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RESERVOIR ARCHITECTURE AND CONNECTIVITY ANALYSIS
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CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Patent
Application Serial No. 61/233,897 filed on August 14, 2009, which is incorporated by

reference herein in its entirety.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

[0002] Not applicable.

BACKGROUND OF THE INVENTION

[0003] This invention is in the field of oil and gas production. Embodiments
of this invention are more specifically directed to the analysis of production field

measurements for purposes of well and reservoir management.

[0004] The current economic climate emphasizes the need for optimizing
hydrocarbon production. Such optimization is especially important considering that
the costs of drilling of new wells and operating existing wells are high by historical
standards, largely because of the extreme depths to which new producing wells must
be drilled and because of other physical barriers to discovering and exploiting
reservoirs. These high economic stakes require operators to devote substantial
resources toward effective management of oil and gas reservoirs, and effective

management of individual wells within production fields.

[0005] For example, the optimization of production from a given field or
reservoir involves decisions regarding the number and placement of wells, including
whether to add or shut-in wells. Secondary and tertiary recovery operations, for
example involving the injection of water or gas into the reservoir, require decisions
regarding whether to initiate or cease such operations, and also how many wells are to
serve as injection wells and their locations in the field. Some wells may require well

treatment, such as fracturing of the wellbore if drilling and production activity have
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packed the wellbore surface to the extent that production has slowed. In some cases,
production may be improved by shutting-in one or more wells for an extended period
of time, in which case the optimization of production may require reconfiguring the
entire production field. All of these actions are performed with an eye toward
maximizing production at minimum cost. As evident from these examples and as
known in the art, the optimization of a production field is a complex problem,

involving many variables and presenting many choices.

[0006] This problem is exacerbated by the complexity and inscrutability of the
sub-surface “architecture” of today’s producing reservoirs. As mentioned above,
current-day oil and gas reservoirs are often at extreme depths or in otherwise difficult
geographical locations, both on land or offshore, because those reservoirs that are
casy to reach have already been developed and produced. These extreme depths and
relative inaccessibility limit the precision and accuracy of the necessarily indirect
methods used to characterize the structure and location of the hydrocarbon-bearing
reservoirs.  In addition, the sub-surface structure of many reservoirs presents
complexities such as variable porosity and permeability of the rock, and such as
fractures and faults that compartmentalize formations in the reservoir and complicate
sub-surface fluid flow. As known in the art, the ability of conventional exploration
technologies of seismic prospecting, magnet surveying, and gravitational surveying to
accurately portray the structure and contents of sub-surface strata becomes poorer as

the depth of interest increases.

[0007] Accordingly, while seismic exploration and similar techniques provide
important information from which the structure and properties of the sub-surface can
be inferred, that information has, at best, a relatively coarse spatial resolution. The
resolution of these surveys is even coarser for those regions in which salts and similar
features or strata attenuate or distort seismic energy. As a result, the understanding of
the structure and connectivity of sub-surface features provided by seismic and similar

surveys is necessarily imprecise.

[0008] Conventional well logs provide important information regarding the
location and properties of sub-surface strata during and after the drilling of
exploratory, development, and production wells. These well logs yield direct

information regarding depths, thicknesses, and material properties of sub-surface
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formations and strata. However, the information gained from well logs is valid only
at the specific location of the well, and provides little visibility into the reservoir at
any significant distance away from the well. Furthermore, as the depths of interest for
newly developed formations increase, so does the cost of drilling and logging
exploratory wells. For these reasons, well logs provide only limited insight into the
sub-surface structure, architecture, and connectivity of many newly-developed and

producing reservoirs.

[0009] In recent years, advances have been made in improving the
measurement and analysis of parameters involved in oil and gas production, with the
goal of improving production decisions. For example, surface pressure gauges and
flow meters deployed at the wellhead, and also in surface lines interconnecting
wellheads with centralized processing facilities, are now commonly monitored on
virtually a continuous basis. Furthermore, reliable downhole pressure sensors are
now often plumbed into the production string and left in the wellbore during
production. The improved reliability of these sensors, even at elevated downhole
temperatures and pressures, has enabled widespread deployment of real-time
downhole pressure sensors that continuously monitor downhole pressure during

production.

[0010] As known in the art, the manner in which downhole pressure and flow
rate evolve over time provides insight into the reservoir pressure in the region around
the well. Reservoir pressure is an important parameter in understanding the reservoir
and how to optimize production, because the rate at which oil or gas will flow into the
wellbore downhole (and thus out of the well at the surface) strongly depends on the
difference between the reservoir pressure and the back pressure exerted by the fluid in
the wellbore. Over time, the volume of oil or gas drawn out of the well will generally

reduce the reservoir pressure and the rate of production will fall.

[0011] The evolution of well downhole pressure and flow rate over time
depends on the rock properties (e.g., permeability, porosity, etc.) throughout the
reservoir, on barriers to flow within the reservoir, and on the reservoir boundaries. As
such, it is possible to obtain information about these properties by analyzing the

transient behavior of downhole pressure and the rates of producing wells.



10

15

20

25

30

WO 2011/019565 PCT/US2010/044415

[0012] While these downhole pressure measurement data are theoretically
valuable in understanding reservoir behavior, the ability of conventional techniques to
characterize and evaluate reservoir architecture and connectivity remains somewhat
limited. As known in the art and as mentioned above, the evolution of downhole
measured pressure with time is closely related to the flow rate from the well, as well
as dependent on the reservoir properties of permeability, reservoir heterogeneities,
faults, boundaries, and dependent on the overall shape and volume of the reservoir
compartment being drained by the well, as mentioned above. Because the goal of
pressure analysis is to understand the reservoir properties, it is desirable to minimize
the effects of flow rate variation on the well pressure behavior, which can be done by
flowing the well at a constant well rate. In this case, the response of downhole
pressure to a constant flow rate is a useful characteristic because it reflects the
reservoir properties and is not affected by rate changes. Unfortunately, it is difficult
to maintain the flow rate of a well precisely constant for an extended period of time.
Rather, well flow rates typically change over time. Furthermore, the pressure
response to changes in flow rate has a very long time constant, and as such long-ago

periods in the flow rate history of a well affect its current downhole pressure.

[0013] One approach to obtaining constant-rate pressure response from a well,
for the purpose of characterizing the reservoir, is to carry out a “shut-in” or “pressure
build-up” test, after the well has produced for some significant time. This approach of
recovering reservoir properties from bottomhole measured pressure data is more
generally referred to as pressure transient analysis (“PTA”). According to this
approach, the well under analysis is flowed at a reasonable constant non-zero flow
rate for some time, and is then shut-in for a period of time while the downhole
pressure is measured. Because the well flow rate is essentially constant, at zero,
during the “shut-in” period, the transient behavior of bottomhole pressure during the
shut-in period primarily reflects the reservoir properties. Several shut-in and draw-
down intervals are typically included within a single well test. Techniques are known
in the art for recovering the pressure response from these variable-rate data. One
conventional approach considers the pressure response to a sequence of flow rates as
the superposition of several constant-flow conditions; the resulting pressure response

is then plotted over “superposition time”, and can be readily analyzed. However,
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PTA well tests are costly from the standpoint of lost production, and also require
significant operator involvement to carry out the shut-in and operation at a constant
flow rate, especially given the time period required for such a test (which can extend

over several days or weeks).

[0014] During an early period of time after flow starts, reservoir boundaries
have no effect on dynamic pressure behavior, because the effects of the well
production have not yet reached the reservoir boundaries. Analysis of the pressure
response under this “infinite-acting” assumption is useful in characterizing properties
of the formation near the well, and is valid for a radius of interest until the effects of
the reservoir boundary appear. After such time as the effects of reservoir boundaries
on the pressure response are observed, conventional pressure-transient analysis of the
“boundary-dominated” response can provide some insight into those boundaries. For
example, the time at which the pressure response deviates from that expected under
the infinite-acting assumption can indicate the distance of a reservoir boundary from
the wellbore. In addition, attributes of the pressure response under boundary-
dominated conditions can indicate whether the boundary is of a “no-flow” type, or if
instead the boundary is abutted by some other source of pressure, such as an aquifer.
However, the ability of conventional pressure transient analysis to provide significant
information regarding the detailed structure of the reservoir is limited by the absence
of directionality in the pressure measurements. The extremely long well test time
required to detect and analyze these boundary effects also limits the quantity of valid

analyzable boundary-dominated pressure response data.

[0015] Pressure-rate deconvolution is another known approach to identifying
the constant-rate pressure response of a given well, from downhole pressure
measurements gathered during production or other time periods in which the flow rate
is in fact not constant. A detailed discussion of pressure-rate deconvolution is
presented in Levitan et al., “Practical Considerations for Pressure-Rate Deconvolution
of Well-Test Data”, SPE Journal (March 2006), pp. 35-47, incorporated herein by
reference. Pressure-rate deconvolution is based on the relationship of time-varying
pressure p;(t) at well i to the time-varying well flow rate ¢;(?), expressed in the form of

a convolution integral:
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dP(t—
pi(t) = p{ — J, 4:(1) PST 2 (1)

In this convolution integral, dP(t)/ dt is the time-dependent behavior of downhole

pressure in response to production at a unit flow rate, beginning from an initial

pressure p,-0 at time-zero. It is this downhole pressure response dP(t)/ de to an

arbitrary unit of flow rate that is useful in characterizing the properties of the
formation, as known in the art. The above-referenced Levitan et al. article describes a
method for deconvolving the time-varying flow rate from the time-varying pressure
behavior from the convolution integral, to yield this downhole pressure response.
While pressure-rate deconvolution extends the time of analysis, and thus extends the
radius of investigation, from that provided by superposition and other PTA
approaches, the flow rate and pressure data are still subject to certain constraints on
data quality and consistency in order to satisfy the assumptions underlying the
convolution integral. = The time over which data suitable for pressure-rate
deconvolution can be gathered and reasonably deconvolved remains limited to that
provided by a conventional well test, which typically does not run beyond two weeks
or so. In typical production fields, this limited test duration limits the radius of

investigation to about several thousand feet from the well.

[0016] As mentioned above, conventional well tests are performed on
individual wells, one at a time. However, in typical production fields, multiple wells
are producing from the same formation at the same time, and the flow from each well
producing from a given formation not only affects the wellbore pressure for that well,
but also affects the wellbore pressure in other wells producing from that same
formation and from other formations connected to that well. Accordingly, for
pressure-transient analysis or single-well pressure-rate deconvolution to be valid for a
particular well, the well test must either be performed with all other nearby wells
shut-in, or the radius of investigation must be sufficiently limited so that the effects of
neighboring wells are not a factor. These constraints thus dramatically increase the
cost of a well test (and thus reduce the frequency of such testing), and decrease the

usefulness of the well test in exploring formation structure and connectivity.
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[0017] As mentioned above, real-time downhole pressure measurements are
now commonly acquired during production. To avoid the cost of well tests, it is
desirable to use the large volume of pressure and rate data acquired during production
from the field. However, conventional pressure transient analysis is limited in its
ability to analyze these not-so-well-behaved pressure and rate data acquired during
production. In addition, the complexity presented by the inter-well effects mentioned

above also overwhelms these conventional approaches.

[0018] By way of further background, a more general expression of the
pressure-rate convolution integral in the case of multiple wells drawing from the same
formation or reservoir is provided in Levitan, “Deconvolution of Multiwell Test
Data”, 2006 Annual Technical Conference and Exhibition, Paper No. SPE 102484

(2006), incorporated herein by reference. That expression is:

dPij(t)
pi(t) =p? — % Jy —L=q; (t — 1)dr b

where well i represents the well of interest, and where index j refers to each well in

the production field (the set of j wells including well i itself). According to this
dPl‘j(T)

T

convolution interval, a pressure response term refers to the pressure response at

well i to a unit flow rate produced from well j, where well i is included in the set of

dPii(T)
drt

wells j (ie., corresponds to the single well pressure response used in

conventional pressure-rate deconvolution for single well analysis). According to this
approach, the generalization of pressure-rate deconvolution to the multi-well case
allows reconstruction of the matrix Py of constant-rate pressure interference responses
from the pressure and rate data acquired from several producing wells in the field.
Analysis of these responses enables one to draw conclusions about the reservoir
properties in relation to each of the wells involved. This brings directionality into
consideration, and thus enables the recovery of more detailed information about
reservoir properties, including information regarding its connectivity, shape,

architecture, and volume.

[0019] Despite all of the limitations to measurement of reservoirs and sub-
surface properties, reservoir management decisions must still be made, and therefore

will be made using the best available yet incomplete understanding of the structure of
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the reservoir. As mentioned above, these reservoir management decisions include
whether and where to place additional production wells, whether and where to inject
gas or other substances for secondary recovery operations, and the like. Well
management decisions, such as whether, when, and how to workover an existing
production well to improve its production output, must also be made, even if based on
a limited understanding of the reservoir. And, of course, short-term and long-term
economic analysis of the reservoir is also important to the operator and the financial

backers of the project.

[0020] In order to make these decisions, reservoir engineers commonly
develop models of reservoir behavior. Conventional reservoir models are based on
seismic and other geological surveys of the production field, along with conclusions
that can be drawn from well logs, pressure transient analysis, and the like. These
models are applied to conventional reservoir “simulator” computer programs, by way
of which the reservoir engineer can analyze the behavior of the reservoir under
production conditions, and by way of which the engineer can simulate the behavior of
the reservoir in response to potential reservoir management actions (i.e., “what-if”
analysis). Some reservoir simulators approximate fluid flow in the reservoir on a grid
of geometric elements, and numerically simulate fluid flow behavior using finite-
difference or finite-element techniques to solve for pressure and flow conditions
within and between elements in the grid. Simulation of the reservoir behavior is then
attained by stepping in time and evolving the inter-element flows and the pressures at
each grid element over a sequence of the time steps. However, serious limitations in
these conventional finite-element and finite-difference models and simulator
techniques preclude their ability to simulate the pressure transient behavior in the
wellbore to an extent that could be directly compared with the actual pressure

measurements obtained by downhole gates in the wells.

[0021] In order to optimize the management of a reservoir, it is desirable for
reservoir engineers to validate the reservoir models and simulators based on
measurements of the actual performance at the wells. Such validation of the reservoir
models allows the reservoir engineer to modify and thus improve the model in
response to discrepancies between expected and observed behavior, with the goal of

improving the fidelity of the model to the reservoir as observed. However, given the
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limitations described above, it is difficult to correlate reservoir simulations with
measurements of flow rate, temperatures, downhole pressure, and the like obtained
during production and during shut-in and draw-down events. On one hand, as
described above, the resolution of seismic and other conventional geological surveys
is relatively coarse. Conventional finite-element and finite-difference simulators also
have relatively coarse resolution, in that the pressure and flow estimates generated by
the simulators are averages over each grid element. To maintain reasonable
computing times for the simulators, even with today’s high-speed computers, the
resolution of the grid elements cannot be much smaller than 100 feet, considering that
the number of computations required for such simulators typically scale with the cube
of the number of grid elements. On the other hand, downhole pressure measurements
obtained from the wellbore are spatially precise, in that the sensed pressure is the
pressure only at the wellbore location (i.e., corresponding to the pressure within only
a small radius of the wellbore, such as one foot), and are not necessarily
representative of the average pressure of the surrounding volume at a radius of 100
feet. Therefore, even if the model were accurate, the simulated reservoir pressure for
a grid element may not match the measured reservoir pressure at the precise location

of the well within the grid volume.

[0022] To summarize, conventional reservoir modeling and data gathering and
analysis techniques are limited in several ways. These conventional approaches are
generally limited to the single-well situation, and thus cannot comprehend the real-
world situation of multiple wells producing from the same formation. In addition, the
time duration that can be analyzed using these conventional approaches is necessarily
limited, especially considering that inter-well effects on pressure measurements must
be avoided. Accordingly, the visibility of this analysis at significant distances from
the wellbore into the formation is limited. In addition, only simple reservoir

geometries are suitable for analysis by these conventional techniques.

[0023] Unfortunately, these complexities are in fact present in many
reservoirs, especially in those oil and gas reserves that are currently being developed
at extreme depths and at remote locations. As such, substantial differences between
reservoir behavior as predicted by the model and reservoir behavior as observed via

downhole pressure measurements and other measurements often result. Therefore,
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despite the availability of a large amount of real-time downhole pressure data from
modern-day production fields, good correlation of that data with conventional

reservoir models is seldom attained.

[0024] Conventional reservoir models and simulators are also not conducive
to efficient reconfiguration and modification. Ideally, reservoir engineers would carry
out multiple iterations of adjusting the reservoir model in response to discrepancies
between observed performance and that predicted by the model, followed by
verification of the modified model with the actual reservoir behavior as measured, to
ultimately converging to an accurate reservoir model. But known numerical reservoir
modeling and simulation techniques are not well-suited for iterative modification in
this manner. For example, the numerical approaches of finite-element and finite-
difference analysis require re-gridding of the entire reservoir in response to any
change in reservoir shape or boundary geometry, no matter how small the change. In
addition, long computing times are required to execute these conventional numerical
simulators, reducing the ability to interactively modify the model to correspond to
observed data, even if good correlation between model and measurements were

achievable in the first place.

[0025] By way of further background, boundary-element formulations of the
pressure-transient analysis problem are described in Kikani et al., “Pressure-Transient
Analysis of Arbitrarily Shaped Reservoirs With the Boundary-Element Method”, SPE
Formation Evaluation (March 1992), pp. 53-60; and in Kikani et al., “Modeling
Pressure-Transient Behavior of Sectionally Homogeneous Reservoirs by the
Boundary-Element Method”, SPE Formation Evaluation (June 1993), pp. 145-52,

both incorporated herein by this reference.

[0026] By way of further background, an approach to pressure transient
analysis that is useful in generalized radial and linear models with heterogeneities is
described in Levitan et al., “General Heterogeneous Radial and Linear Models for
Well Test Analysis”, 70th Annual Technical Conference and Exhibition, Paper No.
SPE 30554 (1995), pp. 225-38, incorporated herein by this reference.

10
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BRIEF SUMMARY OF THE INVENTION

[0027] Embodiments of this invention provide a computerized system and
method of operating a computerized system that enable a user to efficiently and
interactively develop and validate a reservoir model that closely matches the observed

behavior of downhole well measurements.

[0028] Embodiments of this invention further provide such a system and
method in which downhole well measurements, such as pressure, that are acquired
over very long periods of time are useful in the development and validation of the

reservoir model.

[0029] Embodiments of this invention further provide such a system and
method in which the reservoir model so developed and validated can comprehend
multiple layers or formations in the earth that are connected through sub-surface

structures or via the wells themselves.

[0030] Embodiments of this invention further provide such a system and
method in which the reservoir model so developed and validated can represent

relatively complex reservoir geometry and interconnection.

[0031] Embodiments of this invention further provide such a system and
method in which the effects of neighboring wells, and wells in connected formations,
on the downhole well measurements can be accounted for in developing and

validating the reservoir model.

[0032] Embodiments of this invention further provide such a system and
method in which one or more of these benefits can be obtained for oil wells, and for

gas wells.

[0033] Embodiments of this invention further provide such a system and
method in which one or more of these benefits can be obtained in case of turbulent

flow environments downhole.

[0034] Embodiments of this invention further provide such a system and
method that can assist in the allocation of production among multiple formations

produced by a common well.

11
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[0035] Embodiments of this invention further provide such a system and
method that can assist in the economic evaluation of a production field and of the sub-

surface formations and reservoirs.

[0036] Other objects and advantages of embodiments of this invention will be
apparent to those of ordinary skill in the art having reference to the following

specification together with its drawings.

[0037] Embodiments of this invention may be implemented into a
computerized system programmed to interactively derive and validate a model of a
sub-surface hydrocarbon reservoir, relative to downhole measurements. A model of
the reservoir is defined by a user, based on seismic or other survey information. This
model defines the reservoir as a plurality of different classes of elements, including
regions of sub-surface formations and associated properties, connections between the
regions and the properties of those connections, networks of the regions according to
the connections, and wells intersecting the formation regions, each well including one
or more perforations corresponding to the intersection by that well with a formation
region. The system solves a fluid flow problem defined by the reservoir construction
established by the elements to evaluate inter-well pressure responses P;; between each
well j in the model and a well of interest i. Measurements of actual flow rate over
time at each of the wells are then applied, by way of superposition, to yield a model
estimate of downhole pressure over time at the well of interest, for comparison with
actual downhole pressure measurements. The user can interactively modify the
reservoir model, in response to that comparison, and then evaluate the modified

reservoir model.

[0038] According to another aspect of the invention, if turbulent flow exists in
the formation in close proximity to the well, the pressure and rate responses Pj at the
perforation level are determined and applied by superposition to compute the

bottomhole pressure, and the rate contributions from each perforation in the well.

[0039] The principle of superposition is not directly applicable in gas wells,
because of non-linearities introduced by the dependence of compressibility and
viscosity of gas on pressure. According to another aspect of the invention, the
principle of superposition is applied to the gas flow problem, formulated in terms of a

pseudo-pressure variable, in combination with material balance correction.

12
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BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING

[0040] Figure la is an elevation view and Figure 1b is a plan view of a portion
of a production field in connection with which embodiments of the invention can be

implemented.

[0041] Figure Ic is a plot of pressure change and of the derivative of pressure
with respect to superposition time after shut-in of a well in the production field of

Figures la and 1b.

[0042] Figure 2 is an electrical diagram, in block form, of a computer system

constructed according to embodiments of the invention.

[0043] Figure 3 is a flow diagram illustrating the operation of the computer

system of Figure 2 according to embodiments of the invention.

[0044] Figure 4 is a plan view of regions of a formation in a reservoir model

according to embodiments of the invention.

[0045] Figures Sa, 5b, and 5c are flow rate, pressure, and deconvolved

pressure response derivative plots, respectively, from a well in a production field.

[0046] Figures 6a through 6h are each a plan view of regions of formations in

examples of a reservoir model according to embodiments of the invention.

[0047] Figures 7a through 7d are flow diagrams illustrating the operation of
deriving pressure interference responses, in the method of Figure 3 according to

embodiments of the invention.

[0048] Figure 8 is a flow diagram illustrating the selection of well-level or
perforation level superposition in the method of Figure 3 according to embodiments

of the invention.

[0049] Figures 9a and 9b are flow diagrams illustrating the operation of the
method of Figure § in superposition of well flow rates to pressure interference

responses, in the method of Figure 3 according to embodiments of the invention.

[0050] Figures 10a through 10i are maps and plots illustrating an example of

the operation of an embodiment of the invention.

13
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DETAILED DESCRIPTION OF THE INVENTION

[0051] This invention will be described in connection with one or more of its
embodiments. More specifically, this description refers to embodiments of this
invention that are implemented into a computer system programmed to carry out
various method steps and processes, corresponding to a sub-surface hydrocarbon-
bearing reservoir, because it is contemplated that this invention is especially
beneficial when used in such an application. However, it is also contemplated that
this invention may be beneficially applied in other systems and processes.
Accordingly, it is to be understood that the following description is provided by way
of example only, and is not intended to limit the true scope of this invention as

claimed.

[0052] For purposes of providing context for this description, Figure la
illustrates, in cross-section, a small portion of a production field in connection with
which embodiments of this invention are utilized. In this example, multiple wells
W1, W2 are deployed in a terrestrial environment, and extend into the earth through
multiple sub-surface strata. In this example, the reservoir being exploited includes
strata 6, 10, 14, which are hydrocarbon-bearing formations and as such are capable of
producing oil, gas, or both (and perhaps also water) into wells W1, W2. Non-
producing strata include surface formation 4, and formations 8, 12, 16 that arc at
depths between producing formations 6, 10, 14 in this example. Each of wells W1,
W2 is in communication with these producing formations 6, 10, 14 by way of
perforations. In this example, hydrocarbons from formation 6 flow into well W1 via
perforation P1, and into well W2 via perforation P4; hydrocarbons from formation 10
flow into well W1 via perforation P2, and into well W2 via perforation P5; and
hydrocarbons from formation 14 flow into well W1 via perforation P3, and into well

W2 via perforation P6.

[0053] In this example, downhole transducers are deployed into each of wells
W1, W2, for measuring such parameters as downhole pressure, downhole
temperature, and the like. Examples of these transducers are illustrated in Figure la
by way of pressure transducers PT, cach deployed at a corresponding one of
perforations P1 through P6. The number and location of pressure transducers PT, and

any other downhole measurement equipment (not shown) can of course vary from that
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shown in Figure la. For purposes of embodiments of this invention, however, at least
periodic measurements of downhole pressure from at least one depth in at least one
well of interest are acquired and retained in connection with the reservoir modeling
and evaluation system and process of this invention. Of course, additional visibility
into the architecture and connectivity of the reservoir will be provided by obtaining
additional downhole pressure measurements at multiple depths and from multiple

wells.

[0054] Surface measurements are also obtained from wells W1, W2 in this
example. These surface measurements can include measurement of such parameters
as temperature, pressure, valve settings, and the like. For purposes of embodiments of
this invention, the surface measurements include measurements of the flow rate
output by wells W1, W2, which in this example are obtained by way of surface flow
meters Q1, Q2. At least periodic measurements of the flow rate output from wells
WI1, W2 as a whole (i.e., without necessarily obtaining measurements from each
individual perforation P1 through P6 producing into wells W1, W2) are acquired and
retained in connection with the reservoir modeling and evaluation system and process

of this invention.

[0055] As evident in the example shown in Figure la, fault F1 is present
between wells W1, W2. Fault F1 in this case disrupts hydrocarbon-bearing
formations 10, 14, effectively shifting downward boundaries of formations 10, 12, 14
in the region of well WI, relative to those formations in the region of well W2.
Indeed, fault F1 has the effect of establishing connection 11a of reduced cross-section
(relative to the thickness of formation 10) between two portions of formation 10 (i.e.,
the portions produced by wells W1, W2, respectively), establishing connection 11b
between formation 10 and formation 14, and establishing connection 11c¢ of reduced
cross-section between portions of formation 14. In addition, whether due to fault F1
or otherwise present, well W1 produces from formation portion 14’ that is not in
communication with the portion of formation 14 produced by well W2, due to

interface 15 between formations 12, 16.

[0056] Figure 1b illustrates hydrocarbon-bearing formations 6, 10, 14 of this
portion of the production field in plan view, including wells W1, W2 and also well

W3. As evident from Figure 1b, hydrocarbon-bearing formations 6, 10, 14 do not
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necessarily align with one another geographically. The presence of fault F1 is shown
in Figure 1b, as located between wells W1, W2, In addition, Figure 1b illustrates
fault F2 at another location of the production field, disposed in formation 6 between
wells W1 and W3. Fault F2 includes portion F2’ through which flow is completely
blocked within formation 6; the remainder of fault F2 outside of portion F2’ allows
fluid communication, although perhaps the cross-section of formation 6 along that
length of fault F2 may be of reduced cross-section (relative to the thickness of

formation 6).

[0057] As evident from even this relatively simple region of the production
field shown in Figures la and 1b, the architecture and connectivity of the reservoir
including hydrocarbon-bearing formations 6, 10, 14 defines a relatively complex fluid
flow problem, insofar as the behavior of actual flowing oil and gas is concerned. As
fundamental in the art, the flow rate of hydrocarbons from a well depends on such
factors as the reservoir pressure, hydrostatic pressure in the well at the depths of the
producing formations, porosity and permeability of the formation rock, and viscosity
of the fluid, to name a few. However, the reservoir pressure at the specific location of
a particular well depends on various factors, including the flow rate from that well
over time (and thus the remaining fluid volume in the reservoir), but also including
the flow rate over time from other wells in communication with the well of interest.
The communication of fluid within a formation is affected by faults and the like. As
discussed above, fluid communication can occur between formations because of
faults, and also occurs within the wellbore of those wells producing from multiple
formations. Other complicating fluid effects include turbulence in the wells, wellbore
storage, and the like. Modeling of fluid movement within a producing hydrocarbon
reservoir can therefore become quite complicated, even in the presence of relatively

few features in a relatively small domain.

[0058] This relationship between downhole pressure and flow rate is useful in
analyzing the performance of a specific well, such as the “skin” at the borehole, and
also in determining reservoir-wide parameters, such as reservoir pressure and
permeability of the surrounding reservoir formation. This relationship is typically
characterized, for a given well of interest, by way of a pressure transient test, either in

the form of a “shut-in” (or “build-up”) test, or a “drawdown” test. In the shut-in test,
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the downhole pressure is measured over time, beginning prior to shutting-in the well
and continuing after shut-in. The reservoir pressure is determined from the
measurement of the downhole pressure at such time as the time-rate-of-change of
pressure stabilizes, following the shut-in event. Conversely, a well can be
characterized in a drawdown test, which is the opposite of a shut-in test in that the
flow is measured before, during, and after a dramatic increase in well flow, such as
opening the choke from a shut-in condition, preferably to a setting that produces a

constant flow rate from the well.

[0059] Figure 1c illustrates a typical shut-in test result, expressed in the usual
form as pressure and its derivative with respect to the time measure commonly
referred to in the art as “superposition time”, plotted on a log-log scale versus elapsed
time after the most recent flow rate change. In Figure lc, curve 5 corresponds to the
change in downhole pressure measured at the well of interest beginning with shut-in
of the well at time to, while curve 7 is the derivative (dP/dt) of this pressure change
with respect to superposition time over that same time scale. As known in the art and
as evident in Figure 1c, downhole pressure increases upon the closing of the choke at
the top of a well completion string as the well is shut-in. If the well is located in a
closed reservoir compartment, and if the pressure buildup continues for a sufficiently
long time, pressure change curve 5 develops a horizontal stabilized trend that
indicates equilibration of the reservoir pressure throughout the entire reservoir
compartment. The downhole pressure measured during such a stable period provides

a measure of reservoir pressure.

[0060] Also as known in the art, the downhole pressure of a well depends not
only on current flow rate from the well, but also depends on the flow rate history of
that well. The “time constant” defining the previous time duration required to be
analyzed in performing this pressure-rate analysis can be quite long, for example on
the order of days or weeks. As known in the art, the concept of “superposition time”
is used in conventional pressure-rate analysis, and considers a rate history of time-
varying flow rates, as the superposition of multiple constant flow rates extended
forward in time to the current time. This allows the overall solution for a given well

W; over time to be broken up into several constant rate problems, rendering the
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solution substantially easier than would be a solution of the more complex variable

flow rate problem.

[0061] As is also known in the art, however, the actual flow rates from the
well of interest and from other wells in the production field are not as well-behaved as
those involved in a conventional shut-in or drawdown test, even using superposition
analysis or other conventional techniques such as pressure-rate deconvolution. As
fundamental in the art, boundaries in the producing formation will affect the pressure
behavior of a well at longer times after a change in flow rate at the well. For example,
in the shut-in test, the pressure buildup will exhibit different behavior once the effects
of the rate change reach the formation boundary. In addition, as mentioned above,
production from wells that are also exploiting the reservoir will change the pressure
behavior at the well of interest, especially over longer durations of time. Changes in
the flow rate at each of the wells producing from the same reservoir, such changes
occurring at different and various points in time, thus complicate the behavior of the

downhole pressure being measured at a given well of interest.

[0062] During production, as mentioned above in connection with Figure la, a
large amount of data are obtained corresponding to measurements of the flow rate
output from each well, and also corresponding to measurements of downhole pressure
at one or more depths along the wellbore of one or more wells. These data potentially
contain important information regarding the behavior of the overall reservoir. For
example, this pressure vs. rate behavior can theoretically be used to derive and
validate models of the reservoir, so that a human user such as a reservoir engineer can
evaluate the fidelity with which a reservoir model matches actual reservoir behavior,
and so that human user can evaluate the benefit of actions taken based on such
models. Embodiments of this invention include system and process approaches to
realizing this potential of the real-world pressure and flow measurements, as will be

described in this specification.
Computerized modeling system

[0063] According to embodiments of this invention, a computerized system is
constructed, programmed, and operated to accomplish the task of deriving a model of
producing reservoirs, and of validating that model against actual pressure and flow

rate measurements as they are acquired from the field during production. Figure 2
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illustrates, according to an example of an embodiment of the invention, the
construction of modeling and verification system (“system”) 20, which performs the
operations described in this specification to derive a reservoir model, including its
architecture and connectivity, and to validate that model to permit its modification,
based on measurements of pressure and flow rate acquired over time during
production from production wells deployed in the reservoir. In this example, system
20 is as realized by way of a computer system including workstation 21 connected to
server 30 by way of a network. Of course, the particular architecture and construction
of a computer system useful in connection with this invention can vary widely. For
example, system 20 may be realized by a single physical computer, such as a
conventional workstation or personal computer, or alternatively by a computer system
implemented in a distributed manner over multiple physical computers. Accordingly,
the generalized architecture illustrated in Figure 2 is provided merely by way of

example.

[0064] As shown in Figure 2 and as mentioned above, system 20 includes
workstation 21 and server 30. Workstation 21 includes central processing unit 25,
coupled to system bus BUS. Also coupled to system bus BUS is input/output
interface 22, which refers to those interface resources by way of which peripheral
functions P (e.g., keyboard, mouse, display, etc.) interface with the other constituents
of workstation 21. Central processing unit 25 refers to the data processing capability
of workstation 21, and as such may be implemented by one or more CPU cores, co-
processing circuitry, and the like. The particular construction and capability of central
processing unit 25 is selected according to the application needs of workstation 21,
such needs including, at a minimum, the carrying out of the functions described in this
specification, and also including such other functions as may be executed by
computer system. In the architecture of system 20 according to this example, system
memory 24 is coupled to system bus BUS, and provides memory resources of the
desired type useful as data memory for storing input data and the results of processing
executed by central processing unit 25, as well as program memory for storing the
computer instructions to be executed by central processing unit 25 in carrying out
those functions. Of course, this memory arrangement is only an example, it being

understood that system memory 24 may implement such data memory and program
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memory in separate physical memory resources, or distributed in whole or in part
outside of workstation 21. In addition, as shown in Figure 2, measurement inputs 28
that are acquired from downhole and surface transducers at the production field, for
example pressure transducers PT and flow meters Q1, Q2 shown in Figure la, are
input via input/output function 22, and stored in a memory resource accessible to

workstation 21, either locally or via network interface 26.

[0065] Network interface 26 of workstation 21 is a conventional interface or
adapter by way of which workstation 21 accesses network resources on a network.
As shown in Figure 2, the network resources to which workstation 21 has access via
network interface 26 includes server 30, which resides on a local area network, or a
wide-area network such as an intranet, a virtual private network, or over the Internet,
and which is accessible to workstation 21 by way of one of those network
arrangements and by corresponding wired or wireless (or both) communication
facilities. In this embodiment of the invention, server 30 is a computer system, of a
conventional architecture similar, in a general sense, to that of workstation 21, and as
such includes one or more central processing units, system buses, and memory
resources, network interface functions, and the like. According to this embodiment of
the invention, server 30 is coupled to program memory 34, which is a computer-
readable medium that stores executable computer program instructions, according to
which the operations described in this specification are carried out by allocation
system 30. In this embodiment of the invention, these computer program instructions
are executed by server 30, for example in the form of an interactive application, upon
input data communicated from workstation 21, to create output data and results that
are communicated to workstation 21 for display or output by peripherals I/O in a form
useful to the human user of workstation 21. In addition, library 32 is also available to
server 30 (and perhaps workstation 21 over the local area or wide area network), and
stores such archival or reference information as may be useful in system 20. Library
32 may reside on another local area network, or alternatively be accessible via the
Internet or some other wide area network. It is contemplated that library 32 may also

be accessible to other associated computers in the overall network.

[0066] Of course, the particular memory resource or location at which the

measurements, library 32, and program memory 34 physically reside can be
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implemented in various locations accessible to system 20. For example, these data
and program instructions may be stored in local memory resources within workstation
21, within server 30, or in network-accessible memory resources to these functions.
In addition, each of these data and program memory resources can itself be distributed
among multiple locations, as known in the art. It is contemplated that those skilled in
the art will be readily able to implement the storage and retrieval of the applicable
measurements, models, and other information useful in connection with this

embodiment of the invention, in a suitable manner for each particular application.

[0067] According to this embodiment of the invention, by way of example,
system memory 24 and program memory 34 store computer instructions executable
by central processing unit 25 and server 30, respectively, to carry out the functions
described in this specification, by way of which a computer model of the reservoir
being exploited by one or more wells can be generated, and by way of which that
model can be validated relative to actual measurements obtained from the wells
exploiting that reservoir, and interactively modified and updated to ultimately derive a
reservoir model that behaves in a manner that closely corresponds to the actual
measured reservoir behavior. These computer instructions may be in the form of one
or more executable programs, or in the form of source code or higher-level code from
which one or more executable programs are derived, assembled, interpreted or
compiled. Any one of a number of computer languages or protocols may be used,
depending on the manner in which the desired operations are to be carried out. For
example, these computer instructions may be written in a conventional high level
language, either as a conventional linear computer program or arranged for execution
in an object-oriented manner. These instructions may also be embedded within a
higher-level application. For example, an executable web-based application can
reside at program memory 34, accessible to server 30 and client computer systems
such as workstation 21, receive inputs from the client system in the form of a
spreadsheet, execute algorithms modules at a web server, and provide output to the
client system in some convenient display or printed form. It is contemplated that
those skilled in the art having reference to this description will be readily able to
realize, without undue experimentation, this embodiment of the invention in a suitable

manner for the desired installations. Alternatively, these computer-executable
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software instructions may be resident elsewhere on the local area network or wide
area network, or downloadable from higher-level servers or locations, by way of
encoded information on an electromagnetic carrier signal via some network interface
or input/output device. The computer-executable software instructions may have
originally been stored on a removable or other non-volatile computer-readable storage
medium (e.g., a DVD disk, flash memory, or the like), or downloadable as encoded
information on an electromagnetic carrier signal, in the form of a software package
from which the computer-executable software instructions were installed by system

20 in the conventional manner for software installation.
Operation of the computerized modeling system

[0068] Figure 3 illustrates the generalized operation of system 20 in
interactively carrying out the modeling and validation functions according to an
embodiment of the invention. This specification will provide a more detailed
description of the theory of operation and the individual processes and steps presented
in the overall operation illustrated in Figure 3. However, it will be useful to
summarize this overall operation at this point, so that the more detailed description

will be better understood.

[0069] According to this embodiment of the invention, the overall modeling
and validation process begins with process 36, in which a human user such as a
reservoir engineer receives information about the reservoir to be modeled. In the
context of system 20 of Figure 2, this human user can be operating workstation 21, in
which case retrieval process 36 can be carried out by retrieving seismic survey maps,
geographical and topographical maps, well logs, and syntheses of those data and other
data previously performed according to conventional geological survey techniques
and tools, from library 32 via server 30, for example. This retrieved information
regarding the reservoir provides the user with a starting point from which to define the
reservoir model. Of course, the better the information (including syntheses) that is

retrieved in process 36, the closer that this starting point can be to an accurate model.

[0070] During actual production, as discussed above, instrumentation is
deployed in the field to acquire actual measurements of fluid flow from each of the
active wells in the reservoir (e.g., via flow meters Q1, Q2 for wells W1, W2 in Figure

la); dynamic data corresponding to these measurements are acquired by system 20 in
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process 31, for example as measurement inputs 28 communicated via input/output
functions 22 (Figure 2). Similarly, downhole pressure transducers PT acquire
bottomhole pressure measurements during the course of production from the field,
and these dynamic data for the active wells in the reservoir are acquired by system 20
in process 33, for example also as measurement inputs 28 communicated via
input/output functions 22. These flow rate and pressure measurements are each time-
stamped or otherwise correlated in time with one another, by a computational function
within system 20 (e.g., in server 30 so that the data are stored in library 32 in this
time-correlated fashion, or alternatively by workstation 21 itself in carrying out the
process shown in Figure 3). In data cleaning and preparation process 35, these
pressure and flow rate measurements acquired in processes 31, 33 are also organized
by system 20 into data streams representing pressure vs. time and rate vs. time
functions for each well involved. These pressure and rate data are plotted on different
types of plots commonly used in pressure transient analysis to assess consistency and
quality of the data, from which the user identifies erroneous and spurious
measurements, inconsistent portions of the data and removes them. At the end of this
data cleaning and data preparation process 35, a set of the pressure and rate data that

is used in subsequent analysis has been prepared.

[0071] In process 37, under the control of the user, system 20 processes these
cleaned pressure and rate data from several wells through a multi-well pressure-rate
deconvolution algorithm, to reconstruct a set of pressure interference responses Pi;(z).
Each pressure interference response function represents the pressure at well 7 resulting
from constant unit-rate production of well j, if well j were to be the only producing
well in the reservoir. The set of these pressure interference responses can be viewed
as another form of presentation of the original pressure and rate data. Because these
pressure interference response functions are independent of well rate, these functions
reflect reservoir properties, reservoir shape, heterogeneities, connectivity, and the
reservoir volume. Conventional pressure transient analysis techniques applied to
these pressure interference responses allow the user to develop some preliminary
insights regarding the reservoir properties and the likely characteristics of the
reservoir that define the dynamic pressure behavior observed during production from

the field. At this stage, for each of the wells in the reservoir, it is possible to estimate
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the reservoir permeability in the regions around each of the wells and the distances

from the wells

to reservoir boundaries, and to develop an understanding of the likely

shape of the reservoir compartment.

[0072]

In process 38, the user defines an initial model for the reservoir, based

on the information retrieved in process 36 and the insights into the reservoir

characteristics

learned from the deconvolved pressure interference responses Pj(t)

generated in process 37. As will be described in detail below, the reservoir model

realized according to this embodiment of the invention is defined by the model

elements of:

Regions: Each region corresponds to a portion of a hydrocarbon-
bearing formation of essentially uniform rock properties. Attributes
are assigned to each region, such attributes including size and shape of
the region, porosity, permeability, rock compressibility, water
saturation, and the like.

Connections: Connections are defined between regions that are in
fluid communication with one another. Attributes are assigned to each
connection, such attributes including the resistivity across the
connection, and the cross-sectional area of the connection.

Wells: The locations of wells in the reservoir, and the regions
intersected by each well, are defined.

Perforations: ~ Each perforation is associated with a well, and
corresponds to a connection between the well and a region. As such,
each well can be considered as a set of perforations. Attributes are
assigned to each perforation, such attributes including resistivity of the
connection between the well and the surrounding region (i.e.,
perforation skin factor), and the wellbore radius of the corresponding
connection. In some embodiments of the invention, for example if
turbulence is being modeled, the additional attribute of a turbulence

coefficient will also be assigned to each perforation.

These elements of the model effectively define the reservoir model as a network of

regions, in fluid communication with each other by the specified connections and by
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the specified wells and perforations, and in fluid communication with the world

external to the network by way of the specified wells.

[0073] Other elements may additionally be defined in connection with process
38, as appropriate to the reservoir model being developed and according to the desired
complexity of the eventual model. For example, the user of system 20 may compare
the geometric characteristics of the model as derived from the seismic and geological
information retrieved in process 36, with the corresponding characteristics inferred
from the analysis of dynamic reservoir behavior resulting from deconvolution process
37. To the extent that these two sets of characteristics are inconsistent, one can
conclude that some small scale features that affect fluid flow are present in the
reservoir, but have not been (or cannot be) resolved from the seismic information.
For example, barriers to fluid flow such as baffles and small through-faults may be
evident in the deconvolution results but not visible in the seismic survey. Process 38,
according to this embodiment of the invention, allows the user to incorporate these

features inferred from dynamic analysis (process 37) into the reservoir model.

[0074] In process 40, system 20 operates to calculate pressure responses
among the perforations of the wells in the reservoir model defined in process 38. As
will be described in further detail below, this embodiment of the invention operates
according to a fluid flow model in the network of regions being modeled, in which the
pressure at a particular well of interest in the reservoir is modeled over time, in
response to the flow rate of output from that well and from other wells in the
production field. As mentioned above, not only does the flow from a well largely
affect its own downhole pressure, but the flow rates of other wells, specifically those
intersecting formations that are in fluid communication with the formation being
produced by the well of interest, also affect the pressure over time at the well of
interest. In process 40, system 20 derives the specific response of the pressure at each
well in response to a unit flow rate produced from each of the wells in the modeled
reservoir. These constant-rate pressure responses are derived in process 40 by solving
a set of fluid flow problems in the reservoir model developed in process 38, as will be

described in further detail below.

[0075] These pressure responses derived in process 40 are compared with the

respective constant-rate pressure responses derived by multi-well pressure—rate
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deconvolution process 37 from the actual pressure and rate data acquired during
production from the field, in decision 41. Decision 41 is carried out by the user in
cooperation with system 20, essentially by determining whether the modeled
interference pressure responses from process 40 adequately match the pressure
responses derived in process 37. If decision 41 results in a significant variance (either
relative to a pre-defined criterion or in the judgment of the user), process 46 is
performed by the user in cooperation with system 20 to modify the reservoir model.
It is contemplated that modification process 46 will involve the expertise of the
human user (e.g., reservoir engineer), because the modifications applied to the
reservoir model in this process 46 will be based on the way in which the modeled
responses differ from the responses derived by the multi-well deconvolution
algorithm based on original pressure and rate measurements. As known in the art, the
interpretation of the effects of formation boundaries, neighboring wells, pressure
sources such as aquifers, and the like on the pressure-vs.-time behavior of a well is
both complicated and subtle. The modification of the model carried out in process 46
will therefore involve some changes in the attributes of the elements described above,
or in some cases may involve the defining or re-defining of one or more of the
elements, based on the observed differences in pressure behavior. Following
modification process 46, control returns to process 40, in which the inter-well
pressure responses are re-calculated for the reservoir model in its newly-modified

form.

[0076] In process 42, system 20 applies the actual flow rate history for each
well (or perforation) acquired in process 31, together with (in some cases, such as
cross-flow situations) initial pressure measurements and well completion time data
acquired in process 33, to the pressure interference responses Py(t) calculated in
process 40. In process 42, these flow rate measurements over time are applied to the
pressure interference responses, via the superposition principle, to produce a modeled
estimate P(¢) of the pressure at one or more wells of interest, as affected by the actual
measured flow rates of the wells producing from the reservoir. If the reservoir model
1s reasonably accurate, this modeled pressure behavior P(¢) will closely match the
actual measured downhole pressure at the wells of interest, over that same time

duration for which the flow rates were applied to the pressure interference responses
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in process 42. Comparison process 44 is performed by system 20, in cooperation with
the human user, by retrieving the downhole pressure measurements acquired in
process 33, and comparing those measurements with the model output from process
42. This comparison can be performed in an automated manner by system 20, or by a
visual comparison made by the human user by viewing a graphical or other output at
workstation 21, or by some hybrid operation by way of which a computer-assisted

comparison can be evaluated by the user.

[0077] If comparison process 44 determines that the modeled pressure
behavior P(¢) does not adequately match the actual pressure behavior over time at the
wells of interest as measured and acquired in process 33 (either relative to a pre-
defined criterion or in the judgment of the user), process 46 is performed by the user
in cooperation with system 20 to modify the reservoir model, as discussed above.
Again, following modification process 46, control returns to process 40, in which the
inter-well pressure responses are re-calculated for the reservoir model in its newly-

modified form.

[0078] Upon the modeled pressure interference responses adequately
matching the corresponding deconvolved responses (process 41) and the pressure
behavior P(¢) adequately matching the actual pressure measurements (process 44),
process 48 can then be performed, if appropriate, to output a modeled allocation of
production from among the multiple perforations belonging to the well of interest. In
embodiments of this invention, the allocation calculations are necessarily carried out
in connection with the modeling processes 40, 42. Typically, in actual production, the
allocation of well production among its perforations is not directly measured; as such,
the calculated allocation provided in connection with embodiments of this invention
(and validated by successful comparisons in processes 41, 44) is useful information to

the production operator.

[0079] As will be described in further detail below, the manner in which
processes 40, 42 are executed by system 20 according to embodiments of this
invention provides great efficiencies in these operations and calculations, especially
as compared with conventional numerical modeling approaches such as the gridded
techniques of finite-element and finite-difference modeling. Accordingly, it is not

only contemplated but has been observed that the iterative defining, validation, and
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adjustment of a reservoir model according to these embodiments of the invention can
be carried out in a relatively efficient manner, even for relatively complex reservoir
geometries involving multiple wells, and considering relatively long time periods.
Indeed, it is not only contemplated but has been observed that each iteration to the
process described above can be executed by modern workstations in a manner of
minutes if not seconds. As such, the process according to these embodiments of the
invention is truly a real-time interactive reservoir modeling approach, which not only
improves its usability but enables a sufficient number of iterations to converge on an
accurate model in a reasonable time, with reasonable effort on the part of the reservoir

engineer.

[0080] As described generally above in connection with Figure 3, this process
is applied to all of the wells of interest in the reservoir. As such, it is contemplated
that this modeling process is applied using the reservoir model of the entire reservoir,
so that this multi-well model is refined, calibrated, and validated based on the
observed production behavior of all of the wells in the field beginning from the time
of field startup. Calibration of the reservoir model to the observed pressure and rate
data from all of the wells of interest in the reservoir is contemplated to accurately
identify reservoir boundaries, and barriers or other restrictions to flow that are located
within the reservoir. This development of a reliable understanding of the reservoir
internal “plumbing” as well as of the overall extent, boundaries, and volume of the

reservoir is very important for optimizing reservoir development and exploitation.

[0081] Once the user completes the modeling and validating process described
above and shown in Figure 3, over the desired set of wells in the reservoir, the derived
reservoir model is ready for use in the conventional manner. As known in the art,
reservoir models are useful for such tasks as economic evaluation of the hydrocarbons
to be produced, determination of the benefit of proposed well and reservoir actions
such as secondary and tertiary recovery efforts, and evaluation of the decision of
whether and where to place new wells. It is contemplated, however, that reservoir
models derived and validated according to this invention will have dramatically
improved accuracy relative to conventional reservoir models, because of the ability of
this invention to correlate and validate these models with the actual pressure

performance of the reservoir, and indeed to validate these models against the large
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amount of real-time and continuous measurement data now available from downhole

pressure transducers and other modern instrumentation equipment.
Theory of operation

[0082] The detailed description of embodiments of the invention will now be
presented, to further assist those skilled in the art having reference to this specification
to readily implement this invention, without undue experimentation. In providing this
detailed description, however, it is believed useful to generally describe the theory
behind the calculations performed and applied in the overall process of Figure 3, so
that the more detailed description of the manner in which system 20 executes those
processes according to embodiments of the invention will be more readily and more

clearly understood.
Pressure-rate relationship and the fluid flow problem

[0083] As discussed above relative to Figure 1c, a relationship exists between
the pressure field in a fluid reservoir and the fluid flow within that reservoir. A well-
known expression of that relationship is:

%:V[pg Vp] ()
where p is the mass fluid density, ¢ is the rock porosity, k is the rock permeability, u
1s the fluid viscosity, and p is the pressure in the reservoir. As such, the left-hand side
of equation (3) represents the accumulation rate of the fluid mass in a unit reservoir
volume, while the right-hand side of equation (3) represents the total mass of fluid
leaving this unit reservoir volume through its outer boundaries, per unit time. As
known in the art, other expressions of this governing pressure equation can be used,
particularly if simplifications on the spatial or temporal variation of the parameters of
equation (3) can be made or if specific information is available to express one or more
of the parameters. In reservoirs for which a single phase of oil is flowing, equation
(3) can be expressed more directly as the well-known linear diffusivity equation:

op
P _Vk v
b eu [k vp]

(3a)

where ¢, is an expression for total compressibility:
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__1 dp9
" pg dp (3b)

On the other hand, where gas is the fluid, the gas viscosity u, the gas density p, and
the total compressibility ¢, may be functions of pressure, in which case the diffusivity
equation becomes non-linear for cases in which the pressure changes are significant,

and is expressed as:
epp = v[kﬂ Vp] (3¢)
ot Y7,
The gas equation of state expresses gas density p as a function of pressure:

__pm,
p(p) = Z)RT (3d)

where m,, is the molecular weight of the gas, R is the universal gas constant, 7 is the
absolute temperature, and z(p) is the gas “z-factor”. One can then reduce the degree
of non-linearity in the diffusivity equation (3¢) by use of a pseudo-pressure function

of pressure m(p):

T o(p)
m(p)=2[ ZL dp 3e)
S u(p)

in which case the diffusivity equation (3¢) becomes linear:

8 e u L Olk In(p) (3f)

In the strict sense, equation (3f) is non-linear because the total compressibility ¢; and
the gas viscosity u in the left-hand side are functions of pressure; however, equation
(3f) becomes linear if one can validly neglect the dependence on pressure of these
characteristic. An example of the use of the pseudo-pressure approach for pressure-
rate analysis, including the appropriate material balance corrections and rate-
dependent skin correction, is described in Bourgeouis et al., “Additional Use of Well
Test Analytical Solutions for Production Prediction”, SPE 36820, SPE European

Petroleum Conference (1996), incorporated herein by this reference.

[0084] These diffusivity equations (3a) and (3f) for oil and gas phases,

respectively, effectively express the “fluid flow problem” within a region of a
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formation in which the rock properties (and fluid properties, for that matter) are
essentially uniform. To solve such a fluid flow problem in that region, boundary
conditions must of course be defined. In the simple case of a single region
surrounded by “no-flow” boundaries (i.e., the only fluid flowing is that within the
boundary), the boundary conditions are simply that the normal pressure derivative at
the boundary is zero:

LAY (o)

dn|.

In practice, for the case of a well into a sub-surface formation in which the formation
thickness is much smaller than the characteristic scale within the reservoir plain, this
fluid flow problem is essentially described as a two-dimensional problem of radial

flow into the well.

[0085] An example of this relationship between pressure and flow geometry is
illustrated in Figure 1c¢ in connection with a typical shut-in (or “pressure build-up”)
test, in which the downhole pressure at the wellbore of a well is measured over time
from a point in time beginning with the shutting-in of the well. The measured pressure
and its derivative provide information regarding the properties of the rock and fluid in
the reservoir, as well as the size of the reservoir considering the effect that reservoir
boundaries (especially no-flow boundaries) have on the pressure characteristics,

assuming that the shut-in time is sufficiently long.

[0086] As will be described in further detail below, embodiments of this
invention convert the variables of pressure (oil) and pseudo-pressure (gas) into a
“dimensionless” form for the reservoir model. This conversion to dimensionless
variables scales the pressure and pseudo-pressure variables according to reference
values for flow rate, permeability, thickness of the region, porosity, and total
compressibility.  Spatial coordinates are scaled by a length scaling factor
corresponding to the wellbore radius. This conversion to dimensionless variables
results in the fluid flow problem being identically formulated for both the oil
(pressure) and gas (pseudo-pressure) cases. Detailed description of this conversion
into dimensionless form is described in Levitan et al., “General Heterogeneous Radial
and Linear Models for Well Test Analysis”, SPE 30554, SPE 70th Annual Technical
Conference and Exhibition (1995), pp. 225-38.
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[0087] Non-trivial reservoir models to be developed according to
embodiments of this invention, and validated relative to actual pressure and flow
measurements, typically involve fluid flow between and among formation regions that
are in fluid communication with the region or regions that are producing into a well of
interest. Figure 4 illustrates, in plan view, a relatively simple two-region formation of
regions R1, R2, each of polygon shape, with boundary Bl 2 disposed between
regions R1, R2. Wells WA, WB are deployed and are producing from regions R1,
R2, respectively. It is contemplated that regions R1, R2 differ from one another
regarding such attributes as rock properties, while within each region R1, R2 those

attributes are assumed to be effectively constant.

[0088] Of course, more than two regions may communicate across a given
single boundary, for example as may occur as a fault (e.g., fault F1 of Figure la),
where two or more formations or sands that are separated from one another on one

side of the fault communicate with a single formation on the other side of the fault.

[0089] Referring back to Figure 4, the fluid flow problem presented by
regions R1, R2 is addressed, according to embodiments of this invention, by solving
the fluid flow problem within each region R1, R2, while merging these solutions at
boundary B1 2. This merging of the solutions along the connecting part of region
boundary B1 2 requires that two physical conditions be satisfied. The first condition
1s associated with material balance, and requires that the fluid fluxes from all regions
connecting at that boundary sum up to zero. Using the well-known Darcy expression

for fluid flux, this condition is presented as:
dp;
Y (kh); ﬁ =0 4)

where 7 is an index of the regions that connect at the boundary. As conventional, the
normal pressure derivative is taken in the outward direction for each region R1, R2.
The second merging condition relates the pressures on either side of boundary B1 2.
If there is no pressure change across the boundary Bl 2 (i.e., the connection is
effectively resistance-free), then pr; = pr> in the case of Figure 4. It is possible for an
interface between regions to present some resistance to flow, however, which results
in some pressure change across the interface. This pressure change is proportional to

local flux across the boundary, with the merging condition taking the form:
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Pr1 = Pr2 — R129r2 (5a)

In this equation (5a), R;; is the resistivity (per unit area) to fluid flow from region R2
to region R1 at boundary Bl 2, and gg> is the fluid flux flowing from region R2 to
region R1. In the case in which more than two regions connect at the same boundary
segment, however, a more general form of the merging condition is necessary.
Resistivity to flow across the interface in this case is characterized by two coefficients

associate with each of the two regions involved in the connection:
pi + Riqi = pj + Rjq; (5b)

As noted above, the flow rates g can be expressed in terms of normal pressure

derivative, rock permeability £, and fluid viscosity y.

[0090] Analogously to the two-region case, internal no-flow boundaries
within a region of uniform rock and fluid properties can be considered; an example of
such an internal no-flow boundary is shown in Figure 1b by fault F2. For purposes of
modeling, a partial no-flow boundary within a region can be extended across the
entirety of the region, effectively creating two sub-regions that communicate across a
boundary of reduced cross-section (reduced by the length of the internal no-flow
boundary). By establishing the appropriate merging boundary conditions between
these two sub-regions, the fluid flow problem can be readily considered as a two

region situation, in the manner described above.

[0091] Wells WA, WB also establish inner boundaries for their respective
regions R1, R2. Boundary conditions at wells, or more specifically at the individual
perforations within wells, bring well flow rate into the fluid flow problem formulation
in respective regions, and lead to a pressure-rate characteristic useful in modeling and
characterization of the reservoir in the production of oil and gas. Considering well
WA in region R1, and at this point assuming that the measured well flow rate is due to
production from region R1 only (i.e., well WA has only one connection or perforation
in region R1), the volume of fluid ¥ flowing across a unit area of wellbore surface in

well WA is given by the Darcy equation,:

- _ka
V= udr (6)
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For a given wellbore radius r,, and a given formation thickness %, one can derive the

volumetric fluid flow rate g as:

q = 2mr,h <& (7)

wdr r=ry

The mass rate of well WA can be derived by multiplying this flow rate g by the fluid
density p. In the case of oil production, the normal derivative of pressure at the

wellbore can be expressed from this flow rate equation in terms of flow rate as:

ap|  _ Pee e M 4o MB

dr p 2rkh v,  2rmkh /-

r=n,

(8a)
where B is the formation volume factor, typically defined as p,./p, the subscript “sc”
indicating standard conditions (i.e., gs is the flow rate under standard conditions).
For the case in which well WA is producing gas, the pseudo-pressure transform
described above can be used, in which case the respective expression becomes:

dm(p)|  _ 2Ps 4se
dr 2 kh v,

| r=r,

(8b)

In either of the oil or gas cases, it is the bottomhole pressure of the well of interest
that is the unknown that is to be solved for in solving the fluid flow problem for the

regions in the reservoir.

[0092] As known in the art, the sum of the flow rates from the perforations of
a well does not necessarily equal the output flow rate of the well, because of the
storage capacity of the wellbore. More specifically, changes in downhole pressure
will change the volume of fluid retained in the wellbore, and such volume changes
will be reflected in the behavior of the well flow rate. For an oil well, this wellbore

storage effect can be expressed by:
dpw
Tiq; — 24C, —2L = qcB (92)

where C,, is the wellbore storage coefficient (rb/psi), where ¢; is the so-called
“sandface” flow rate contribution from perforation i, and where B is the formation
volume factor. Pressure p,, is the flowing well pressure. This equation (9a)

effectively states that the sum of the perforation flow rates, plus the effect of wellbore

34



10

15

20

25

WO 2011/019565 PCT/US2010/044415

storage, amounts to a measure of the well output flow rate. For a gas well, this

equation (9a) can be expressed in terms of pseudo-pressure m:

am,,
Sii = 24Cy 7L = G (9b)
[0093] An additional pressure drop at a perforation, between the theoretical

reservoir pressure at the wellbore radius and the actual bottomhole pressure, is often
present because of localized damage at the wellbore at that perforation. More
specifically, the flowing pressure p., at well perforation 7 differs from the evaluated

pressure p; because of this effect:
Pwri = pi|r=rwi — Api_skin (102)

where Api.gan 18 the pressure drop at perforation i due to well damage. This pressure

drop can be expressed in terms of a “skin factor” S;:

iuB
Pusi = Pilrery — 3me Si (10b)

In the case of an oil well, the skin factor S; can be considered as a constant for

perforation i, and is thus typically an input parameter into the fluid flow problem.

[0094] For the case of a gas well, the skin factor §; at a perforation i can
depend on the flow rate of the well. For example, a common expression of skin factor

S; at a perforation 7 in a gas well is the linear function:
S; =S, + Dg; (10c)

where S, represents a skin component due to mechanical well damage, and where the
second term represents a turbulence or otherwise rate-dependent skin component, D
being a turbulence coefficient. As mentioned above, to maintain the ability to apply
superposition, the gas well situation utilizes a pseudo-pressure variable m; for
perforation i. The pseudo-pressure m,;(¢) resulting from unit-rate gas flow can be

expressed (in a dimensionless form for pseudo-pressure m,;)

n’:ii i (t) + S (10d)

My (t) =

Generalizing a flowing bottomhole pseudo-pressure m,;(t) by way of a convolution
integral, including the effects of the skin factor, and incorporating this pseudo-

pressure unit flow rate response, leads to:
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t d ui() Y
Mypi(8) = my; — [, qi(t — 1) —2=d7 — Dgf (10¢)

The transform of pressure into and out of the “pseudo-pressure” domain serves to

linearize the analysis of a gas well, as mentioned above.

[0095] Another complication presented by actual reservoirs, in connection
with these well boundary conditions, is presented by wells having multiple

perforations, because of fluid communication via the wellbore.

[0096] Ultimately, the well boundary conditions become a system of »n
equations, where » is the number of perforations. This system is constrained by the
flow rate g, measured at the surface for the commingled flow from all of the
producing perforations, and is also constrained by the requirement that all perforations
in the well produce against a common well bottomhole pressure. As will be evident
from the following description, these constraints are used to arrive at such a system of
n equations that has » unknowns, and is thus sufficiently specified so as to be

solvable.
Pressure-rate deconvolution

[0097] Based on the foregoing description, the evolution of downhole
(bottomhole) pressure of a well over time is seen to depend on the fluid flow rate of
the well itself, potentially on the flow rates of other wells in the reservoir, on the
reservoir rock and fluid properties and heterogeneities (variation of rock properties
throughout the reservoir) thereof, on internal faults and other barriers to flow, on the
shape of the reservoir boundary, and on the total reservoir volume. Therefore, it is
possible to determine the reservoir properties and to develop an understanding of
reservoir architecture through the analysis of well bottomhole pressure behavior with
time. The key in doing so is to identify, and minimize or remove, the effects of well
rate variation from the measured pressure data. As discussed above, the conventional
approach for such analysis is to perform shut-in (or pressure build-up) tests, and to
study the transient pressure behavior during such periods in which the well is closed
and the well rate is zero. However, this approach inevitably limits the analysis to the
duration of the pressure buildup test, and thus to a relatively small reservoir region
near the well under investigation by the test. In addition, as mentioned above, these

well tests are a costly exercise, and as such are infrequently performed.
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[0098] It would therefore be useful to analyze the vast quantity of downhole
pressure data and well flow rate data now being gathered during production, because
analysis of these data would provide real-time and continuous insight into the
properties of the well and the reservoir, theoretically in a very precise manner given
the quantity of data. But because the flow rates from each well during production
cannot be held constant, and indeed are not particularly well-behaved, the pressure-
rate analysis is more difficult. Furthermore, the pressure response to changes in flow
rate are relatively long-lived, such that the downhole pressure at any given point in
time can depend on the flow rate history over a relatively long period of time, up to
hundreds or even thousands of hours. These long pressure responses to flow rate

history greatly complicate the analysis, as evident from Figures 5a and 5b.

[0099] Figure 5a illustrates a plot of flow rates from a typical production well
over a relatively long period of time (over 25000 hours). As evident from Figure 5Sa,
the flow rate from this well generally declines over time, and a number of shut-in
events of varying duration occur over that time period. As a result, the measured
downhole pressure of this well (Figure 5b) is not particularly well-behaved. While a
generalized trend in pressure can be seen, a number of excursions are also present in
the pressure plot over time, coinciding with and affected by the various shut-in

periods.

[0100] As described above in connection with the background of the
invention, these variations in flow rate from a well can be managed, in pressure-rate
analysis, by way of pressure-rate deconvolution. As described in Levitan et al.,
“Practical Considerations for Pressure-Rate Deconvolution of Well-Test Data”, SPE
Journal (March 2006), pp. 35-47, incorporated herein by reference, one can consider
the relationship of time-varying pressure p;(¢) at well i to the time-varying well flow

rate g;(t) from that well i as a convolution integral:
t dP(t-T)
pi(®) =p) — [ () ——dt (1

dP(t)/dt

In this convolution integral, is the downhole pressure response to

production at a unit flow rate, beginning from an initial pressure p; at time-zero.

Accordingly, if one has time-varying pressure data, for example as plotted in Figure
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5b, and also the corresponding time-varying flow rate data, for example as plotted in

Figure 5a, a deconvolution of the flow rate data from the pressure data can yield the

pressure response dP(t)/ dp» from which the properties of the formation can be

deduced in similar manner as from a shut-in or draw-down test.

[0101] Figure 5c presents the deconvolved pressure response P(t) in the form
of a derivative plot, with plot 49 corresponding to the deconvolved pressure change
over time, and plot 51 corresponding to the pressure derivative with respect to
superposition time. This response is derived from the pressure and rate data in
Figures S5a and 5b by using the pressure-rate deconvolution algorithm described in
Levitan, “Practical Application of Pressure/Rate Deconvolution to Analysis of Real
Well Tests”, Reservoir Evaluation & Engineering (April 2005), pp. 113-121,
incorporated herein by reference. The pressure response in Figure 5c could be viewed
as another form of presentation of the original pressure and rate data from Figures 5a
and 5b. However, when presented in the deconvolved form as shown in Figure 5Sc,
the illustrated pressure behavior depends on reservoir properties only, because of the
identification and removal of the effects of well rate variation on the pressure by the
operation of the deconvolution algorithm, which transforms the pressure record into
the corresponding unit-rate drawdown response of the same well. A remarkable
feature of this response, as recovered through deconvolution, is that it is defined on
the time interval of more than 25000 hours, which is the time span of the original
data. As a result, the deconvolved response reflects not merely the reservoir
properties near the well, but also reflects the properties and architecture of the entire
reservoir compartment drained by the well. By applying standard techniques of
pressure transient analysis to the response shown by plots 49 and 51, one can obtain
estimates of reservoir permeability and well skin factor, and develop understanding of
the shape of compartment and its volume. This information can then be incorporated
into the reservoir model that is developed for simulation the fluid flow in the

reservoir, and for prediction of well bottomhole pressure behavior.

[0102] Also as discussed above in connection with the background of this
invention, in a multi-well case, the effects of flow from other neighboring wells to a

well of interest must be accounted for in pressure-rate deconvolution. As described in
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Levitan, “Deconvolution of Multiwell Test Data”, 2006 Annual Technical Conference
and Exhibition, Paper No. SPE 102484 (2006), incorporated herein by reference, one

can account for these inter-well interferences in the convolution integral expression:

dP;j
pi(t) = p? = 5; fy L2 g, (¢ - ) (2)

where well 7 represents the well of interest, and where index j refers to each well in
the production field (the set of j wells including well i itself). According to this

dPij(‘l')
d

convolution expression, a pressure response term refers to the pressure

response at well 7 to a unit flow rate produced from well ;.

[0103] These inter-well effects become significant factors at longer times in
the analysis. It has therefore been discovered, in connection with this invention, that
in order to accurately model and characterize a reservoir so that the modeled pressure
behavior at a well can be validated by a comparison with actual production pressure
measurements, these inter-well pressure responses are important factors in the
solution of the overall fluid flow problem. Therefore, according to embodiments of
this invention, the multi-region fluid flow problem presented by a model of the
reservoir, as expressed in terms of its clements (regions, connections, wells,

perforations), is addressed by using these inter-well pressure responses.
Solving the fluid flow problem

[0104] According to embodiments of the invention, the solution of the fluid
flow problem for the modeled reservoir is based on the superposition of pressure
responses to unit-rate production from perforations of a multi-layer, multi-well,
reservoir, as solved in light of certain bottomhole constraints on the wells and
perforations. In this context, a “perforation” is defined as a connection between a
well and a reservoir region. This superposition approach is valid for those situations
in which the fluid flow problem is linear, and thus either assumes that fluid and rock
properties do not depend on pressure, or that gas properties into are transformed into a

pseudo-pressure domain in which linearity is satisfied.

[0105] A pressure interference response P,f’f(t) between two perforations i
and j is defined as the pressure response at perforation i to unit-rate production of

fluid from perforation j, and is a function of time. For a given pair of perforations i, j,
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the pressure interference response P/ (1) is non-zero only if the formation regions
intersected by perforations i, j are in fluid communication. Once the pressure
interference responses P;/” (1) are known, application of the superposition principle
expresses the pressure p;(¢) at a particular perforation i as a sum of convolution

integrals:

tart” (@

pi(t) =po — Xj-y Jy —4—a,;(t —D)dr Y

where py is the initial reservoir pressure in the formation region intersected by
perforation i. The sum of convolution integrals is taken over all n perforations in the
reservoir (those n perforations including perforation i itself), with g;(#) representing

the flow rate over time from perforation ;.

[0106] Based on equation (11) and according to embodiments of this

invention, the solution of the fluid flow problem involves the steps of:

1) Computation of the pressure interference responses P;/” ’f(t);
2) Determining the rate contributions from individual perforations g;(z)
necessary to satisfy the rate and bottomhole pressure constraints at the

wells.

The nature of the reservoir for which these calculations are to be performed will
dictate specific approaches to the solution of the fluid flow problem, as will be
described below in further detail. In any case, these pressure interference responses
and rate contributions effectively provide an overall solution for the fluid flow
problem, and also provide a modeled pressure over time at a particular perforation i of
interest. This modeled bottomhole pressure can be compared against the measured
bottomhole pressure for that perforation or well, to validate the reservoir model for

which the fluid problem was solved in this manner.

[0107] Superposition equation (11) takes a simpler form when transformed

into the Laplace domain:
pi(s) =B =37 sPY ()q;(s) (1)

[0108] Normally, the reservoir is produced with some constraints that are

imposed on the wells, but not on perforations. For example, well rates are controlled
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by chokes, and flow rates are measured for the well as a whole and not for individual
perforations. In addition, if a well has several perforations, the pressures at each of
these perforations are not independent from one another. On the other hand, all
perforations produce against one common bottomhole pressure, which is the well-

flowing pressure.

[0109] Equations (11) and (11a) provide mathematical expressions of so-
called “perforation-level” superposition. In the case in which the turbulence effect is
negligible, and in which all reservoir layers initially exist at the same reservoir
pressure, this perforation-level superposition reduces to a simpler and more efficient
(for purposes of this invention) form of “well-level” superposition, as will be
established in the following description. In addition, matrix equations for the
computation of perforation rate contributions in response to rate constraints imposed

on the wells will also be developed.

[0110] The practical constraints that the fluid production from all perforations
in a well (accounting for wellbore storage) adds up to the total well rate, and that all
perforations of the well produce against one common well-flowing pressure, are

formulated using equation (11a) as follows:

jem () + s Ty sPET ()4;(5) = Qm(s) (12)
L sPE(9)qi(s) — XieysPET (5)g;(s) = 0 (12a)

In this case, equation (12) is written for a given well m, and QO,.(s) is the well rate in
Laplace space; equation (12) is the Laplace transform of equation (9a) described
above. The first sum in the left-hand side of equation (12) is taken over all of the
perforations of well m. The second sum in that left-hand side is taken over all of the
perforations in the model, and index 7 in this second sum refers to any perforation of
well m. In equation (12a), indices i and & refer to any two perforations of well m. For
a well m that has / perforations, then /-1 independent equations (12a) can be formed,
one for each pair of perforations in well m. Hence, the total number of equations (12)
and (12a) for well m is equal to /, which as mentioned above is the number of

perforations in that well alone.
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[0111] Consider the case in which only one well m is producing at its flow
rate On(s), while all other wells are closed. However, if a well is closed and its flow
rate is zero, the flow rates of its individual perforations are not necessarily zero;
rather, a cross-flow through the wellbore among perforations of a closed well can
develop as a result of pressure interference from the producing well m. The well
constraint equations for these closed wells are similar to equations (12) and (12a) for
the producing well m, except that the right-hand side of the corresponding equation
(12) for each of the closed wells is zero (because these wells are closed). One can
then produce a system of matrix equations to determine the perforation rates for all
perforations, in the case of a single well m that is producing at a flow rate Q. (s). The
total number of these equations is equal to the number of perforations in the model.
The left-hand sides of these equations form a matrix M having dimensions of » rows
and n columns, n being the total number of perforations in the model. The right-hand
side of this system is represented by a column vector b having a single non-zero term
corresponding to the flow rate of the single producing well m. The resulting problem,

or system of equations, is represented in matrix form as:
M-Gg=b (12b)
Solution of this matrix equation (12b) produces a column vector g having n rows

representing the rates of each perforation in the model, for the specific case in which

the single well m is producing at the flow rate O,,(s) and all other wells are closed.

[0112] A similar matrix equation can be constructed to compute flow rates for
the individual perforations in the case in which a different single well produces. This
similar matrix equation will have the same matrix M but a different right-hand side
vector b, different in that a different well m’ will have a non-zero flow rate O, (s). If
the number of wells in the reservoir model number n,,, then there are n,, vectors b that
define the well-rate constraints for each of these n,, wells. Combining all of these
vectors b into one matrix 4 of right-hand sides allows for all of these matrix problems

to be solved at once:
M-g=A (12¢)

where matrix 4 has the form:
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Q1(s) 0 0 0
0 Qy(s) O 0
A=| o0 0o 0 Q. (5) (12d)
0 0 0 0
0 0 o - 0

The number of columns in this matrix 4 is equal to the number of wells »,, and the
number of rows is equal to the number of perforations ». This matrix 4 can in turn be

presented as:
A=E-Q (12¢)

where matrix £ and matrix Q are defined as:

s o
o s
E=] o 0 0 - 1/ (12£.1)

0 0 0 - 0

0 0 0 - 0
sQ+(s)

g=| @O (122)
sQhn,, ()

which reduces the matrix problem of equation (12¢) to:
M-q,=E (12g)

The solution of equation (12g) produces the matrix g, of perforation rate
contributions for the case in which each well produces at a constant unit-rate. Matrix
g has n rows (the total number of perforations), and »,, columns (the total number of
wells). This matrix g, is the matrix of perforation rate responses (as opposed to
pressure responses) to unit-rate production of individual wells in the reservoir model.
In contrast, matrix q defined by equation (12c¢) defines the perforation rate

contributions for the case in which each well is producing at its actual rate O,.(s).

[0113] Those skilled in the art having reference to this specification will

recognize, from equations (12c¢) through (12g), that the rate contribution of
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perforation j when all wells produce according to their rates can be presented in terms

of matrices g, and Q as:
7,(s) = X2, ey, (5)sQi(s) (12h)

Substituting this expression into equation (11a) allows solution of the pressure p;(s) at

any perforation i:
pi(s) =B — 20, sPE (s) T, Ge i ()5 Qi (5) (13)

=B g B SR ()5 S T 1 (9)] Qu(5)

But each perforation belongs to some well. If one assumes that perforation i belongs
to well m, then under the well constraints imposed above, all of the perforations of
well m have the same pressure. As a result, equation (13) can be re-interpreted as the
pressure of well m (rather than as the pressure only at a perforation / within that well
m). The term inside the brackets of equation (13) represents the pressure at
perforation i of well m in response to unit-rate production of a well £. Hence, the term
inside the brackets in equation (13) provides an expression of the pressure at the well

m in response to unit-rate production of well 4:
Pric(s) = ZJ=1 PF (9)ac () (14)

Using this notation for the well pressure interference response, equation (13) reduces

to:
Pm(s) = B2 = T3, sPii () Qi (s) (11b)

This equation (11b) is an expression for well-level superposition, and has the same
structure as equation (11a), which expresses perforation-level superposition. The
differences between equations (11a) and (11b) is that the perforation rates and
perforation interference responses in equation (11a) are replaced by well rates and
well interference responses in equation (11b), and that the summation over
perforations in equation (11la) is replaced by a summation over wells in equation
(11b). As evident from this derivation, in the case in which the turbulence effect is
negligible and in which all reservoir layers have the same initial reservoir pressure at
the start of production, perforation-level superposition reduces to well-level

superposition.
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[0114] Similarly, one can consider equation (12h) as an expression of the
superposition principle for rate signals, as opposed to the superposition of pressure

signals.

[0115] In addition, because wellbore storage effect is accounted for in
equation (12), the pressure interference responses between wells given by equation

(11b) also incorporate wellbore storage effect.

[0116] Typically, a well has several perforations (i.e., several connections of
the well to surrounding reservoir regions). There are thus fewer wells than
perforations in the model, and as a result, there are typically fewer well-level
interference responses than perforation-level responses. The algorithm for solving the
fluid flow problem based on well-level superposition is thus generally more efficient
and robust than that based on perforation-level superposition. It is therefore

preferable to use the well-level superposition approach whenever possible.

[0117] As evident from the above description, the well-level superposition
pressure and rate equations (11b) and (12h), respectively, are expressed in the Laplace
domain. One can convert these equations into the real time domain, in the form of

convolution integrals, as follows:
Pm(®) = po = T3, [ Pk (t = DQi(D)dr (14a)

and
q:(t) = Zp2, [ it (t — 1) = Qu(D)dr (14b)

where PL(t) is the well pressure interference response function in the real time

domain, as obtained by Laplace inversion of the function Pj. (s), and where g%’ (t) is
o . Gep(s)

the Laplace inversion of the function iy s-

Pressure interference response calculation

[0118] The pressure interference response at any location within a formation
region of a reservoir, to fluid outflow from another location of that reservoir, depends
on many factors, including the relative locations of the points under consideration,

properties of the rock bearing the hydrocarbon, the fluid viscosity and other fluid
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properties, the size, shape, and connectivity of the relevant formation regions, the
presence and location of aquifers or other sub-surface structures that apply pressure
(energy) to the hydrocarbon-bearing stratum, and the like. All of these parameters are

defined in and by the reservoir model in which the fluid flow problem is being solved.

[0119] According to an embodiment of the invention, as described above, the
reservoir model is defined according to various elements. One such element,
specified above, is referred to as a “region”, such regions being portions of
hydrocarbon-bearing rock within which the rock properties can be considered
constant. In deriving the pressure interference responses according to an embodiment
of the invention, two types of regions are considered: one type of region is considered
as a two-dimensional region, in which the fluid flow is two-dimensional; the other
type of region includes those regions that do not have active perforations, and that
have a length-to-width ratio that is very large, such that the effects of fluid flow from
that region can be reasonably approximated as one-dimensional (and, if appropriate,
extended to have an infinite length). This one-dimensional flow can be considered as

a “channel” flow, or as radial flow.

[0120] To summarize, the solution of the fluid flow problem that determines
the pressure interference responses is carried out in Laplace space, with numerical
inversion used to transform the Laplace-space solution into the time domain. The
fluid flow problem in two-dimensional regions is solved using a boundary element
technique. A general description of a boundary element technique for reservoir
applications is published in Kikani et al., “Pressure-Transient Analysis of Arbitrarily
Shaped Reservoirs With the Boundary-Element Method”, SPE Formation Evaluation
(March 1992), pp. 53-60; and in Kikani et al., “Modeling Pressure-Transient Behavior
of Sectionally Homogeneous Reservoirs by the Boundary-Element Method”, SPE
Formation Evaluation (June 1993), pp. 145-52, both incorporated herein by this
reference. The flow problem in one-dimensional regions can be solved using a
different and more efficient approach, as described in Levitan et al., “General
Heterogeneous Radial and Linear Models for Well Test Analysis”, 70th Annual
Technical Conference and Exhibition, Paper No. SPE 30554 (1995), pp. 225-38,

incorporated herein by this reference..
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[0121] Figure 6a illustrates a simple one-region reservoir R1, in which the
fluid flow can be defined. The determination of the pressure response according to
this embodiment of the invention is based on the transformation of the applicable
pressure diffusivity equation (3a) or (3f) to an integral equation, and more specifically
to an equation that involves an integral over an area Q of the reservoir domain, and a
contour integral along the boundary I' of that area Q. In the case of one or more
perforations that are present within region R1, additional contour integrals I'; over a
small circle surrounding each of the perforations (e.g., contour I'; in Figure 6a) are

also included:
d d d d
Iy PalGsnia — 8610 = [ [6224 - p, 22| ar +3 [, [6 22— p, 224 ar,

(15)
where G is any differentiable function over domain W, where p is the Laplace
transform of the pressure variable, where »n refers to the normal direction at the
contours I', where s is the Laplace variable, and where 7 is the diffusivity coefficient.
The function G, in embodiments of this invention, is selected to be the solution of

fluid flow in the infinite domain from a point-source at a location C:

G(%—7) = —Ko(\[sn|% - q)) (152)

where Kj is a Modified Bessel function of order zero. The solution function G (X — 5
is associated with the point-source located at the point . This point-source may be

placed anywhere inside of region R1 or on its boundary.

[0122] The integral in the left-hand side of equation (15) can be expressed in a

reduced form as:
Jo plGsn — AG]dQ = —6p() (15b)

If the point-source associated with the function G (X — {_). is located inside of region
R1, then the coefficient & in equation (15b) is equal to 2n. If this point-source is
located on the boundary of region R1, then coefficient 4 is the angle subtended by the
boundary at point £. The contributions of the perforations located inside of region R1

are represented by the contour integrals in the right-hand side of equation (15) over
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the circles I'} around each perforation. In the limit, as the radius of these circles I'

are reduced to zero, these integrals are simplified so that equation (15) reduces to:

0p(Q) = - J,. |6~ pS]dr + 21 56 (%i — Oai(s) (15¢)

where ¢;(s) is the Laplace transform of the rate function for perforation i located
5 inside of region R1. If no perforations are present within region R1, then equation

(15c) reduces to:

op() =~ f, [6oz-pip]ar (15)

These equations (15¢) and (15d) thus provide an expression for the pressure at any
point inside or on the boundary of region R1, in terms of a contour integral over the
10  boundary of that domain. The contour integrals in the right-hand side of equations
(15¢c) and (15d) represent the contributions of the region boundary to the pressure at
the point C, while the second term in equation (15c¢) represents the sum of the
contributions of the well perforations located inside of region R1 (each such
contribution being proportional to the perforation flow rate). As evident from these
15  equations, this contour integral depends on the pressure and the normal derivative of

the pressure at the boundary of region R1.

[0123] The perforation contribution terms in the right-hand side of equation
(15¢) are equivalent to line-source approximations of the wellbore. This equation can
be written in a more general form, to account for a finite wellbore radius of the
20  perforation, in case the pressure is to be computed at the location of the producing
perforation itself. In this case, one can evaluate the pressure at the location of a

perforation k by the equation:

pk()———f [ ——p—d

KO(\/EM)
ﬁerl(ﬁrW)

- Z G(xyi — $)qi(s) +

i#k

+ 5[ qk(s)

(15¢)

where r,, is the wellbore radius, S is the skin factor of perforation 4, and K is the

25  modified Bessel function of order one.
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[0124] Equations (15c¢), (15d), and (15¢) serve as the basis for the boundary-
element approach used in connection with embodiments of this invention. More
specifically, these equations (15c), (15d), (15¢) are used for computation of
perforation pressure interference responses Py that represent the pressure at a
location 7 in response to unit-rate production from perforation k. This implies that, for
a given pressure interference response, only one perforation & is producing; in that
case, the sum in the right-hand side of equation (15¢) reduces to just one term that is
associated with perforation £. And because the Laplace transform of a unit-rate

function is equal to 1/s, equation (15¢) reduces to:

op(Q) =~ f |62 -p|dr —Z6 (R — ) (150)

N

[0125] According to the boundary-element approach associated with this
invention, a set of nodes are defined and distributed around the boundary of the
region, for example as shown by nodes N; around region R1 in Figure 6b, with a
linear boundary segment defined between each adjacent pair of nodes Nj. The
pressure at any selected point along the boundary is approximated, in embodiments of
this invention, by linear interpolation of the pressure values at the nodes at the ends of
its boundary segment. Similarly, the derivative of pressure in the direction normal to
the boundary, at any given point along the boundary, is approximated by linear
interpolation of the pressure derivative values at the nodes defining the boundary
segment that contains the point of interest. Based on these linear approximations,
according to embodiments of this invention, the contour integral in equation (15f)
reduces to a simple linear combination of the pressure and pressure derivative terms
associated with the segment nodes. For example, if the point-source is placed at the

boundary node N;, then equation (15f) becomes:
- 2
0:p; = XYoo [ap; + aju1pjer + bjpny + bjipnyeq| — Tnc(rwik) (16)

where 7, is the distance between a well perforation k£ and boundary node N;, and pn;
is the normal derivative of pressure at boundary node N,. Also, the following

notations are introduced for use in this equation (16):

b.:gj4.1D1_D. b :D_ng1. a :gjnFl_F. _F_ng

j > U j > Gja

; = , (16a)
Sin1 76 G176 S —6; Sin—6;
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D:#[\/Sﬂd ij,(and rj)_\/snd rjolKl(\/Erj'l)] (16b)
F:iclKo(Mrj)— KO( s, VM)J (16¢)

Sj+l

D, = [KO(,/sndicz +¢2 i) dg (16d)

Sj

Si+l
J dg
— 2 2
E =*c “’Sﬂd J‘ K](\[snd iC +q ’) ﬁ (166)
Sy ¢+ g
where the D and F expressions are the analytical reduction of corresponding integrals,

and the D, and F; integrals are evaluated numerically.

[0126] Equation (16) is a linear algebraic expression that combines the values
of pressure and normal pressure derivative at the nodes of the region R1 boundary.
Placing the point-source alternatively at each of the boundary nodes produces N of
these equations, where N is the total number of nodes in the region boundary. These
N equations, when supplemented by additional equations describing the boundary
conditions imposed at the boundary, produces a system of matrix equations that, when
solved, determine the values of pressure and of normal pressure derivative at each

node of the boundary of region R1.

[0127] After determining the values of pressure and of normal pressure
derivative at all the nodes of the boundary from this system of matrix equations for
the case of only one perforation k& producing with constant unit-rate, equations (15¢)
and (15f) then enable computation of the pressure at the location of each perforation
located inside of region R1. This is accomplished by successively placing the point-
source at the location of each perforation, and computing the corresponding pressure
at the perforation location as given by the right-hand-side of equation (15f) (or
equation (15¢) in the case of the pressure at the perforation & itself). The computation
of the contour integral in the right-hand-side of these equations requires the pressure
and the normal pressure derivative along the boundary of the region, which was

computed earlier.

[0128] This process of computing the pressure responses at each of the

perforations caused by constant unit-rate production of one perforation is repeated N
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times, by moving the location of the producing perforation (i.e., the point-source)

among the N perforations located inside of region R1.

[0129] It is important to balance the number of unknowns (boundary node
pressures and derivatives) and the number of matrix equations. The relatively simple
examples of Figures 6a and 6b illustrate the situation of a single closed reservoir
region R1, surrounded by a no-flow boundary. In this example, the boundary nodes
number N, resulting in a system of N equations (16) with N unknowns, such that the
system specifies a unique solution for the boundary node pressures (the normal

derivatives of pressure at the no-flow boundary are all equal to zero).

[0130] Figure 6c¢ illustrates the situation of two regions R2, R3 with fluid
communication across common boundary B2 3. Perforations P2, P3 are located
within regions R2, R3, respectively. Regions R2, R3 are defined as separate regions
because they differ in rock properties, or because boundary B2 3 restricts fluid
communication between the regions in some manner, or both. Boundary nodes Nj;
are specific to the no-flow boundary of region R2, and boundary nodes Nj; are
specific to the no-flow boundary of region R3; boundary nodes M;, M,, M3 are
defined as common boundary nodes between regions R2, R3, along boundary B2 3 in
this example. The number of unknowns in the system of equations (16) for these two
regions are thus the number of boundary nodes N, for region R2 plus the number of
boundary nodes Nj for region R3, at which only the pressures are unknown (i.e.,
pressure derivatives are zero), plus twice the number of common boundary nodes M,
because both the pressure p; and the pressure derivatives pn; are unknown at these
common boundary nodes, for each of the two regions. The number of equations (16)
for the two regions equals the number of boundary nodes N,+Ns3;. However, we also
have two equations, for each of the common boundary nodes M; through Mjs, that
describe merging conditions for pressure and fluid flux as determined by expressions
such as equations (4), (5a), (5b) described above, as extended for this particular
situation). Accordingly, the system of equations (16) plus the merging conditions
produce the total number of matrix equations N,+N3;+2M, which is equal to the
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