. The system also includes a
memory device, wherein the memory device comprises code to direct the processor to
compute a first algebraic multilevel basis function for a pressure, construct an interaction
region, generate a primary mesh, compute a second algebraic multiscale basis function for a
velocity approximation, simulate the hydrocarbon reservoir using the primary mesh, and
update the data representation based at least in part on the results of the simulation. In the

system, the processor may include a multi-processor cluster.

DESCRIPTION OF THE DRAWINGS

[0031] The advantages of the present techniques are better understood by referring to the

following detailed description and the attached drawings, in which:

[0032] Fig. 1 is a schematic view of a reservoir, in accordance with an exemplary

embodiment of the present techniques;

[0033] Fig. 2 is a top view of a reservoir showing a planar projection of a computational
mesh over the reservoir, in accordance with an exemplary embodiment of the present

techniques;

[0034] Fig. 3 is a process flow diagram of a workflow for modeling a reservoir, in

accordance with an exemplary embodiment of the present techniques;

[0035] Fig. 4 is a process flow diagram of a method for computing an approximate
solution for a sequential formulation for one Newton step, in accordance with an exemplary

embodiment of the current invention;

[0036] Fig. 5 is an illustration of a first type of mesh that may be used in exemplary

embodiments, termed a Voronoi mesh;

[0037] Fig. 6 is an illustration of a second type of mesh that may be used in exemplary

embodiments, termed a rectangular mesh;

[0038] Fig. 7 is an illustration of a third type of mesh that may be used in exemplary

embodiments, termed a quadrilateral mesh;

[0039] Fig. 8 shows an unstructured two dimensional triangular mesh, in accordance with

exemplary embodiments of the present techniques;
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[0040] Fig. 9 is a graph showing a bilinear basis function, in accordance with an

exemplary embodiment of the present techniques;

[0041] Fig. 10 shows an unstructured two dimensional triangular mesh that may be used
to illustrate the procedure for building a next level coarser basis function, in accordance with

an exemplary embodiment of the present techniques.

[0042] Fig. 11 is an illustration of a computational cell illustrating a technique for
computing a basis function, in accordance with an exemplary embodiment of the present

techniques;

[0043] Fig. 12 is an example of the multiscale basis function resulting from the procedure

discussed above, in accordance with an exemplary embodiment of the present techniques;

[0044] Fig. 13 is an example of algebraic multiscale function, in accordance with an

exemplary embodiment of the present techniques;

[0045] Fig. 14 is an illustration of an energy minimizing basis function, in accordance

with an exemplary embodiment of the present techniques;

[0046] Fig. 15 is an illustration of a fine computational mesh illustrating the coarse points
selected in the process, in accordance with an exemplary embodiment of the present

techniques;

[0047] Fig. 16 is an illustration of the triangulation of the coarse points within the fine
computational mesh, with six triangles created by connecting each of the coarse points with a

line segment, in accordance with an exemplary embodiment of the present techniques;

[0048] Fig. 17 is an illustration of the rectangular computational mesh, showing the
results of an approximation to the triangulation, in accordance with an exemplary

embodiment of the present techniques;

[0049] Fig. 18 is an illustration of a fine rectangular computational mesh showing the
generation of a primary mesh, in accordance with an exemplary embodiment of the present

techniques;

[0050] Fig. 19 is an illustration of a computational mesh with a triangular interaction
region, showing a constant velocity field, in accordance with embodiments of the present

techniques;

[0051] Fig. 20 is a computational mesh with a quadrilateral interaction region 2000, in

accordance with embodiments of the present techniques;
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[0052] Fig. 21 is a graph showing a non-uniform basis function, in accordance with an

exemplary embodiment of the present techniques;

[0053] Fig. 22 is an illustration of an interaction region showing the calculation of fine

total velocity, in accordance with an exemplary embodiment of the present techniques;

[0054] Fig. 23 is a process flow diagram, showing a method for performing a simulation
using the techniques described herein, in accordance with an exemplary embodiment of the

present techniques; and

[0055] Fig. 24 is a block diagram of an exemplary cluster computing system that may be

used in exemplary embodiments of the present techniques.
DETAILED DESCRIPTION

[0056] In the following detailed description section, the specific embodiments of the
present techniques are described in connection with preferred embodiments. However, to the
extent that the following description is specific to a particular embodiment or a particular use
of the present techniques, this is intended to be for exemplary purposes only and simply
provides a description of the exemplary embodiments. Accordingly, the present techniques
are not limited to the specific embodiments described below, but rather, such techniques
include all alternatives, modifications, and equivalents falling within the true spirit and scope

of the appended claims.

[0057] At the outset, and for ease of reference, certain terms used in this application and
their meanings as used in this context are set forth. To the extent a term used herein is not
defined below, it should be given the broadest definition persons in the pertinent art have
given that term as reflected in at least one printed publication or issued patent. Further, the
present techniques are not limited by the usage of the terms shown below, as all equivalents,
synonyms, new developments, and terms or techniques that serve the same or a similar

purpose are considered to be within the scope of the present claims.

[0058] “Coarsening” refers to reducing the number of cells in simulation models by
making the cells larger, for example, representing a larger space in a reservoir. Coarsening is
often used to lower the computational costs by decreasing the number of cells in a geologic

model prior to generating or running simulation models.

[0059] “Computer-readable medium” or “non-transitory, computer-readable medium” as
used herein refers to any non-transitory storage and/or transmission medium that participates

in providing instructions to a processor for execution. Such a medium may include, but is not
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limited to, non-volatile media and volatile media. Non-volatile media includes, for example,
NVRAM, or magnetic or optical disks. Volatile media includes dynamic memory, such as
main memory. Common forms of computer-readable media include, for example, a floppy
disk, a flexible disk, a hard disk, an array of hard disks, a magnetic tape, or any other
magnetic medium, magneto-optical medium, a CD-ROM, a holographic medium, any other
optical medium, a RAM, a PROM, and EPROM, a FLASH-EPROM, a solid state medium
like a memory card, any other memory chip or cartridge, or any other tangible medium from

which a computer can read data or instructions.

[0060] As used herein, “to display” or “displaying” includes a direct act that causes
displaying of a graphical representation of a physical object, as well as any indirect act that
facilitates displaying a graphical representation of a physical object. Indirect acts include
providing a website through which a user is 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 in cooperation with a third party vendor to
enable the information to be generated on a display device. The display device may include
any device suitable for displaying the reference image, such as without limitation a virtual
reality display, a 3-d display, 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 in evaluating, correcting,
and/or improving display results (for example, a color monitor that has been adjusted using
monitor calibration software). Rather than (or in addition to) displaying the reference image
on a display device, a method, consistent with the invention, may include providing a
reference image to a subject. "Providing a reference image" 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
image. In one example, the providing of the reference image could involve enabling the
subject to obtain the reference image in hard copy form via a printer. For example,
information, software, and/or instructions could be transmitted (for example, electronically or
physically via a data storage device or hard copy) and/or otherwise made available (for
example, via a network) in order to facilitate the 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 in evaluating,

correcting, and/or improving printing results (for example, a color printer that has been
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adjusted using color correction software).

[0061] "Exemplary" is used exclusively herein to mean "serving as an example, instance,
or illustration."” Any embodiment described herein as "exemplary” is not to be construed as

preferred or advantageous over other embodiments.

[0062] “Flow simulation” is defined as a numerical method of simulating the transport of
mass (typically fluids, such as oil, water and gas) or energy through a physical system using a
simulation model. The physical system may include a three dimensional reservoir model,
fluid properties, and the number and locations of wells. Flow simulations may use or provide
a strategy (often called a well-management strategy) for controlling injection and production
rates. These strategies can be used to maintain reservoir pressure by replacing produced
fluids with injected fluids (for example, water and/or gas). When a flow simulation correctly
recreates a past reservoir performance, it is said to be “history matched,” and a higher degree

of confidence is placed in its ability to predict the future fluid behavior in the reservoir.

[0063] “Permeability” is the capacity of a rock to transmit fluids through the
interconnected pore spaces of the rock. Permeability may be measured using Darcy's Law: Q
= (k AP A)/ (u L), wherein Q = flow rate (cm’/s), AP = pressure drop (atm) across a cylinder
having a length L (cm) and a cross-sectional area A (cm?), u = fluid viscosity (cp), and k =
permeability (Darcy). The customary unit of measurement for permeability is the millidarcy.
The term “relatively permeable” is defined, with respect to formations or portions thereof, as

an average permeability of 10 millidarcy or more (for example, 10 or 100 millidarcy).

[0064] “Porosity” is defined as the ratio of the volume of pore space to the total bulk
volume of the material expressed in percent. Porosity is a measure of the reservoir rock's
storage capacity for fluids. Porosity is preferably determined from cores, sonic logs, density
logs, neutron logs or resistivity logs. Total or absolute porosity includes all the pore spaces,
whereas effective porosity includes only the interconnected pores and corresponds to the pore

volume available for depletion.

[0065] A “Reservoir” or “reservoir formation” is defined as pay zones (for example,
hydrocarbon producing zones) that include sandstone, limestone, chalk, coal and some types
of shale. Pay zones can vary in thickness from less than one foot (0.3048 m) to hundreds of
feet (hundreds of m). The permeability of the reservoir formation provides the potential for

production.

[0066] “Reservoir properties” and “reservoir property values” are defined as quantities
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representing physical attributes of rocks containing reservoir fluids. The term “reservoir
properties” as used in this application includes both measurable and descriptive attributes.
Examples of measurable reservoir property values include porosity, permeability, water
saturation, and fracture density. Examples of descriptive reservoir property values include
facies, lithology (for example, sandstone or carbonate), and environment-of-deposition
(EOD). Reservoir properties may be populated into a reservoir framework to gencrate a

reservoir model.

[0067] “Simulation model” refers to a specific mathematical representation of a real
hydrocarbon reservoir, which may be considered to be a particular type of geologic model.
Simulation models are used to conduct numerical experiments (reservoir simulations)
regarding future performance of the field with the goal of determining the most profitable
operating strategy, for example, flow simulations. An engineer managing a hydrocarbon
reservoir may create many different simulation models, possibly with varying degrees of
complexity, in order to quantify the past performance of the reservoir and predict its future

performance.

[0068] “Transmissibility” refers to the volumetric flow rate between two points at unit
viscosity for a given pressure-drop. Transmissibility is a useful measure of connectivity.
Transmissibility between any two compartments in a reservoir (fault blocks or geologic
zones), or between the well and the reservoir (or particular geologic zones), or between

injectors and producers, can all be useful for understanding connectivity in the reservoir.

[0069] “Well” or “wellbore” includes cased, cased and cemented, or open-hole wellbores,
and may be any type of well, including, but not limited to, a producing well, an experimental
well, an exploratory well, and the like. Wellbores may be vertical, horizontal, any angle
between vertical and horizontal, deviated or non-deviated, and combinations thereof, for
example a vertical well with a non-vertical component. Wellbores are typically drilled and
then completed by positioning a casing string within the wellbore. Conventionally, a casing
string is cemented to the well face by circulating cement into the annulus defined between the
outer surface of the casing string and the wellbore face. The casing string, once embedded in
cement within the well, is then perforated to allow fluid communication between the inside
and outside of the tubulars across intervals of interest. The perforations allow for the flow of
treating chemicals (or substances) from the inside of the casing string into the surrounding
formations in order to stimulate the production or injection of fluids. Later, the perforations

are used to receive the flow of hydrocarbons from the formations so that they may be
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delivered through the casing string to the surface, or to allow the continued injection of fluids

for reservoir management or disposal purposes.
Overview

[0070] A Finite Volume (FV) method is a robust discretization method used in reservoir
simulators. The FV method can provide reasonable accuracy for an acceptable computational
cost and may be extended to unstructured grids. In an exemplary embodiment of the present
techniques, a multiscale generalization of the FV method is applied to unstructured grids.
This method is computationally efficient, due to the construction of discretizations using

multiscale algorithms.

[0071] The method uses a multilevel approach to build coarse grid basis functions.
Discrete harmonic functions can be used for the coarse grid basis, which may reduce or
climinate the influence of the boundary conditions and make the techniques applicable to
unstructured grids. The support can then be built on each level in such a way that provides
the best approximation, for example, energy minimizing, among others. The techniques use

unstructured grids, both fine and coarse, and incorporate global information in the process.

[0072] Fig. 1 is a schematic view 100 of a reservoir 102, in accordance with an
exemplary embodiment of the present techniques. The reservoir 102, such as an oil or natural
gas reservoir, can be a subsurface formation that may be accessed by drilling wells 104, 106,
and 108 from the surface 110 through layers of overburden 112. The wells 104, 106, and 108
may be deviated, such as being directionally drilled to follow the reservoir 102. Further, the
wells can be branched to increase the amount of hydrocarbon that may be drained from the
reservoir, as shown for wells 104 and 108. The wells 104, 106, and 108, can have numerous
areas with perforations 120 (indicated as dots next to the wells) to allow hydrocarbons to
flow from the reservoir 102 into the wells 104, 106, and 108 for removal to the surface. The
reservoir 102 may have one or more faults 114 dividing areas, for example regions 116 and

118, which may either restrict or enhance the flow of hydrocarbons.

[0073] A simulation model, or simulator, of the reservoir 102 is likely to find that the
greatest changes occur in the vicinity of the wells 104, 106, and 108, and other reservoir
features, such as the fault 114. Accordingly, it would be useful to keep fine structure in the

vicinity of each of these features.

[0074] Fig. 2 is a top view of a reservoir showing a planar projection of a computational

mesh 200 over the reservoir, in accordance with an exemplary embodiment of the present
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techniques. Although the computational mesh 200 is shown as a two dimensional grid of
computational cells (or blocks) 202 to simplify the explanation of the problem, it should be
understood that the actual computational mesh 200 can be a three dimension structure of
computational cells 202 that encompasses the reservoir. Further, the computational cells 202
may be of any size or shape, resulting in an unstructured grid. Generally, a computational
cell 202 is a single two or three dimensional location within a simulation model that
represents a physical location in a reservoir. The computational cell 202 may have associated
properties, such as a porosity, which is assumed to be a single value over the entire
computational cell 202 and is assigned to the center of the computational cell 202.
Computational cells 202 may interact with adjacent computational cells 202, for example, by
having flux properties assigned to a shared border with the adjacent computational cells 202.
The flux properties may include heat or mass transfer driven by a difference in temperature or

pressure between the adjacent computational cells 202.

[0075] The computational mesh 200 can be coarsened in areas that may have less
significant changes, for example, by combining computational cells 202 that are not in
proximity to a well or other reservoir feature. Similarly, as shown in Fig. 2, the
computational mesh 200 may retain a fine mesh structure in the vicinity of wells or other
reservoir features, such as the first well 204, or other reservoir features, for example, a second
well 206, a third well 208, a fault 210, or any other features that may show larger changes
than other areas. The computational mesh 200 may be used to model a reservoir as discussed

further with respect to Fig. 3.
Workflow for Modelling a Reservoir

[0076] Fig. 3 is a process flow diagram of a workflow 300 for modelling a reservoir, in
accordance with an exemplary embodiment of the present techniques. Although the
discretization (coarsening) and the level of implicitness (which state variables, such as
pressure or saturation, are treated implicitly or explicitly in the formulation) of the solution
process varies, simulation models may perform in a similar fashion as workflow 300. A
simulation model can begin at block 302 by parsing user input data. The input data may
include the problem formulation, a geologic model that is discretized into grid blocks with
physical properties defined at each grid block, including rock properties (such as
permeability) and fluid properties (such as transmissibility). At block 304, boundary

conditions for the simulation may be calculated, for example, from the governing equations.

[0077] At block 306, a linear solver may use a Jacobian matrix to generate an
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approximate solution for the simulation. At block 308, physical properties are calculated
from the approximate solution. At block 310, the calculated properties are compared to either
previously calculated properties or to measured properties to determination whether a desired
accuracy has been reached, for example, by checking for convergence. In an exemplary
embodiment, the determination is made by determining that the calculated properties have
not significantly changed since the last iteration (which may indicate convergence). For
example, convergence may be indicated if the currently calculated solution is within 0.01%,
0.1%, 1 %, 10 %, or more of the previously calculated solution. If the desired accuracy is not

reached, process flow returns to block 306 to perform another iteration of the linear solver.

[0078] If at block 310, the desired accuracy has been reached, process flow proceeds to
block 312, at which results are generated and the time is incremented by a desired time step.
The results may be stored in a data structure on a tangible, machine readable medium, such as
a database, for later presentation, or the results may be immediately displayed or printed after
gencration. The time step may be, for example, a day, a week, a month, a year, 5 years, 10
years or more, depending, at least in part, on the desired length of time for the simulation. At
block 314, the new time is compared to the length desired for the simulation. If the
simulation has reached the desired length of time, the simulation ends at block 316. If the
time has not reached the desired length, flow returns to block 304 to continue with the next
increment. The simulation time frame may be a month, a year, five years, a decade, two
decades, five decades, or a century or more, depending on the desired use of the simulation

results.
Computing an Approximate Solution

[0079] Computing the approximate solution at block 306 may involve solving a physical

model at a series of steps. For example, a sequential implicit formulation of the flow of N,

components in NV, phases follows the pressure equation shown in Eqn. 1.

¢|:l . % — L(%]}% = ZVn@w Eqn. 1

In Eqn. 1, @ represents porosity and V, represents the partial molar volume of component i .

Further, ®, = R, —V - U, where U, represents the molar flow rate for component 7 and R,
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represents the sources and sinks for component 7. The molar flow rate of component 7 is

defined in Eqn. 2.

U = le.jfjvj, Eqn. 2

In Eqn. 2, X, is the mole fraction of component lin phase j, fj is the molar density of

phase jand v; represents the phase velocity. The generalized Darcy law gives the relation

between the phase velocity and the phase pressure, as shown in Eqn. 3.

Kk,
v, =——2(VP - p gVD), Eqn. 3

J

:
In Eqn. 3, Krepresents the absolute permeability, krj represents the relative permeability of
phase 7, M, represents the viscosity of phase J, P, represents the mass density of phase J,
grepresents the gravitational acceleration constant and D represents the depth. The phase
pressure is related to the base liquid pressure through the capillary pressures P 9 Jj=v,a, for

the liquid phase (l ) with the vapor phase (V) and the aqueous phase(a):
P=P+P ,j=v,a, P=F.
J ¢, J

V.
The saturation is defined as the ratio Sj =—_, where Vj is the volume of phase j and V is
T

the pore volume. The saturation equations are shown in Eqn. 4.

0

a(ﬁj)—kﬁc a_p:ZI/ji®i’ j:1923---7Np_ Eqn.4

ot S

In Eqn. 4, Vﬁ represents the partial molar volume of phase j with respect to component
iand ¢, represents the compressibility of phase j. These equations may be used to solve
the approximation using the method shown in Fig. 4.

[0080] Fig. 4 is a process flow diagram of a method 400 for computing an approximate
solution for a sequential formulation for one Newton step (i.e., block 306 of Fig. 3), in

accordance with an exemplary embodiment of the current invention. The method 400 starts
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at block 402 with the solution of the pressure equation (Eqn. 1). At block 404 the total
velocities of fluid flow at these pressures are calculated, using Eqns. 2 and 3. The saturation
equations (Eqn. 4) are solved at block 406, either explicitly or implicitly. At block 408, the
phase velocities, component transport and the amount of each component in each
computational cell 202 (Fig. 2) is computed. The method 400 is applicable for both

compositional and black oil models.
Mixed Finite Volume methods

[0081] A finite volume discretization may be determined for a linear elliptic equation,
i.e., after an implicit discretization in time like Backward Euler is performed. Consider the

system shown in Eqn. 5.

—div(KVp(x))= f(x) in Q,

Eqn. 5
p(x)=0 on 0Q.
If u=-KVp, Eqn. 5 can be rewritten as the system shown in Eqn. 6.
K'u+Vp=0
Eqn. 6

div(u) = f(x)

The first equation in Eqn. 6 can be multiplied by a vector function v and the second equation

in Eqn. 6 can be multiplied with a scalar function ¢ . Integration of the equations results in

the problem: find u,u € Uand p, p € P such that Eqn. 7 is satisfied.

jK’lu-V+IVp-V=O VveV,
Q Q

[diviwyg=[f(x)g VqeQ.

Eqn. 7

[0082]  Ifthe spaces U,V and P, Q are properly chosen, the problem presented in Eqn.
7 is equivalent to the problem presented in Eqn. 5. For example, one of ordinary skill in art
would recognize that U is the space of functions for which the divergence is a square

integrable function. Further, that V is the space of square integrable vector functions; P is
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the space of functions with square integrable first derivatives; and Q is the space of square
integrable functions. Approximate solutions to this problem, u, and p,, can be found by

solving an approximate discrete problem. The first step is to replace the infinite dimensional

spaces U, Vand P,Q with finite dimensional subspaces U,,V, and P,,Q,. Next, the

continuous operators V (gradient) and div (divergence) are approximated with discrete
operators V, and div,. Thus, the discrete problem is to find u, € U, and p, € P, such

that Eqn. 8 is satisfied.
[K'w, v, +[V,p,-v,=0 Vv, eU,,
Q Q

Idivh(uh)qh = If(x)qh Vg, €0,. Eqn. 8

Examples of Mixed Finite Volume Grids

[0083] Several examples of computational meshes are presented below. In all of these
examples, there are primary computational cells and dual computational cells (which may be
termed “interaction regions™). A particular Mixed Finite Volume method, as described by
Eqn. &, is fully defined if the primary and the dual meshes are described, the approximation

(test and trial) spaces are defined, and the discrete operators are specified.

[0084] Fig. 5 is an illustration of a first type of mesh that may be used in exemplary
embodiments, termed a Voronoi mesh 500. In the Voronoi mesh 500, the primary
computational cells are the Voronoi volumes 502 and the interaction regions are the triangles
504. The triangles 504 are formed by connecting the center point 506 of each Voronoi
volume 502 to the center of an adjoining Voronoi volume 508 with which it shares a face
510. The line 512 between the center points 506 is considered to be perpendicular to the face
510 and therefore parallel to the normal vector m .dj;, is the length of the interval connecting
the nodes 7 and j . Property parameters, such as ¢, p, and s are considered to exist at the

center point 506.

[0085] P is the space of linear piecewise continuous functions on the Delaunay triangles
dual to the Voronoi volumes. These are the triangles 504. (), is the space of piecewise

constants on the Voronoi volumes 502. Further, U, =V, is the space of piecewise vector

constants on triangles with continuous normal components. Operators that may be used with
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the Voronoi mesh 500 include V, =V, and Idivh(uh)qh ~ Zjuh ‘ng,. In some
Q

KeQpg
embodiments, the Voronoi mesh 500 can be replaced by the Donald mesh. In the Donald
mesh, the control volumes 502 can be formed by connecting the center of gravity of the

triangles 502 to the centers of the edges of the triangles 502.

[0086] Fig. 6 is an illustration of a second type of mesh that may be used in exemplary
embodiments, termed a rectangular mesh 600. The rectangular mesh 600 has primary

computational cells 602 and interaction regions 604. The interaction regions 604 are created
by lines 606 connecting the center points 608 of the computational cells 602. B, = (), is the
space of piecewise constant functions on the cell-centered mesh, i.c., the cells 602. Further,
U, =V, is the space of piecewise vector constants on the dual rectangles with continuous

normal components.

[0087] Operators that can be used with the rectangular mesh 600 include

IVph VR Ivh [ p,], in which [ ] denotes the difference (or jump) between the
Q

E—edge g
values on the different sides of an edge 610 between computational cells 602, e.g.,

Idivh (u,)q, = Iu ., *Mg,. Another possible MFV method can be constructed assuming
Q

KeQpg
that P is the space of piecewise bilinear functions. In this instance, V, =V . There is one

bilinear basis function for each cell center 608. The basis function is one at this particular

point and zero outside of the cell.

[0088] Fig. 7 is an illustration of a third type of mesh that may be used in exemplary
embodiments, termed a quadrilateral mesh 700. In the quadrilateral mesh 700, the primary

computational cells are the quadrilaterals 702 and the interaction region includes the four
polygons 704 formed by connecting the center points 706 of the quadrilaterals 702. F, is the

space of piecewise linear functions on triangles 708 created within each quadrilateral 702.

One vertex of each triangle 708 is in the cell-center point 706, while the other two vertices

710 are on the edges 712 of the quadrilaterals 702. Further, (), is the space of piecewise
constants on the quadrilaterals 702, U, is the space of piecewise vector constants on the
polygons 704 with continuous normal components andV,is the space of the piecewise

constant vectors on the polygons 704. Thus, U,and V, can be represented by the vectors

714 drawn from the vertices 710 of the triangles 708.
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[0089] Operators that may be used with the quadrilateral mesh 700 include

4
IVph VR IVph -v, and Idivh(uh)qh &Y Iuh ‘ng,. Another version has B,
Q Q

KeQ j=1 K, KeQag

the space of piecewise bilinear functions, on the quadrilateral sub-mesh formed by the
intersection of a quadrilaterals 702 and a polygon 704 (e.g., one quarter of the interaction

region). An additional equation may then be added for the center of the polygon 704. In this

instance V, = V.

[0090] All of the examples above can be extended to three dimensional meshes.
Particular examples are the three dimensional Voronoi grids, the so called 2.5-D PEBI
(PErpendicular Blsector) grids that are Voronoi in the xy plane and prisms in z direction, and

grids that consist of uniform or distorted parallelepipeds.

Multilevel Basis Functions

[0091] In exemplary embodiments, the space P, is built using multilevel techniques.

Accordingly, the discussion below is applicable to both finite volume and finite element
discretizations. In a mulitlevel construction of a multiscale basis, as discussed herein, the
computational expenses for a simulation are proportional to the number of unknowns on a
fine mesh. In contrast, a standard multiscale basis not constructed using multilevel
techniques can have computational expenses that are proportional to at least the square of the
number of unknowns on the fine mesh. To simplify the explanation of this concept, it may be

assumed in the explanation of the following figures that there is a fine unstructured mesh and

a basis for P, is defined on this mesh.

[0092] Fig. 8 shows an unstructured two dimensional triangular mesh 800, in accordance
with exemplary embodiments of the present techniques. A basis function can be defined at
cach vertex 802 for the finite element discretization. The value of the basis function is one at
the vertex 802 and zero outside of its supporting region 804. The supporting regions 804 for
three basis functions are shown in Fig. 8. The functions are piecewise linear, i.c., linear on

each triangle. Basis functions for finite volume methods are constant on each cell.

[0093] Fig. 9 is a graph 900 showing a bilinear basis function, in accordance with an
exemplary embodiment of the present techniques. For a rectangular mesh 600 (Fig. 6) the
functions are bilinear. In this graph 900, the axes 902 represent a physical location in the

mesh. The peak 904 of the basis function is at the center of the computational cell.
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Building a Next Level Coarser Basis in a Multilevel Procedure

[0094] Fig. 10 shows an unstructured two dimensional triangular mesh 1000 that may be
used to illustrate the procedure for building a next level coarser basis function, in accordance
with an exemplary embodiment of the present techniques. One or more coarse points 1002
can be selected on the mesh. Coarse points are the vertices for finite elements or cell-centers
for finite volumes that will be the “centers” for the coarser basis functions, i.c., the points
where the basis functions will be one. As one of ordinary skill in the art will recognize, there
are numerous algorithms that may be used for the selection of the coarse points and the
coarse meshes. In general the coarse mesh and the discretization defined on it have to be able
to resolve the flow in a reservoir. Thus, the coarse points may be selected to represent points

that can have the highest level of change in the reservoir, such as wells, and the like.

[0095] Once the coarse points are selected, the fine points1004 associated to each coarse
point 1002 may be identified on the mesh 1000. It can be noted that some functions on the
fine mesh can belong to the supports of several coarse mesh points. Once the fine points
have been identified, a basis function may be calculated at each level. The procedure can be

repeated recursively until the coarsest basis has small enough dimension.

[0096] The goal of the coarsening is to reduce the size of the coarse mesh considerably so
the computational expenses also will be reduced. On the other hand the resulting coarse basis
has to be fine enough to accurately approximate the solution of the problems. In order to
balance these two contradictory goals some further criteria may be used. Since the basis
functions are computed only once or very infrequently, the quality of the basis may be
checked. This can be done in different ways, for example, by comparing the fine solution of
the model elliptic problem to the coarse one. Such procedures allow for adaptively
coarsening the mesh while providing good approximation properties and reducing the size of
the final coarse mesh compared with the size of the original fine mesh. The quality of the
basis may depend on the way the coarse mesh points are selected and how the basis functions

are constructed.

[0097] Fig. 11 is an illustration of a computational cell 1100 illustrating a technique for
computing a basis function, in accordance with an exemplary embodiment of the present
techniques. There are several different ways to compute the basis functions. The support of
the coarse basis function includes a number of triangles 1102, wherein the center point 1104
makes up one of the vertices of each triangle 1102. Eqn. 5 can be solved on each triangle

1102, but with different boundary conditions specified. The value for the basis function may
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be set to one at the center point 1104 and zero on each boundary 1106. A one dimensional
problem may then be solved along each edge 1108. The solutions of the one dimensional
problem may then be used as a boundary condition for the two dimensional basis function.
The procedure for the three dimensional basis function is first to solve the one dimensional
problem for the edges and then use the solutions as boundary conditions for the two
dimensional problems of the faces. The solutions of the two dimensional problems provide

the boundary conditions for the basis function.

[0098] Fig. 12 is an example of the multiscale basis function resulting from the procedure
discussed above, in accordance with an exemplary embodiment of the present techniques.
However, the computational procedure outlined above uses geometric information for the

mesh and, as a result, may be cumbersome and computationally intensive.

[0099] In exemplary embodiments, an alternative approach may be considered. The basis
functions calculated using this approach may be termed algebraic multiscale. As for the
previous procedure, the boundary conditions may be set to one in the center point 1104 of the
support and zero on the boundary 1106. Eqn. 5 can then be solved with the boundary
conditions specified above, eliminating the solution of the individual one dimensional

problems along each edge.

[0100] Fig. 13 is an example of algebraic multiscale function, in accordance with an
exemplary embodiment of the present techniques. It can be noted that the computation of the
algebraic multiscale functions is easier than the solution discussed with respect to Fig. 12.

Given the global fine matrix A4 rows and columns may be selected for the points in the

support of the coarse point to form the matrix A _, as shown in Eqn. 9.

Ap. A g, |[<TOW f 0
A= 0 1 0 |«<row ¢, b=|1], Eqn. 9
A e App, | <TOW £ 0

or equivalently (c=1):

{“ﬁfl A, :||:f1:|:_|:af1€:|
Arp Gy L2 e
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Eqn. 9 represents the linear problem to be solved after setting the right hand side to one for
the particular coarse point and zero for all other points. One linear problem is solved for each

coarse point.

[0101] It can be noted that geometric information is not used to compute these basis
functions. Thus, an algebraic multiscale basis may be useful for calculating basis functions
on unstructured meshes. Once the local problems have been solved, they can be rescaled to
ensure that the basis functions sum to one. This may be performed using the formula in Eqn.
10.

f(x)= S ) &) Eqn. 10

AS)

[0102] Other approaches may be used to calculate basis functions in exemplary
embodiments of the current techniques. For example, all coarse functions may be computed
simultaneously in such a way as to minimize the energy of the basis function. This procedure
may be termed the energy minimizing basis. The energy minimizing basis function may be

expressed mathematically as shown in Eqn. 11.

min%ifj(x)TAjfj(x), such that Zm:fj(x)z 1. Eqn. 11
i=1 i=1

Fig. 14 is an illustration of an energy minimizing basis function, in accordance with an
exemplary embodiment of the present techniques. The techniques described above may be

brought together to implement a mixed multiscale finite volume method.
Mixed Multiscale Finite Volume (MsMFV) method

Approximating a Mesh Segment

[0103] The first step in implementing a MsMFV method is to approximate a segment
[a,b] on the given mesh X, and the dual mesh ‘¥,. As described below, either a,hbeX,
or a,be¥,. Two algorithms may be used. The first algorithm is an approximation of

segments in a two dimensional mesh. The second algorithm approximates plane polygons,

for example, in a three dimensional mesh.



10

15

20

25

30

WO 2011/136861 PCT/US2011/021869

25

[0104] In order to simplify the explanation of the first algorithm used for the
approximation of segments, it may be assumed that @, b € X, and the starting point is .

This algorithm is hereinafter referred to as the “First Algorithm.” To begin, the points a and
b can be connected with a straight line, providing a set /=0 and a = a¢. Sclect the connection

coming from @, and the point of 2  that is closest to [a,b], if not already chosen. This
point can be set to be a,,. Comnect a, to a,,.If a,, #b set i=i+1. Repeat the same

for point @, ,. If point b has been reached, the approximation of segments is finished. While

the First Algorithm is useful for constructing two dimensional meshes, additional tools are

needed for constructing three dimensional meshes.

[0105] A second algorithm provides for the approximation of polygonal surfaces for three
dimensional meshes. This algorithm is hereinafter referred to as the “Second Algorithm.”
Given a polygonal surface and the approximation of its edges constructed by the First
Algorithm, one vertex of the polygonal surface may be selected. There at least two segments
coming out of the vertex. Select two that belong to a face (polygonal surface) of the fine
mesh. If there is a point in this polygonal surface that has not been approximated before and
has at least two segments out of it, repeat the same procedure. If line segments from all

points have been approximated, then the approximation is completed.

[0106] Once the polygons on the mesh have been approximated, the MsMFVM can be
constructed. To begin, the coarse basis functions may be generated, as described with respect

to Figs. 10-13, above.

[0107] Fig. 15 is an illustration of a fine computational mesh 1500 illustrating the coarse
points 1502 selected in the process, in accordance with an exemplary embodiment of the
present techniques. The dual mesh, i.e., the interaction region, can then be constructed. This
may be performed by building a triangulation of the coarse points 1502. The triangulation
will include triangles in two dimensional meshes and tetrahedral or prisms in three

dimensional meshes.

[0108] Fig. 16 is an illustration of the triangulation of the coarse points 1502 within the
fine computational mesh 1500, with six triangles 1602 created by connecting each of the
coarse points 1502 with a line segment 1604, in accordance with an exemplary embodiment
of the present techniques. Every edge (line segments 1604) of the triangulation can then be
approximated using the First Algorithm. The points are the centers of the fine mesh cells and

we move on the edges of the interaction region (the dual mesh). In other words, some of the
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fine mesh points (the centers of the cells) may be selected to be coarse mesh points. Next, the
basis functions are built. Finally, the dual mesh is built by first building the edges (using the

first algorithm), and after that the faces are built (using the second algorithm).

[0109] Fig. 17 is an illustration of the rectangular computational mesh 1500, showing the
results of an approximation to the triangulation, in accordance with an exemplary
embodiment of the present techniques. The line segments 1604 that were the edges of each
original triangle 1602 (Fig. 16) are approximated by line segments 1702, creating six
polygons 1704 that correspond to the triangles 1602. The approximation of the edges (line
segments 1604) by the line segments 1604 becomes more accurate when the fine mesh 1500
is unstructured. The faces that are spanned by the approximated edges 1702 may be

approximated using the Second Algorithm.

Generating the Primary Mesh

[0110] Fig. 18 is an illustration of the rectangular computational mesh 1500 showing the
generation of a primary mesh (indicated by thick lines 1802), in accordance with an
exemplary embodiment of the present techniques. The coarse mesh points 1804 are used to
construct the coarse interaction regions 1806 (outlined by dashed lines 1808) using the
procedure discussed above. A primary mesh is generated by first selecting a point 1810
inside each coarse interaction region 1806. The point 1810 selected may often be the “center
of mass” of the interaction region 1806. Next, the closest vertex of the primary fine mesh to
the selected point 1810 may be identified. The closest point will be identified as the center
point 1812 of the interaction region 1806. If there are more than one point in the fine mesh
(e.g., 1814) that are at the same distance to the selected point 1816, the first point can be
chosen as the center point 1812. After identifying the center point 1812 in each interaction
region 1806, a point on the fine mesh that is closest to the center of each edge (dashed lines
1808) of the coarse interaction regions 1806 is selected to be the “center” of the edge. The
First Algorithm can then be used to connect the center of the interaction region to center of
the edge. The center points 1812 become vertices in the fine primary mesh (indicated by thick
lines 1802).

[0111] Next, the edges of the primary mesh (indicated by thick lines 1802) are
considered. If the problem is two dimensional this is the coarse primary mesh. For three
dimensional problems, these are the edges of the faces of the coarse primary mesh. From the

edges, the Second Algorithm can be used to construct the faces.
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Constructing the velocity field.

[0112] There are two possible cases for computing a basis function for the velocity field.
The first case is when the interaction region is similar to a triangle, as shown in Fig. 19. The
second case is when the interaction region is quadrilateral, as shown in Fig. 20. Usually the
quadrilateral case can be split into two triangles, but frequently it is more convenient to keep
the quadrilateral. Further, there are multiple approaches to construct the velocity field. For
example, a constant approximation for the velocity may be used. As the velocity may vary, a

multiscale velocity approximation may also be used.

[0113] Fig. 19 is an illustration of a computational mesh with a triangular interaction
region 1900, showing a constant velocity field, in accordance with embodiments of the
present techniques. The coarse center points 1901 are selected and used to gencrate the
coarse interaction region 1900, as discussed with respect to Figs. 15-17. The constant
velocity field is the simplest approximation of the velocity and it is constructed using the
techniques presented above. The thick lines 1902 are the boundaries of the coarse cells, the
thin lines 1904 are the boundaries of the fine cells and the dashed lines 1906 are the
boundaries of the interaction region. The velocity field (indicated by arrows 1908) will be
constant in each part 1910 of the interaction region 1900 and will have continuous normal
components. The velocity calculated is the average velocity across the interaction region
1900. In many cases that provides sufficient accuracy, while avoiding the overhead from
more complex calculations. However, the constant approximation does not take into account
the variation of the coefficients, and it may be useful to take a more comprehensive approach

in some simulations.

[0114] Fig. 20 is a computational mesh with a quadrilateral interaction region 2000, in
accordance with embodiments of the present techniques. The coarse center points 2002 are
selected and used to generate the interaction region 2000 using the techniques discussed
above. The edges 2004 between the computational cells are indicated by thick lines. The
velocity 2006 of the flows are indicated by the arrows.

[0115] Better approximations of the velocity can be constructed by using better basis
functions. Two basis functions are used for each interaction sub region. For example, for

the interaction sub region K, with boundaries e ,e,,l,,/, the problems illustrated in

112
Eqn. 8 are solved using Mixed Finite Volume or Mixed Finite Element discretizations, as

shown in Eqn. 12.
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—div(v,)=0, inK,, —div(v,)=0, in K,,
v,;-n=1  one,, v, -n=0, on e,
v,-n=-1, on /,, v, -n=0, on/,,
, Eqn. 12
v,-n=0, on e, v,-n=1 on e,
v,-n=0, on/, v,-n=-1, on [/,

Alternatively, the basis functions can be constructed by solving Eqn. 12 in two adjacent sub

regions. Note that if the coefficients are the same in each fine cell in the sub region K, the

basis functions Vv, and Vv, are constants and coincide with the basis in the Examples of

Mixed Finite Volume Grids, discussed above. Thus, as shown in Fig. 20, the local velocities
are not the same anymore. Accordingly, each function in the velocity basis is constructed to

be piecewise constant and has continuous normal components.

[0116] In the exemplary embodiment of the present techniques presented above, the

primary and the dual meshes and the approximation spaces F, and U, have been
constructed. Test space (J, may be chosen as the space of piecewise constants on the

volumes of the primary mesh. The space V, is the space of piecewise constant vector

functions with continuous normal components. Other spaces may be used in embodiments,
for example, P, =, and U, =V,. These spaces may have the same approximation

properties, but require slightly more computations.
Use of Global Information

[0117] Global information about the reservoir can be used to improve the quality of the
coarse mesh solution. For example, global information may be used in the computation of
the basis functions for the velocity. If the behavior of the flow is known, either by solving a
simplified problem or from the geologic information, then a vector field wmay be
determined on a mesh finer than the coarse mesh. Thus, an intermediate auxiliary mesh may
be selected, i.e., an auxiliary mesh that is finer than the coarse mesh, but coarser than the fine
mesh. The coarse basis functions can be computed on the edge e using the formula shown in

Eqn. 13.
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w-n
© o i=1,2,... k, Eqn. 13

v-n, = ,
Z jw-n

where w has been computed on the intermediate mesh.

In Eqn. 13, the edge is divided into & parts. This will change the shape of the basis

functions.

[0118] Fig. 21 is a graph showing a non-uniform basis function, in accordance with an
exemplary embodiment of the present techniques. In this example, the left flux (a) is
uniform. By comparison, however, the right flux (b) is not uniform, having three times more
flow in the second half. Generally, this may correspond to a formation having a more
permeable rock layer along one side. The shape of the basis functions will change the

behavior of the flow during the simulation.

[0119] Note that Iv-nzl and, therefore, the basis functions in Eqn. 8 may be

calculated using the modified problem shown in Eqn. 14.

—div(v,)=0, in K,, —div(v,)=0, in K,,

IVI'HZI’ on e,, VZ'II:O, on ¢,,
ey Vz'n:O, on 112,
v,-n=-1, on/ _
I | , X IVZ ‘n=1 on g, Eqn. 14
112 =]
v,-n=0 on e
1 ’ L Ivz-nz—l, on [,

v,-n=0, on/, i

Calculation of the Consistent Velocity

[0120] Fig. 22 is an illustration of a coarse grid cell showing the calculation of fine total
velocity, in accordance with an exemplary embodiment of the present techniques. Regardless
of whether constant velocity or variable velocity is used, the first step is to compute the total
velocity using the approximation w produced by the Mixed Multiscale Finite Volume
method, as discussed herein. That may be sufficient for some cases, but when more accurate
total velocity on the fine mesh is desired, the results can be post processed to get more
accuracy. The first approach is to solve Eq. 5, but with Neumann boundary conditions, i.e.,

as shown in Eqn. 15.
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—di(KVp(x))= f(x) in K

—KVp(x)-n=u,, -n on 0K Ean. 15

Eqn. 15 uses Mixed Finite Volume or Mixed Finite Element method on the fine mesh. This

approach can be computationally expensive. Another way is to solve a coarse problem using

the Mixed Finite Volume framework. First the basis functions v,,v,,, Vv, ,V,, 6 may be

calculated using the formulations in Eqn. 16.

~div(v,)=0, in KUK,, -div(v,)=0, in K,UK,,
v,-n=1  on/, v,-n=1, on [/,
v,-n=0, on [,UL,, v,-n=0, on /,UL,,
v,-n=0, on ¢, Ue,, v,-n=0, on e, Ue,,
v, -n=0, on e, Ue, v,-n=0, on e, Ue,

Eqn. 16

—div(v,)=0, in K,UK,, —div(v,)=0, in KUK,
v,-n=1  onl, v,-n=1, on/,
v,-n=0, on/,U[, v, n=0, on /[ UL,
v,,-n=0, one,Ue,, v, -n=0, on e Ue,,
v,,-n=0, one Ue, v, -n=0, one Ue,

[0121] Similarly the basis functions for the velocity on the outside edges are calculated.

The computations in Eqn. 16 are done only once. They uniquely define the space U. The
space V can be the same as U or just of piecewise constants. The space P is the space of the
piecewise constants or bilinear functions and the space ) consists of piecewise constants.
The next step is to solve for Wand p in the discretized version of Eqn. 15. This is performed
by solving a small system of equations for each coarse cell. The computed fine mesh fluxes
are consistent in all fine cells. The procedure is not limited to velocities, but may be used for
improving the fine mesh approximation and consistency of any vector variable. This can be
the total velocity, the phase velocities, or some other vector variable of interest.

Application of the Multilevel Mixed Multiscale Finite Volume method for simulation of flow
in porous media.

[0122] Fig. 23 is a process flow diagram, showing a method 2300 for performing a
simulation using the techniques described herein, in accordance with an exemplary
embodiment of the present techniques. In this exemplary embodiment, the general goal is to
perform a reservoir simulation with the model described by Eqn. 1 and Eqn. 4. This is an
extension of the process flow diagram shown in Fig. 4. The method begins at block 2302

with the analysis of the problem. The analysis includes collecting the global information for
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the behavior of the flow across the reservoir. At this point, a decision may be made as to
whether using global information will be beneficial. The global information can be gathered

from a simplified simulation or may be provided by experts.

[0123] At block 2304, an elliptic problem based on Eqn. 4 is derived. The elliptical
problem is a simplification of Eqn. 4, created by skipping the time derivative. The multilevel
meshes are calculated at block 2306, as described herein. At block 2308, the bases are
calculated for the multilevel meshes. At block 2310, the uniform velocity field associated
with the pressure is calculated. If at block 2312, a decision is made that a more accurate
velocity field (e.g., with varying pressures) is desirable, more accurate bases functions are
calculated at block 2314. In either case, flow proceeds to block 2316. At block 2316, the
quality of the pressure basis functions is evaluated. This may be performed by determining
how good the approximation is, for example, by history matching to flow data from the
reservoir. If any of the basis functions are not as good as desired, they may be recalculated.

Flow then proceeds to block 2318.

[0124] Block 2318 marks the start of an iterative simulation process. At block 2318, the
pressure equation shown in Eqn. 1 is discretized using the Multilevel Mixed Multiscale Finite
Volume Method described herein and then is solved. Some of the coefficients may be
recomputed at each time step with the data from the previous time step. At block 2320, the
total velocity is calculated. To perform this function, the coarse mesh total velocity flux is
calculated using the solution from block 2310. Then, if desirable, the fine mesh total velocity
is computed using either the velocity basis functions computed at block 2310 or at block

2314.

[0125] At block 2322, the saturation equation, shown in Eqn. 4, is solved. The saturation
equation can be solved either implicitly on the coarse mesh or explicitly on the fine mesh.
An adaptive solution is also possible. For example, after an implicit coarse solution of the
saturation, the coarse cells in which the saturations change above given tolerance can be
selected and fine mesh problems can be solved for the fine mesh problems using the
boundary conditions from the coarse mesh solve. Several fine time steps can be performed
until the coarse time step is reached. The fine time step may be selected so that the fine mesh
explicit saturation problems are stable and a multiple of the fine mesh time step is equal to

the coarse mesh time step.

[0126] At block 2324, the phase velocity may be computed, and at block 2326, the

component transport is computed. These calculations may be performed in a similar fashion
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to the calculation of the total velocity at block 2324. An adaptive algorithm, as described at
block 2322, can be used. Different phases and components may use different adaptive

regions.

[0127] At block 2328, the time is incremented by the time step selected. This step may
depend on the total time for the simulation. For example, the total simulation may cover 1
year, 5 years, 20 years, 40 years or more. The time step increments may cover 1 month, 2
months, 6 months, 1 year, or more. At block 2330, the incremented time is compared to the
initial time set for the simulation. If the time indicates that the end of the simulation has not
been reached, process flow returns to block 2316 to continue with another iteration. If the
simulation has ended, process flow proceeds to block 2332. At block 2332, the results of the
simulation are stored in a non-transitory, computer readable medium, and may be presented
to a user, for example, by being used to calculate a visual representation of a physical

reservoir. After the results are presented, at block 2334, the procedure ends.
Use of the Techniques in Hydrocarbon Harvesting

[0128] In exemplary embodiments, the method 2300 may be used to locate hydrocarbons
in a reservoir or adjust production from a hydrocarbon field. This includes generating a
reservoir simulation model that is based on a Multilevel Mixed Multiscale Finite Volume
Model. Control of hydrocarbon production from the field can be adjusted based at least in

part on results obtained from the reservoir model.

[0129] Adjusting the control of hydrocarbon production from the field may include
changing injection pressures, converting injectors to producers, converting producers to
injectors, drilling more wells to the reservoir, or any combinations thereof. The static
geologic measurements may include transmissibility, pore volume, drainage volume,
minimum cumulative inverse transmissibility between wells or between a well and a cell

representing a portion of the reservoir, transit time, or any combinations thereof.
Exemplary Cluster Computing System

[0130] Fig. 24 is a block diagram of an exemplary cluster computing system 2400 that
may be used in exemplary embodiments of the present techniques. The cluster computing
system 2400 illustrated has four computing units 2402, each of which may perform
calculations for part of the simulation model. However, one of ordinary skill in the art will
recognize that the present techniques are not limited to this configuration, as any number of

computing configurations may be selected. For example, a small simulation model may be



10

15

20

25

30

WO 2011/136861 PCT/US2011/021869

33

run on a single computing unit 2402, such as a workstation, while a large simulation model
may be run on a cluster computing system 2400 having 10, 100, 1000, or even more
computing units 2402. In an exemplary embodiment, each of the computing units 2402 will
run the simulation for a single subdomain or group of computational cells. However,
allocation of the computing units 2402 may be performed in any number of ways. For
example, multiple subdomains may be allocated to a single computing unit 2402 or multiple
computing units 2402 may be assigned to a single subdomain, depending on the

computational load on each computing unit 2402.

[0131] The cluster computing system 2400 may be accessed from one or more client
systems 2404 over a network 2406, for example, through a high speed network interface
2408. The network 2406 may include a local area network (LAN), a wide area network
(WAN), the Internet, or any combinations thereof. Each of the client systems 2404 may have
non-transitory, computer readable memory 2410 for the storage of operating code and
programs, including random access memory (RAM) and read only memory (ROM). The
operating code and programs may include the code used to implement all or any portions of
the methods discussed herein, for example, as discussed with respect to Fig. 23. Further, the
non-transitory computer readable media may hold a data representation of a physical
hydrocarbon reservoir, for example, generated by a multilevel mixed multiscale finite volume
(MMMFV) on an unstructured mesh. The client systems 2404 can also have other non-
transitory, computer readable media, such as storage systems 2412. The storage systems
2412 may include one or more hard drives, one or more optical drives, one or more flash
drives, any combinations of these units, or any other suitable storage device. The storage
systems 2412 may be used for the storage of code, models, data, and other information used
for implementing the methods described herein. For example, the data storage system may
hold a data representation of a physical hydrocarbon reservoir, generated, at least in part,
using a multilevel mixed multiscale finite volume (MMMEFV) method on an unstructured

mesh.

[0132] The high speed network interface 2408 may be coupled to one or more
communications busses in the cluster computing system 2400, such as a communications bus
2414. The communication bus 2414 may be used to communicate instructions and data from
the high speed network interface 2408 to a cluster storage system 2416 and to each of the
computing units 2402 in the cluster computing system 2400. The communications bus 2414

may also be used for communications among computing units 2402 and the storage array
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2416. In addition to the communications bus 2414 a high speed bus 2418 can be present to
increase the communications rate between the computing units 2402 and/or the cluster

storage system 2416.

[0133] The cluster storage system 2416 can have one or more tangible, computer
readable media devices, such as storage arrays 2420 for the storage of data, visual
representations, results, code, or other information, for example, concerning the
implementation of and results from the methods of Fig. 23. The storage arrays 2420 may
include any combinations of hard drives, optical drives, flash drives, holographic storage

arrays, or any other suitable devices.

[0134] Each of the computing units 2402 can have a processor 2422 and associated local
tangible, computer readable media, such as memory 2424 and storage 2426. The memory
2424 may include ROM and/or RAM used to store code, for example, used to direct the
processor 2422 to implement the method illustrated in Fig. 23. The storage 2426 may include
one or more hard drives, one or more optical drives, one or more flash drives, or any
combinations thereof. The storage 2426 may be used to provide storage for intermediate
results, data, images, or code associated with operations, including code used to implement

the method of Fig. 23.

[0135] The present techniques are not limited to the architecture or unit configuration
illustrated in Fig. 24. For example, any suitable processor-based device may be utilized for
implementing all or a portion of embodiments of the present techniques, including without
limitation personal computers, networks personal computers, laptop computers, computer
workstations, GPUs, mobile devices, and multi-processor servers or workstations with (or
without) shared memory. Moreover, embodiments may be implemented on application
specific integrated circuits (ASICs) or very large scale integrated (VLSI) circuits. In fact,
persons of ordinary skill in the art may utilize any number of suitable structures capable of

executing logical operations according to the embodiments.

[0136] While the present techniques may be susceptible to various modifications and
alternative forms, the exemplary embodiments discussed above have been shown only by
way of example. However, it should again be understood that the present techniques are not
intended to be limited to the particular embodiments disclosed herein. Indeed, the present
techniques include all alternatives, modifications, and equivalents falling within the true spirit

and scope of the appended claims.
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CLAIMS

1. A method for modeling a hydrocarbon reservoir, comprising:

deriving a computational mesh from a fine unstructured mesh using a multilevel mixed

multiscale finite volume (MMMFV) method, comprising:

computing a first algebraic multilevel basis function for a pressure;

constructing an interaction region;

generating a primary mesh;

computing a second algebraic multiscale basis function for a velocity approximation;
simulating the hydrocarbon reservoir using the computational mesh; and

generating a data representation of a physical hydrocarbon reservoir in a non-transitory,

computer-readable medium based at least in part on the results of the simulation.

2. The method of claim 1, further comprising:

using global information in the construction of the second algebraic multiscale basis function

by:
selecting an auxiliary mesh;
approximating a solution on the auxiliary mesh; and

calculating one or more velocity basis functions using the provided global information.

3. The method of claim 1, wherein the first algebraic multilevel basis function, the
second algebraic multiscale basis function, or both, are based at least in part on a discrete

harmonic function.

4. The method of claim 1, wherein deriving the computational mesh comprises:
calculating a primary mesh and one or more interaction regions;
selecting approximation spaces, wherein the approximation spaces comprise P and U;

selecting test spaces, where the test spaces comprise Q and V; and
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selecting discrete gradient and divergence operators.

5. The method of claim 1, wherein computing the first algebraic multilevel basis

function comprises:

setting a plurality of boundary conditions to one at a center point of a coarse computational

cell in the primary mesh;

setting the plurality of boundary conditions to zero at a boundary of the coarse computational

cell in the primary mesh; and

solving a basis function using the plurality of boundary conditions.

6. The method of claim 1, wherein computing the first algebraic multilevel basis

function comprises:

computing all coarse functions for a computational mesh simultaneously so as to minimize an

energy of a computational mesh.

7. The method of claim 1, wherein computing the first algebraic multilevel basis

function comprises:

selecting one or more coarse points;

selecting one or more fine points that belong to each coarse point;
computing a coarse basis; and

evaluating an approximation quality of the coarse basis.

3. The method of claim 7, further comprising:

iterating until the approximation quality is acceptable.

9. The method of claim 7, wherein computing the coarse basis comprises:

connecting two points, ¢; and b, in a computational mesh 2, with a straight line [a;, b];
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assigning a point in X, that is closest to the straight line [a;, b] to be a,,; generating a

connecting line froma;to a, ,; and if @, # b, setting i =i +1,

i+1°?

selecting another connection and repeating.

10. The method of claim 7, wherein computing the coarse basis comprises:
selecting a center point of the interaction region;

selecting a center point of one or more edges of the interaction region;

connecting the center point of the interaction region to the center point of an edge; and

connecting the one or more edges to form faces of polygons.

11. The method of claim 1, wherein constructing the interaction region comprises:
constructing a triangulation of coarse points by:

constructing each edge of the triangulation by:

connecting two coarse points, ¢; and b in a computational mesh X, with a straight line [a;, b];

assigning a point in 2, to be «,,,, wherein the point is closest to the straight line [a;, b];

i+l
generating a connecting line from @; to @, ; and if a,, # b, setting =i+ 1, and repeating
until a;+; = b;

selecting another connection and repeating; and

constructing one or more faces of the triangulation by:

selecting a center point of an interaction region;

selecting a center point of one or more edges of the interaction region;

connecting the center point of the interaction region to the center point of an edge; and

connecting one or more faces of polygons.

12. The method of claim 1, further comprising:
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managing a production of a hydrocarbon from the physical hydrocarbon reservoir based at

least in part upon data representation.

13. The method of claim 12, wherein managing the production comprises one or more of:
converting injectors into producers;

converting producers into injectors;

changing production rates; and

drilling new wells to the reservoir.

14. The method of claim 1, wherein a quality of the velocity approximation is improved

by:
calculating a special vector basis functions; and

solving a small local system for a coarse cell.

15. A method for producing a hydrocarbon from a hydrocarbon reservoir, comprising:

simulating the reservoir using a multilevel mixed multiscale finite volume method on an

unstructured mesh, comprising:

computing a first algebraic multilevel basis function for a pressure;

constructing an interaction region;

generating a primary mesh;

computing a second algebraic multiscale basis function for a velocity approximation; and

producing a hydrocarbon from the hydrocarbon reservoir based at least in part upon the

results of the simulation.

16. The method of claim 15, wherein producing the hydrocarbon comprises one or more

of:

drilling one or more wells to the hydrocarbon reservoir, wherein the wells comprise

production wells, injection wells, or both; and
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setting production rates from the hydrocarbon reservoir.

17. A Mixed Multiscale Finite Volume Method for simulating flow in a porous media,

comprising:
collecting global information about a hydrocarbon reservoir;
deriving an elliptic problem based on a saturation equation;

calculating a plurality of unstructured coarse meshes and a plurality of pressure basis

functions corresponding to the plurality of unstructured coarse meshes;

solving the plurality of basis functions to reconstruct a velocity vector field for each of the

plurality of unstructured coarse meshes; and
iterating a simulation until a final timeframe is reached, wherein the simulation comprises:

solving a pressure equation for a plurality of computational cells in each of the plurality of

unstructured coarse meshes;

calculating a total velocity for each of the plurality of coarse meshes;

solving the elliptical problem for each of the plurality of unstructured coarse meshes;
computing a phase velocity for each of the plurality of unstructured coarse meshes; and

computing a component transport for each of the plurality of unstructured coarse meshes.

18. The Mixed Multiscale Finite Volume Method of claim 17, further comprising
combining the phase velocity computed for each of the plurality of unstructured coarse

meshes to obtain a phase velocity for the hydrocarbon reservoir.

19. The Mixed Multiscale Finite Volume Method of claim 17, further combining the
component transport computed for each of the plurality of coarse meshes to obtain a phase

velocity for the hydrocarbon reservoir.

20. A system for simulating a hydrocarbon reservoir, comprising:

a Processor;



10

WO 2011/136861 PCT/US2011/021869

40

a non-transitory storage device, wherein the storage device comprises a data representation of
the hydrocarbon reservoir, wherein the data representation is an unstructured computational

mesh determined by a Mixed Multiscale Finite Volume method;

a memory device, wherein the memory device comprises code to direct the processor to:
compute a first algebraic multilevel basis function for a pressure;

construct an interaction region;

generate a primary mesh;

compute a second algebraic multiscale basis function for a velocity approximation;
simulate the hydrocarbon reservoir using the primary mesh; and

update the data representation based at least in part on the results of the simulation.

21.  The system of claim 20, wherein the processor comprises a multi-processor cluster.
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