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METHOD FOR MULTIPHASE FLOW UPSCALING
CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims the benefit of U.S. Provisional Patent Application
61/616,807 filed March 28, 2012 entitted METHOD FOR MULTIPHASE FLOW
UPSCALING, the entirety of which is incorporated by reference herein.

FIELD

[0002] The present techniques relate to geologic modeling, and more particularly, to

methods of upscaling multiphase flow.

BACKGROUND

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

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

[0004] Reservoir models with a highly detailed geological and/or petrophysical
description often include a number of gridblocks on the order of 1-10 million. Running a
flow simulation on such large models is usually computationally prohibitive. Accordingly, an
original geological model with a detailed description, denoted as a ‘fine scale model,” should
be coarsened to a ‘coarse scale model” with much fewer numbers of gridblocks so that the
reservoir model can be flow-simulated within a feasible computational time. The coarsening
of the reservoir model involves regenerating a grid system, which is denoted as upgridding,
and regenerating petrophysical properties (such as porosity and/or permeability) assigned to
gridblocks, denoted as upscaling. This upgridding and upscaling should reasonably preserve
original understandings of hydrocarbon in-place, estimates of reserves, and predicted
production performance of the original fine scale model through the coarsening so as not to
mislead business decisions. However, while the preservation of volumetric quantities such as
hydrocarbon in-place is relatively straightforward, the preservation of dynamic quantities,
such as recovery factors and/or production performance, is not a trivial task. For example, if
the mechanism of hydrocarbon recovery is mainly due to displacement of hydrocarbons by
other fluids, which are either injected from the surface or are encroaching from an aquifer,

simple static calculation of coarse scale petrophysical properties (e.g. weight-averaging of
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fine scale properties within the coarse gridblock) is not a sufficient upscaling approach to
preserve recovery factors and/or production performance. This is because hydrocarbon
production due to the injection of displacing fluids (or due to water encroachment from an
aquifer) is highly dependent on the efficiency of sweep, which is often controlled not only by
large scale geological features but also by the small scale heterogeneity of petrophysical
properties. If an important small scale feature of petrophysical heterogeneity is erased or
smoothed by upscaling, the efficiency of sweep is miscalculated by the coarse scale flow
simulation. To avoid this, upscaling of relative permeability, in addition to the upscaling of
absolute permeability, is needed. Relative permeability is a measure of degree of ease of flow
of individual phases of fluid, such as hydrocarbon liquid phase (e.g., 0il) and aqueous phase
(e.g., water), when two or more fluids are flowing simultaneously though porous media.
Relative permeability is expressed as a function of phase saturation and is defined as a ratio
of permeability of individual phases under multiphase flow condition to absolute
permeability under single-phase flow condition. Thus the role of relative permeability in
reservoir simulation is to control the amount of fluids of individual phases that flow across a

gridblock interface in accordance with the phase saturation at an upstream gridblock.

[0005] The most commonly used method for upscaling relative permeability is known as
the dynamic pseudo-function method. This method approximates the fine scale simulation of
multiphase flow behavior by running a flow simulation on a coarsened model. The method
gencrates and uses upscaled relative permeability as a pseudo-function that accounts for the
effect of sub-grid scale heterogeneity on sweep. In other words, the method is a way to
upscale rock relative permeability, which is measured by core flooding experiments on a
small sample of rock and usually only representing characteristics of multiphase flow through
a homogeneous porous medium, to upscale relative permeability that represents
characteristics of multiphase flow through heterogeneous medium at the scale of a simulation
gridblock. This method can approximate three-dimensional flow simulation using a two-
dimensional areal model. However, it is still used as a method for upscaling relative
permeability to coarsen a fine scale geologic model to a coarse scale flow simulation model.
Numerous variations of dynamic pseudo-function methods have been proposed. One way to
classify these variations is based on the boundary conditions used for generating the pseudo-
function. Different boundary conditions generate different pseudo-functions for the same

model. Each of the existing variations has its own limitations.
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[0006] Cross-Sectional Simulation Based Method. This boundary condition was used to

reduce a three dimensional simulation model to a two dimensional areal model (i.e., a
reservoir model that comprises only 1 layer). Pseudo-functions are generated from a fine
scale simulation on a two or three dimensional cross-sectional model that represents a typical
vertical cross-section of the reservoir. The limitation of this approach is that it is usually
difficult to identify a ‘representative’ cross-section, if such a cross-section exists at all. This
approach has been replaced by global methods as dynamic pseudo generation using full field
scale fine simulation (“global methods™) became relatively affordable with three dimensional
grids. However, because of its simplicity, it is still used occasionally to test new ideas and/or

methods.

[0007] Global Method. This boundary condition is supported by commercial software,
such as the PSEUDO software package offered by Schlumberger. In this method, dynamic
pseudo-functions are generated by post-processing the result of fine scale simulation run at
the full field scale, using given well positions and rates. Therefore, the boundary condition
used for generating pscudo-functions is the same as the condition that occurs at the
simulation gridblocks in the given fine scale simulation. The limitation of this approach is
that if well positions and rates are changed, the pseudo-functions should be regenerated by re-
running the fine scale simulation. This can be a challenge when running the fine scale

simulation is not computationally feasible.

[0008] Local Method. Local methods generate relative permeability pseudo-functions by
running two-phase flow simulation on a local domain as depicted in Figure 1. This method
can be seen as a dynamic pseudo-function generation method implemented in such a way that
the flow simulation on the local domain mimics core flooding experiments. As shown in
Figure 1, the local domain 100 comprises an upstream coarse grid domain 102 adjacent a
downstream coarse grid domain 104. Direction of fluid flow is shown by arrows 105a, 105b.
A coarse grid interface 106 defines the interface between the upstream and downstream
coarse grid domains. Modeled fluid flow through local domain is shown as shaded squares
107. A pseudo-function is constructed through post-processing of the simulation result by
relating displacing phase saturation within the upstream coarse grid domain 102 to the
relative permeability calculated from the flux of individual phases flowing across the coarse
grid interface 106 and the pressure difference between upstream and downstream coarse grid

domains 102, 104.
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[0009] A typically used boundary condition is a constant pressure boundary condition
which imposes constant pressure to the inlet and outlet faces 108, 110 of local domain 100. A
displacing phase saturation of Sq = 1.0 is imposed on inlet face 108 and Sq = 0.0 is imposed
on outlet face 110. A no-flow boundary condition is applied on the sides 112, 114 of local
domain 100. The limitation of this approach is the discrepancy between the saturation
boundary condition imposed on the local domain and the actual phase saturation that occurs
in the related simulation model. The boundary condition of S4 = 1.0 occurs in actual flow
simulations only if the injector is placed in an adjacent simulation gridblock and never

happens otherwise.

[0010] To overcome this limitation, many boundary condition variations are proposed.
The Effective Flux Boundary Condition (EFBC) applies a constant flux boundary condition,
instead of constant pressure, on inlet and outlet faces in such a way that the flow rate is
allocated to the fine grids in accordance with fine scale permeability on the faces. Although
EFBC improves the accuracy of reproduction of fine scale simulation compared to the
constant pressure boundary condition, it still fails to capture the flow properties for cases with
highly stratified heterogeneity structure. A possible reason is that EFBC still uses saturation

boundary condition of S4= 1.0 at the inlet face, which is unrealistic.

[0011] Local-Global Method. Local-global methods are proposed to avoid the need of

running fine scale simulation at the full field scale. The sequential upscaling method
sequentially generates pseudo-functions for simulation gridblocks, from upstream to
downstream, using a local method by specifying flux rates of individual phases as an inlet
boundary condition, instead of using constant pressure and a saturation boundary condition.
The inlet flux rates are carried over from the two-phase simulation result that is previously
conducted on the upstream local domain. In other words, the flux boundary condition on the
local domain is specified in such a way that outflux of upstream coarse gridblock is the same
as influx of downstream coarse gridblock. The limitation of this approach is that pseudo-
functions are generated sequentially for all simulation gridblocks individually using a local

method, which is computationally prohibitive in real reservoir cases.

[0012] A local-global two-phase upscaling method first runs a coarse scale two-phase
simulation at the full field scale using rock relative permeability, and then utilizes the
simulated coarse scale inter-block flux and saturation as boundary conditions for generating

pseudo-functions for individual simulation gridblocks using a local method. If needed, the

4.
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whole process is iterated by updating relative permeability by the previously generated
pseudo-functions. As with the sequential upscaling method, the limitation of this approach is
significant computational cost because, to iterate the process, the method requires pseudo
generation for all individual simulation gridblocks by running the two-phase flow simulation

on individual local domains.

[0013] The local-global methods described above rely on global methods and simply
attempt to avoid running fine scale simulations at the full field scale. Therefore, the
limitations of global methods also apply to local-global methods, i.e. if well positions and
rates are changed, the pseudo-functions must be regenerated by re-running the fine scale

simulation.

[0014] Extended Local Method. Pickup et al. have proposed to use an extended local

boundary condition to generate a pseudo-function as a form of tensor phase permeability. In
this approach, which is shown in Figure 2, the local domain 200 for pseudo-function
generation is defined by including both 1) a coarse gridblock domain 202 where the pseudo-
function is to be calculated and 2) the coarse gridblocks 204, 206, 208, 210, 212, 214, 216,
218 surrounding coarse gridblock domain 202. In this way, the boundary conditions are not
imposed directly on the faces of the coarse gridblock where the pseudo-function is to be
calculated. The limitation of this approach is that, because the pseudo-function is generated
as a form of tensor — a phase permeability tensor — it should be used by flow simulation using
a nine-point flux scheme, which is much more computationally expensive than conventional
flow simulation. To use this tensor pseudo-function with conventional flow simulators using
a two-point flux scheme, off-diagonal elements of the tensor should be omitted. However,
the pseudo-function generated by this method loses the accuracy of reproduction of fine scale

simulation if the off-diagonal elements of the tensor are neglected.

[0015] What is needed is a local method that solves the problems related to saturation
boundary conditions of Sq= 1.0, imposed on an inlet face of a gridblock, without the need of

a tuning parameter or a significant increase in computational cost.

SUMMARY

[0016] In one aspect, disclosed aspects and methodologies provide a method of
multiphase flow upscaling of a fine scale geologic model. From the fine scale geologic

model, a local domain is defined for generating a dynamic pseudo-function. The local domain

-5-
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includes an upstream coarse grid domain adjacent a downstream coarse grid domain, and a
concatenated domain adjacent the upstream coarse grid domain. The local domain is
configured such that fluid flow to be modeled therethrough flows first through the
concatenated domain, then through the upstream coarse grid domain, and lastly through the
downstream coarse grid domain. A coarse grid interface is defined between the upstream
coarse grid domain and the downstream coarse grid domain. A constant pressure boundary
condition of P = 1 and a saturation condition of Sq =1 are imposed on an upstream face of the
concatenated domain. A constant pressure boundary condition of P = 0 and a saturation
condition of S4 =0 are imposed on a downstream face of the downstream coarse grid domain.
A no-flow boundary condition is imposed on faces of the concatenated domain, the upstream
coarse grid domain, and the downstream coarse grid domain parallel to a direction of fluid
flow. Fluid flow is simulated through the local domain for a plurality of time steps until the
local domain is completely flooded. At each time step, a fine scale solution of saturation and
flow rate of individual fluid phases across the coarse grid interface is recorded. A pseudo-
function is constructed by post-processing results of the simulation of fluid flow. The fine

scale geologic model is upscaled to a coarse scale geologic model using the pseudo-function.

[0017] In another aspect, disclosed methodologies and techniques provide a method of
multiphase flow upscaling of a fine scale geologic model. From the fine scale geologic
model, a local domain for generating a dynamic pseudo-function is defined. The local domain
includes an upstream coarse grid domain adjacent a downstream coarse grid domain, and a
concatenated domain adjacent the upstream coarse grid domain. The local domain being
configured such that fluid flow to be modeled therethrough flows first through the
concatenated domain, then through the upstream coarse grid domain, and lastly through the
downstream coarse grid domain. A coarse grid interface is defined between the upstream
coarse grid domain and the downstream coarse grid domain. A set of boundary conditions is
imposed on an upstream face of the concatenated domain and a downstream face of the
downstream coarse grid domain. A no-flow boundary condition is imposed on faces of the
concatenated domain, the upstream coarse grid domain, and the downstream coarse grid
domain parallel to a direction of fluid flow. Fluid flow is simulated through the local domain
for a plurality of time steps until the local domain is completely flooded. At each time step, a
fine scale solution of saturation and flow rate of individual fluid phases across the coarse grid

interface is recorded. A pseudo-function is constructed by post-processing results of the
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simulation of fluid flow. The fine scale geologic model is upscaled to a coarse scale geologic

model using the pseudo-function.

[0018] In another aspect, disclosed methodologies and techniques provide a system for
multiphase flow upscaling of a fine scale geologic model, the system comprises a processor, a
storage medium, and a computer application accessible by the processor and stored on at least
one of the storage medium and the processor. The computer application is adapted to: define,
from the fine scale geologic model, a local domain to generate a dynamic pseudo-function,
the local domain including an upstream coarse grid domain adjacent a downstream coarse
grid domain, and a concatenated domain adjacent the upstream coarse grid domain, the local
domain being configured such that fluid flow to be modeled therethrough flows first through
the concatenated domain, then through the upstream coarse grid domain, and lastly through
the downstream coarse grid domain, wherein a coarse grid interface is defined between the
upstream coarse grid domain and the downstream coarse grid domain; impose a constant
pressure boundary condition of P = 1 and a saturation condition of S4= 1 on an upstream face
of the concatenated domain; impose a constant pressure boundary condition of P = 0 and a
saturation condition of Sq = 0 on a downstream face of the downstream coarse grid domain;
impose a no-flow boundary condition on faces of the concatenated domain, the upstream
coarse grid domain, and the downstream coarse grid domain parallel to a direction of fluid
flow; simulate fluid flow through the local domain for a plurality of time steps until the local
domain is completely flooded; at each time step, record a fine scale solution of saturation and
flow rate of individual fluid phases across the coarse grid interface; construct a pseudo-
function by post-processing results of the simulation of fluid flow; and upscale the fine scale

geologic model to a coarse scale geologic model using the pseudo-function.

[0019] In yet another aspect, disclosed methodologies and techniques provide a computer
program product having computer executable logic recorded on a tangible, machine readable
medium. The computer program product includes: code for defining, from the fine scale
geologic model, a local domain for generating a dynamic pseudo-function, the local domain
including an upstream coarse grid domain adjacent a downstream coarse grid domain, and a
concatenated domain adjacent the upstream coarse grid domain, the local domain being
configured such that fluid flow to be modeled therethrough flows first through the
concatenated domain, then through the upstream coarse grid domain, and lastly through the
downstream coarse grid domain, wherein a coarse grid interface is defined between the

upstream coarse grid domain and the downstream coarse grid domain; code for imposing a

-7-
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constant pressure boundary condition of P = 1 and a saturation condition of S4 = 1 on an
upstream face of the concatenated domain; code for imposing a constant pressure boundary
condition of P = 0 and a saturation condition of Sq = 0 on a downstream face of the
downstream coarse grid domain; code for imposing a no-flow boundary condition on faces of
the concatenated domain, the upstream coarse grid domain, and the downstream coarse grid
domain parallel to a direction of fluid flow; code for simulating fluid flow through the local
domain for a plurality of time steps until the local domain is completely flooded; code for
recording, at each time step, a fine scale solution of saturation and flow rate of individual
fluid phases across the coarse grid interface; code for constructing a pseudo-function by post-
processing results of the simulation of fluid flow; and code for upscaling the fine scale

geologic model to a coarse scale geologic model using the pseudo-function.

[0020] In still another aspect, disclosed methodologies and techniques provide a method
of managing hydrocarbon resources. According to the method, a local domain is defined from
fine scale geologic model for generating a dynamic pseudo-function, the local domain
including an upstream coarse grid domain adjacent a downstream coarse grid domain, and a
concatenated domain adjacent the upstream coarse grid domain, the local domain being
configured such that fluid flow to be modeled therethrough flows first through the
concatenated domain, then through the upstream coarse grid domain, and lastly through the
downstream coarse grid domain, wherein a coarse grid interface is defined between the
upstream coarse grid domain and the downstream coarse grid domain. A constant pressure
boundary condition of P = 1 and a saturation condition of Sq = 1 are imposed on an upstream
face of the concatenated domain. A constant pressure boundary condition of P = 0 and a
saturation condition of Sq = 0 are imposed on a downstream face of the downstream coarse
grid domain. A no-flow boundary condition is imposed on faces of the concatenated domain,
the upstream coarse grid domain, and the downstream coarse grid domain parallel to a
direction of fluid flow. Fluid flow is simulated through the local domain for a plurality of
time steps until the local domain is completely flooded. At each time step, a fine scale
solution of saturation and flow rate of individual fluid phases across the coarse grid interface
is recorded. A pseudo-function is constructed by post-processing results of the simulation of
fluid flow. The fine scale geologic model is upscaled to a coarse scale geologic model using
the pseudo-function. Hydrocarbon resources are managed using the coarse scale geologic

model.



10

15

20

25

WO 2013/148021 PCT/US2013/026913

DESCRIPTION OF THE DRAWINGS

[0021] Advantages of the present techniques may become apparent upon reviewing the

following detailed description and the accompanying drawings in which:

[0022] Figure 1 is a diagram of a local domain taken from a geologic model according to

known principles;

[0023] Figure 2 is a diagram of a local domain taken from a geologic model according to

known principles;

[0024] Figure 3 is a diagram of a local domain taken from a geologic model according to

aspects and methodologies disclosed herein;

[0025] Figure 4A is an input of a flow simulation of a fine scale model;

[0026] Figures 4B and 4C are inputs of flow simulations of coarse scale models

according to aspects and methodologies disclosed herein;

[0027] Figures 5A and 5B are graphs comparing various methods of flow simulation

using the coarse scale models of Figures 4B and 4C, respectively;

[0028] Figure 6 is a flowchart of a method according to disclosed aspects and

methodologies;

[0029] Figure 7 is a block diagram of a computing system used to perform disclosed

aspects and methodologies;

[0030] Figure 8 is a block diagram representing computer code according to disclosed

methodologies and techniques;

[0031] Figure 9 is a side elevational view of a hydrocarbon reservoir; and

[0032] Figure 10 is a flowchart of a method according to disclosed methodologies and

techniques.
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DETAILED DESCRIPTION

[0033] In the following detailed description section, specific embodiments 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, 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 embodiments described herein, but
rather, it includes all alternatives, modifications, and equivalents falling within the spirit and

scope of the appended claims.

[0034] 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.

[0035] As used herein, the term "computer component” refers to a computer-related
entity, either hardware, firmware, software, a combination thereof, or software in execution.
For example, a computer component can be, but is not limited to being, a process running on
a processor, a processor, an object, an executable, a thread of execution, a program, and/or a
computer. One or more computer components can reside within a process and/or thread of
execution and a computer component can be localized on one computer and/or distributed

between two or more computers.

[0036] As used herein, the terms "computer-readable medium” or “tangible machine-
readable medium” refer to any tangible storage that participates in providing instructions to a
processor for execution. Such a medium may take many forms, including but not 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. Computer-readable media may include, for example, a floppy disk, a flexible disk,
hard disk, magnetic tape, or any other magnetic medium, magneto-optical medium, a CD-
ROM, any other optical medium, a RAM, a PROM, and EPROM, a FLASH-EPROM, a solid
state medium like a holographic memory, a memory card, or any other memory chip or
cartridge, or any other physical medium from which a computer can read. When the
computer-readable media is configured as a database, it is to be understood that the database
may be any type of database, such as relational, hierarchical, object-oriented, and/or the like.

Accordingly, exemplary embodiments of the present techniques may be considered to include

-10 -
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a tangible storage medium or tangible distribution medium and prior art-recognized
equivalents and successor media, in which the software implementations embodying the

present techniques are stored.

[0037] As used herein, "hydrocarbon" includes any hydrocarbon substance, including for
example one or more of any of the following: oil (often referred to as petroleum), natural gas,

gas condensate, tar and bitumen.

[0038] As wused herein, “hydrocarbon management” or “managing hydrocarbons”
includes hydrocarbon extraction, hydrocarbon production, hydrocarbon exploration,
identifying potential hydrocarbon resources, identifying well locations, determining well
injection and/or extraction rates, identifying reservoir connectivity, acquiring, disposing of
and/or abandoning hydrocarbon resources, reviewing prior hydrocarbon management

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

[0039] As used herein, “sweep” includes displacement of hydrocarbon fluids from
reservoir rock by flooding or displacing fluids which can be either injected fluid from the

surface or from fluid encroaching from an aquifer.

[0040] “Efficiency of sweep” includes a fraction or percentage of pore volume where
hydrocarbon fluid is flooded or displaced by flooding/displacing fluid in total pore volume of

the original hydrocarbon bearing rock.

[0041] As used herein, “water cut” includes amount of water in fraction or in percentage

in total of produced liquid phase fluid (i.e. oil and water).

[0042] As used herein, “porosity” is defined as the relative volume of pore space in a

formation or rock.

[0043] As used herein, “permeability” is defined as the ability of a rock to transmit fluids

through interconnected pores in the rock.

[0044] Some portions of the detailed description which follows are presented in terms of
procedures, steps, logic blocks, processing and other symbolic representations of operations
on data bits within a computer memory. These descriptions and representations are the means

used by those skilled in the data processing arts to most effectively convey the substance of

-1l -
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their work to others skilled in the art. In the present application, a procedure, step, logic
block, process, or the like, is conceived to be a self-consistent sequence of steps or
instructions leading to a desired result. The steps are those requiring physical manipulations
of physical quantities. Usually, although not necessarily, these quantities take the form of
electrical or magnetic signals capable of being stored, transferred, combined, compared, and

otherwise manipulated in a computer system.

[0045] It should be borne in mind, however, that all of these and similar terms are to be
associated with the appropriate physical quantities and are merely convenient labels applied o
these quantities. Unless specifically stated otherwise as apparent from the following
discussions, it is appreciated that throughout the present application, discussions using the

29 LC 2% < 29 LC 2%

terms such as “upscaling”, “defining”, “imposing”, “simulating”, “recording

2% <

, “constructing”,
“post-processing”, “outputting”, “displaying”, or the like, refer to the action and processes of
a computer system, or similar electronic computing device, that transforms data represented
as physical (electronic) quantities within the computer system's registers and memorics into
other data similarly represented as physical quantities within the computer system memories
or registers or other such information storage, transmission or display devices. Example

methods may be better appreciated with reference to flow diagrams.

[0046] While for purposes of simplicity of explanation, the illustrated methodologies are
shown and described as a series of blocks, it is to be appreciated that the methodologies are
not limited by the order of the blocks, as some blocks can occur in different orders and/or
concurrently with other blocks from that shown and described. Moreover, less than all the
illustrated blocks may be required to implement an example methodology. Blocks may be
combined or separated into multiple components. Furthermore, additional and/or alternative
methodologies can employ additional, not illustrated blocks. While the figures illustrate
various serially occurring actions, it is to be appreciated that various actions could occur

concurrently, substantially in parallel, and/or at substantially different points in time.

[0047] According to aspects and methodologies disclosed herein, a new local boundary
condition for multiphase flow upscaling is used that further improves the accuracy of
reproduction of fine scale simulation compared to upscaling results of existing local methods.
The new local boundary condition is called upstream outflow flux boundary condition
(UOFBC). Figure 3 depicts the local domain and boundary conditions of UOFBC which can

be compared to the existing local domain/boundary condition illustrated in Figure 1. As
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shown in Figure 1, existing local methods impose a constant saturation boundary condition
(i.e. Sq = 1.0) at the inlet face 108 of the simulation gridblock to be upscaled, resulting in
overestimation of the average saturation of a displacing fluid at the time of its breakthrough
at the inter gridblock face. To avoid this overestimation, UOFBC (in Figure 3) defines the
local domain 300 for generating a pseudo-function as having an upstream gridblock or coarse
grid domain 302, a downstream gridblock or coarse grid domain 304, a coarse grid interface
306, and a concatenated gridblock or domain 308 upstream of the upstream coarse grid
domain 302 where the pseudo-function is to be calculated. A boundary condition of Sq = 1.0
is imposed at the inlet face 310 of the local domain 300. Either constant pressure (as depicted
in Figure 3) or constant effective flux rate (as defined in the previously described Effective
Flux Boundary Condition) or any other pressure / flux boundary condition can be imposed at
inlet face 310. A boundary condition of Sq = 0.0 is imposed on the outlet face 312 of local
domain. A no-flow boundary condition is applied on the sides 314, 316 of local domain 300,
or in other words, the no-flow boundary condition is applied on the sides of the coarse grid

domains 302, 304, 306 parallel to the direction of fluid flow, as indicated by arrows 318, 320.

[0048] By adding concatenated domain 308 to upstream simulation gridblock 302, the
inflow flux boundary conditions of the disclosed aspects are similar to the outflow flux
boundary conditions of the upstream gridblock in known sequential upscaling methods.
However, because the disclosed aspects are designed as a local method, the disclosed aspects
do no suffer from the limitations of the sequential upscaling method, which is designed as a
local-global method. Specifically, pseudo-functions generated using disclosed aspects are
independent of well locations and rate, and the local method using the disclosed aspects does
not necessarily require pseudo generation for all individual simulation gridblocks. Thus, the
disclosed aspects can avoid computationally prohibitive workflows. Also, the invention
avoids imposing a saturation boundary condition of Sy = 1.0 directly on the faces of the
coarse gridblock where the pseudo-function is to be calculated. However, unlike the known
extended local method (in Figure 2), the disclosed aspects do not generate the tensor of
pseudo-function, thereby permitting the use of conventional flow simulators using two-point

flow approximation.

[0049] The improvements of the saturation boundary condition achieved by the disclosed
aspects result in a more realistic profile of the displacement front at the subgrid scale than
existing local boundary conditions. Although the disclosed aspects depicted in Figure 3
concatenate a single upstream simulation gridblock to the gridblock where the pseudo-
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function is to be calculated, it can be extended to the concatenation of multiple gridblocks or

the concatenation of only the part of upstream simulation gridblock.

[0050] The disclosed aspects and methodologies are similar to known local methods in
that they take the same procedure to generate dynamic pseudo-functions as known dynamic
pseudo methods that are applicable to local domain. For example, the Kyte and Berry
method, a pore volume weighted method or varieties of other methods can be used. Examples
of other dynamic methods include a weighted relative permeability method, a vertical
equilibrium method, a Stone method, a Kirchoff’'s Law method, a steady-state simulation
method (in Saad et al., 1995), a transmissibility weighted method (in Darman, et al., 2002),
and the Hewett and Archer method (in Hewett and Archer, 1997). The procedure to generate
pseudo-function using the disclosed aspects (UOFBC) is described hereafter using the Kyte

and Berry method and/or the pore volume weighted method as a beginning point.

[0051] Consider an example of two-phase flow in a water-oil system in which the
displacing fluid is water, the displaced fluid is oil, and S4 = S,,. First, a local domain to
implement dynamic pseudo generation is extracted from a fine scale geological model as
depicted in Figure 3. This local domain includes a concatenated domain, an upstream coarse
grid domain, and a downstream coarse grid domain. The upstream coarse grid domain
corresponds to a coarse simulation gridblock where the pseudo-function is to be generated.
Specifically, the pseudo-function to be generated from this local domain is expressed as a
function of saturation averaged over the upstream coarse grid domain, and describes the
upscaled relative permeability to be applied to the interface between the upstream and
downstream coarse grid domains. The concatenated domain can be a domain corresponding
to either 1) a single coarse simulation gridblock located upstream of the upstream coarse grid
domain, 2) multiple coarse gridblocks located upstream of the upstream coarse grid domain,
or 3) only some part of a coarse simulation gridblock located upstream of the upstream coarse

grid domain.

[0052] A constant pressure boundary condition of P = 1 and a saturation condition of S,
= 1 are imposed on the upstream face of the concatenated domain. A pressure boundary
condition of P = 0 and a saturation condition of Sy, = 0 is applied to the downstream face of
the downstream coarse grid domain. A no-flow boundary condition is imposed on the sides.

The local domain is then flow simulated and the fine scale solution of the water saturation
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and the flow rate of individual phases across the coarse grid interface are recorded at each

time step. The flow simulation is continued until the local domain is completely flooded.

[0053] Then, a pseudo-function is constructed by post-processing the simulation result.
The coarse scale water saturation of the upstream coarse gridblock domain (Figure 3) is

calculated from the fine scale simulation result as:

ZSw,i WV,
* i
=
D4,
i

S i € upstream coarse grid domain (Eq. 1),

where
S, is the coarse scale water saturation,
Sw.i is the fine scale water saturation at fine gridblock 7,
@; is the fine scale porosity at fine gridblock 7, and

v; is the volume of fine gridblock 1.

The coarse scale flow rates of oil and water phases across the coarse grid interface (Figure 3)

are obtained as:

0,=>4,, ie coarse grid interface (Eq. 2) and
0,=>.4,, i e coarse grid interface (Eq. 3),

where
Q. is the coarse scale flow rate of oil across the coarse grid interface,
do 18 the fine scale flow rate of oil across the coarse grid interface at fine gridblock i,
Q. is the coarse scale flow rate of water across the coarse grid interface, and

gw 1s the fine scale flow rate of water across coarse grid interface at fine gridblock 1.

The fine scale phase pressures are weight-averaged within the upstream and downstream

coarse grid domains as

Z Wo,iDo,i
*

D, = ZZ:—W i € upstream or downstream coarse grid domain  (Eq. 4) and
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Z Ww,z' p w,i
*

P, = ZZ:—W i € upstream or downstream coarse grid domain  (Eq. 5),

where
Do is the coarse scale oil phase pressure,
Do, 18 the fine scale oil phase pressure at fine gridblock ;,
Wo,; 15 the weight for the oil phase at fine gridblock 7,
pw* is the coarse scale water phase pressure,
Pw,: 1s the fine scale water phase pressure at fine gridblock 7, and

Wy, 18 the weight for water phase at fine gridblock 7.,

The weights may be defined in various ways. According to the Kyte and Berry method,
described in the Kyte and Berry publication referenced in the bibliography and incorporated
herein by reference, the weights are defined as

kv, w,, =k, kv, (Eq. 6),

W r = Ky 1K, Vs
where k; is the absolute permeability at fine gridblock i. According to the pore volume
weighted method, the weights are defined as

W, =W,; =@V, (Eq. 7).
Coarse scale relative permeability may be calculated from coarse scale properties using

Darcy’s law as;

K, = LBl (Eq. 8) and
T Ap,

kjw — ILlW*BWQ*W (Eq 9)’
T Ap,

where
keo is the coarse scale oil relative permeability,
W, is the oil viscosity,
B, is an oil formation volume factor,
Ap, is the difference of oil phase pressure between upstream and downstream coarse
gridblocks,
T" is the absolute transmissibility between coarse gridblocks,
ke is the coarse scale water relative permeability,

W is the water viscosity,
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By, is a water formation volume factor, and
* . . .
Apy, is the difference in oil phase pressure between upstream and downstream coarse

gridblocks.

Absolute transmissibility between coarse gridblocks, T, may be obtained from single-phase
upscaling. The pseudo-function is constructed by relating Equations 1, 8 and 9 corresponding

to the same simulation time.

[0054] Figures 4A-4C demonstrate the use of the disclosed aspects and methodologies
(UOFBC) using a synthetic two-dimensional cross-sectional model. The fine scale model
depicted in Figure 4A consists of a model of 200 x 100 gridblocks with a grid size of 10
meters x 100 meters in the horizontal plane and 2 feet (0.61 meters) in the vertical direction.
This fine scale model is coarsened to two different coarse scale models: the ten layer model
402 of Figure 4B and the five layer model 404 of Figure 4C. The ten layer model 402,
upgridded by uniform coarsening, comprises 20 x 10 gridblocks with a grid size of 100
meters x 100 meters in the horizontal plane and 20 feet (6.1 meters) in the vertical direction.
The five layer model 404 consists of 20 x 5 gridblocks with a grid size of 100 meters x 100
meters in the horizontal plane and 40 feet (12.2 meters) in the vertical plane. Water flooding,
modeled by placing an injector on the left and a producer on the right, is considered as a
recovery method. A constant water injection rate and a constant total liquid production rate
are imposed as well constraints so the simulated pressure behavior of each coarse scale model
remains almost identical to that of fine scale model regardless of the methods for multiphase
upscaling. This is because of the fixed material balance of the total liquid phase fluid. The
dimension of the model is 2000 meters x 100 meters x 200 feet (61 meters). Figures 4A-4D

depict the permeability distribution of the fine scale model and the two coarse scale models.

[0055] To demonstrate advantages of the disclosed aspects and methodologies, the
simulations of Figures 4A-4C are compared against an existing local method (EFBC, as
discussed in Wallstrom & Christie, 2002 and Wallstrom and Hu, 2002). Specifically, Figures
SA and 5B compare the simulated water cut for the ten layer model and the five layer model,
respectively, using a fine scale model with rock relative permeability (reference number 502),
a coarse scale model with pseudo-functions generated using EFBC (reference number 504), a
coarse scale model with pseudo-functions generated using aspects disclosed herein (UOFBC)
(reference number 506), and a coarse scale model with rock relative permeability (reference

number 508). As depicted in Figure 5A, both EFBC and UOFBC sufficiently reproduce fine
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scale simulation for the ten layer model. However, when the simulation layers are further
coarsened to the five layer model, Figure 5B demonstrates that EFBC fails to capture fine
scale flow properties while UOFBC is still in good agreement with the fine scale solution.
UOFBC as disclosed herein is particularly effective when subgrid scale reservoir
heterogeneity exhibits a highly stratified structure (e.g., heterolithic facies) as seen in this test

result.

[0056] The concatenated domain depicted in Figure 3 corresponds to a domain of single
coarse simulation gridblock, but may be extended to include multiple coarse gridblocks.
Similarly, the concatenated domain may be defined to include only some part of the upstream
coarse simulation gridblock. However, as the size of the concatenated domain increases, the
computational cost of dynamic pseudo-function generation increases. Numerical experiments
indicate that the pseudo-function generated using this invention quickly converges with the
increase in the size of concatenated domain. In other words, the pseudo-function generated by
concatenating one coarse gridblock is similar to the pscudo-function generated by
concatenating two coarse gridblocks in many cases. Thus the concatenation of multiple
coarse gridblocks might be a less desirable approach. Also, if only some part of the upstream
coarse simulation gridblock is concatenated and if the size of the concatenated domain is not

extensive enough, the quality of the generated pseudo-function would be deteriorated.

[0057] The effect of the type of pressure or flux boundary condition on the dynamic
pseudo-function generated using this invention appears to be less significant compared to
existing local methods, such as that shown in Figure 1. This is because, if the disclosed
aspects and methodologies are implemented, the pressure or flux boundary condition is not
imposed directly on the coarse grid domain where the pseudo-function is to be generated.
Although the boundary condition of Figure 3 uses a constant pressure boundary condition
(i.e. P=1 on the inlet face and P=0 on the outlet face), any other pressure boundary condition

or flux boundary condition, such as EFBC, can also be used.

[0058] Figure 6 is a flowchart of a method 600 according to aspects and methodologies
disclosed herein. Method 600 is a method of multiphase flow upscaling of a fine scale
geologic model used in hydrocarbon management activities. At block 602 a local domain for
generating a dynamic pseudo-function is defined from the fine scale geologic model. The
local domain includes an upstream coarse grid domain adjacent a downstream coarse grid

domain, and a concatenated domain adjacent the upstream coarse grid domain. The local
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domain is configured such that fluid flow to be modeled therethrough flows first through the
concatenated domain, then through the upstream coarse grid domain, and lastly through the
downstream coarse grid domain. A coarse grid interface is defined between the upstream
coarse grid domain and the downstream coarse grid domain. At block 604 boundary
conditions are imposed on portions of the local domain. For example, a constant pressure
boundary condition of P = 1 and a saturation condition of Sq = 1 may be imposed on an
upstream face of the concatenated domain. A constant pressure boundary condition of P =0
and a saturation condition of Sy = 0 may be imposed on a downstream face of the
downstream coarse grid domain. A no-flow boundary condition may be imposed on faces of
the concatenated domain, the upstream coarse grid domain, and the downstream coarse grid
domain parallel to a direction of fluid flow. At block 606 fluid flow is simulated through the
local domain for a plurality of time steps until the local domain is completely flooded. At
block 608 a fine scale solution of saturation and flow rate of individual fluid phases across
the coarse grid interface is recorded at cach time step. At block 610 a pseudo-function is
constructed by post-processing results of the simulation of fluid flow. At block 612 the fine
scale geologic model is upscaled to a coarse scale geologic model using the pseudo-function.
The coarse scale geologic model may be outputted to a display, a computer storage medium,

a printout, and/or to another simulation program.

[0059] Figure 7 is a block diagram of a computer system 700 that may be used to perform
any of the methods disclosed herein. A central processing unit (CPU) 702 is coupled to
system bus 704. The CPU 702 may be any general-purpose CPU, although other types of
architectures of CPU 702 (or other components of exemplary system 700) may be used as
long as CPU 702 (and other components of system 700) supports the inventive operations as
described herein. The CPU 702 may execute the various logical instructions according to
disclosed aspects and methodologies. For example, the CPU 702 may execute machine-level
instructions for performing processing according to aspects and methodologies disclosed

herein.

[0060] The computer system 700 may also include computer components such as a
random access memory (RAM) 706, which may be SRAM, DRAM, SDRAM, or the like.
The computer system 700 may also include read-only memory (ROM) 708, which may be
PROM, EPROM, EEPROM, or the like. RAM 706 and ROM 708 hold user and system data
and programs, as is known in the art. The computer system 700 may also include an
input/output (I/O) adapter 710, a communications adapter 722, a user interface adapter 724,
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and a display adapter 718. The I/O adapter 710, the user interface adapter 724, and/or
communications adapter 722 may, in certain aspects and techniques, enable a user to interact

with computer system 700 in order to input information.

[0061] The I/O adapter 710 preferably connects a storage device(s) 712, such as one or
more of hard drive, compact disc (CD) drive, floppy disk drive, tape drive, etc. to computer
system 700. The storage device(s) may be used when RAM 706 is insufficient for the
memory requirements associated with storing data for operations of embodiments of the
present techniques. The data storage of the computer system 700 may be used for storing
information and/or other data used or generated as disclosed herein. The communications
adapter 722 may couple the computer system 700 to a network (not shown), which may
enable information to be input to and/or output from system 700 via the network (for
example, the Internet or other wide-area network, a local-area network, a public or private
switched telephony network, a wireless network, any combination of the foregoing). User
interface adapter 724 couples user input devices, such as a keyboard 728, a pointing device
726, and the like, to computer system 700. The display adapter 718 is driven by the CPU 702
to control, through a display driver 716, the display on a display device 720. Information
and/or representations of one or more 2D canvases and one or more 3D windows may be

displayed, according to disclosed aspects and methodologies.

[0062] The architecture of system 700 may be varied as desired. For example, any
suitable processor-based device may be used, including without limitation personal
computers, laptop computers, computer workstations, and multi-processor servers.
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 use any number of suitable structures capable of executing logical operations

according to the embodiments.

[0063] Figure 8 shows a representation of machine-readable logic or code 800 that, when
executed, performs a method of multiphase flow upscaling of a fine scale geologic model.
Code 800 may be used or executed with a computing system such as computing system 700.
At block 802 code is provided for defining, from the fine scale geologic model, a local
domain for generating a dynamic pseudo-function. The local domain includes adjacent
upstream and downstream coarse grid domains, and a concatenated domain adjacent the

upstream coarse grid domain, the local domain being configured such that fluid flow to be
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modeled therethrough flows first through the concatenated domain, then through the
upstream coarse grid domain, and lastly through the downstream coarse grid domain. A
coarse grid interface is defined between the upstream coarse grid domain and the downstream
coarse grid domain. At block 804 code is provided for imposing boundary conditions on
various portions of the local domain. For example, a constant pressure boundary condition of
P =1 and a saturation condition of S4 = 1 may be imposed on an upstream face of the
concatenated domain. A constant pressure boundary condition of P = 0 and a saturation
condition of Sy = 0 may be imposed on a downstream face of the downstream coarse grid
domain. A no-flow boundary condition may be imposed on faces of the concatenated domain,
the upstream coarse grid domain, and the downstream coarse grid domain parallel to a
direction of fluid flow. At block 806 code is provided for simulating fluid flow through the
local domain for a plurality of time steps until the local domain is completely flooded. At
block 808 code is provided for recording a fine scale solution of saturation and flow rate of
individual fluid phases across the coarse grid interface at each time step. At block 810 code is
provided for constructing a pseudo-function by post-processing results of the simulation of
fluid flow. At block 812 code is provided for upscaling the fine scale geologic model to a
coarse scale geologic model using the pseudo-function. Code effectuating or executing other
features of the disclosed aspects and methodologies may be provided as well. This additional
code is represented in Figure 8 as block 814, and may be placed at any location within code

800 according to computer code programming techniques.

[0064] Aspects disclosed herein may be used to perform hydrocarbon management
activities such as extracting hydrocarbons from a subsurface formation, region, or reservoir,
which is indicated by reference number 902 in Figure 9. A method 1000 of extracting
hydrocarbons from subsurface reservoir 902 is shown in Figure 10. At block 1002 inputs are
received from a numerical model, geologic model, or flow simulation of the subsurface
region, where the model or simulation has been run or improved using the methods and
aspects disclosed herein. At block 1004 the presence and/or location of hydrocarbons in the
subsurface region is predicted. At block 1006 hydrocarbon extraction is conducted to remove
hydrocarbons from the subsurface region, which may be accomplished by drilling a well 904
using oil drilling equipment 906 (Figure 9). Other hydrocarbon management activities may

be performed according to known principles.

[0065] [lustrative, non-exclusive examples of methods and products according to the

present disclosure are presented in the following non-enumerated paragraphs. It is within the
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scope of the present disclosure that an individual step of a method recited herein, including in
the following enumerated paragraphs, may additionally or alternatively be referred to as a

“step for” performing the recited action.

A. A method of multiphase flow upscaling of a fine scale geologic model,
comprising:
from the fine scale geologic model, defining a local domain for generating a dynamic

pseudo-function, the local domain including an upstream coarse grid domain adjacent a
downstream coarse grid domain, and a concatenated domain adjacent the upstream coarse
grid domain, the local domain being configured such that fluid flow to be modeled
therethrough flows first through the concatenated domain, then through the upstream coarse
grid domain, and lastly through the downstream coarse grid domain, wherein a coarse grid
interface is defined between the upstream coarse grid domain and the downstream coarse grid
domain;

imposing a constant pressure boundary condition of P = 1 and a saturation condition of S4
=1 on an upstream face of the concatenated domain;

imposing a constant pressure boundary condition of P = 0 and a saturation condition of S4
=0 on a downstream face of the downstream coarse grid domain;

imposing a no-flow boundary condition on faces of the concatenated domain, the
upstream coarse grid domain, and the downstream coarse grid domain parallel to a direction
of fluid flow;

simulating fluid flow through the local domain for a plurality of time steps until the local
domain is completely flooded;

at each time step, recording a fine scale solution of saturation and flow rate of individual
fluid phases across the coarse grid interface;

constructing a pseudo-function by post-processing results of the simulation of fluid flow;
and

upscaling the fine scale geologic model to a coarse scale geologic model using the

pseudo-function.
Al. The method according to paragraph A, wherein the upstream coarse grid

domain corresponds to a domain of a gridblock of a coarse scale geologic model where the

pseudo-function is to be generated.
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A2.  The method according to any of paragraphs A-Al, wherein the concatenated

domain is a domain of a gridblock of a coarse scale geologic model.

A3.  The method according to any of paragraphs A-Al, wherein the concatenated

domain is a domain of a plurality of gridblocks of a coarse scale geologic model.

A4.  The method according to any of paragraphs A-Al, wherein the concatenated

domain is a domain of a portion of a gridblock of a coarse scale geologic model.

AS. The method according to any of paragraphs A-A4, wherein constructing the

pseudo-function uses a dynamic method.

A6. The method according to any of paragraphs A-AS, wherein the dynamic

method is a pore volume weighted method.

A7. The method according to any of paragraphs A-AS, wherein the dynamic
method is a Kyte and Berry method.

AS. The method according to any of paragraphs A-AS, wherein the dynamic
method comprises one of a weighted relative permeability method, a vertical equilibrium
(VE) method, a Stone method, a Kirchoff’s Law method, a steady-state simulation method, a

transmissibility weighted method, and a Hewett and Archer method.

A9.  The method according to any of paragraphs A-AS, further comprising:
predicting at least one of a presence, location, and amount of hydrocarbons in the
subsurface formation; and

managing hydrocarbons in the subsurface formation based on said prediction.

B. A method of multiphase flow upscaling of a fine scale geologic model,
comprising:

from the fine scale geologic model, defining a local domain for generating a dynamic
pseudo-function, the local domain including an upstream coarse grid domain adjacent a
downstream coarse grid domain, and a concatenated domain adjacent the upstream coarse

grid domain, the local domain being configured such that fluid flow to be modeled
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therethrough flows first through the concatenated domain, then through the upstream coarse
grid domain, and lastly through the downstream coarse grid domain, wherein a coarse grid
interface is defined between the upstream coarse grid domain and the downstream coarse grid
domain;

imposing a set of boundary conditions on an upstream face of the concatenated domain
and a downstream face of the downstream coarse grid domain;

imposing a no-flow boundary condition on faces of the concatenated domain, the
upstream coarse grid domain, and the downstream coarse grid domain parallel to a direction
of fluid flow;

simulating fluid flow through the local domain for a plurality of time steps until the local
domain is completely flooded;

at each time step, recording a fine scale solution of saturation and flow rate of individual
fluid phases across the coarse grid interface;

constructing a pseudo-function by post-processing results of the simulation of fluid flow;
and

upscaling the fine scale geologic model to a coarse scale geologic model using the

pseudo-function.

Bl.  The method according to paragraph B, wherein the set of boundary conditions

comprises a flux rate boundary condition.

B2.  The method according to any of paragraphs B-B1, wherein the set of boundary

conditions comprises a pressure boundary condition.

B3.  The method according to any of paragraphs B-B2, wherein the upstream
coarse grid domain corresponds to a domain of a gridblock of a coarse scale geologic model

where the pseudo-function is to be generated.

B4.  The method according to any of paragraphs B-B3, wherein the concatenated
domain is a domain of a gridblock of a coarse scale geologic model.
BS. The method according to any of paragraphs B-B4, wherein constructing the

pseudo-function uses a dynamic method.
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B6.  The method according to any of paragraphs B-B5, wherein the dynamic

method is a pore volume weighted method.

B7.  The method according to any of paragraphs B-B5, wherein the dynamic
method is a Kyte and Berry method.

B8.  The method according to any of paragraphs B-B7, further comprising:
predicting at least one of a presence, location, and amount of hydrocarbons in the
subsurface formation; and

managing hydrocarbons in the subsurface formation based on said prediction.

C. A system for multiphase flow upscaling of a fine scale geologic model, the
system comprising:
a processor;
a storage medium; and
a computer application accessible by the processor and stored on at least one of the
storage medium and the processor, the computer application adapted to:

from the fine scale geologic model, define a local domain to generate a
dynamic pseudo-function, the local domain including an upstream coarse grid domain
adjacent a downstream coarse grid domain, and a concatenated domain adjacent the
upstream coarse grid domain, the local domain being configured such that fluid flow
to be modeled therethrough flows first through the concatenated domain, then through
the upstream coarse grid domain, and lastly through the downstream coarse grid
domain, wherein a coarse grid interface is defined between the upstream coarse grid
domain and the downstream coarse grid domain;

impose a constant pressure boundary condition of P = 1 and a saturation
condition of S4=1 on an upstream face of the concatenated domain;

impose a constant pressure boundary condition of P = 0 and a saturation
condition of S4= 0 on a downstream face of the downstream coarse grid domain;

impose a no-flow boundary condition on faces of the concatenated domain, the
upstream coarse grid domain, and the downstream coarse grid domain parallel to a
direction of fluid flow;

simulate fluid flow through the local domain for a plurality of time steps until

the local domain is completely flooded;
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at each time step, record a fine scale solution of saturation and flow rate of
individual fluid phases across the coarse grid interface;

construct a pseudo-function by post-processing results of the simulation of
fluid flow; and

upscale the fine scale geologic model to a coarse scale geologic model using

the pseudo-function.

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

code for defining, from the fine scale geologic model, a local domain for generating a
dynamic pseudo-function, the local domain including an upstream coarse grid domain
adjacent a downstream coarse grid domain, and a concatenated domain adjacent the upstream
coarse grid domain, the local domain being configured such that fluid flow to be modeled
therethrough flows first through the concatenated domain, then through the upstream coarse
grid domain, and lastly through the downstream coarse grid domain, wherein a coarse grid
interface is defined between the upstream coarse grid domain and the downstream coarse grid
domain;

code for imposing a constant pressure boundary condition of P = 1 and a saturation
condition of Sq= 1 on an upstream face of the concatenated domain;

code for imposing a constant pressure boundary condition of P = 0 and a saturation
condition of Sq= 0 on a downstream face of the downstream coarse grid domain;

code for imposing a no-flow boundary condition on faces of the concatenated domain,
the upstream coarse grid domain, and the downstream coarse grid domain parallel to a
direction of fluid flow;

code for simulating fluid flow through the local domain for a plurality of time steps
until the local domain is completely flooded;

code for recording, at each time step, a fine scale solution of saturation and flow rate
of individual fluid phases across the coarse grid interface;

code for constructing a pscudo-function by post-processing results of the simulation
of fluid flow; and

code for upscaling the fine scale geologic model to a coarse scale geologic model

using the pseudo-function.
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E. A method of managing hydrocarbon resources, comprising:

from a fine scale geologic model, defining a local domain for generating a dynamic
pseudo-function, the local domain including an upstream coarse grid domain adjacent a
downstream coarse grid domain, and a concatenated domain adjacent the upstream coarse
grid domain, the local domain being configured such that fluid flow to be modeled
therethrough flows first through the concatenated domain, then through the upstream coarse
grid domain, and lastly through the downstream coarse grid domain, wherein a coarse grid
interface is defined between the upstream coarse grid domain and the downstream coarse grid
domain;

imposing a constant pressure boundary condition of P = 1 and a saturation condition
of Sq =1 on an upstream face of the concatenated domain;

imposing a constant pressure boundary condition of P = 0 and a saturation condition
of S4 =0 on a downstream face of the downstream coarse grid domain;

imposing a no-flow boundary condition on faces of the concatenated domain, the
upstream coarse grid domain, and the downstream coarse grid domain parallel to a direction
of fluid flow;

simulating fluid flow through the local domain for a plurality of time steps until the
local domain is completely flooded;

at each time step, recording a fine scale solution of saturation and flow rate of
individual fluid phases across the coarse grid interface;

constructing a pseudo-function by post-processing results of the simulation of fluid
flow:;

upscaling the fine scale geologic model to a coarse scale geologic model using the
pseudo-function; and

managing hydrocarbon resources using the coarse scale geologic model.

El.  The method according to paragraph E, wherein managing hydrocarbon

resources comprises extracting hydrocarbons from a subsurface region.
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CLAIMS

What is claimed is:

1. A method of multiphase flow upscaling of a fine scale geologic model,
comprising:
from the fine scale geologic model, defining a local domain for generating a dynamic

pseudo-function, the local domain including an upstream coarse grid domain adjacent a
downstream coarse grid domain, and a concatenated domain adjacent the upstream coarse
grid domain, the local domain being configured such that fluid flow to be modeled
therethrough flows first through the concatenated domain, then through the upstream coarse
grid domain, and lastly through the downstream coarse grid domain, wherein a coarse grid
interface is defined between the upstream coarse grid domain and the downstream coarse grid
domain;

imposing a constant pressure boundary condition of P = 1 and a saturation condition of S4
=1 on an upstream face of the concatenated domain;

imposing a constant pressure boundary condition of P = 0 and a saturation condition of S4
=0 on a downstream face of the downstream coarse grid domain;

imposing a no-flow boundary condition on faces of the concatenated domain, the
upstream coarse grid domain, and the downstream coarse grid domain parallel to a direction
of fluid flow;

simulating fluid flow through the local domain for a plurality of time steps until the local
domain is completely flooded;

at each time step, recording a fine scale solution of saturation and flow rate of individual
fluid phases across the coarse grid interface;

constructing a pseudo-function by post-processing results of the simulation of fluid flow;
and

upscaling the fine scale geologic model to a coarse scale geologic model using the

pseudo-function.
2. The method of claim 1, wherein the upstream coarse grid domain corresponds

to a domain of a gridblock of a coarse scale geologic model where the pseudo-function is to

be generated.
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3. The method of claim 1, wherein the concatenated domain is a domain of a

gridblock of a coarse scale geologic model.

4, The method of claim 1, wherein the concatenated domain is a domain of a

plurality of gridblocks of a coarse scale geologic model.

5. The method of claim 1, wherein the concatenated domain is a domain of a

portion of a gridblock of a coarse scale geologic model.

6. The method of claim 1, wherein constructing the pseudo-function uses a

dynamic method.

7. The method of claim 6, wherein the dynamic method is a pore volume
weighted method.

8. The method of claim 6, wherein the dynamic method is a Kyte and Berry
method.

9. The method of claim 6, wherein the dynamic method comprises one of a

weighted relative permeability method, a vertical equilibrium (VE) method, a Stone method,
a Kirchoff’s Law method, a steady-state simulation method, a transmissibility weighted

method, and a Hewett and Archer method.

10. The method of claim 1, further comprising:
predicting at least one of a presence, location, and amount of hydrocarbons in the
subsurface formation; and

managing hydrocarbons in the subsurface formation based on said prediction.

11. A method of multiphase flow upscaling of a fine scale geologic model,
comprising:

from the fine scale geologic model, defining a local domain for generating a dynamic
pseudo-function, the local domain including an upstream coarse grid domain adjacent a
downstream coarse grid domain, and a concatenated domain adjacent the upstream coarse

grid domain, the local domain being configured such that fluid flow to be modeled
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therethrough flows first through the concatenated domain, then through the upstream coarse
grid domain, and lastly through the downstream coarse grid domain, wherein a coarse grid
interface is defined between the upstream coarse grid domain and the downstream coarse grid
domain;

imposing a set of boundary conditions on an upstream face of the concatenated
domain and a downstream face of the downstream coarse grid domain;

imposing a no-flow boundary condition on faces of the concatenated domain, the
upstream coarse grid domain, and the downstream coarse grid domain parallel to a direction
of fluid flow;

simulating fluid flow through the local domain for a plurality of time steps until the
local domain is completely flooded;

at each time step, recording a fine scale solution of saturation and flow rate of
individual fluid phases across the coarse grid interface;

constructing a pseudo-function by post-processing results of the simulation of fluid
flow; and

upscaling the fine scale geologic model to a coarse scale geologic model using the

pseudo-function.

12. The method of claim 11, wherein the set of boundary conditions comprises a

flux rate boundary condition.

13.  The method of claim 11, wherein the set of boundary conditions comprises a

pressure boundary condition.
14. The method of claim 11, wherein the upstream coarse grid domain
corresponds to a domain of a gridblock of a coarse scale geologic model where the pseudo-

function is to be generated.

15. The method of claim 11, wherein the concatenated domain is a domain of a

gridblock of a coarse scale geologic model.

16. The method of claim 11, wherein constructing the pseudo-function uses a

dynamic method.
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17. The method of claim 16, wherein the dynamic method is a pore volume

weighted method.

18. The method of claim 16, wherein the dynamic method is a Kyte and Berry
method.

19. The method of claim 11, further comprising:
predicting at least one of a presence, location, and amount of hydrocarbons in the
subsurface formation; and

managing hydrocarbons in the subsurface formation based on said prediction.

20. A system for multiphase flow upscaling of a fine scale geologic model, the
system comprising:
a processor;
a storage medium; and
a computer application accessible by the processor and stored on at least one of the
storage medium and the processor, the computer application adapted to:

from the fine scale geologic model, define a local domain to generate a
dynamic pseudo-function, the local domain including an upstream coarse grid domain
adjacent a downstream coarse grid domain, and a concatenated domain adjacent the
upstream coarse grid domain, the local domain being configured such that fluid flow
to be modeled therethrough flows first through the concatenated domain, then through
the upstream coarse grid domain, and lastly through the downstream coarse grid
domain, wherein a coarse grid interface is defined between the upstream coarse grid
domain and the downstream coarse grid domain;

impose a constant pressure boundary condition of P = 1 and a saturation
condition of S4=1 on an upstream face of the concatenated domain;

impose a constant pressure boundary condition of P = 0 and a saturation
condition of S4= 0 on a downstream face of the downstream coarse grid domain;

impose a no-flow boundary condition on faces of the concatenated domain, the
upstream coarse grid domain, and the downstream coarse grid domain parallel to a
direction of fluid flow;

simulate fluid flow through the local domain for a plurality of time steps until

the local domain is completely flooded;
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at each time step, record a fine scale solution of saturation and flow rate of
individual fluid phases across the coarse grid interface;

construct a pseudo-function by post-processing results of the simulation of
fluid flow; and

upscale the fine scale geologic model to a coarse scale geologic model using

the pseudo-function.

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

code for defining, from the fine scale geologic model, a local domain for generating a
dynamic pseudo-function, the local domain including an upstream coarse grid domain
adjacent a downstream coarse grid domain, and a concatenated domain adjacent the upstream
coarse grid domain, the local domain being configured such that fluid flow to be modeled
therethrough flows first through the concatenated domain, then through the upstream coarse
grid domain, and lastly through the downstream coarse grid domain, wherein a coarse grid
interface is defined between the upstream coarse grid domain and the downstream coarse grid
domain;

code for imposing a constant pressure boundary condition of P = 1 and a saturation
condition of Sq= 1 on an upstream face of the concatenated domain;

code for imposing a constant pressure boundary condition of P = 0 and a saturation
condition of Sq= 0 on a downstream face of the downstream coarse grid domain;

code for imposing a no-flow boundary condition on faces of the concatenated domain,
the upstream coarse grid domain, and the downstream coarse grid domain parallel to a
direction of fluid flow;

code for simulating fluid flow through the local domain for a plurality of time steps
until the local domain is completely flooded;

code for recording, at each time step, a fine scale solution of saturation and flow rate
of individual fluid phases across the coarse grid interface;

code for constructing a pscudo-function by post-processing results of the simulation
of fluid flow; and

code for upscaling the fine scale geologic model to a coarse scale geologic model

using the pseudo-function.
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22. A method of managing hydrocarbon resources, comprising:

from a fine scale geologic model, defining a local domain for generating a dynamic
pseudo-function, the local domain including an upstream coarse grid domain adjacent a
downstream coarse grid domain, and a concatenated domain adjacent the upstream coarse
grid domain, the local domain being configured such that fluid flow to be modeled
therethrough flows first through the concatenated domain, then through the upstream coarse
grid domain, and lastly through the downstream coarse grid domain, wherein a coarse grid
interface is defined between the upstream coarse grid domain and the downstream coarse grid
domain;

imposing a constant pressure boundary condition of P = 1 and a saturation condition
of Sq =1 on an upstream face of the concatenated domain;

imposing a constant pressure boundary condition of P = 0 and a saturation condition
of S4 =0 on a downstream face of the downstream coarse grid domain;

imposing a no-flow boundary condition on faces of the concatenated domain, the
upstream coarse grid domain, and the downstream coarse grid domain parallel to a direction
of fluid flow;

simulating fluid flow through the local domain for a plurality of time steps until the
local domain is completely flooded;

at each time step, recording a fine scale solution of saturation and flow rate of
individual fluid phases across the coarse grid interface;

constructing a pseudo-function by post-processing results of the simulation of fluid
flow:;

upscaling the fine scale geologic model to a coarse scale geologic model using the
pseudo-function; and

managing hydrocarbon resources using the coarse scale geologic model.

23.  The method of claim 22, wherein managing hydrocarbon resources comprises

extracting hydrocarbons from a subsurface region.
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