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Preface

Computational simulation has been heralded as the most significant
advance in modern engineering and analysis, bringing untold increases
in productivity and cost-effectiveness to the design process. However, its
capabilities and potential are often misunderstood. For example, in high
speed aerodynamics where the environment — namely, simple dry air - is
very well characterized, state-of-the-art partial differential equation solvers
and grid generation algorithms can predict properties like lift and drag
well. Nonetheless, when this author, on earning his Ph.D. from M.I.T. and
joining Boeing’s well known C.ED. group, asked his new Manager, “What
types of answers can computers produce?” the response was sarcastic. This
member of the National Academy of Engineering and a founding father of
the profession, would reply, “Any answer you want” And to be sure, hun-
dreds of three dimensional simulations would be performed for every set
of available wind tunnel data — and only carefully calibrated runs were used
to “predict” flow consequences at oft-design conditions. Boeing planes fly
reliably and efficiently, but modeling provides only a guarded window to
engineering design.

Now consider reservoir engineering or flow simulation from huge
underground reservoirs. Grid blocks are typically hundreds of feet across in
each and every direction. Properties like porosity and anisotropic perme-
ability are inferred from core level data obtained in widely separated delin-
eation wells. Unseen faults, shale streaks, fractures and undulating layers
may lurk beneath the surface. Drive mechanisms and reservoir boundaries
may not be known accurately. Multiphase effects and coning are possible,
which may completely invalidate baseline single phase flow simulations.
Well radii cannot be resolved on the scale of large grid block analyses and
“productivity indexes” (or “fudge factors,” in the colloquial) are typically
used. So can any normal person seriously expect usable predictions, let
alone numbers that might guide investment decisions that routinely put
billions of dollars at risk? Certainly, one cannot abandon simulation and

ix



X PREFACE

turn back the clock - but its limitations and roles must be prudently under-
stood and a practical philosophy put into place.

In reservoir engineering, as opposed to airframe aerodynamics,
one must be careful to understand that small-scale events will likely be
predicted inaccurately. Simulation should be used to understand large-
scale consequences associated with dominant parameters, e.g., the pres-
sure levels in the well and in the farfield, multilateral well topology, the
locations of specific wells. Results should be used qualitatively. It would
be unrealistic to assume that production differences, say less then twenty
percent, would be even credible. However, if one scenario proved twice
as productive as another, well maybe that one is worth a second look. In
taking this approach, we are not promoting a doomsday mentality. But the
rock permeability predicted, say from formation testing pressure transient
log responses, is unlikely to be too correct for simulator input - it is cor-
rupted by small depths of investigation, mud invasion and hosts of other
uncontrolled effects. However, the performance of a long horizontal well
or an all-encompassing multilateral relative to a traditional vertical well is
likely to be correct, even if simpler inputs like viscosity or porosity are not
accurate.

This author has found this philosophy useful in other petroleum appli-
cations. For instance, in studying cuttings transport in horizontal wells, it
is unreasonable to model the fluid mechanics past every conceivable piece
of moving rock — chips which may be spinning, tumbling and falling in
space. Modeling the flow past a stationary Boeing wing in clean air is dif-
ficult enough - so our suggestion derives from experience and not pes-
simism. However, effective hole cleaning correlates with the mean viscous
stress at the low side of the borehole annulus - that high stresses actually
“rub away” debris provides the correct physical explanation and guiding
design principle. So in cuttings transport, our simulations help control
stresses themselves, in order to understand how these are affected by rhe-
ology, annular geometry and flow rate.

In reservoir engineering, we define our approach by asking, “How do
key parameters like well location, multilateral topology, pressure levels and
drive mechanisms affect production? We should and will be concerned
with large scale qualitative consequences as opposed to “detailed results”
which cannot be entirely accurate given errors due to uncertain input data.
In our work, we thus focused on developing a simulator that offers a rea-
sonable number of layers and a respectable level of grid density — one that
runs rapidly and stably all of the time but is not in itself excessive — and a
useful product that produces the simple credible suggestions needed for
what must ultimately be subjective decisions.
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This philosophy has guided the author’s work in numerous petroleum
disciplines over the past three decades, for instance, in formation testing,
electromagnetic logging, Measurement-While-Drilling design, and drill-
ing and cementing rheology modeling. Ease of software use, low licens-
ing costs and reduced barriers to entry are also paramount objectives. In
reservoir simulation, it is not uncommon for oil companies to spend tens
of thousands per license, purchase sophisticated hardware and resource-
consuming graphics, and provide weeks upon weeks of training. But, as
explained, the returns are often limited.

And as of this writing, few user manuals are written with illustrative cal-
ibration examples and even fewer will display real well systems with their
computed pressure distributions and production rates. The reservoir simu-
lator discussed in this Handbook, the first of several from Wiley-Scrivener,
provides capabilities that no other commercial product offers. It is not a
“black box” with all results to be taken at face value. Computed results must
be prudently judged. But the theory and algorithms are fully explained in
several publications — the methods have won numerous awards from lead-
ing organizations over the years.

A significant contribution, however, is the user interface developed
under multiple operating company funding that allows engineers and nov-
ices alike to “sketch any well” and see large-scale flow consequences almost
immediately - not crude answers but computed results grounded in rigor-
ous documented and validated theory. And to ensure that the methods
are useful immediately to readers, almost two dozen examples are intro-
duced which clearly highlight the capabilities of the tools newly available.
It is my hope that Multisim™ will make a difference to small companies
as well as large, to students as well as engineers, and to doubters as well as
experts. Like other projects that this author has published during the past
two years, the work has long been a labor of love and an obsession to do it
right. And doing it right and explaining the problem clearly and simply are
more important now than ever before.

Wilson C. Chin, Ph.D., M.I.T.
Houston, Texas and Beijing, China
Email: wilsonchin@aol.com
United States cell: (832) 483-6899
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Reservoir Modeling -
Background and Overview

Overview

Reservoir simulation is as old as petroleum exploration itself — it is
essential to the profession because it supports cash flow analysis and economic
planning. Its beginnings in the 1930s were humble and easily summarized. Let
R, and R, denote wellbore and farfield reservoir radii, P, and P.s their
corresponding pressures, k the isotropic permeability, u the liquid viscosity and
H the thickness of the circular field. When this field is produced at the center by
a fully penetrating vertical well, the steady-state pressure distribution is given by
P =P, + (Pes — Py) (log /R,)/log(R./R,,) while the corresponding volume
production flow rate is Q = — (2nkH/u) (Pes — Py)/log(R/Ry) Where “r” is the
radial coordinate. For transient compressible flows, analogous time-dependent
formulas are found which depend on farfield boundary conditions — these
models importantly predict production decreases with time and assist companies
with investment and corporate planning. For the first several decades, these
simple methods sufficed for most purposes, and quite literally, the entire field of
reservoir engineering could be explained in a few volumes using equations and
charts that did not require any computer access or modeling expertise.

Reservoir modeling landscape. All of that changed starting with the
early 1990s. Horizontal wells emerged on the scene. These evolved into
multilateral well systems drilled from offshore platforms. Reservoirs were no
longer uniform and thick. Heterogeneities, anisotropy and layering were the
rule. Produced fluids evolved from liquid to multiphase. Gas flows that were
produced required thermodynamic descriptions and difficult nonlinear solutions
not amenable to classical analysis methods. And finally, the vertical wells that
penetrated ideal reservoirs were replaced by general wellbore topologies and
multilateral systems (decided by drillers and geologists at the well site) and
which penetrated formations that were as complicated as Nature and geology
would allow. All of this made reservoir simulation challenging — but extremely
frustrating in spite of the fastest computing machines.
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Reflections on simulation and modeling. I began my career in reservoir
modeling in the early 1990s, and being the “closet mathematician” that I knew
myself to be, I was elated to work on anything resembling of Laplace’s equation
— a formulation close to my prior comfort zone in theoretical aerodynamics. I
expected the rigor and excitement that I had experienced, first in obtaining my
Doctorate from the Massachusetts Institute of Technology (in mathematics and
fluid dynamics), and later, as Research Scientist at Boeing, then the industry’s
leader in computational fluids. However, practical reservoir simulation in oil
company settings was not exactly research and not quite very exciting.

We ran massive simulations on Crays and IBM mainframes.
Computations, accurate models we were told, crunched along for hours and days
over evenings and weekends with unerring accuracy. But the methods were
“black boxes” because the technology was proprietary — we could not assess the
methods since the underlying equations and algorithms were off-limits.
Graphical user interfaces were non-existent. Three-dimensional color plots were
outputs required additional days of processing on dedicated graphics computers.
Jobs were submitted using “keyword inputs” that replaced the Fortran decks that
engineers had grown accustomed to. And these inputs included “matrix solver
selection,” a nightmare even to Ph.D. mathematicians, since the optimal solver
actually depended on the (evolving) reservoir being modeled.

Because getting simulators to operate properly required reading countless
user manuals, reservoir engineers were often happy to get any output, right or
wrong. At one leading company, in fact, results were almost always wrong. In
an age when computer memory actually cost money, megabytes were allocated
according to employee status — lower seniority personnel were allocated fewer
memory blocks than their higher ranking peers. But they were not aware of nor
privy to this policy — no one knew except middle management. And so, our
expensive computers would overwrite recent results over and over, in the
process generating absolutely useless numbers and just as garbled graphics.

Extrapolating core level rock properties to grid blocks that were literally
hundreds of feet long in each direction required an incredible leap of faith that
few engineers would admit to. Throw in the additional shale streak or fault that
more than likely hides beneath the surface and one wonders what geology is
really being modeled. Geostatistics, the new game in town at the time, was
viewed with skepticism since modeled rocks did not look like rocks. Common
sense dictated that a good geologist could probably produce a better picture of
the underground reservoir than the best workflows exploration companies
developed. With time, this author understood more the limitations behind the
methods and algorithms used. These ideas are discussed in Chapter 2, which is
essential reading for those who wish to understand the fundamental differences
between our simulator and many commonly used. However, our explanations
are not required for those who simply want to use our software — in fact, this
Handbook is written with practitioners in mind and is very results oriented.
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Reservoir Flow Algorithms for Petroleum Engineers

The author’s ideas behind reservoir flow modeling were strongly
influenced by his background in mathematics and fluids, developed and honed at
M.LT. and Caltech, and later at Boeing and United Technologies, where
advanced methods were put to use in modeling complicated three-dimensional
effects. Early applications of these methods to reservoir engineering led to a
Chairman’s Innovation Award at British Petroleum in 1990 (refer to Figure 1-1).
New approaches to horizontal and multilateral well modeling were later
marketed as 3D/SIM™ by Gulf Publishing Company (e.g., see Figure 1-2), and
offered as (the original) StrataSim™ by StrataModel, Inc. in 1992 (Figure 1-3).
A comprehensive theoretical monograph, namely, Modern Reservoir Flow and
Well Transient Analysis (Chin, 1993) appeared soon thereafter, and was
followed a decade later by Quantitative Methods in Reservoir Engineering, First
Edition (Chin, 2002) — a Second Edition, offered by Elsevier Science, will
appear in late 2016. The methods described in the earlier publications are
highlighted in Figures 1-4 to 1-6. Readers interested in these methods, or
wishing to pursue research or develop related software, are encouraged to
consult these publications. In this book, we focus primarily on practical matters
and insights that guided our development of a unique product — Multisim"™.

BP America
Innovation Award
1990
“Honorable Mention”

WILSON CHIN

In |I.'LL'I.|||||:'i|."|| l."r Lmcoammdn Illul'-L'rlIJll'r'

with retl value to the Company.
| 7
N James 1, Ross

Chuirman & Chiel Execonive Officer

Figure 1-1. British Petroleum Chairman’s Innovation Award (1990).
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Multisim™ Features — Advanced Interactive Reservoir Modeling

In this section, we summarize the modeling capabilities and user interface
features incorporated into Multisim™. Mathematically rigorous theory and
advanced numerical algorithms offering accurate, rapid and stable computations
provide the underlying foundation — these are described in Chin (2002, 2016)
and briefly summarized in Chapter 2 of this book. A description of the software
system is given below, and detailed validations are given in Chapters 2, 3 and 4.

Multisim™ was designed to be easy to use, requiring minimal hardware
and software resources — a Windows computer with an Intel Core i5 processor is
suggested and special graphics cards or accelerators are not needed. Because
interactive sessions are anticipated, with typical “what if” studies taking
approximately thirty minutes, the system was built to support a nine layer
reservoir with up to 31 x 31 grids per layer, implying 8,649 or about 10,000
pressure unknowns. The 10,000 x 10,000 equation system is solved in seconds
“behind the scenes” and pressure fields are automatically displayed in three-
dimensional color plots with highly integrated graphical output. Our approach is
“memory-conserving,” using advanced “in place” calculations where possible.

Because the author served several years as a senior reservoir engineer with
operating companies, the workflow used in these organizations is embedded in
our menu structures — software manuals are not required, although prospective
users are encouraged to peruse this book to gain some insight into our modeling
philosophy and versatility. Reservoir engineering relies on accurate descriptions
of heterogeneities, anisotropies, layers, geological structures, and of course, the
systems of vertical, deviated, horizontal and multilateral wells producing the
reservoir. Simulation aims at increasing productivity and lowering costs.

We have developed a fast and convenient approach to inputting these
variables. Windows Notepad is used to sketch the underlying geology, using
symbols like $, &, #and so on, to “draw” lithologies whose reservoir attributes
are later defined. Wells are “drilled” or “inserted” into these geological models
where they would appear in the producing reservoir. For instance, a “1” would
denote an element of Well 1 — this may extend vertically through several layers,
meander horizontally, travel in a deviated manner, contain multilateral legs in
any layer, and so on. Up to nine such systems are supported — the ninth system,
for example, would be defined by “9’s,” for Well 9. Pressure and rate
constraints may be arbitrarily assigned and changed during simulation, e.g.,
pressure constraints may be converted to those for rate, and vice-versa, or shut-
in. Existing well structures may be lengthened or extended and new wells
drilled while simulating. Multiple drive mechanisms are supported and defined
through a graphical user interface. The entire input process requires less than
ten minutes — simulation, reports and color displays can be performed in five
minutes or less, leaving ample time to consider those “what if” questions
confronting reservoir engineers. Our capabilities are summarized as follows —
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Reservoir Description

General heterogeneities, anisotropies, layering, geological structures
sketched using lithological symbols like # $, % and so on

Fracture and flow barrier modeling

Transmissibilities may be temporarily altered during simulation
Incompressible and compressible liquid and gas single-phase flows
General thermodynamic options for gas flow modeling

Fluid and matrix rock compressibility (porosity-based) averaging

Rigid formation versus “small deformation” compaction models available
General drive mechanisms supported, e.g., gas, aquifer, and so on
Stratigraphic grids built into source code (not available interactively)

Well System Modeling

Multiple (partially or fully penetrating) vertical, deviated, horizontal and
multilaterals are supported

Arbitrary well topologies, rate or pressure constraints may be changed
during simulation, while multilateral “arms” and “legs” may be altered or
re-completed while computations are in progress — up to nine systems
supported on general layered reservoir model

Side-tracking, re-drilling and re-completions while simulating

Means to define local empirical “productivity indexes” offered

Additional Simulator Features

Arbitrary specification of injectors and producers
Steady flow solutions, fully transient modeling, or steady, then transient
Initial pressures may be constant or variable

Transient simulator initialization to existing pressures, e.g., a three-well
solution may “start” a two-well analysis where one well is being abandoned

Menus “activated” step-by-step guide users in data entry (internal work-
flow procedures automatically accessed depending on user objectives)

Highly integrated three-dimensional color graphics and line plots
Matrix inversion performed “behind the scenes” transparently to user

In short, Multisim™ allows reservoir analysts to focus on petroleum

engineering issues. For example, “What does the pressure field look like?”
“What are the flow rates in pressure-constrained wells and pressures in rate-
constrained systems?” “How do wells interact or cannibalize each other?”
“How do changes in boundary conditions affect production?” And importantly,
the focus of our modeling and book, “How can we optimize production and cash
flow while reducing drilling and well costs?”
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Simple Wells to Multilateral Systems for Laymen

The film Ratatouille premiered on June 22, 2007, at the Kodak Theatre in
Los Angeles, California, with its general release June 29, 2007, in the United
States. The film grossed $623.7 million at the box office and received very
positive reviews. It later won the Academy Award for Best Animated Feature,
among other honors. Without commenting on the plot, the key message lay in
the claim that, “Anyone can cook.” And amusingly, in this case, a friendly rat.

Years earlier, drawing upon my experience with several operating
companies, I had felt similarly that “anyone can simulate reservoir flows.” Once
the geological model was decided — no a small feat in itself — the flow rate and
pressure field associated with any system of vertical, deviate, horizontal and
multilateral wells sketched on a computer screen should be rapidly available for
three-dimensional color display and interpretation.  Solutions should be
transparent to the user: no cryptic computer commands or user manuals, state-
of-the-art matrix solvers that worked “behind the scenes,” powerful graphical
tools that seamlessly integrated with advanced algorithms, and so on. And
because the solutions to elliptic or parabolic partial differential equation systems
(supporting heterogeneities, anisotropy, arbitrary layering and general well
topologies) are just as difficult to mathematicians and scientists as they are to
secondary school students — yes, ordinary high students — the belief that
reservoir simulators should be designed as tools for the general population took
hold. That “anyone can simulate” would guide my design philosophy for years
— reservoir analysis should be fun, educational, simple and cost next to nothing.

In the early 1990s, I had published my first monograph in reservoir
engineering, namely Modern Reservoir Flow and Well Transient Analysis, with
Gulf Publishing in Houston (Chin, 1993). This work built upon advanced
algorithms developed in the aerospace industry — computer models used to
predict three-dimensional flows past 767s and Space Shuttles. Chapter 15 of
that book derived a set of finite difference equations that I believed would solve
the most general single-phase flow problems, e.g., steady and transient,
homogeneous and heterogeneous formations, isotropic and anisotropic rock,
uniform versus layered media, and so on. The iteration schemes for steady
flows and the time-marching approaches for transient compressible flow
analysis were designed to be numerically stable.  Very, very stable.
Formulations for pressure and flow-rate constrained wells would be rigorous and
solved without compromise. Speeds would be rapid and color graphics
turnaround would be almost instantaneous. Unfortunately, because of their
highly abstract nature, the methods were understood by few and implementing
them in real-world simulators would require years — that the industry would fall
prey to two Oil Patch recessions in the intervening decade certainly did not help.
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As luck would have it, a consortium of oil companies in 2002, led by
ExxonMobil, Shell, ChevronTexaco and others, would propose and fund an
“Education for the Energy Industry” (E.E.I) program aimed at enriching
students at Grade K — 12 levels. Its purpose was important and pragmatic:
introduce inner city students to the petroleum industry where higher paying
occupations would provide for them a more optimistic future. The Aldine
Independent School District in Houston, Texas, would host the pioneering
program (A.LS.D. is the 2™ largest Texas public school district). This author
was selected as lead petroleum science curriculum developer and chief
multimedia software architect, heading an innovative industry project with lofty
goals. This opportunity provided the perfect setting to test new approaches to
reservoir simulation and teaching. In fact, reservoir engineering itself offered
the means for teachers and students to understand concepts like permeability,
porosity, pressure, and transient versus steady flow — and integrate production
results with ideas taught in economics, investments and spreadsheet modeling.
Students would play “fun games” and “poke holes” in the ground, holding
contests to determine who would produce a given reservoir more effectively and
at the lowest cost. The original prototype software is shown in Figure 1-7.

[£1 Education for the Energy Industry (EET) _ o x|
Overview Introduction Unit1l Unit2 Unit3 QuikPics MoviePics Simulators Resources Utlities  About

Clear Screen

Education
for the

Energy Industry

Figure 1-7. Forerunner to Multisim™ for general reservoir modeling.
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(=1  Education for the Energy Industry (EET) : =|0] x|
Overview Introduction Unit1 Unit2 Unit3 QuikPics MoviePics Simulators Resources | Utlities About

Overview

Pipe Flow (Simple Fluids)
Mon-Mewtonian Pipe Flows
Turbulent Motions

Reservoir Production Rate
Darcy Flow Speed

Pressure Distribution (Reservoir)
Driling Depth

Seismic Reflections

Bitmap Viewer

Excel Spreadsheets
PowerPoint Shows
Word Files

Windows Media Player
Access Internet Sites
Del and rmdir c:\junk
Speak-from-CD

Fetroleurn | ool kit

B

Figure 1-8. Multisim™ utilities menu (far right).

[(3 Education for the Energy Industry (EET) 3 et _|E||i|
Overview Introducton Unit1l Unit2 Unit3 QuikPics MoviePics | Simulators R.ESOUFCES Utlltes About

MultiSim |

Petroleum T ool Kit

- i

Figure 1-9. Integrated lessons and “fun” simulation modules.

Introducing horizontal well technology at the K-12 level was challenging
and fun — and was possible using inexpensive, non-toxic materials in a
classroom setting. Software modules as shown in Figures 1-8 and 1-9,
developed within the curriculum framework shown in Fgure 1-10, were
augmented with “hands on” drilling and reservoir production exercises. In
Fgure 1-11, a kitchen sponge is saturated with water and placed in a
Tupperware plastic container. Horizontal (bent drinking straw) and vertical
(short upright straw) wells were perforated by nail clippers, and inserted into
sponges along cuts made with razor blades. Pressure applied to a plastic plate
placed over the sponge demonstrated clearly the advantages of long horizontal
wells, which “squirt” much greater volumes of fluid. Figures 1-12 to 1-15
catalogue more highlights from the Education for the Energy Industry program.
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] ROCKS (5, 10)

Figure 1-10. Proposed E.E.I curriculum matrix (sample).
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Figure 1-11. Horizontal and vertical well design in bathroom sink.
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Figure 1-13. Teachers designing and producing from horizontal wells.
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Figure 1-14. Teachers analyzing production economics with flow simulator.

Figure 1-15. Innovative E.E.I. program “reports a gusher.”



RESERVOIR MODELING- BACKGROUND AND OVERVIEW 17

Advanced Graphics for Color Display

Understanding how permeabilities, porosity, acoustic or resistivity
attributes are distributed in a reservoir is central to drilling and production
decision making. Invariably, this implies the need for three-dimensional color
displays that must be rapid and versatile in slicing, rotation, move and zoom
functions — this generally requires sophisticated hardware platforms, and more
often than not, software licensing fees that are by no means inexpensive. To
support these needs, and to create visualization tools that can be tightly
integrated with our reservoir flow software, an in-house effort was launched
both to understand the mathematical ideas behind rapid display and to eliminate
third-party licensing fees which we would increase customer costs.

An interesting observation was drawn from working with an experienced
graphics programmer in the early 1990s. The methods developed by this
individual were very useful for interrogating reservoirs in all of their details —
however, costs were high because high-power workstations were needed to
support background computations. The author would pose a simple question,
“Why was the methodology so demanding of computer resources?” The answer
was obvious in retrospect: each and every point of the three-dimensional object
was subjected to time-consuming matrix rotation and translation operations
involving trigonometric functions — the resulting images were in turn projected
onto the display screen through more sine, cosine and tangent transformations.

Figure 1-16. Shoebox reservoir for rule-base development.

Now, it is clear that the human eye (or more correctly, the brain) does not
process trigonometric functions as its human host studies real-world objects — so
why should softiware? Toward this end, the simple box shown in Figure 1-16
was constructed with a superimposed rectangular grid system drawn on each of
its six side surfaces. Only three rectangles, those adjacent to the origin at the
bottom left, corresponding to a single grid block, would be subject to rotation
and translation matrix calculations. The remaining grid blocks would be plotted
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by “English language placement rules” determined from visual observation. In
short, we did not employ obvious trigonometric methods, but opted for a “move
a step sideways and two steps back” logical approach that utilized integer
computer arithmetic only. The result was an extremely rapid three-dimensional
display algorithm requiring minimal hardware resources that could be compiled
along with our reservoir flow simulator source code. Granted, the display
software does not match more expensive commercial products (at least for now)
in terms of sophisticated imagery, but our methods are extremely fast, requiring
only one or two seconds for slice and rotate functions on Intel Core 15 machines,
and satisfy the great majority of reservoir simulation objectives. Figures 1-17
to 1-20 provide some indication of our capabilities.

Figure 1-17. Pressure evolution in layered reservoir —
Software useful for porosity, permeability, resistivity displays, etc.
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Figure 1-20. Sideways slicing, four perspectives possible.
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Tracer Movement in Three-Dimensional Reservoirs

Reservoir connectivity is important to sweep efficiency in all phases of
production. How efficiently a formation’s pore spaces are connected is
determined through tracer analysis, where chemical or radioactive tracers are
introduced at injection and monitored at production wells. The idea is simple:
the more tracers obtained at a producer, the better the connectivity between the
injectors and it. In reservoir simulation, the oilfield’s permeability and porosity
distributions are determined, often by trial and error, and more than likely non-
uniquely, by history matching with production and well test data. In single-
phase flow reservoirs, steady-state production profiles are completely
determined by the pressure equation and Darcy’s law, neither of which depends
on porosity. In well testing, pressure buildup and drawdown depend on porosity
and compressibility, factors that do not directly enter in steady-state production.
Empirical tracer tests provide further information: porosity, inferred from tracer
travel times, enters in steady flows where compressibility is unimportant. These
three flow tests therefore provide good independent check points that are
essential to good reservoir description.

As shown in Chin (2002), any fluid tag in space can be tracked by the
trajectory equations dx/dt = u/¢, dy/dt = v/¢ and dz/dt = w/$p where ¢ is porosity.
These equations, valid for both steady and transient compressible flows, whether
they contain liquids or gases, provide direct travel-time estimates for tracer
breakthrough and tracer history matching. While the significance of tracer
testing and analysis is appreciated operationally, the modeling of particle
trajectories and time histories is plagued with unneeded numerical confusion.
Very often, investigators infer streamlines and particle paths from computed
two-phase saturation results, correlating local saturation changes with particle
behavior in time. However, many such FEulerian-based schemes are
contaminated by unnecessary truncation error and diffusion. Actually, the
problem is simpler than many realize. If the Eulerian velocities u, v, and w are
known for any constant density or compressible flow, for any liquid or gas
phase, we recognize that the particle interface described by the surface f(x,y,z,t)
= 0 satisfies the first-order equation of/ot + (u/¢) of/ox + (vi$) ofidy + (w/d)
ofloz = 0 where ¢ is the porosity. This equation, obtained by combining
Equations 4-107 and 4-108 of Chin (2002) and derived for nonporous flows by
Lord Kelvin over a century ago (e.g., see Lamb, 1945), is exact, and its
Lagrangian solution contains the complete kinematics of the flow.
Unfortunately, Kelvin’s equation is used in every industry but ours. One
commercial group does, however, “solve” this equation, though incorrectly
labeling it as a simplified saturation equation without capillary pressure for unit
mobility flows. The company uses explicit IMPES difference schemes, where
pressure is solved implicitly and saturation is solved explicitly. In particular, it
solves our Lagrangian f function using differencing techniques not unlike
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Since this representation is highly unstable, proprietary damping terms are
introduced to offset numerical errors. The result is a scheme beset with high
levels of computational diffusion. In subsequent three-dimensional
visualization, saturation fronts introduced as tracer elements, initially consisting
of a single color, evolve into continuously changing multicolor displays as the
saturations change along trajectories (in clear violation of df(x,y,z,t)/dt =0), thus
giving the illusion of multiphase flow even in single-phase applications.

Of course, correct solutions to Kelvin’s equation never produce such
results. Since its trajectory equations require that f move with the particle and
remain unchanged, it is clear that red water must remain red water and blue
water will always be blue water. Precise methods are available to solve Kelvin’s
equation. For example, conservation laws of the form Wy + {F(W)}x =0 where

W is a vector function of x and t are amenable to solution by high-order accurate
Lax-Wendroff schemes and their extensions (e.g., see Ames (1977)). However,
unless the physical application for W actually requires values for individual
nodes at all instances in time, the following exact, non-diffusive algorithm
developed by this author can be used. To construct a simple, exact scheme, it is
sufficient to observe that along each trajectory defined by dx/dt =
u(x,y,z,)/d(x,y,z), dy/dt = v(x,y,z,t)/d(X,y,z), and dz/dt = w(x,y,z,t)/d(X,y,z), the
function f(x,y,z,t) must remain unchanged by virtue of df/dt = 0. This implies,
as we have suggested, that red water remains red water. We take advantage of
this property by allowing the trajectory equations to update the path coordinates
x(1), y(t), and z(t). We initialize f(x,y,z,t) to zero for display purposes, but once
a tracer element enters a particular grid block, its f is forever marked by the
same color and it is henceforth left alone. This introduces no diffusion beyond
the simple truncation error implied by the resolution of the mesh. Some Fortran
features offer useful advantages for this scheme. In Fortran, the on-off only
nature of the function f can be coded as a logical variable, although in Figure 1-
21, we have chosen instead to use the integer array MARK(I,J,K), whose
elements take on either O or 1 values. The entire flowfield is initially marked by
0s, at least until individual grid blocks are penetrated by particles, at which point
a Fortran switch permanently changes the particular element in MARK(L,J,K) to
1. New time-dependent indexes are defined by Fortran integer statements such
as [ = X/DX + 1, which track the particle to the nearest grid block. Travel-times
at any point in the particle tracking are stored in the value T, which can be
rewritten as an array if desired. The numerical engine behind this exact
algorithm is shown in Figure 1-21.
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The Fortran engine we have described was re-coded as a subroutine for a
discrete input set of tracer particles. Consecutive subroutine calls repeatedly
mark the array MARK(LJ,K) by 1’s wherever any tracer activity is detected,
leaving as 0’s those grid blocks that remain unaffected. The complete particle
path description is consequently embodied in the simple integer matrix
MARK(I,J,K), which can then be plotted using off-the-shelf software.

C Define maximum dimensions (imax,jmax,kmax) of grid, and block
¢ sizes dx, dy, dz. Also, define Eulerian velocities u(i,j, k),
¢ v(i,j, k), and w(i,j,k) from analytic solutions, or calculated
C single or multiphase results. Then provide the initial tracer
C particle coordinates, Xstart,Ystart, and Zstart.

C Mark each 3D node by "0", indicating that it has not yet seen
C tracer activity, using MARK(i,j,k) integer array.

DO 100 I = 1,IMAX

DO 100 J = 1,JMAX

DO 100 K = 1,KMAX

MARK(I,J,K) = 0
100 CONTINUE

C Initialize position vector (x,y,z) and time.

X = XSTART
Y = YSTART
Z = ZSTART
T = 0.
C Start marching in time, for NMAX time steps.

DO 400 N = 1,NMAX

¢ Define new initial (i,j,k) indexes.
I = X/DX +1
J = Y/DY +1
K = 2/DZ +1

C Select time step, e.g., using
TOP = MIN (DX,DY,DZ)
BOT = MAX(U(I,J,K),V(I,J,K),W(I,J,K))

DT = 0.1 * ABS(TOP/BOT)
C If particle moves, then (i,j,k) changes. Mark change at the
C new coordinate with "1" (if there is no change, marking same
C (i,j,k) repeatedly with "1ls" is harmless.

MARK(I,J,K) = 1
C Calculate new position coordinates, and update time.

X = X + U(I,J,K)*DT

Y = Y + V(I,J,K)*DT

Z = Z + W(I,J,K)*DT

T T + DT

400 CONTINUE

C Store array of "l's" traced by particles in "MARK.DAT" file.

C In 3D graphics cube, "color" if "1", but do not color if "O".
C Include header information for plotting.

Figure 1-21. Rapid and exact streamline tracer algorithm.
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Figure 1-22. Tracer trajectories from a spherical source (Fluid Tracer™).

Consider a simple but rigorous test. The right-side cubes of Figure 1-22
display one-eighth of the spherically symmetric pressure field due to an isolated
point source, providing two rotated views, for the side and front. The left cubes
show purely radial trajectories, obtained for an array of tracer elements initially
positioned on a side plane of the cube, as shown in the upper left plot. As is
obvious, there is no numerical diffusion; particles are accurately tracked in
seconds on personal computers, and not hours on workstations, without concern
for numerical diffusion or instability. Now, the effects of rea/ diffusion can be
important in practice, for example, environmental problems where contaminants
convect and diffuse with the flow. For such problems, the complete system of
coupled diffusion equations can be solved, e.g., see Chin and Proett (2005). A
paper showing how Darcy flows couple with concentration diffusion, entitled
“Modeling of Subsurface Bio-barrier Formation,” surveys modern numerical
methods and their limitations (Chen-Charpentier and Kojouharov, 2000).
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Mathematical Modeling Ideas,
Numerical Methods and Software

Overview and Background

In the reservoir engineering book of Chin (2002), detailed studies are
available for flow over isolated bodies, for example, curved fractures, shale
arrays, and fractured boreholes. Chapter 15 focused on steady and transient-
compressible reservoir-scale flows produced by multilateral well systems.
Because their topologies are not simple, we turned to computational methods.
We will highlight problems that arise in reservoir simulator development, and
importantly, we will describe a recently developed, three-dimensional algorithm
and software host that is very robust, numerically stable, exceptionally fast, and
extremely accurate, and now available to the user community. Engineering
implementation is an objective of the work: oil companies want practical
solutions that optimize operations, profits and time value of money. The model
provides tools that evaluate “what if” production scenarios, infill drilling
strategies, and waterflood sweep efficiencies. In addition to being accurate, the
solutions require minimal hardware, software and costly human resources.

Formulation errors. In the author’s experience with many flow
simulators, as many questions arose during calculations as there existed at the
outset. Many offered black oil, compositional and dual porosity capabilities, yet
few produced evidence that the basic “p = A + B log r” solution for steady,
single-phase, radial flow could be recovered on a rectangular mesh. Mass
conservation was presumably enforced in all runs, yet frustrating time step cuts
indicated that many schemes were not as robust. Where intuition suggested that
time scales should be measured in minutes or hours, stability considerations
often kept time steps to thousandths of a second before diverging. One model
applied linear superposition incorrectly: solutions from several single-well,
pressure-constrained runs were simply added together to generate multiwell
field results, without accounting for interwell interactions. In several fracture
flow models, source code analysis revealed systematic abuse of harmonic,

25
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geometric and arithmetic averaging techniques, with formulas applied to fracture
and matrix continua where they were completely inapplicable. Not one
simulator addressed the velocity singularities found at fracture tips; one
validation cited an agreement with Muskat, but unfortunately an incorrect result
stated that net flow rates were correctly independent of fracture length — a result
that is very, very incorrect.

1/O problems. All of these problems were compounded by input/output
difficulties. Numerical values for permeabilities and porosities were entered at
the keyboard into eighty column work-sheets, burying the geological feel of the
reservoir. Well positions were defined by (i,j,k) coordinates that were not easily
visualized. Checking for typographical errors entailed tedious work. Few
simulators listed the default assumptions used, so that they could be available
for inspection, confirmation or change. In many cases, cryptic commands
replaced engineering decision making and users were forced to memorize
unnatural Unix-like keywords. Flow analyses were often performed without
knowing underlying assumptions, or the shapes of assumed relative permeability
curves, key steps ignored just to get the simulator to run by quitting time.

Computation-intensive software requires high speed machines and too
many service personnel. Sometimes this gave way to unexpected problems. Oil
company data centers often allocate user account memory without informing
clients of arbitrarily chosen byte limits. For three months, this author was
unable to resolve a simulation problem that turned out to result from newer
output data writing over new data, an unthinkable excuse in an age to be marked
by inexpensive memory. Thus, we are led to blunt but relevant questions, “Are
there smarter, more efficient ways to simulate reservoir flows?” “Do simulators
really need to be computation intensive?” “Are there good, robust algorithms
that avoid the difficulties of less optimal approaches?” To address these
questions, we must consider why expensive hardware, complicated software and
“make work” are required in the first place. And, if need be, we must redesign
the building blocks, methodically from the ground up.

Fundamental Issues and Problems

Many issues confront users of commercial simulators. Among these are
numerical stability, convergence, matrix size and structure, computational
resolution, physical modeling capabilities, graphical limitations and, of course,
hardware constraints. The prevailing opinion supports the adage that good
solutions require more hardware, more grid blocks, more computer time, and
more costly software and graphics. While million grid block compositional
simulations modeling complex physical phenomena in heterogeneous
formations should be used when they are necessary and justified, the majority of
runs requiring significant computer resources are no more than the result of
inadequately designed products built by programmers. For the great majority of



MATHEMATICAL MODELING IDEAS 27

simulation runs conducted for screening purposes, for example, determining the
qualitative effects of sweep efficiency, heterogeneity assumptions, and
multilateral design and placement, there is no reason why a simple fluid model
won’t suffice so long as the main engineering options are built in.

The bottom line is important. There are smarter ways to simulate, and in
the end, a good, robust, stable algorithm that anticipates and accommodates user
needs, while introducing the fewest number of uncertainties, should provide the
foundation for a simple, multipurpose flow engine that runs efficiently. It must
run the first time, and every time, without crashing. It should demand few
numerical and “computerese” user inputs. It should handle complicated
reservoir heterogeneities and well patterns, and it must operate with a minimum
of hardware and software investment. Such algorithms, developed over the
years for three-dimensional aerodynamics under government funding, are
widely available and can be readily adapted to modern Darcy flow problems
satisfying similar equations. We give these general algorithms later but take the
opportunity now to expand on the ideas introduced early on in Chin (2002).

Numerical stability. Nothing strikes greater fear in simulation than
instabilities. Numerical instabilities manifest themselves through unrealistic
oscillations in pressure buildup or drawdown curves, wiggly spatial pressure
distributions that lead to infinities and overflow. How can they be avoided?
One useful tool is the von Neumann stability test, after John von Neumann, the
computer pioneer who advanced finite difference methods in the 1950s.
Numerical analysts employ these tests to evaluate candidate algorithms before
code development begins. Consider the heat equation u, = u,, for u =u(x,t). We
assume that a discretized u can be represented by v(x,t,), or simply “vi,,”
which satisfies the explicit (vip+1 - Vin WAt = (Vioin - 2 Vin + Vit1n )/(AX)?
model, where At and Ax are time and spatial increments.

How useful is this obvious difference approximation? Let us separate
variables, and consider a wave component vi , = y(t) eifx, where j = -1, leading
to {y(t + At) e JBx - y(t) e iBX}/At = y(t) [e IBE-AX) - D¢ Bx + ¢ BEHAX) | /(AX)™.
Thus, y(t + At) = y(t)(1 - 4 sin2 B Ax/2), where A = At/(Ax)2. Since y (0) =1,
we find that y(t) = (1 - 4L sinz2 B Ax/2) ", For stability, y(t) must remain
bounded as At, and thus Ax, approaches zero. Thus, |1 - 4 A sin2  Ax/2| <1,
thereby establishing requirements for Ax and At. We need not have solved for
y(t). We could have defined an amplification factor a = | y(t + At)/ y(t) | and
determined that a = |1 - 4Asin2 B Ax/2| <1, leading to the same requirement.
Stability tests show that implicit methods are more stable than explicit ones;
they allow larger time steps, reducing computer requirements. The multilevel
transient ADI scheme in Chin (2002) was motivated by stability and speed.

While we have demonstrated von Neumann’s test for the transient heat
equation, the stability test applies equally to iterative methods for elliptic
equations describing steady flows. The (artificial) time levels t and t + At would
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refer to the approximate solutions obtained at consecutive iterations. The
pressure solvers in Chapter 7 of Chin (2002) are examples of simple elliptic
solvers that are stable in von Neumann’s sense. Recall that the iterative method
applied to single wells as it did to line fractures. Such a robust algorithm can be
used to model general multilateral well drainhole trajectories where the overall
topology can be arbitrarily defined by the driller or reservoir engineer.
Inadequacies of the von Neumann test. Although von Neumann’s test
for an arbitrary wave component seems quite general, there are limitations. For
example, it does not fully account for initial and boundary conditions; also, it
does not model heterogeneities (i.c., variable coefficients). Analogies between
von Neumann disturbances and propagating physical wave motions have been
drawn in recent years by physicists. Actual wave motions undergo subtle
changes in trajectory and wave-medium interaction as they propagate through
nonuniformities, and similar effects are expected of moving numerical
disturbances. Classical notions (e.g., group and phase velocity developed in
wave mechanics) have recently been applied to the study of computational
instabilities (such effects are not handled by older von Neumann tests). Perhaps
the greatest limitation on most tests is the restriction to linear systems. In
nonlinear problems, as in transient Darcy flows of gases, a single harmonic
disturbance wave component will lead to multiples of the primary frequency.
This phenomenon, well known to vibrations engineers, is not accounted for in
linear theory. Nonlinear models do exist, but solid, practical, fool-proof recipes
are not yet available. In summary, stability on a linear von Neumann basis
provides a warm level of comfort, but this is neither necessary nor sufficient for
real stability. In practice, programming techniques and off-the-cuff coding
decisions affect stability, and extended experimentation during code
development is required. Intensive engineering validation may be required of a
simulator before routine use, given the uncertainties and often arbitrary
programming assumptions made during development of iterative methods.
Convergence. In our differencing of u(x,t), we denoted its numerical
representation by v;,,; that u may not, in fact, equal v is often a possibility. And
as noted in Chin (2002), whether an equation arises as an approximation to one
higher-order system or another can completely seal its fate as a valid physical
model. By the same token, the structure of formally small truncation errors is
important in numerical analysis: without evaluating the role of higher
derivatives in these terms, whose diffusive or dispersive effects always remain
with the computed solution, the extent to which an “obvious” difference scheme
models a differential equation cannot be ascertained. In advanced courses,
examples are actually constructed showing how Ax — 0 never yields correct
solutions for certain classes of equations. Suffice it to say that nothing is
straightforward about numerical analysis. From an optimistic point of view, this
flexibility can be beneficial; ingenious devices can be created to accelerate the
solution of elliptic equations. In Chin (2002), we demonstrated the equivalence
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between a relaxation scheme solving Laplace’s equation and the explicit time
integration of the transient heat equation. Modern researchers realize that
solving elliptic problems as large time asymptotic limits of simple linear heat
equations can be inefficient. Therefore, invariant embedding techniques are
developed, which embed the basic elliptic system in artificial time domains that
provide rapid yet stable convergence. Consider yet another example.
Thompson’s grid generation method, defined by coupled nonlinear equations for
two mapping functions “x” and “y,” poses certain difficulties. In the form
given, the coupled system of nonlinear elliptic equations in the dependent
variables x and y leads to slow convergence and conditional stability (e.g.,
Sharpe and Anderson, 1991). But by reformulating the problem in somewhat
unlikely complex conjugate coordinates z = x + iy and z* = x - iy, rapid
convergence and absolute stability can always be guaranteed (Chin, 2002).
Using this nonlinear transformation, runs normally requiring minutes on
workstations could be accomplished in seconds on standard personal computers!

Physical resolution. Good physical resolution is the goal of reservoir
analysis. Existing simulators provide high-level detail using grid refinement
methods. One popular approach discretizes near-well grid blocks into even
smaller blocks, effectively creating grid systems within grid systems. The
resulting Cartesian formulation contains original macroscopic and new
microscopic unknowns. But now, the governing difference equations are
described by a completely different matrix structure, requiring new equation
solvers and more research. At the very minimum, this means renaming pressure
indexes and reordering equations. But by confronting the resolution issue in the
formulation stage, say by using clever grid generation techniques, this needless
work can be avoided and existing linear algebra techniques can be used (the
large matrixes used in grid refinement imply more costly hardware and more
complicated software). Consider still another problem. Chapters 8-10 of Chin
(2002) discussed the ideas behind two-dimensional, areal grid generation, but
gridding technology can be used in cross-sectional planes too. In Figure 9-11
there, we introduced a faulted example of a boundary-conforming stratigraphic
grid, whose coordinate surfaces adhered to the boundaries formed by geological
layers. Simulations on such rectangular-like grids, it turns out, can be
performed conveniently, and we will give the general theory later.

Direct solvers. In the earlier work, we explained why direct solvers
impose severe demands on computational resources, thus limiting the range of
problems amenable to numerical analysis. The reasons, developed from two-
dimensional examples, are even more pertinent to three-dimensional flows.
Consider, for instance, Py + Py, + P,, =0. When the lengths Ax, Ay, and Az are

constant, its finite difference representation takes the form (P, Lk 2 Pi Lt
i-1,j, >

P AX*+ (P, -2P  +P AY*+(®P. . -2P_  +P A7 =0.

g A P 2P Pigenad Y P 2P B 4 =0

At each node, therefore, the difference molecule involves seven unknowns.
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Imagine a coarse grid simulation with fen grid blocks in each direction.
This small model contains 10 x 10 x 10, or 1,000 cells, with 1,000 unknown
pressures. A 1,000 x 1,000 equation set, needless to say, is undesirable. For
transient gas flows, or flows with nonlinear compaction, the intermediate use of
Newton-Raphson iterations worsens these computational demands. Even if
convergence is possible, truncation errors and cumulative round-offs will
introduce numerous inaccuracies and artificial viscosity. Most direct solvers
will solve carefully defined classes of problems efficiently. However, they do
require special matrix conditioning and cumbersome fine tuning and pre-
processing that vary from field to field, and even within the same oil field, as
changing multiphase oil production alters the coefficient structure of the
governing equations with time. Whether such solvers are really more efficient
than simpler, all-purpose simulators that function every time without special
parameter inputs is a serious question that should be asked by all involved in
reservoir modeling.

Modern simulation requirements. So far, we have discussed issues that
apply to broad classes of problems. In petroleum engineering the technological
innovations of the past two decades in drilling and production have brought
about new requirements in computer modeling. Wells are no longer simple,
fully penetrating, vertical sources or sinks that amicably coexist with rectangular
grid structures. They are deviated, and even when horizontal, often take on
wavy form. Most offshore wells start out vertically, but they will typically
contain numerous out-of-plane horizontal or dipping drainholes whose induced
flowfields interact. Figure 2-1a illustrates competing vertical, horizontal and
multilateral wells each with unique drainholes, while Figure 2-1b shows two
(costly) interfering well systems that cannibalize each other’s flow. But the
trajectories and placements in Figure 2-1a, reasonable ones drilled using real-
time logging data, may not be optimal globally. Are they really best suited to
producing the most in the least amount of time? The highest total production
over time? How should well topologies change as field optimization strategies
change? How can we improve the infill drilling process? These questions
cannot be answered unless means exist to describe heterogeneities and
complicated wells accurately, and numerical engines are developed to model the
governing equations and specialized boundary conditions accurately.
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Figure 2-1a. Single multilateral, each drainhole in own sedimentary layer.

Figure 2-1b. Interfering multilateral wells with cannibalizing flows.

Thus, idealized analytical solutions assuming, say, straight, centered,
infinitely long horizontal wells in homogeneous formations sandwiched between
impermeable layers, while elegant, may not be useful in steady-state or transient
flow. And in reservoir description, classical well test interpretation methods
related to early or late (dimensionless) time may not be relevant in highly
heterogeneous rock produced by multilateral wells. Forward simulations needed
to interpret well test response must be fast in order to be useful. But because
solutions require lengthy Laplace transform inversions and unwieldy
transcendental functions, even when crude homogeneous rock assumptions are
made, they are not practical for routine use. With hardware costs declining,
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simulation is clearly becoming attractive. But there are mathematical issues that
arise because well paths take on arbitrary form in space and time. To
understand them, we must understand how boundary conditions along well
paths, or simply well constraints, complicate the modern formulations.

Pressure constraints. When a general wellbore defined along an arbitrary
locus of points in three-dimensional space is pressure constrained, the equations
along the well path are simple. For example, if gravity and friction are
neglected, all the points satisfy Piwen, jwell, kweil = Pweit » Where Py is a specified
constant. This simple boundary condition can nonetheless lead to inefficiencies
and instabilities. For example, when the sparse finite difference equation that
normally applies is replaced by direct pressure specification at particular sets of
(1 well, J well» K wen) arbitrarily defined by the reservoir engineer, problems may or
may not arise depending on the matrix solver used.

Flow rate constraints. Pressure specification alone, at wells and farfield
boundaries, leads to classical Dirichlet problems with completely deterministic,
unique solutions. However, they will lead to internal discontinuities in the first
derivatives of pressure, as discussed in Chapter 7 of Chin (2002). Specifying
total wellbore volume flow rate Q, in the case of multilateral wells, leads to
subtle problems that have not been discussed in the literature. In pure radial
flows (e.g., see Chapter 6), any specification of Q can be equivalently re-
expressed as a specification of the normal (radial) derivative dp/dr. The result is
a classical Neumann problem whose solution, to within an additive constant that
does not affect flow rate, is unique. But in prescribing the total flow rate Q for
a general multilateral well system, the solution can be obtained in any number of
ways, only one of which yields the correct physical answer. In the absence of
gravity and friction, the physically correct solution is the one reproducing Q,
together with a borehole pressure that is constant along the entire completely
general well path. Furthermore, this pressure level is an unknown that must be
determined as part of the solution. Several flow simulators allocate or apportion
Q by assigning velocity flux contributions to intersected layers based on local
permeability thickness products. This reasonable method is not correct. So long
as total mass is conserved, this yields a solution, but the result is incorrect
because the pressure so obtained varies along the path. Such kh methods, while
plausible, are inherently incorrect and flawed.

For a general well path, point source contributions from all of the cell
blocks making up the multilateral are needed to form the total sum Q. In other
words, the flow rate formulation is not a classical Neumann problem because it
involves an integral of pressure taken over all source points. To solve the
problem correctly, the iterative solution of a large set of coupled finite
difference equations must resolve several integrals, each summed over
numerous non-neighboring connections. This destroys the idealized matrix
structures (e.g., sparse, banded, or block diagonal) usually assumed in designing
fast inversion routines. Failure to treat Q specifications correctly, use of flawed
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“kh” allocation methods, neglect of cross-derivative terms in corner point
modeling, and so on, are routine in reservoir analysis. However, physical
correctness must never be compromised for expediency and speed.

Object-oriented geobodies. Reservoir analysis involves entities like fault
traps, channel sands, stratigraphic boundaries, dome-shaped structures, and so
on. Often, the exploration geologist is able to render a reliable judgment
regarding the nature of the structural geology, although the exact permeabilities,
the degree of anisotropy, and the distribution of porosity remain unknowns to be
refined via log analysis, seismic testing, and evaluation of production data. Why
shouldn’t reservoir simulators preserve the geological character of the oil field
and read pictures instead? Can all of this be performed inexpensively? Once
the high-level pictures are read in, the software can then interrogate the user
about the values of quantities like permeability and porosity. Certainly, such an
1/O approach is less prone to keyboard error, since numerical arrays are not
entered; it is “fun,” making simulation available more broadly and frequently.

Plan for remaining sections. In the following sections, extremely stable,
fast, and robust steady-state and transient compressible flow algorithms for
liquids and gases in anisotropic heterogeneous media are given. Applications to
deviated and horizontal wells are presented, convergence acceleration methods
are demonstrated, and stratigraphic grid applications are developed.
Importantly, the numerical schemes presented are user-friendly, requiring no
numerical, computerese inputs; they typically lead to simulations that run the
first time and every time. These algorithms were developed in aecrodynamics for
swept wing flows, a.k.a. stratigraphic problems in petroleum engineering. Our
discussion concludes with difficult examples of real geologies, solved by the
new simulator, embodying all the features discussed next.

Governing Equations and Numerical Formulation

The equations for three-dimensional, compressible, heterogeneous,
anisotropic, steady and transient, liquid and gas Darcy flows are given, as are
those relating local pressures to total flow rates along arbitrary horizontal,
deviated and multilateral well paths. Stable algorithms are presented in all
cases, drawing on the relaxation and ADI methods developed in Chin (2002).

Steady flows of liquids. The fundamental equation describing single-
phase, liquid, Darcy flows in petroleum reservoirs is

() pyd + (G + 1k ) by}, =dop +akeyzd) (D)

where ki (x,y,2), ky (X,y,2), and k, (x,y,z) denote permeabilities in the X, y and z
directions, respectively, u is the viscosity, ¢(x,y,z) is the porosity, c(X,y,z) is the
effective compressibility characterizing the fluid and rock matrix system, and
p(x,y,z,t) is the pressure field. Equation 2-1 requires that all permeabilities vary
smoothly, so that they and their corresponding pressure fields are differentiable;
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if there exist sudden changes in properties (e.g., as at layer interfaces), then
pressure and velocity matching conditions must be used locally, as in Example
11-1 of Chin (2002), as extended to multiple dimensions.

In contrast to Chapter 1 of Chin (2002), we have explicitly introduced
q(x.y.x,t), representing local source volume flow rate per unit volume produced
by any infinitesimal element of a general well. It is a three-dimensional, point
singularity that applies to both injector and producer applications. For example,
when q is a semi-infinite line, cylindrical radial flow is obtained over most of
the source distribution, while spherical flow effects apply at the tip. In other
words, partial penetration and spherical flow are modeled exactly. In this
section, subscripts are used in three different contexts. First, they represent
partial derivatives; for example, p, is the partial derivative of p(x,y,z,t) with
respect to the spatial coordinate x. Second, they are used as directional markers;
for example, ky (x,y,z) is the anisotropic permeability in the y direction. Finally,
subscript indexes (i,j,k) in p;;jx represent the centers of grid block volumes used
in our finite difference discretizations. As usual, Ax, Ay, Az, and At are used to
denote grid sizes for the independent variables x, y, z, and t.

Difference equation formulation. Let us consider three-dimensional
steady flows first, so that the time derivative in Equation 2-1 vanishes. Central

differencing leads to
Mgk i 0! Pir i Py /A%

[ 21k X1,], k xi+1,j,k
- 2[k k Ik + kxi,j,k)] (pi,j,k - pi—l,j,k)/AX}] / p Ax

xi-1,5,k xi,5,k ~xi-1,,k
UGy g Ry Pk Pl T AY

-2k kkyi,j K i 1k+kyi,j ) Py Py g AV Ay
*H 2[k Jk 71,] k+1/(kZI,J k ZIJ k+1)] (p 1,),k+1 "By 1], k)/AZ

i 2[k21,3,k-1k21,3,k/(k21,1,k-1 21,],1()] (pl,],k pl,J,k-l)/AZ}]/u Az

=95k (2-2)
where harmonic averages are used to represent permeabilities. We now multiply
throughout by p AxAyAz, where AxAyAz is the grid block volume, to obtain

(AyAz/Ax) 2Lk, . ka1+l,] K ®ig it 51,500 P P

- (AyAzax) 20k i K 3K K1 .k +kxi,j,k)] (P " Pior g
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=pu qi,j,k AxAyAz (2-3)

This suggests the following definitions for the transmissibilities TX, TY and TZ,
for convenience defined independently of the viscosity,

Tk = @A 20k ke &gk T a0 24
Xk = Gydzan 20k, kaI,] K & jx Tl d 40
TYi,j,k = (AxAz/Ay) 2[k vij, k yl] " k/ (kyl,J K yi,j +1,k)] (2-4c¢)
TY, = @z 2 (g Pk )] @40
TZi,j,k = (AxAy/Az) 2 Zl,_],kaI,J,k+1 (kzi,j,k +kzi,j k+1)] (2-4¢)
T2 e = OXAYIAD) 200 iq ki (i K500 1 (24D

Then, Equation 2-3 takes the more convenient form
Xk P Pyl ™ ek Pk Piorjx
Tk Pk Pigd ™ Wik Pijx Pk
T2k P P - ke Pigx Pigker)
=u thk AXAyAz (2-5)

This equation, still very general, applies at all points. We consider points away
from wells first. In these cases, the source term 9y vanishes, and

Xk P P - ek Pk Pionjx
ik CPijrrkPigad ™~ Tk PijacPigrx

T2k P P T ke Pigx Pk’ =0 0
which, for reasons that will become obvious, we rewrite in the form
1Z P 2-7)
-t TZI,],k T e Y T Y T K P Tk Pk
25k Pij

X P ek P Dk Ptk DYk Pk

The iterative scheme. An iterative three-dimensional solution is
suggested. If we fix y; in outermost programming loop, consider a given x;
plane, write Equation 2-7 at all internal node points z, and couple with upper
and lower boundary conditions, the solutions of all left-hand side points can be
obtained if the right side terms of Equation 2-7 were (approximately) known.
Like the planar examples in Chapter 7 of Chin (2002), Equation 2-7 leads to
tridiagonal matrices, whose inversions require only 3N multiplies or divides for
O(N) systems. Equation 2-7 not only retains its diagonal dominance, but in
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three dimensions, numerical stability turns out to be significantly enhanced.
When grid block aspect ratios and anisotropic permeabilities reduce diagonal
dominance, we simply use sister forms of Equation 2-7 written along the
alternative lines i-1, i, i+l or j-1, j, j+1. Together with the use of over-relaxation
(e.g., Chapter 7), we have a new variant of SLOR or Successive Line Over
Relaxation. The above lines are swept along planes, then from plane to plane,
and farfield boundary conditions are used to update all end-plane lines. The
computational box is treated repeatedly in this manner. Latest pressure values
are used as they are available to evaluate all coefficient matrices.

The heat equation analogy in Chapter 7, justifying the convergence of this
iterative method to the unique solution guaranteed by Laplace’s equation, again
applies here. The method is robust because it always converges and requires
little in the way of matrix conditioning and parameter tuning. And the solution
is, importantly, independent of the initial guess. Any guess will lead to the
solution, as we have shown in Chapter 7. Of course, the closer the guess is to
the actual solution, the faster the convergence; analytical solutions such as those
derived in Chapters 2-6 of Chin (2002) can be used where appropriate. This
property allows us to run multiple realizations of a physical problem quickly and
efficiently. Thus, when the topology of a deviated horizontal well is changed, or
when an existing well simply grows longer or adds drainholes, or when fluid and
formation properties are modified, or when well constraints are altered, the
iterations need not begin from scratch. The algorithm given here uses prior
information for earlier simulations to produce fast solutions with only
incremental effort.  In reservoir description applications where multiple
geological (or geostatistical) realizations are often evaluated, and in infill
drilling problems where numerous production scenarios are often considered,
this feature is important.

Modeling well constraints for liquids. Now we discuss boundary
conditions internal to the computational box. In reservoir simulation, well
constraints provide the most important class of internal boundary conditions;
other internal conditions may include symmetry and antisymmetry statements
used to model fractures and shales. Pressure constraints are the simplest to
implement: at the physical location corresponding to a particular well, a simple
equation explicitly enforcing a prescribed level replaces the tridiagonal equation
otherwise written at that point. Modeling net volume flow rate constraints at
wells, as we have already indicated, is somewhat more complicated. In many
simulators, the net flow rate is allocated to the layers intercepted by the well
path according to local kh product, often disallowing interlayer flow as well.
Such kh allocation is incorrect because the net production in each layer is also
proportional to the difference between wellbore and grid block pressures, where
both must be determined as part of the solution. In the absence of gravity and
wellbore friction, the solution process must be enforced in such a way that the
pressure (under a net volume flow rate specification) is a constant along the well
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path. This integral constraint, obtained by integrating Darcy’s velocity formula
over numerous non-neighboring connections, degrades the performance of
equation solvers and encourages the use of incorrect kh fixes. To be precise, we
consider a locus of points L defining a general wellbore that may be vertical,
horizontal, deviated, and out-of-plane, or, bifurcated with multiple clustered
drainhole extensions. Let the symbol ¥ denote summations along L performed
in any order. We write Equation 2-5 for each well point along L in the form

X kPt gk Tk Ptk T Yk Pk
Yk Pk T4k Pigent T ke Pkt
P I T Y Y e Mk T !
=u qi,j,k AXAyAz (2-8)
and sum the resultant set of algebraic equations over all (i,j,k)’s along L, to give

2 X P T Xk Pior gk T Yk Pk

Yk Pk T T Pert T T4 e Pt

S Z g X T Y Y T T4 ]

=u X qi,j,k AxAyAz (2-9)

+

or, more conveniently,

At this point, several physical conditions can be invoked to simplify the
algebra. First, because gravity and friction are neglected in the present
formulation, the p;jx factor can be moved across the summation operator since
the pressure at any point within the well system is a constant. This constant is
prescribed when the well is pressure-constrained; but when the well is volume
flow rate constrained, the unknown constant pressure level, which is different
from well to well, must be found as part of the solution.

Let us denote this constant pressure, whether it is known or unknown, by
the symbol p,,. Now, the summation on the right-hand side of Equation 2-10 is
the volume flow rate QW of the producer or injector well. We denote

=u X qij K AxAyAz (2-10)

QW =2 qi,j,k AXAyAz (2-11)
so that
2{}'pwz[]=MQw (2-12)

Thus, it follows that
pW:(Z{}-HQW)/Z[] (2-13)
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The strategy for rate-constrained wells is simple: use this pressure
prescription as the diagonally dominant difference equation at well points. The
result is a stable algorithm that looks pressure-constrained, but the right side of
the above (evaluated with latest values) is not really known until the iterations
converge. This procedure has the added benefit of conserving mass in the local
sense since the pressure-dependent variable itself is prescribed and not its
normal derivatives; numerical experiments also show that it is highly stabilizing.
Once the iterations have converged globally, Equation 2-13 is used to compute
well pressures at rate-constrained wells, while the expression for Q, from
Equation 2-12 is used to compute net flow rates at pressure-constrained wells.

Steady and unsteady nonlinear gas flows. While gas flows also satisfy
Darcy’s laws, the equation of state that connects density and pressure renders
the governing equations somewhat intractable and less amenable to solution.
Mathematically, they become nonlinear. Thus, linear superposition methods in
conventional well testing, where the solutions corresponding to step-wise
changing rates or pressures are directly summed, do not apply. Nonetheless,
superposition is often used, assuming that mean reservoir conditions do not
change much, so that nonlinear coefficients can be frozen about nearly static
values. This is, in general, incorrect; with high-speed computers widely
available, there is really no need to invoke such limiting assumptions. Because
an unconditionally stable scheme for transient linear liquid flows turns out to be
available and provided below, it makes practical sense to take advantage of it
and to reformulate the general problem for nonlinear gases as closely as
possible. The complete equation for mass conservation in three dimensions is

(Pl +(pV), +(pw), == 0 p -q (2-14)

where p(x,y,z.t) is the mass density, and q (x,y,z.t) is the local mass flow rate
per unit volume. Now, the Cartesian velocity components u, v, and w in the x,
y, and z directions are given by Darcy’s laws,

ux,y,z,t) =- (kX(x,y,z)/p) pX (2-15a)
v(x,y,z,t) =- (ky(x,y,z)/u) py (2-15b)
w(x,y,z,t) =- (kZ(x,y,z)/p) pZ (2-15¢)

The pressure p(x,y,z,t) and the density p(x,y,z,t), following Muskat (1937), are
assumed to be thermodynamically connected by the polytropic relationship

m
p=yp (2-16)

where m is Muskat’s exponent and y is determined from reference conditions.
If we now substitute this expression for density into Equation 2-14, we have

m m m _ m *
(P Py Flppy) (ke pp)), =oulp ) +ualy (2-17)

Thus, we are led to rewrite Equation 2-17 in the form
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m+1 m+1 m+1
™ X}X1+ Py i p
m+
=ppc p ApimtDiy}q xyzb (2-18)
with
¢ =m/p(x.y.z,1) (2-19)

where ¢ is a fictitious compressibility for the pressure-like quantity p™". This
liquid-like formulation for p™" is useful because the unconditionally stable time
integration scheme developed for linear liquid transients to be given, satisfying
the classical parabolic heat equation, applies with little modification. The
coefficient ¢* depends on the evolving pressure p(x,y,zt); however, this
nonlinear dependence turns out to be numerically stabilizing. Nowhere have we
invoked linear superposition, which does not apply. We give a unified
presentation applicable to both transient liquids and gases later. But before
embarking on general gas flows, we consider steady problems first, in order to

understand several crucial physical and mathematical formulation differences.
Steady gas flows. From a numerical viewpoint, the iterative solution for
gases does not depart significantly from that for liquids; essentially, total mass,
not volume, is conserved. Volume varies as a function of pressure, which varies
with position; detailed numerical bookkeeping to track mass balances accurately
is critical to error-free results. By analogy to Equation 2-2, a similar

discretization process leads to the cluster
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m+l1 m+1
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— (i q (i AxAyaz (2-21)

Using the transmissibility definitions in Equations 2-4a to 2-4f, we have

m+1 m+1 m+1 m+1
Xk P kP i k@ kP ijr
m+l1 m+1 m+1 m+1
kP i Yiak® o kP ik
m+1 m+1 m+1 m+1
ikt P e P kP k)

*
=u {(m+D)ly} q i kAxAyAZ (2-22)
First we write Equation 2-22 for points that do not contain wells, setting q*; ; «
to zero. Then we cast this in tridiagonal form to facilitate the iterations, that is,

m+l
TZ 1P kel

T e Y g Y e g e P

m+1
TTZ5kP ke
_ m+l m+l
Xk i gk ik
m+1 m+1
TTYP ik TYigkP g1k

m+1
i),k

(2-23)

Then, all the comments made immediately following Equation 2-7 apply
without change, to the dependent variable p™*

Well constraints for gas flows. Consider a locus of points L defining a
general well path that may be vertical, horizontal, or deviated out-of-plane and
containing multiple drainholes. Let ¥ denote summations performed along L.
Along well paths only, in anticipation of constant pressures in the borehole, we
simplify Equation 2-22 by factoring out p;;; ™" so that

m+1 m+1 m+1
TP gk Tk P gk TP gk
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m+1 m+1 m+1
P ik TP gt TP ke
m+1
ik [TXi,j,k + TXi-l,j,k+ TYi,j,k + TYi,j-l,k + TZi,j,k + TZi,j,k—l]
*
=p {(m+tD)ly} q ik AxAyAz (2-24)

When the foregoing equation is written for each well point along L, and the
resultant equations are summed, we have
m+1 m-+1 m+1
.. . . + Cog Coq + .. ..
2{ TXI:Jsk p l+1,_],k TXl'li_]yk P I'I,J,k TYlstk p 19.]+13k
m+1 m+1 m+1

Y akP ik TR ik Tl kel

m+1
2P X T YT Yk T gk T !

%
=pu {(m+l)ly} = q ik AXAyAz (2-25)

TY TZ. .
L),

or, more conveniently,
$q)-zpmt =i q .., AxAyA 226
{}' P l,j,k[]_“{(m )Y} ql,J,k XAYAZ (' )

Because gravity and wellbore friction are neglected in this formulation, the
constant p;jx can be moved across the summation since the pressure at any point
within the well system is a constant. This constant is prescribed when the well
is pressure constrained; when it is mass-flow-rate-constrained, the constant
pressure must be found as part of the solution. Let us denote this constant
pressure, whether it is known or unknown, as p,. Now, the summation on the
right-hand side of Equation 2-26 is just the total mass flow rate associated with
the producer or injector well, that is,

ES
M ZZqi.

- ik AXAyAz (2-27)

In field practice, all measurements are reported at standard surface conditions,
normally 14.7 psi and 60 deg F. Then, the mass flow rate satisfies

Mw - pchw,sc (2-28)

where Qw SC(t) is the total volume flow rate at the surface, and P is the surface

mass density, with the subscript sc denoting standard gas conditions. Equation
2-26 becomes

2 1-p, " S0 =nime M (2:29)

It follows that the wellbore pressure P, satisfies

+



42 RESERVOIR ENGINEERING IN MODERN OILFIELDS

p Mo e Q)3 (2-30)

w sC W,SC

From this point onward, the treatment of well constraints is identical to that
for Darcy flows of liquids, with minor changes. It is clear that the liquid
scheme is unchanged so long as we replace p by pmtl, vanishing normal
derivatives of p by those of pm+l, and the viscosity p by p [(m+1)ps. /y]. When
there exists more than one multilateral well path L, that is, if there exist more
than one multilateral well cluster in the reservoir, the same computational logic
applies to each cluster individually. Any number of well clusters is permissible,
although it is obvious that the total number of grid blocks without wells should
greatly exceed the number of grid blocks used to describe wells.

Transient, compressible flows. Very often, oil companies produce
reservoirs from a virgin static state in which the fluid is quiescent everywhere.
At other times, a steady-state flow (such as that computed from our relaxation
method) may be completely or partially shut-in for well testing or for
economical reasons. Sometimes nonproductive intervals are sealed off, and
horizontal drainholes may be drilled to enhance local production at other
locations. All of these scenarios demand that any time integration scheme be
especially robust, capable of withstanding sudden operational shocks to the
system. The algorithm given below, like the relaxation method developed for
steady flows of liquids and gases, is very stable. Without loss of generality, let
us drop the source term ¢ from the governing equation for non-well points,
understanding that we will replace the particular difference equation with our
internal constraint condition for those points affected by wells. Thus, we have

m m m _ m
(k.p px)x+(kyp py)y+(kzp p,), = onp ), (2-31)
or, after some manipulation,
m+1 m+1 m+1 _ * mtl
e P P P e P 23)

Equations 2-31 and 2-32 apply to gases and liquids (thatis, m =0 and ¢’ =c). A
differencing similar to that for steady flow can be used, provided we include
time. If n and n+1 denote times at t,, and t,+, we have the implicit scheme

[ { 2[kxi,j,kkxiﬂ,j,k/(kxi,j,k—'_ kxi+1,j,k)] (pm+1i+1,j,k,n+1 ) pm+1i,j,k,n+1)/AX
i 2[kxi-1,j,kkxi,j,k/(kxi-l,j,k+ kxi,j,k)] (pm+1i,j,k,n+1 i pm+1i-1,j,k,n+1)/AX}]/AX

* 20k yij.k y1J+1 k/(kyl,] k kyij+1 k)] (pm+1'j+1,k,n+1 ) pm+1i,j,k,n+1)/Ay
) 2[kyi7j-1,kkyij,k/(kyij-l k y1 ]k)] (p i Jk,n+1 ) pm+1i,j-1,k,n+1)/Ay}]/Ay

+ [ {2k . o™ o iaz

Zij, k Zi,j,k+1 Zld,k Zl,_] k+1 ij,k+1,n+1 P ij,kn+1
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m+1 m+1
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Using our definitions for transmissibility, Equation 2-33 becomes
m+1 m+1 m+1 m+1
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If Equation 2-34 is to be written for each (i,j,k) node and solved at the new
time step (n+1), we obtain a complicated system of algebraic equations that is
costly to invert computationally. When it cannot be locally linearized, the full
but sparse matrix is solved using even more expensive Newton-Raphson
iterations. Thus, we employ approximate factorization techniques to resolve the
system into three simpler, but sequential banded ones. In this approach,
especially popular in the Soviet literature, appropriate high-order terms no larger
than the discretization errors implicit in the derivation of Equation 2-33 are
added to Equation 2-34. These terms are chosen to facilitate a nested
factorization of the difference operator just given. The design is structured so
that the three-step process required for the integration of a typical time step is
unconditionally stable on a linearized von Neumann basis. Moreover, each
intermediate-time-step level employs efficient tridiagonal matrices only. The
results of this factorization lead to Equations 2-35, 2-36 and 2-37, defining
predictor Steps 1 and 2, and corrector Step 3, that is,

Step 1
m+1 m+1 m+1 m+1
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i,k i,j+1,kn+1/3 ij,kn+1/3
( m+1 m+1 )
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m+1 m+l1
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Step 2
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Formal von Neumann analysis shows that this three-step process is second-order
accurate in Ax, Ay, and Az, and first-order accurate in At. Well constraints
within each step are handled exactly as in our relaxation approach for steady-
state flows. We emphasize that unconditional stability alone does not ensure
convergence to physically correct solutions. Stability is necessary but not
sufficient for practical solutions; (somewhat) small time steps are nonetheless
required to capture the physics and provide physical resolution where needed.
Compaction, consolidation and subsidence. A formal approach to
modeling compaction, consolidation and subsidence requires the use of well-
defined constitutive equations that describe both fluid and solid phases of
matter. At the same time, these would be applied to a general Lagrangian
dynamical formulation written to host the deforming meshes, whose exact time
histories must be determined as part of the overall solution. These nonlinear
deformations are often plastic in nature, and not elastic, as in linear analyses
usually employed in structural mechanics. This finite deformation approach,
usually adopted in more rigorous academic researches into compressible porous
media, is well known in soil mechanics and civil engineering. However, it is
computationally intensive and not practical for routine use. This is particularly
true when order-of-magnitude effects and qualitative trends only are examined.
Despite the apparent rigor in many of the accepted mathematical models,
however, most are nonetheless empirical. They typically assume a linear
relationship between pore pressure and porosity; that is, they assume that

) AXAyAz/At (2-37)
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instantaneous pressure affects the original ¢(x,y,z) linearly. The constants
appearing in the constitutive equations, moreover, can be subject to significant
measurement error. In the Ekofisk reservoir where subsidence and compaction
drives are important, an overall height decrease of 40 ft, compared to a 400 ft
net reservoir thickness originally, has been observed; this 10% change, however,
occurred over a twenty-year period. These physical scales suggest that a simpler
engineering model suffices for approximate trend analysis. In the scheme
adopted here, we define ¢(x,y,z) as the baseline porosity function when
compaction is not important. In the numerical analysis, however, the actual
porosity is ¢(x,y,z) pre-multiplied by a {1 + a p(x,y,z,t)} factor, where a is a
user-defined “what if” parameter; it is a negative constant (or secondary
compressibility), having units of 1/psi. There are several implicit assumptions.
Consider the mass balance equation (pu)x + (pv)y + (pw), = - ¢ p, assumed
earlier; there, ¢ was a prescribed, spatially varying function, independent of
time. The right-hand side, in the more general case when temporal changes are
allowed, however, would take the form (¢ p); where ¢ now refers to {1+a
p(x,y,z,0)} d(x,y,z). Thus, our procedure assumes ¢ p, >> p¢,. The dominant
effect of compaction, in this small disturbance limit, therefore arises from the
porosity reduction enforced by the a p(x,y,z,t) term taken above and not from
direct volume changes. This may or may not be physically valid. The
correction, in this sense, plays the role of a secondary compressibility, a
parameter introduced earlier. In the next correction sequence, pressure-
dependent decreases to permeabilities will appear, and these would be
consistently modeled on a time-varying deforming mesh.

Boundary conforming grids. Here we again refer to the reservoir
engineering book of Chin (2002). The grid generation technology in Chapters
8-10 should be used where possible. Consider the irregular boundaries seen by
our Houston well in a Texas-shaped reservoir in Chapter 9. Whereas boundary-
conforming grids will provide detailed resolution using 200 grid blocks, a
Cartesian mesh would require roughly 2,000 to produce equivalent results!
Such meshes are capable of wrapping around multiple boreholes and fractures,
of course, while conforming to irregular farfield reservoir boundaries.
Thompson’s grid generation technique forms the basis for the powerful
normalization theory developed in Chapter 9. The theory allows solutions to
supersets of problems (with different boundary condition modes and fluid types)
to be expressible in terms of one set of metrics obtained once and for all. This is
analogous to the approach of Chapter 6 for more obvious radial flows, which
show how log r similarly solves supersets of like problems. Besides the
gridding methods presented in Chapters 8-10 for areal problems, others just as
powerful can be used for other reservoir applications. We will introduce
stratigraphic meshes next, develop the general theory for slowly varying
stratigraphies, and present an illustrative calculation later.
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Stratigraphic meshes for layered media. Most geological boundaries do
not conform to the simple coordinate lines of rectangular mesh systems.
Dipping stratigraphic layers with nonparallel tops and bottoms are a case in
point. The use of finely gridded (x,y,z) meshes, while not incorrect, results in
awkward stair-step representations of the physical boundaries, plus numerous
inactive simulation grid blocks. General curvilinear coordinates provide good
physical resolution, but the retention of all of the transformation terms leads to
massive equations with first derivatives, second-derivative cross-terms, and
numerous variable coefficients. Often, however, such a general approach is not
warranted. Many layered stratigraphies are somewhat distorted or warped in a
global sense, but so long as local changes in elevation are small, important
simplifications can be made. Under the circumstances, stratigraphic coordinates
need not be orthogonal. Thus, we retain x and y as independent variables in the
areal plane, and continue to use constant values of Ax and Ay. In the vertical
direction, however, z is no longer a suitable coordinate, since it does not model
dip and lateral variation well. Instead, we introduce the height variable

Z=z-1(x,y,t) (2-38)
and associate with it the new capital P pressure function
p(x.y.z.t) =P(x,y.Z;t) (2-39)

Instead of rederiving all physical laws in x, y, and Z coordinates, we simply
express Equations 2-1 and 2-18 in these variables via the chain rule, that is,

p, = PX + PZZX = PX - fx(x,y) PZ (2-40a)

=P +P,Z =P -f (xy)P 2-40b
py =P +P,Z =P -f (xy)P, (2-40b)
p,= PZZZ PZ (2-40c)

If the slopes fx(x,y) and fy(x,y) are small, Equations 2-40a to 2-40c show that py
=Py, py = Py, and p, = P, approximately. Thus, Equations 2-1 and 2-18 apply
with z replaced by Z, p(x,y,z) replaced by P(x,y,Z), and (x,y,z) replaced by
(x,y,Z). How does this affect our difference equations? Let us consider, for
example, the representative first term of Equation 2-3, namely,

(AyAZ/AX) 2[kXi,j,kaiH,j,k/(k)(i,j,k Xi+l,j, k)] (p1+1 Js k- i,j,k) - (24D
which earlier led to the transmissibility definition

TX; 1 = (Ayazan) 20k (2-42)

xi g xi+ K K gt R )
These two equations are now replaced, respectively, by

[AVAZG.kH)-ZG3 ) /AX]2[k ij ka1+l,J Ly gk K J k)](Pm,j,k'Pi,j,k)

+ ... (2-43)
and the revised transmissibility definition
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TXi’j = [Ay{Z(ijk+1)- Z(1J1<)}/AX]2[1<X " X1+1Jk/(kX1_]k kX1+1Jk)]

(2-44)
where the index k now refers to our stratigraphic coordinates.

Thus, all the difference formulas for constant rectangular meshes with
fixed Ax, Ay, and Az apply without modification, provided we calculate our
transmissibilities using {Z(i,j,k+1)-Z(i,j,k)} and replace the volume element
AxAyAz vsing {Z(i,j,k+1)-Z(i,j,k)} AxAy in the equation for transient flow and in
the flow rate summations along wellbore blocks. Equations 2-13 and 2-30, used
to implement net flow rate constraints at wells, do not change; the sum over our
incremental lengths {Z(i,j,.k+1)-Z(i,j.k)} themselves is specified and requires no
additional integration. These simplifications for slowly varying stratigraphies
yield large savings in computer memory and speed, while drawing upon the
advantages of the highly stable rectangular schemes developed.

Modeling wellbore storage. Wells are opened and closed at the surface,
and not at the sandface downhole. When opening a well for a drawdown test
(from the surface), a portion of the flow results from fluid expansion in the
wellbore itself. Likewise, in a buildup test, fluid influx into the wellbore
continues after shut-in of the well. Thus, total flow rate constraints cannot be
applied at the sandface directly, without accounting for time delays associated
with the borehole fluid compressibility C , and the wellbore storage volume
Vi Storage is also important in underbalanced drilling, where lower borehole
pressures may allow free gas to exist, increasing the compressibility in the fluid
column. How, exactly, is storage modeled? Imagine a highly pressured
reservoir that is initially static. When a well is opened to production at a fixed
surface volume flow rate Q poq > 0, note that the well pressure p ,(t) must
decrease in time. That is, dp,/dt < 0 because the wellbore fluid is expanding.
Thus, the desired Qpoq is obtained as the sum of -Vol y,Condpy/dt (which is
positive) and the usual reservoir flow contribution. In other words, when
solving the pressure differential equation, the total flow rate (boundary
condition) constraint is taken as Qe = Q prod + Vol phCondpyw/dt. This states that
on initial production, the rate of flow Q. through the sandface is actually less
than the Q ¢ pumped at the surface. To see that this applies to an injector
pumping fluid into an initially quiescent reservoir, consider Q i, < 0 with a
corresponding dp,/dt > 0. Now, the initial injection acts first to compress the
borehole fluid, so that the injected fluid does not entirely enter at the sandface.
Thus, Qe = Qiyj + VolpnCondpy/dt is again correct, this time because Q is less
negative than Q i, since Vol ;»Condpw/dt is positive. When a producing well
(with Qproq > 0) is shut-in with Qpreq = 0 from the surface, the compressibility of
the borehole fluid allows Q. at the sandface to continue for a limited time with
Q > 0. Thus, the foregoing production formula leads to Q. = 0 +
Voly,Copdpy/dt > 0. This implies that dp,/dt > 0, so that the well pressure
continues to increase, as expected physically. All of these effects can be
modeled quantitatively. Because the production model Vol p,Cyndpy/dt is
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approximate anyway, with storage effects also arising from free gas bubbles,
surface facilities, and so on, there is no need to attach too much significance to
the exact values of Cy, and Voly,. For simulation purposes, we introduce the
lumped storage factor F or capacity defined with Qpe = Quesired prod or inj volume T F
dpy/dt, and take F as a history-matching parameter that depends on borehole fill-
up, annulus properties, and other effects that may be difficult to characterize.

Early 1990s Validation Calculations

The steady and transient algorithms given earlier are extremely stable. In
numerous simulations with sudden changes to wellbore paths and constraints,
wide variations to rock heterogeneity, fluid type, and gridding parameters,
stability and mass conservation were always maintained. This core capability
provided the foundation for a robust simulator that did not require unreasonably
small time steps for well test forward analysis and primary production modeling.
It allowed us to focus on another objective, namely, extending ease-of-use and
convenience to inexpensive personal computers.

Figure 2-2. More multilateral wells and heterogeneous reservoirs.

Simulation capabilities. Classical solutions to elliptic and parabolic
equations emphasize simple boundary conditions along external box edges. But
in petroleum engineering, the most significant auxiliary conditions are the
internal constraints applied at injecting or producing wells. Pressures and net
flow rates, the latter subject to constant pressure along well paths specified at the
user’s discretion, render matrix structures far from ideal. The challenges are
practical. Not only are the parameters arbitrary; so are the number, position, and
geometric inclination of the well systems. The numerical solution for both
steady and transient flows must be stable to any heterogeneities in ky, ky, k, and
¢, to fully and partially penetrating vertical, horizontal, and deviated wells, to
wells with multiple sidetracked drainhole bifurcations, and to general farfield
aquifer or solid wall boundary conditions.
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For transient compressible flows, the new simulator described here allowed
users to change well constraints in mid-stream, to drill horizontal, wiggly
drainhole extensions to existing wells, to shut-in non-producing intervals and to
perforate new ones, and finally, to drill new wells having complicated wellbore
paths subject to general constraints. All of these capabilities are accomplished
without exacting any performance penalties from the baseline algorithm. We
emphasize that these modeling options are by no means exotic, since they permit
simulation of actual drilling processes as they are performed in the field. At the
time of this writing, the author is not aware of any other simulator possessing
these flexible run-time options.

Data structures and programming. The computational efficiencies
demanded by our objectives were possible because the numerical algorithm was
designed so that physical complications would not alter the stable tridiagonal
nature of the underlying routines. The iterative nature of the steady solver
required no additional three-dimensional arrays beyond the obvious ones for
pressure and formation properties. Similarly, the transient algorithm employed
only the minimum number of time levels dictated by stability considerations.
Good memory management was critical. Information was always written to disk
when possible, common blocks were used, and built-in analytical solutions and
formulation checks always assured mathematical consistency.

Central to a good simulator is simple, easily modifiable reservoir and well-
bore description. For example, users need not enter rows and columns of five-
digit permeabilities and porosities, and tabulated (i,j,k) coordinates for multiple
well paths. The entire approach should, ideally, be visually driven and easily
inputted. This does not necessarily mean expensive graphics and pixel-level
resolution, requirements that would compete with our algorithm for vital
memory resources — an important consideration when the prototype simulator
was first written in the early 1990s. A simple ASCII text “picture” file, as we
will observe, more than suffices. Five examples are described next, which
support the idea that powerful simulation capabilities important to modern
applications can be realized without resorting to workstations and mainframes.

Example 2-1. Convergence acceleration, two deviated
horizontal gas wells in a channel sand.

We prototyped our ideas by writing a PC program with low cost and ease-
of-use in mind, and preserved the geobody” or object character of the reservoir
by having input routines read layer pictures created by simple text editing. GEO
and DRL layer file types describe, respectively, the geology of the field and the
trajectories of any drilled wells. For this example, consider a three-layer
heterogeneous reservoir where all layers are identical to LAYER1.GEO below.
The corresponding DRL files show that Wells 1 and 2, which explicitly appear
in the sketches, represent vertical wells containing long horizontal drainholes
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drilled into a channel sand. Layer numbers increase in the downward direction,
to be consistent with the drilling process. Thus, additional layers can always be
added to existing data sets without reordering layer numbers. On scanning the
GEQO files, the simulator identifies the number of layers and the size of the areal
grid; it also notes that three lithologies represented by the keyboard symbols +,
&, and # are present (non-alphanumeric symbols are reserved for rock types).

At this point, information related to grid block size, to the permeabilities
and porosities characteristic of each of the lithology symbols, and to fluid
properties, is entered interactively at the keyboard in response to on-line queries.
Typed numerical arrays are never necessary; in subsequent simulations, changes
in geological properties are introduced by changing the lithological symbol or
altering its assigned properties.

C>type layerl.geo C>type layerl.drl

e
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FHERRRR P T+ R R R
tHt R R R R+ LI R R
tH Attt R R Rt AL DR
R R Tt
s E e
Rt T
R - L
P L R T
b HEIEIEAE A 4 4 b+ + o3I
b EEAEIE I 4 4+ + o+ o3
b EEFEIEIE L L b+ b+ o+ o3
R
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L T T T U iy S
L S T
PRttt R R R R+ 4
TR Rt AR R R R R+ +
TR Rttt E R R+ R R+ +
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FERRRRRRP F R R+
FHERRRR P L+ R R R
FH AR PR R AEEL R R
FH AR R R EAEEL R R
P A e L
b b b b b 3R SR SR SR 3 3 4
R L L L
b b b e FE IR HE IR b+ 3 3 3
P L
Fob b A NI £+ 4+ oA
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[
2]
[
[N
2]
[

C>type layer2. C>type layer3.
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The simulator next scans the DRL files, identifies two wells (numbers are
reserved for well labels), stores their coordinate information, and asks for well
constraint modes and values. Note that Wells 1 and 2 are vertical wells with
very long horizontal drainhole extensions, and are here oriented perpendicularly
in Layer 2. However, any oblique out-of-plane orientation is permissible. Few
simulations on such complicated well paths have been reported in the literature.
Next, information on farfield boundary conditions is entered, and simulation
commences. In this example, we will demonstrate how accurately the steady
algorithm conserves mass. We will also show that the solution obtained for the
first run, when used to initialize a second run with different parameters, leads to
much more rapid convergence. Such initializations provide quick solutions
because only incremental actions are needed.
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The reader should examine the GEO and LAYER files above and note the
likeness to typical channel sands. In the following, simple courier font
denotes screen activity, while bold courier indicates user-entered commands.

Run 1. In this rectangular grid run, Ax, Ay, and Az were 100, 200, and 300
ft. The + lithology was isotropic, with a permeability of 100 md and a porosity
of 20%, while the # lithology, at 800 md, was 30% porous. Lithotype & was
anisotropic, with kx, ky and kz equal to 500, 600 and 700 md; it was was 25%
porous. Well 1 was pressure constrained at 5,000 psi, while Well 2 was flow
rate constrained at 1,000,000 cu ft/hr. Because the evaluation objective here
was mass conservation, all six sides of the computational box were chosen as
solid no-flow walls in order to provide a severe test. The degree to which the
computed flow rate at Well 1 equaled -1,000,000 cu ft/hr was to be assessed. To
complicate matters, the flow of a gas was considered. This renders the
formulation nonlinear and provides a good test for the algorithm. The gas

viscosity was 0.018 cp, a surface density of 0.003 Ibf sec2 /ft4 at 14.7 psi was
selected, and a gas exponent of m = 0.5 was chosen. Again, our general m fluid
model allows us to alter gas thermodynamics; it is not restricted to idealized
isothermal solutions. In this test case, the steady flow solver was initialized to
zero pressure everywhere — a worst case assumption acknowledging that nothing
is known about the reservoir — and allowed to converge. Screen dumps showing
iteration history and flow rate summaries are as follows.

Iterative solutions starting, please wait ...

Iteration 1 of maximum 99999 completed ...

Iteration 2 of maximum 99999 completed ...

Iteration 11, maximum 99999, .1851E+02 % error.
Iteration 12, maximum 99999, .2334E+02 % error.
Iteration 13, maximum 99999, .1178E+02 % error.
Iteration 14, maximum 99999, .2002E+02 % error.
Iteration 99, maximum 99999, .3337E+00 % error.
Iteration 100, maximum 99999, .3226E+00 % error.

Iteration 100, (Un)converged volume flow rates

by well cluster:

Cluster 1: P= .5000E+04 psi, Q= -.2764E+08 cu ft/hr.
Cluster 2: P= .4788E+04 psi, Q= .1745E+07 cu ft/hr.

Iteration 200, (Un)converged volume flow rates

by well cluster:

Cluster 1: P= .5000E+04 psi, Q= -.2864E+07 cu ft/hr.
Cluster 2: P= .4977E+04 psi, Q= .1057E+07 cu ft/hr.

Iteration 300, (Un)converged volume flow rates

by well cluster:

Cluster 1: P= .5000E+04 psi, Q= -.1127E+07 cu ft/hr.
Cluster 2: P= .4990E+04 psi, Q= .1003E+07 cu ft/hr.

Iteration 400, (Un)converged volume flow rates

by well cluster:

Cluster 1: P= .5000E+04 psi, Q= -.1005E+07 cu ft/hr.
Cluster 2: P= .4991E+04 psi, Q= .1001E+07 cu ft/hr.
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Satisfactory results are not obtained until Iteration 400, at which point,
Well 1’s -0.1005E+07 cu ft/hr and Cluster 2’s 0.1001E+07 cu ft/hr are close (on
typical PCs, this requires just seconds). We have enforced exact mass balance
for heterogeneous reservoirs with non-conventional wells, and we have
calculated nonlinear pressure fields correctly, starting with a trivial zero guess.

Run 2. Next we terminate the steady-state simulation, begin another
where we retain that geology (although we need not), and change the shape of
Well 2 and other inputs. The re-drilled, more deviated well follows.

C>type layer2.drl

I
L
A NN+ E R R+
PRt AR R R+
PR E AN RRBHERR++ 4
FR R ENE R PR R R+
PR R N R R R R+
FE R R ENR R R+
FHRRPRRNR R F R R+
FHERRNR R PR R
FHE R R NR E +  HEEL R R
FEEE R NP+t EIEEL R R
B R R
B O
o b b b N FE IR 3 FE 4 3 HE +
Fob b b b N EE IR 3R A b+ 3 3R 3
L R
Fob b I NI+ b b+ b FE
Fob FEIIEAEIE G 4+ b+ + I
Fob FEI I L+ b b+ b I

Well 1 is still pressure constrained at 5,000 psi, but we instead rate-
constrain Well 2 at 1,500,000 cu ft/hr. We also change our gas viscosity to 0.04
cp, the surface reference density to 0.004 1bf sec? /ft* at 14.7 psi, and reassign m
to 0.7. These changes normally require new simulations, with detailed analysis
beginning anew, but the power of our relaxation approach is seen as follows.
We expect similar convergence histories, but instead of initializing the solver to
0, we use the pressure solution available from the above run.

Iterative solutions starting, please wait ...

Iteration 1 of maximum 99999 completed ...
Iteration 2 of maximum 99999 completed ...
Iteration 11, maximum 99999, .2650E-02 % error.
Iteration 12, maximum 99999, .7193E-03 % error.
Iteration 99, maximum 99999, .1469E-03 % error.

Iteration 100, (Un)converged volume flow rates

by well cluster:

Cluster 1: P= .5000E+04 psi, Q= -.1470E+07 cu ft/hr.
Cluster 2: P= .4989E+04 psi, Q= .1500E+07 cu ft/hr.

At Iteration 11, the error measure has decreased to .2650E-02%, compared
with the .1851E+02% in the first run. The results of Iteration 100 indicate that
injected and produced flow rates are converging, and are much faster than
before. This acceleration is possible because a close solution was used to start
the iterations. It suggests that it is possible to perform successive simulations
quickly, because incremental changes to fluid, well configuration, boundary
condition, and geological description inputs require only incremental work.
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Example 2-2. Dual-lateral horizontal completion
in a fractured, dipping, heterogeneous, layered formation.

In June 1992, Texaco announced the completion of a pioneering dual
lateral horizontal well in a fractured formation in the Gulf of Mexico. A vertical
well was drilled into the pay zone, at which point the drilling of two horizontal
wells were initiated, heading in opposite directions. This example shows how
the flow from such a completion is easily simulated. Fictitious input parameters
are used for illustrative purposes. For brevity, the GEO files will not be shown,
but the general idea about the formation can be inferred from the DRL layer
pictures presented. We have a single (well) 1, headed towards the pay zone %.
Once penetrated, the first horizontal well branch heads north, while the second
heads south. This bifurcation is readily seen in Layers 3 and 4 below. The math
model treats the one vertical and two horizontal wells as part of a single well
system (collectively called Well 1) because a single well constraint applies to
the entire group of three wells. Here, the = symbol represents the highly
permeable and porous fracture plane.

C>type layerl.drl C>type layer2.drl C>type layer3.drl
e 53T CEE A R R
+ o+ 4+ + + o+ o+t 553555 %% %% 55351 %% % %%
+ o+ o+ o+ o+ o+ o+ + o+ 4+ o+ o+ o+ o+ o+ %55 %1% %% %%
+ 4+ + + 1 + + + + + + + + + 1 + + 4+ + + $ ===1====%
+ o+ o+ o+ o+ o+ o+ + o+ o+ o+ o+ o+ + + o+ o+ o+ o+ o+ o+ o+ o+
L + o+ o+ o+ o+ + + o+ o+ o+ o+ o+t
+ o+ 4+ F o+ + o+ o+ o+ o+ o+t + o+ o+ o+ o+t
+ o+ 4+ o+ o+ o+ o+ o+ o+ 4 + o+ o+ o+ o+ o+ o+ + o+ o+ o+ o+ o+ o+ o+
C>type layer4.drl C>type layer5.drl C>type layer6.drl
553555355 %5 5% 55T 3T 55T + o+ 4+ + + 4+ o+ o+ o+ o+
55355 %5%5 %% T35 535355 %5% %% + + 4+ + o+ o+ o+
%% %5 %% %% %% %5 %5 %5 %5 %5 %5 %5 %% + o+ o+ o+ o+ o+t
$===1====5% %55 %5 %55 %% %% + + + + + + + + + +
%% %51% %% %% %5555 + o+ o+ o+ o+ o+ o+ o+ o+
%5531 %% % %% 553555 + + 4+ + 4+ o+ o+ o+ o+
+ o+ o+ o+ o+ o+t %55 %51% %% %% + o+ 4+
+ + + + + + + 4+ 4+ o+ T 5555535 %5 % + + + + 4+ + + o+ o+

Observe that storing formation attributes and well location information in
three-dimensional, character-string array format provides special advantages.
For example, by rearranging the print sequences in the Fortran do-loops, it is
possible to print out x-z and y-z lithology cross-sections and display well
trajectories within stratigraphic layers.  This assists with visualization,
interpretation, and error-checking. The two plots that follow show two different
vertical projections of the well.
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4---- Y/Z: I= 4 ---> Y 4---- X/Z: J= 5 --->X
|+ + + + 1 + + + + + |+ + + 1+ + + +
| + + + + 1 + 4+ + + + ‘ %+ 1+ + + +
| $===1====% | 111+ + + +
| $===1====3 | % %111+ +
| % % % % % o o o o o ‘ % % % %% %13
BRI R N % %% %% %
| I |+ + + + + + + +

N +

Here, we have a six-layer, 8 x 10 rectangular grid, with Ax, Ay and Az
equal to 300, 200, and 100 ft, respectively. All of our rock types are isotropic.
Rock + has a permeability of 50 md and a porosity of 20%; rock %, a
permeability of 800 md and a porosity of 30%; while rock type =, our fracture,
has a permeability of 5,000 md and a porosity of 90%. Our only well, Well 1,
will be pressure constrained at 1,000 psi. But this constrains the entire system,
both horizontal branches and the vertical, at 1,000 psi. In practice, the vertical
section is sealed and non-producing. To enforce this, we use a transmissibility
modification option that allows us to modify local transmissibilities everywhere,
well by well, or cell by cell, if need be. For brevity, we show some of the
interactive screens but modify two cell blocks only.

You may modify TX, TY and TZ transmissibilities for simulation
purposes WITHOUT altering values on disk .... Modify? Y/N: y

Modify EVERYWHERE? At WELL(S) ONLY? E/W: w
Modify transmissibilities in Well 1? Y/N: y
Modify “cell by cell” ? Y/N: y

Enter cell block identification number, 1- 9: 1
Existing TX = .359E-10, TY = .807E-10, TZ = .323E-09 ft”3 at
Well 1, Block 1: (i= 4, j= 5, Layer=1)

O Enter cell block TX multiplier: .01
O Enter cell block TY multiplier: .02
O Enter cell block TZ multiplier: .03

Change TX, TY and TZ in another cell block within
present Well 1? Y/N: y

Enter cell block identification number, 1- 9: 2
Existing TX = .359E-10, TY = .807E-10, TZ = .639E-09 ft”3 at
Well 1, Block 2: (i= 4, j= 5, Layer=2)

O Enter cell block TX multiplier: .01
O Enter cell block TY multiplier: .01
O Enter cell block TZ multiplier: .01

Change TX, TY and TZ in another cell block within
present Well 1? Y/N: =n

We will also assume four aquifer side boundaries, and two solid walls at the top
and bottom of the reservoir. Note the simplicity of the computer inputs and
outputs; the graphics is crude but serves its purpose.
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INPUT FARFIELD BOUNDARY CONDITION SETUP:

FRONT ...
Pressure
BACK ....
Pressure
LEFT ....
Pressure
RIGHT ...
Pressure
TOP .....
BOTTOM . .

OO0OO0OO0O0OO0O0O0OO0OO0

Z (k)
| 4=1 Jmax (10)
i=1 |
e e T +  ------ Y (3)
/| P
Left / ! Back | \ Right
/ | | \
/ B e + \
+o------ / Top, Layer 1 \------- +
/o 1
| Front |
i) | |
+------- Bottom, Layer 6 ------ +
COORDINATE SYSTEM
is aquifer or no flow wall? A/W: a
at FRONT face (psi): 5000
is aquifer or no flow wall? A/W: a
at BACK face (psi): 5000
is aquifer or no flow wall? 2A/W: a
at LEFT face (psi): 5000
is aquifer or no flow wall? A/W: a
at RIGHT face (psi): 5000
is aquifer or no flow wall? A/W: w
is aquifer or no flow wall? A/W: w
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Consider a liquid with a viscosity of 10 cp and a compressibility of
0.00001/psi in a fully transient flow. The initial pressure everywhere is 5,000
psi, and the assumed time step is 1 hr. From the well history that follows, it is

clear that the expected rate decline is obtained and computed stably.

C>type welll.sim

WELL #1:
Step No.

CWLVLEIOU B WN K

[

The objective is threefold.

Dt Time Pressure
(Hour) (Hour) (Psi)
.100E+01 .100E+01 .100E+04
.100E+01 .200E+01 .100E+04
.100E+01 .300E+01 .100E+04
.100E+01 .400E+01 .100E+04
.100E+01 .500E+01 .100E+04
.100E+01 .600E+01 .100E+04
.100E+01 .700E+01 .100E+04
.100E+01 .800E+01 .100E+04
.100E+01 .900E+01 .100E+04
.100E+01 .100E+02 .100E+04
.100E+01 .200E+02 .100E+04
.100E+01 .500E+02 .100E+04
.100E+01 .100E+03 .100E+04
.100E+01 .150E+03 .100E+04
.100E+01 .199E+03 .100E+04

Fl
(C

ow Rate
‘u Ft/Hr)

.756E+06
.555E+06
.464E+06
.412E+06
.379E+06
.356E+06
.339E+06
.325E+06
.313E+06
.303E+06

.245E+06
.200E+06
.188E+06
.186E+06
.185E+06

Cum Vol
(Cu Ft)

.756E+06
.131E+07
.178E+07
.219E+07
.257E+07
.292E+07
.326E+07
.359E+07
.390E+07
.420E+07

.686E+07
.133E+08
.229E+08
.322E+08
.413E+08

First, geological object-oriented file inputs with

complicated wellbore trajectories are simple to create; lithological data only
enter, and then conveniently, through a lower level routine (what if studies do
not require retyping of cumbersome numbers into rows and columns). Second,
very heterogeneous transient problems can be simulated with high stability,
taking relatively large time steps. And third, the complete at the keyboard work
session, including computing time, required just minutes.
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Example 2-3. Stratigraphic grids, drilling dome-shaped structures.

Here, simulations on stratigraphic grids are performed. Such grids wrap
around all relevant layers. The use of standard rectangular grids for the structure
shown here would have produced numerous inactive grid blocks that decrease
convergence rate. The formation is homogeneous for simplicity, but the
important point here is the choice of extremely flat grids and special dome-like
coordinates. These are associated with convergence problems in many elliptic
solvers. (Actually, a dimensionless parameter based on grid block aspect ratio
and anisotropic permeability controls convergence.) The blocks are assumed to
be 100° x 100” x 1’ high, residing in a four-layer, 7 x 7 grid system; the rock,
with a permeability of 500 md, is 20% porous. Also, two wells are oppositely
placed. All four DRL layers take the form of the uppermost LAYERI1.DRL,
with vertical Wells 1 and 2 positioned as shown.

C>type layerl.drl

+ o+ 4+ + o+ o+ o+
+ o+ o+ o+ o+ o+ o+
+ + 1 + + + +
+ o+ 4+ + o+ o+ o+
+ o+ 4+ + 2+ +
+ o+ + + + + o+
+ o+ 4+ + o+ o+ o+

The elevations of the stratigraphic grid blocks themselves can be defined by
using a text picture of the uppermost surface displaying the z coordinate.

(i=1,j=1) 85 85 85 85 85 85 85

85 85 85 85 85 85 85 (i=7,3=7)

This, plus the vertical thickness of the uniformly thick layers (1 ft) and the
number of layers (again, four), completely defines the stratigraphy. More
general topographies require detailed I/O procedures, which are avoided in this
book. Next, pressure constrain Well 1 at 1,000 psi, and flow rate constrain Well
2 at 50 cu ft/hr. Also, model a liquid with a viscosity of 1 cp, and assume that
the six sides of the computational box are solid no-flow walls in order to provide
a severe test for mass conservation. The steady numerical scheme, in order to
conserve mass, must determine a flow rate at Well 1 that is exactly the negative
of the assumed rate at Well 2. Can this be achieved? Calculated results follow.

Iteration 200, (Un)converged volume flow rates
by well cluster:

Cluster 1: P= .1000E+04 psi, Q= -.5020E+03 cu ft/hr.
Cluster 2: P= .1851E+02 psi, Q= .5008E+03 cu ft/hr.
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At 200 iterations, requiring just seconds, the injector and producer flow
rates are almost identical. From the results below for the first two layers, the
computed pressures show the anticipated symmetries. The position of the
prescribed 1,000 psi is shown in bold type for reference; observe that there is no
reason why the computed pressure at Well 2 should be -1,000 psi.

Calculated 3D Pressures (Intermediate Results)

Iteration 200, Pressure (psi) in Layer 1:

BACK
.850E+03 .850E+03 .850E+03 .701E+03 .573E+03 .509E+03 .509E+03
.850E+03 .850E+03 .850E+03 .701E+03 .573E+03 .509E+03 .509E+03
.850E+03 .850E+03 .100E+04 .680E+03 .509E+03 .445E+03 .445E+03
.701E+03 .701E+03 .680E+03 .509E+03 .338E+03 .317E+03 .317E+03
.573E+03 .573E+03 .509E+03 .338E+03 .185E+02 .168E+03 .168E+03
.509E+03 .509E+03 .445E+03 .317E+03 .168E+03 .168E+03 .168E+03
.509E+03 .509E+03 .445E+03 .317E+03 .168E+03 .168E+03 .168E+03

FRONT

Iteration 200, Pressure (psi) in Layer 2:

BACK
.850E+03 .850E+03 .850E+03 .701E+03 .573E+03 .509E+03 .509E+03
.850E+03 .850E+03 .850E+03 .701E+03 .573E+03 .509E+03 .509E+03
.850E+03 .850E+03 .100E+04 .680E+03 .509E+03 .445E+03 .445E+03
.701E+03 .701E+03 .680E+03 .509E+03 .338E+03 .317E+03 .317E+03
.573E+03 .573E+03 .509E+03 .338E+03 .185E+02 .168E+03 .168E+03
.509E+03 .509E+03 .445E+03 .317E+03 .168E+03 .168E+03 .168E+03
.509E+03 .509E+03 .445E+03 .317E+03 .168E+03 .168E+03 .168E+03

FRONT

With this steady flow established, now continue with a transient
compressible analysis and shut-in in both wells. A compressibility of
0.000003/psi is assumed, along with time steps of 0.005 hr for 500 steps. For
injector Well 1, we expect a pressure decrease with time because fluid is pulling
away, while for producer Well 2, a pressure buildup is anticipated because fluid
is piling up. The pressures in the first two layers display smooth, stable trends;
also, the expected pressure histories at both wells are qualitatively correct.

LAYER RESULTS @ Step 499, Time = .250E+01 hours:

Pressure Distribution (psi) in Layer 1:

BACK
.837E+03 .837E+03 .837E+03 .695E+03 .573E+03 .512E+03 .512E+03
.837E+03 .837E+03 .837E+03 .695E+03 .573E+03 .512E+03 .512E+03
.837E+03 .837E+03 .979E+03 .674E+03 .512E+03 .451E+03 .451E+03
.695E+03 .695E+03 .674E+03 .512E+03 .349E+03 .329E+03 .329E+03
.573E+03 .573E+03 .512E+03 .349E+03 .447E+02 .186E+03 .186E+03
.512E+03 .512E+03 .451E+03 .329E+03 .186E+03 .186E+03 .186E+03
.512E+03 .512E+03 .451E+03 .329E+03 .186E+03 .186E+03 .186E+03

FRONT

Pressure Distribution (psi) in Layer 2:

BACK
.837E+03 .837E+03 .837E+03 .695E+03 .573E+03 .512E+03 .512E+03
.837E+03 .837E+03 .837E+03 .695E+03 .573E+03 .512E+03 .512E+03
.837E+03 .837E+03 .979E+03 .674E+03 .512E+03 .451E+03 .451E+03
.695E+03 .695E+03 .674E+03 .512E+03 .349E+03 .329E+03 .329E+03
.573E+03 .573E+03 .512E+03 .349E+03 .447E+02 .186E+03 .186E+03
.512E+03 .512E+03 .451E+03 .329E+03 .186E+03 .186E+03 .186E+03
.512E+03 .512E+03 .451E+03 .329E+03 .186E+03 .186E+03 .186E+03

FRONT
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C>type welll.sim

WELL #1: Dt Time Pressure Flow Rate
Step No. (Hour) (Hour) (Psi) (Cu Ft/Hr)
0 .500E-02 .000E+00 .100E+04 -.502E+03
1 .500E-02 .500E-02 .100E+04 .000E+00
100 .500E-02 .500E+00 .996E+03 .000E+00
200 .500E-02 .100E+01 .991E+03 .000E+00
300 .500E-02 .150E+01 .987E+03 .000E+00
400 .500E-02 .200E+01 .983E+03 .000E+00
499 .500E-02 .250E+01 .979E+03 .000E+00 (i.e., pressure decreases)

C>type well2.sim
WELL #2: Dt Time Pressure Flow Rate

Step No. (Hour) (Hour) (Psi) (Cu Ft/Hr)
0 .500E-02 .000E+00 .185E+02 .500E+02
1 .500E-02 .500E-02 .185E+02 .000E+00
100 .500E-02 .500E+00 .238E+02 .000E+00
200 .500E-02 .100E+01 .291E+02 .000E+00
300 .500E-02 .150E+01 .344E+02 .000E+00
400 .500E-02 .200E+01 .396E+02 .000E+00
499 .500E-02 .250E+01 .447E+02 .000E+00 (i.e., pressure increases)

Example 2-4. Simulating-while-drilling horizontal gas
wells through a dome-shaped reservoir.

In this example, a general anisotropic matrix rock hosting a nonlinear gas
flow is modeled. In particular, the transient effects of newly drilled horizontal
drainholes and deviated wells just brought on stream are studied. This example
shows how dome shapes can be modeled using rectangular grids. Also, well
constraints will be changed while simulating, and computational stability is
demonstrated.

The ability to simulate while drilling implies improved formation
evaluation (e.g., permeabilities can be better matched using annular pressure
while drilling data). The GEO geology files are not listed for brevity; the
heterogeneities can, however, be inferred from the six LAYER*.DRL 10 x 10
text files below, which also contain well placement information. Only Well 1 is
present initially, but this is joined by a second well system that is later drilled
while simulating.

Our grid block sizes Ax, Ay and Az are 100, 200, and 300 ft. The
properties for the first four rock types listed are isotropic. Rock type + has a
permeability of 100 md and a porosity of 20%; type * is 200 md and 30%
porous; type #is 300 md and 25% porous, while type ! is 100 md and 20%
porous. Next allow the $§ pay sand to be complicated; it is anisotropic, with
permeabilities of 700 md, 800 md, and 900 md in the x, y, and z directions, with
a porosity of 25%.
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C>type layerl.drl C>type layer2.drl C>type layer3.drl

+ 4+ + + + + o+ + + + o+ + + + + + + o+ + 4+ + + + + + + + +
+ 4+ + + + + o+ + + + o+ + + + + + + o+ + 4+ + + + + + + + +
o+ o+ o+ o+ o+ o+ o+ T + + + HHHH o+ o+
+ + + 1+ 4+ + 4+ + + + + + 1 * * * 4 4 4 + + + 1 # # # # + +
+ o+ + + o+ o+ + o+ o+ + o+ o+ o+ xR k44 + + + + # #HHH +
+ o+ + + + o+ o+ o+ + o+ + o+ + + A+ o+ o+ + o+ + + + + + #HHHH
+ o+ + + o+ o+ + + o+ o+ o+ + o+ o+ o+ o+ o+ + o+ + + + o+ o+ o+
+ o+ + + + o+ o+ + + o+ + + + o+ o+ o+ o+ + 4+ + + + o+ o+ o+
+ o+ + + + o+ o+ + + o+ + + + o+ o+ o+ o+ + 4+ + + + o+ o+ o+
+ o+ + + + o+ o+ + + o+ + + + o+ o+ o+ o+ + 4+ + + + o+ o+ o+

=
=
[o}
)

=

C>type layer4.dr C>type layer5.dr C>type layer6.

+

+ o+ o+ o+ o+ o+ o+
+ o+ W+ +
+ o+ o+ o+ Y+ o+
+ 4+ o+ RO+ +
+ o+ o+ o+ Y+ o+
+ o+ o+ Y+ +
+ o+ o+ U+ +
+ o+ o+ W+ o+ o+
+ o+ Y+ o+ o+ o+
+ o+ o+ o+ o+ o+ o+
+ o+ o+ +
+ 4+ U+ o+ o+
++ + + + 0O+

++ + RO+ +
++ + VD + +
+ + + VD + +
+ + + D+ +
+ + + WY+ + o+
+ + + LY+ + o+ o+
+ 4+ + U+ o+ o+ o+
+ o+ o+ o+
+ o+ o+ o+ W+ + o+
+ o+ + U+ o+
+ o+ o+ - -+ +
+ o+ o+ - -+ +
+ b W — — A+ +
+ o+ o+ - -+ +
+ o+ -+ + o+
+ 4+ Y+ o+ o+
+ o+ W+ o+ o+ o+

Now assume that Well 1 is pressure constrained at 500 psi, that the six
sides of the computational box are solid no-flow walls, and that the simulator is
run in a purely transient compressible flow mode for an isothermal gas. The gas
has a viscosity of 1 cp, a surface density of 0.003 Ibf sec?/ft4 at 14.7 psi, and a
gas exponent of m = 1. Let us initialize our reservoir to 10,000 psi to provide a
significant shock to the system, and let us study the initial history obtained at
Well 1, as extracted from WELL1.SIM. Recall that Well 1 is initially pressure
constrained at 500 psi. Note how the flow rate correctly decreases with time and
how the cumulative volume increases in time. The computed rate behavior
shows no unrealistic oscillations in time.

WELL #1: Dt Time Pressure Flow Rate Cum Vol
Step No. (Hour) (Hour) (Psi) (Cu Ft/Hr) (Cu Ft)
1 .500E-02 .500E-02 .500E+03 .254E+10 .127E+08
2 .500E-02 .100E-01 .500E+03 .254E+10 .254E+08
3 .500E-02 .150E-01 .500E+03 .253E+10 .380E+08
4 .500E-02 .200E-01 .500E+03 .252E+10 .507E+08
5 .500E-02 .250E-01 .500E+03 .252E+10 .632E+08
6 .500E-02 .300E-01 .500E+03 .251E+10 .758E+08
7 .500E-02 .350E-01 .500E+03 .250E+10 .883E+08
8 .500E-02 .400E-01 .500E+03 .250E+10 .101E+09
9 .500E-02 .450E-01 .500E+03 .249E+10 .113E+09
10 .500E-02 .500E-01 .500E+03 .249E+10 .126E+09
11 .500E-02 .550E-01 .500E+03 .248E+10 .138E+09
12 .500E-02 .600E-01 .500E+03 .247E+10 .150E+09
13 .500E-02 .650E-01 .500E+03 .247E+10 .163E+09
14 .500E-02 .700E-01 .500E+03 .246E+10 .175E+09
15 .500E-02 .750E-01 .500E+03 .246E+10 .187E+09
16 .500E-02 .800E-01 .500E+03 .245E+10 .200E+09
17 .500E-02 .850E-01 .500E+03 .245E+10 .212E+09
18 .500E-02 .900E-01 .500E+03 .244E+10 .224E+09

19 .500E-02 .950E-01 .500E+03 .243E+10 .236E+09
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Next assume that we are dissatisfied with the flow rates. We refer back to
the LAYER*.DRL pictures, and we decide to drill a horizontal drainhole
starting from Layer 4 in Well 1, which cuts a four grid block path through the $
pay zone. Nine blocks define the revised path for Well 1. The simulator
provides the existing coordinates of well block centers. In what follows, we also
re-constrain the well at a new 55 psi, shaking it up to test numerical stability!

Existing Well No. 1 defined by following blocks:

Block No. 1: i= 4, j= 4, Layer=1l
Block No. 2: 1i= 4, j= 4, Layer=2
Block No. 3: i= 4, j= 4, Layer=3
Block No. 4: 1i= 4, j= 4, Layer=4
Block No. 5: i= 4, j= 4, Layer=5

Number of active gridblocks defining modified well: 9
Enter blocks in any order, they need not be contiguous -

O Block 1, New x(i) position index, 1i 4
O Block 1, New y(j) position index, j 4
O Block 1, New z (k) position, Layer # 1
O Block 2, New x(i) position index, 1i 4
O Block 2, New y(j) position index, j 4
O Block 2, New z (k) position, Layer #: 2
O Block 3, New x(i) position index, 1 4
O Block 3, New y(j) position index, j 4
O Block 3, New z (k) position, Layer #: 3
O Block 4, New x (i) position index, i 4
O Block 4, New y(j) position index, j 4
O Block 4, New z (k) position, Layer #: 4
O Block 5, New x(i) position index, 1 4
O Block 5, New y(j) position index, j 4
O Block 5, New z (k) position, Layer #: 5
O Block 6, New x(i) position index, 1 5
O Block 6, New y(j) position index, jJ 4
O Block 6, New z(k) position, Layer #: 4
O Block 7, New x (i) position index, 1 6
O Block 7, New y(j) position index, j: 4
O Block 7, New z (k) position, Layer #: 4
O Block 8, New x (i) position index, 1 7
O Block 8, New y(j) position index, j 4
O Block 8, New z (k) position, Layer #: 4
O Block 9, New x(i) position index, i 8
O Block 9, New y(j) position index, j 4
O Block 9, New z (k) position, Layer # 4

Modify TX, TY or TZ in present Well 1? Y/N: n
New well constraint, pressure or rate? P/R: p
New pressure (psi): 55

Incidentally, to ensure that existing and new well paths do not cross each
other, collision sensing background logic was added to the prototype simulator
in order to enhance the drilling-while-simulating option. Let us review the
results in the WELLI.SIM history file for time steps 20—39. For reference, all
of the computed Well 1 results starting from Step 1 are listed. At Step 20, the
flow rate definitely increases but not as much as we had desired. However, the
rate decline is not as severe as that due to the original vertical well alone.
Again, the computations are completed stably.
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WELL #1: Dt Time Pressure Flow Rate Cum Vol
Step No. (Hour) (Hour) (Psi) (Cu Ft/Hr) (Cu Ft)
1 .500E-02 .500E-02 .500E+03 .254E+10 .127E+08
2 .500E-02 .100E-01 .500E+03 .254E+10 .254E+08
3 .500E-02 .150E-01 .500E+03 .253E+10 .380E+08
4 .500E-02 .200E-01 .500E+03 .252E+10 .507E+08
5 .500E-02 .250E-01 .500E+03 .252E+10 .632E+08
6 .500E-02 .300E-01 .500E+03 .251E+10 .758E+08
7 .500E-02 .350E-01 .500E+03 .250E+10 .883E+08
8 .500E-02 .400E-01 .500E+03 .250E+10 .101E+09
9 .500E-02 .450E-01 .500E+03 .249E+10 .113E+09
10 .500E-02 .500E-01 .500E+03 .249E+10 .126E+09
11 .500E-02 .550E-01 .500E+03 .248E+10 .138E+09
12 .500E-02 .600E-01 .500E+03 .247E+10 .150E+09
13 .500E-02 .650E-01 .500E+03 .247E+10 .163E+09
14 .500E-02 .700E-01 .500E+03 .246E+10 .175E+09
15 .500E-02 .750E-01 .500E+03 .246E+10 .187E+09
16 .500E-02 .800E-01 .500E+03 .245E+10 .200E+09
17 .500E-02 .850E-01 .500E+03 .245E+10 .212E+09
18 .500E-02 .900E-01 .500E+03 .244E+10 .224E+09
19 .500E-02 .950E-01 .500E+03 .243E+10 .236E+09

Drainhole drilled ...

20 .500E-02 .100E+00 .550E+02 .269E+10 .250E+09
21 .500E-02 .105E+00 .550E+02 .268E+10 .263E+09
22 .500E-02 .110E+00 .550E+02 .268E+10 .277E+09
23 .500E-02 .115E+00 .550E+02 .267E+10 .290E+09
24 .500E-02 .120E+00 .550E+02 .267E+10 .303E+09
25 .500E-02 .125E+00 .550E+02 .266E+10 .317E+09
26 .500E-02 .130E+00 .550E+02 .266E+10 .330E+09
27 .500E-02 .135E+00 .550E+02 .265E+10 .343E+09
28 .500E-02 .140E+00 .550E+02 .265E+10 .356E+09
29 .500E-02 .145E+00 .550E+02 .264E+10 .370E+09
30 .500E-02 .150E+00 .550E+02 .264E+10 .383E+09
31 .500E-02 .155E+00 .550E+02 .263E+10 .396E+09
32 .500E-02 .160E+00 .550E+02 .263E+10 .409E+09
33 .500E-02 .165E+00 .550E+02 .262E+10 .422E+09
34 .500E-02 .170E+00 .550E+02 .262E+10 .435E+09
35 .500E-02 .175E+00 .550E+02 .261E+10 .448E+09
36 .500E-02 .180E+00 .550E+02 .261E+10 .461E+09
37 .500E-02 .185E+00 .550E+02 .260E+10 .474E+09
38 .500E-02 .190E+00 .550E+02 .260E+10 .487E+09
39 .500E-02 .195E+00 .550E+02 .260E+10 .500E+09

Now let us leave Well 1 alone and drill a completely new well (Well 2) during
simulation. Observe from the following keyboard coordinate entries that the
new well is highly deviated.

Continue transient flow simulation modeling? Y/N: vy
Well #1, @ Step # 39, Time .195E+00 hrs,
is “pressure constrained” at .550E+02 psi.
Well status or geometry, Change or Unchanged? C/U: u
Drill any (more) new wells and well clusters? Y/N: y

The simulator informs you that you have brought a new well on stream and that
the number of wells has increased to two. This drill new wells option always
appears in the runtime menu so long as the total number of well clusters is less
than the maximum allowable of nine. At this point, you will have separately
determined that six blocks, say, are required to define the deviated well needed
to penetrate the § pay zone. Incidentally, the maximum number of grid blocks
supported by the prototype PC simulator is 20 x 20 x 9, or approximately 4,000.
The number of well clusters supported is 9, with a maximum number of 200
blocks defining each cluster. The total number of character based lithologies
supported is 31. These numbers are easily increased by re-dimensioning.
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A new well has just been brought on stream
Total well number has increased to 2.

Number of active cell blocks defining new well: 6
O Block 1, New x(i) position index, 1 4
O Block 1, New y(j) position index, j 7
O Block 1, New z (k) position, Layer # 1
O Block 2, New x(i) position index, 1 4
O Block 2, New y(j) position index, j 7
O Block 2, New z (k) position, Layer # 2
O Block 3, New x(i) position index, 1 5
O Block 3, New y(j) position index, j 7
O Block 3, New z (k) position, Layer # 3
O Block 4, New x (i) position index, i 6
O Block 4, New y(j) position index, j 7
O Block 4, New z (k) position, Layer # 4
O Block 5, New x(i) position index, 1 7
O Block 5, New y(j) position index, jJ 7
O Block 5, New z (k) position, Layer # 5
O Block 6, New x(i) position index, 1 8
O Block 6, New y(j) position index, j 7
O Block 6, New z (k) position, Layer # 6

New well constraint, pressure or rate? P/R: p
New pressure (psi): 1000

There are presently two wells: Well 1, which originated from the start at Step 1,
and Well 2, which was brought on stream at Step 40. The WELLI.SIM and

WELL?2.SIM files reflect this fact. And both wells, pressure constrained as they
are in Steps 40-59, show the physically expected decline in flow rate with time.

WELL #1: Dt Time Pressure Flow Rate Cum Vol
Step No. (Hour) (Hour) (Psi) (Cu Ft/Hr) (Cu Ft)
1 .500E-02 .500E-02 .500E+03 .254E+10 .127E+08
2 .500E-02 .100E-01 .500E+03 .254E+10 .254E+08
3 .500E-02 .150E-01 .500E+03 .253E+10 .380E+08
37 .500E-02 .185E+00 .550E+02 .260E+10 .474E+09
38 .500E-02 .190E+00 .550E+02 .260E+10 .487E+09
39 .500E-02 .195E+00 .550E+02 .260E+10 .500E+09
40 .500E-02 .200E+00 .550E+02 .259E+10 .513E+09
41 .500E-02 .205E+00 .550E+02 .259E+10 .526E+09
42 .500E-02 .210E+00 .550E+02 .258E+10 .539E+09
43 .500E-02 .215E+00 .550E+02 .258E+10 .552E+09
44 .500E-02 .220E+00 .550E+02 .257E+10 .565E+09
45 .500E-02 .225E+00 .550E+02 .257E+10 .578E+09
46 .500E-02 .230E+00 .550E+02 .256E+10 .591E+09
47 .500E-02 .235E+00 .550E+02 .256E+10 .603E+09
48 .500E-02 .240E+00 .550E+02 .256E+10 .616E+09
49 .500E-02 .245E+00 .550E+02 .255E+10 .629E+09
50 .500E-02 .250E+00 .550E+02 .255E+10 .642E+09
51 .500E-02 .255E+00 .550E+02 .254E+10 .654E+09
52 .500E-02 .260E+00 .550E+02 .254E+10 .667E+09
53 .500E-02 .265E+00 .550E+02 .254E+10 .680E+09
54 .500E-02 .270E+00 .550E+02 .253E+10 .692E+09
55 .500E-02 .275E+00 .550E+02 .253E+10 .705E+09
56 .500E-02 .280E+00 .550E+02 .252E+10 .718E+09
57 .500E-02 .285E+00 .550E+02 .252E+10 .730E+09
58 .500E-02 .290E+00 .550E+02 .251E+10 .743E+09

59 .500E-02 .295E+00 .550E+02 .251E+10 .755E+09



WELL #2:

Dt
(Hour)

.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02

Time
(Hour)

.200E+00
.205E+00
.210E+00
.215E+00
.220E+00
.225E+00
.230E+00
.235E+00
.240E+00
.245E+00
.250E+00
.255E+00
.260E+00
.265E+00
.270E+00
.275E+00
.280E+00
.285E+00
.290E+00
.295E+00
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Pressure
(Psi)
.100E+04
.100E+04
.100E+04
.100E+04
.100E+04
.100E+04
.100E+04
.100E+04
.100E+04
.100E+04
.100E+04
.100E+04
.100E+04
.100E+04
.100E+04
.100E+04
.100E+04
.100E+04
.100E+04
.100E+04

Flow Rate
(Cu Ft/Hr)
.000E+00
.283E+10
.283E+10
.282E+10
.281E+10
.281E+10
.280E+10
.279E+10
.279E+10
.278E+10
.277E+10
.277E+10
.276E+10
.276E+10
.275E+10
.274E+10
.274E+10
.273E+10
.273E+10
.272E+10

Cum Vol
(Cu Ft)

.000E+00
.142E+08
.283E+08
.424E+08
.565E+08
.705E+08
.845E+08
.985E+08
.112E+09
.126E+09
.140E+09
.154E+09
.168E+09
.182E+09
.195E+09
.209E+09
.223E+09
.236E+09
.250E+09
.264E+09
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Finally, let us numerically shock our transient compressible simulation
once again, this time shutting in production interactively at both wells for time
steps 60-79. From our WELL1.SIM and WELL2.SIM pressure files, we find
that during Steps 60-79, we have in each case a rapid pressure buildup initially

followed by a more gradual rise.

WELL #1:
Step No.

continued ...

Dt
(Hour)

.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02

Dt
(Hour)

.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02
.500E-02

Time
(Hour)

.285E+00
.290E+00
.295E+00
.300E+00
.305E+00
.310E+00
.315E+00
.320E+00
.325E+00
.330E+00
.335E+00
.340E+00
.345E+00
.350E+00
.355E+00
.360E+00
.365E+00
.370E+00
.375E+00
.380E+00
.385E+00
.390E+00
.395E+00

Time
(Hour)

.285E+00
.290E+00
.295E+00
.300E+00
.305E+00
.310E+00
.315E+00

Pressure
(Psi)

.550E+02
.550E+02
.550E+02
.722E+04
.861E+04
.913E+04
.934E+04
.943E+04
.946E+04
.948E+04
.949E+04
.949E+04
.950E+04
.950E+04
.950E+04
.950E+04
.951E+04
.951E+04
.951E+04
.951E+04
.951E+04
.952E+04
.952E+04

Pressure
(Psi)

.100E+04
.100E+04
.100E+04
.973E+04
.977E+04
.977E+04
.978E+04

Flow Rate
(Cu Ft/Hr)

.252E+10
.251E+10
.251E+10
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00

Flow Rate
(Cu Ft/Hr)

.273E+10
.273E+10
.272E+10
.000E+00
.000E+00
.000E+00
.000E+00

Cum Vol
(Cu Ft)

.730E+09
.743E+09
.755E+09
.755E+09
.755E+09
.755E+09
.755E+09
.755E+09
.755E+09
.755E+09
.755E+09
.755E+09
.755E+09
.755E+09
.755E+09
.755E+09
.755E+09
.755E+09
.755E+09
.755E+09
.755E+09
.755E+09
.755E+09

Cum Vol
(Cu Ft)

.236E+09
.250E+09
.264E+09
.264E+09
.264E+09
.264E+09
.264E+09
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64 .500E-02 .320E+00 .978E+04 .000E+00 .264E+09
65 .500E-02 .325E+00 .978E+04 .000E+00 .264E+09
66 .500E-02 .330E+00 .978E+04 .000E+00 .264E+09
67 .500E-02 .335E+00 .978E+04 .000E+00 .264E+09
68 .500E-02 .340E+00 .978E+04 .000E+00 .264E+09
69 .500E-02 .345E+00 .978E+04 .000E+00 .264E+09
70 .500E-02 .350E+00 .978E+04 .000E+00 .264E+09
71 .500E-02 .355E+00 .979E+04 .000E+00 .264E+09
72 .500E-02 .360E+00 .979E+04 .000E+00 .264E+09
73 .500E-02 .365E+00 .979E+04 .000E+00 .264E+09
74 .500E-02 .370E+00 .979E+04 .000E+00 .264E+09
75 .500E-02 .375E+00 .979E+04 .000E+00 .264E+09
76 .500E-02 .380E+00 .979E+04 .000E+00 .264E+09
77 .500E-02 .385E+00 .979E+04 .000E+00 .264E+09
78 .500E-02 .390E+00 .979E+04 .000E+00 .264E+09
79 .500E-02 .395E+00 .979E+04 .000E+00 .264E+09

This completes our simulating-while-drilling example. Although we have
used time steps of 0.005 hr, the algorithm will simulate very stably with step
sizes on the order of hours and days. The key emphasis is the robustness of the
scheme when the reservoir is subjected to actual operational changes. The
simulation was designed to show how general heterogeneities and well
configurations can be modeled with minimal effort. And operational changes
can be implemented and studied in real time during interactive simulation,
without requiring extremely small time steps for stability. Such simulations are
also ideal for real-world history matching applications. Time step sizes and the
number of integration cycles between runtime menu displays can be altered in
accordance with operational changes, allowing users to replicate oilfield
operations easily and perform what if production tests efficiently.

Example 2-5. Modeling wellbore storage effects
and compressible borehole flow transients.

Consider a two-layer homogeneous reservoir with a centered vertical well,
that is, the simple 11 x 11 x 2 system in LAYER1.DRL. The computational box
is surrounded by aquifers on all four sides and held at 1,000 psi, while the tops
and bottoms are solid no-flow walls. The reservoir is initially pressurized at
1,000 psi, and the well is flow rate constrained at 1,000 cu ft/hr once production
begins. Wellbore storage effects, specifically the consequences of varying F
from 0.0 ft5/Ibf (for zero storage) through a range of values, are desired.

C>type layerl.drl (layer2.drl is identical)

+ 4+ + 4+ + 4+ + + + + +
+ 4+ + 4+ + 4+ + + + + +
R T S S
R T S S
R T S
+ + + + + 1+ 4+ + + +
R T S S
R T S S
L T T O
L T T O
L T T O
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INPUT LITHOLOGY AND FORMATION PROPERTIES:

O Enter option, rectangular or stratigraphic grids? R/S: r
O Enter number of reservoir layers (# 1-9): 2
2 layer(s) taken in the "Z" direction.

11 grid blocks counted in "X" direction.
11 grid blocks counted in "Y" direction.

O Enter grid length DX in X direction (ft): 100
O Enter grid length DY in Y direction (ft): 100
O Enter "thickness" DZ in Z direction (ft): 100

Reading geological files from disk, please wait
Lithology definition begins:
Is rock type + isotropic? Y/N: y

Isotropic permeability (md) of lithology + is: 100

Porosities are used in "steady state" flows to solve
front positions only, and are not needed for pressure
calculations. In compressible flow, particularly in

well test and primary recovery, porosities are needed
for both pressure and front computations.

Nonzero porosity (decimal) of lithology + is: .20

Rock compressibility forms part of the input: the net compressibility of the
fluid and rock system, not that of the fluid alone, affects transients. This is
critical if significant variations of rock having different compressibilities exist.
If these are available during analysis, the opportunity to weight both values by
porosity-averaging is available, and an effective compressibility of ceir = $p(X,y,X)
Cttuid T (1-9) Crock 18 Used, with cqyg and ¢ denoting fluid and rock values, and
0(x,y,z) being the porosity. (At this writing, this option is available only for
liquids.) Thus, a 99% porous medium would be dominated by liquid effects,
while a 1% porous medium would have its flow dominated by rock effects.

Rock compressibility is required if averaging of rock
and liquid values is applied in transient simulation;

if not, enter dummy values (e.g., "1").

Rock compressibility (/psi) of lithology + is: .000008
Number of lithologies identified in reservoir: 1
Lithotype + Formation Properties:
kx = .1000E+03 md, ky = .1000E+03 md, kz = .1000E+03 md,
porosity = .2000E+00, compressibility = .8000E-05 / psi.
Copying files to disk, please wait
Total volume of "computational box" is .242E+09 cu ft,
total pore space volume is .484E+08 cu ft.

Several simulations designed to illustrate differences between production
and injection wells, and wells with and without wellbore storage, are given. The
captured screens shown next are self-explanatory.

Run 1. Production well, no wellbore storage effects.

Reading geological/drilling records, please wait -
One cluster of wells was identified in your reservoir.

Well constraint conventions: (1) Pressure levels
must be positive ( >0). (2) Flow rate constraints
assume "-" for injectors, and "+" for producers;
for gases, enter rates corresponding to "standard
surface conditions" (i.e., @ 14.7 psi, 60 deg F).
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Additional properties will be required at runtime.
Units available, (1) CuFt/Hr, (2) CufFt/D, (3) B/D.

Enter option (1, 2 or 3): 1

Is "Well No. 1" pressure or rate constrained? P/R: r
O Enter total cluster volume flow rate: 1000

SIMULATION SETUP, PHYSICAL FLUID MODELING, FARFIELD
AND WELLBORE RUN/TIME BOUNDARY CONDITION DEFINITION:

Reading drilling records, please wait
PRESENT RESERVOIR STATUS:

Reservoir grid parameters:
To continue, type <Returns:

Imax = 11, Dx = .1000E+03 ft, Imax *Dx = .1100E+04 ft.
Jmax = 11, Dy = .1000E+03 ft, Jmax *Dy = .1100E+04 ft.
Layers = 2, Dz = .1000E+03 ft, Layers*Dz = .2000E+03 ft.

Number of initial well clusters identified: 1

To continue, type <Return>: <Return>
Reading transmissibility files, please wait

You may modify TX, TY and TZ transmissibilities for simulation
purposes WITHOUT altering values on disk .... Modify? Y/N: n

Combining geological/drilling information, please wait
Well block transmissibility summary (£ft*3):

To continue, type <Return>: <Return>
Well 1, defined by 2 grid blocks, is
flow rate constrained at .1000E+04 cu ft/hr,

that is, .427E+04 b/d, or .240E+05 cu ft/day.
Block 1: (I= 6, J= 6, Layer 1), Tx = .108E-09, Ty = .108E-09,
Block 2: (I= 6, J= 6, Layer 2), Tx = .108E-09, Ty = .108E-09,

INPUT FARFIELD BOUNDARY CONDITION SETUP:

Z (k)
|
| 4=1 Jmax (11)
i=1 |
Fom e + - Y(3)
/| P
Left / | Back | \  Right
/ I | \
/ et + \
Imax (11) R / Top, Layer 1 \------- +
/o 1
/ ! Front !
/ X(1) | |
+----- - Bottom, Layer 2 ------ +
COORDINATE SYSTEM
O FRONT ... is aquifer or no flow wall? A/W: a
O Pressure at FRONT face (psi): 1000
O BACK .... is aquifer or no flow wall? A/W: a
O Pressure at BACK face (psi) : 1000
O LEFT .... is aquifer or no flow wall? A/W: a
O Pressure at LEFT face (psi): 1000
O RIGHT ... is aquifer or no flow wall? A/W: a
O Pressure at RIGHT face (psi): 1000
O TOP ..... is aquifer or no flow wall? A/W: w
O BOTTOM .. is aquifer or no flow wall? A/W: w

Tz
Tz

.108E-09
.108E-09
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PHYSICAL FLUID MODEL SETUP:

O Fluid viscosity of water and air at room temperature
and pressure are 1 cp and 0.018 cp, respectively ...

O Fluid viscosity (centipoise): 1

Is reservoir fluid a liquid or a gas? L/G: L

Analyze steady or transient compressible flow? S/T: t
TRANSIENT COMPRESSIBLE FLOW SIMULATION MODE SELECTED.
Transient compressible flow calculation beginning

Initialize solution to (A) constant pressure everywhere
or (B) variable pressure field stored in file? A/B: a

O Enter initial uniform pressure (psi): 1000
WELL TEST INPUT PARAMETER SETUP:
Reading porosity array, please wait
O Typical compressibilities: oil @ 0.00001/psi,

water @ 0.000003/psi, gas @ 0.0005/psi, etc.
O Liquid compressibility (1/psi): .000003

The following command allows porosity-averaged rock-fluid

compressibility, per the above discussion (again, this option is available for
liquid flows only),
Porosity-average this liquid compressibility with
matrix compressibilities entered previously? Y/N: n

Time scale estimate? Y/N: n
O Initial time step (hours): .1
O Maximum number of steps: 1000

Invoke "small deformation" compaction model? Y/N:

Continue transient flow simulation modeling? Y/N: y
Well #1, @ Step # 0, Time .000E+00 hrs,
is "rate constrained" at .100E+04 cu ft/hr.
Well status or geometry, Change or Unchanged? C/U: u
Drill any (more) new wells and well clusters? Y/N: n
Time step now .100E+00 hr, Change/Unchanged? C/U: u

Note from the following query that the simulator’s default mode assumes
zero wellbore storage. However, you may change the value of the capacity
factor F periodically during the transient run and also choose F to be different
for different wells. At iteration intervals you define, you are informed of all
current F's and are permitted to alter them as drilling or production conditions
change.

Well Cluster 1:
Well storage capacity, now .000E+00 ft*5/1bf, C/U: u

Time steps between pressure plots, now 10, C/U: ¢
...................... Enter new time step number: 200
Time steps between well status changes, 10, C/U: ¢
...................... Enter new time step number: 200

Calculating at time step 1, please wait
Calculating at time step 2, please wait
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On completion, the WELL#SIM files created during simulation are stored
and available for plotting. These files contain pressure and flow rate history at
each single well or multilateral well cluster, for example,

C>type welll.sim

WELL #1: Dt Time Pressure Flow Rate Cum Vol
Step No. (Hour) (Hour) (Psi) (Cu Ft/Hr) (Cu Ft)
1 .100E+00 .100E+00 .969E+03 .100E+04 .100E+03

2 .100E+00 .200E+00 .954E+03 .100E+04 .200E+03

3 .100E+00 .300E+00 .946E+03 .100E+04 .300E+03

4 .100E+00 .400E+00 .940E+03 .100E+04 .400E+03

5 .100E+00 .500E+00 .936E+03 .100E+04 .500E+03

6 .100E+00 .600E+00 .932E+03 .100E+04 .600E+03

7 .100E+00 .700E+00 .929E+03 .100E+04 .700E+03

8 .100E+00 .800E+00 .927E+03 .100E+04 .800E+03

9 .100E+00 .900E+00 .925E+03 .100E+04 .900E+03

10 .100E+00 .100E+01 .923E+03 .100E+04 .100E+04

199 .100E+00 .199E+02 .902E+03 .100E+04 .199E+05

Run 2. Production well, with some wellbore storage effects.

Observe from the preceding table that the well pressure decreases from 969
psi to 902 psi after 200 time steps. In Run 1, we assumed that F was identically
zero, with 0.0 ft5/Ibf. Now we repeat our calculations with a slightly different
capacity, assuming that F = 0.00000001 ft5/Ibf. All other parameters are
identical to Run 1 for comparison. The effect of a nonzero (positive) capacity
allows borehole fluid to expand initially. In this problem, this expansion
supplies part of the produced flow, decreasing the production rate required at the
sandface. Hence, the pressure decrease should in time be less rapid than in Run
1 which, again, assumed zero storage. The final results, shown here, are
consistent with the physics, with a final pressure of 932 psi instead of 902 psi.

WELL #1: Dt Time Pressure Flow Rate Cum Vol
Step No. (Hour) (Hour) (Psi) (Cu Ft/Hr) (Cu Ft)
1 .100E+00 .100E+00 .969E+03 .100E+04 .100E+03

2 .100E+00 .200E+00 .969E+03 .100E+04 .200E+03

3 .100E+00 .300E+00 .968E+03 .100E+04 .300E+03

4 .100E+00 .400E+00 .968E+03 .100E+04 .400E+03

5 .100E+00 .500E+00 .968E+03 .100E+04 .500E+03

6 .100E+00 .600E+00 .968E+03 .100E+04 .600E+03

7 .100E+00 .700E+00 .967E+03 .100E+04 .700E+03

8 .100E+00 .800E+00 .967E+03 .100E+04 .800E+03

9 .100E+00 .900E+00 .967E+03 .100E+04 .900E+03

10 .100E+00 .100E+01 .967E+03 .100E+04 .100E+04

20 .100E+00 .200E+01 .964E+03 .100E+04 .200E+04

30 .100E+00 .300E+01 .962E+03 .100E+04 .300E+04

40 .100E+00 .400E+01 .960E+03 .100E+04 .400E+04

50 .100E+00 .500E+01 .957E+03 .100E+04 .500E+04

100 .100E+00 .100E+02 .947E+03 .100E+04 .100E+05

199 .100E+00 .199E+02 .932E+03 .100E+04 .199E+05
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Run 3. Production well, with more wellbore storage effects.

In this run, we increase the F assumed in Run 2 one-hundred-fold to

0.000001 ft5/Ibf. This represents a case where almost all of the surface
production is assumed by borehole fluid expansion; it simulates underbalanced
drilling when substantial gas is released from solution into the wellbore column.
This simulation was designed to test the stability limits and physical correctness
of the scheme. The results of this simulation lead to a very nonproductive
reservoir as expected. For example, the following plot,

Pressure (psi) versus time:

Hours 0
.10 .9690E+03 | *
.20 .9690E+03 | *
.30 .9690E+03 | *
.40 .9690E+03 | *
.50 .9690E+03 | *
.60 .9690E+03 | *
.70 .9690E+03 | *
.80 .9690E+03 | *
.90 .9690E+03 | *
1.00 .9690E+03 | *
19.00 .9680E+03 | *
19.90 .9680E+03 | *

reveals a constant level of sandface pressure is consistent with the fact that the
reservoir contributes very little to production.

Run 4. Injector well, without wellbore storage effects.

We repeat Run 1 (without wellbore storage effects) but allow Well 1 to be
flow rate constrained at -1,000 cu ft/hr, that is, assume a sign change. Thus,
Well 1 is converted from a producer to an injector. The edited WELLI1.SIM file
that follows displays the physically expected increase in pressure with time.

WELL #1: Dt Time Pressure Flow Rate Cum Vol
Step No. (Hour) (Hour) (Psi) (Cu Ft/Hr) (Cu Ft)
1 .100E+00 .100E+00 .103E+04 -.100E+04 -.100E+03

2 .100E+00 .200E+00 .105E+04 -.100E+04 -.200E+03

3 .100E+00 .300E+00 .105E+04 -.100E+04 -.300E+03

4 .100E+00 .400E+00 .106E+04 -.100E+04 -.400E+03

100 .100E+00 .100E+02 .110E+04 -.100E+04 -.100E+05

199 .100E+00 .199E+02 .110E+04 -.100E+04 -.199E+05

Run 5. Injector well, with wellbore storage effects.

Here, we will repeat Run 4, except that we set F =0.00000001 ft5/1bf. The
effect of this nonzero (positive) storage is easily envisioned. At t = 0, the
injection will compress the fluid in the borehole first. Thus, the rate of timewise
pressure increase obtained at the sandface should fall below the levels calculated
in Run 4. To see that this is in fact the situation calculated, the reader should
examine the WELLI.SIM file shown here. Whereas in Run 4, the pressure at
200 time steps was 1,100 psi, the final value now is 1,070 psi.
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WELL #1: Dt Time Pressure Flow Rate Cum Vol
Step No. (Hour) (Hour) (Psi) (Cu Ft/Hr) (Cu Ft)
1 .100E+00 .100E+00 .103E+04 -.100E+04 -.100E+03

2 .100E+00 .200E+00 .103E+04 -.100E+04 -.200E+03

3 .100E+00 .300E+00 .103E+04 -.100E+04 -.300E+03

40 .100E+00 .400E+01 .104E+04 -.100E+04 -.400E+04

50 .100E+00 .500E+01 .104E+04 -.100E+04 -.500E+04

100 .100E+00 .100E+02 .105E+04 -.100E+04 -.100E+05

199 .100E+00 .199E+02 .107E+04 -.100E+04 -.199E+05

As with all simulator options, the storage algorithm was very stable. Also,
spatial results calculated at 200 steps, or 20 hours, show the correct horizontal,
vertical, and diagonal pressure symmetries about the centered well, highlighted
below in bold numerals between asterisks; the pressures in Layer 1 and Layer 2
are identical, as required physically. Such simple checks are really demanding,
since few algorithms claim stability without losing accuracy. We have studied a
vertical well; the storage option applies to the general heterogeneities, plus
arbitrary horizontal and multilateral wells.

Pressure Distribution (psi) in Layer 1:

BACK

.100E+04 .100E+04 .100E+04 .100E+04 .100E+04 .100E+04 .100E+04 .100E+04 .100E+04 .100E+04 .100E+04
.100E+04 .100E+04 .100E+04 .100E+04 .101E+04 .101E+04 .101E+04 .100E+04 .100E+04 .100E+04 .100E+04
.100E+04 .100E+04 .101E+04 .101E+04 .101E+04 .101E+04 .101E+04 .101E+04 .101E+04 .100E+04 .100E+04
.100E+04 .100E+04 .101E+04 .101E+04 .102E+04 .102E+04 .102E+04 .101E+04 .101E+04 .100E+04 .100E+04
.100E+04 .101E+04 .101E+04 .102E+04 .103E+04 .104E+04 .103E+04 .102E+04 .101E+04 .101E+04 .100E+04
.100E+04 .101E+04 .101E+04 .102E+04 .104E+04*.107E+04%.104E+04 .102E+04 .101E+04 .101E+04 .100E+04
.100E+04 .101E+04 .101E+04 .102E+04 .103E+04 .104E+04 .103E+04 .102E+04 .101E+04 .101E+04 .100E+04
.100E+04 .100E+04 .101E+04 .101E+04 .102E+04 .102E+04 .102E+04 .101E+04 .101E+04 .100E+04 .100E+04
.100E+04 .100E+04 .101E+04 .101E+04 .101E+04 .101E+04 .101E+04 .101E+04 .101E+04 .100E+04 .100E+04
.100E+04 .100E+04 .100E+04 .100E+04 .101E+04 .101E+04 .101E+04 .100E+04 .100E+04 .100E+04 .100E+04
.100E+04 .100E+04 .100E+04 .100E+04 .100E+04 .100E+04 .100E+04 .100E+04 .100E+04 .100E+04 .100E+04
FRONT

Pressure Distribution (psi) in Layer 2:

BACK

.100E+04 .100E+04 .100E+04 .100E+04 .100E+04 .100E+04 .100E+04 .100E+04 .100E+04 .100E+04 .100E+04
.100E+04 .100E+04 .100E+04 .100E+04 .101E+04 .101E+04 .101E+04 .100E+04 .100E+04 .100E+04 .100E+04
.100E+04 .100E+04 .101E+04 .101E+04 .101E+04 .101E+04 .101E+04 .101E+04 .101E+04 .100E+04 .100E+04
.100E+04 .100E+04 .101E+04 .101E+04 .102E+04 .102E+04 .102E+04 .101E+04 .101E+04 .100E+04 .100E+04
.100E+04 .101E+04 .101E+04 .102E+04 .103E+04 .104E+04 .103E+04 .102E+04 .101E+04 .101E+04 .100E+04
.100E+04 .101E+04 .101E+04 .102E+04 .104E+04*.107E+04%.104E+04 .102E+04 .101E+04 .101E+04 .100E+04
.100E+04 .101E+04 .101E+04 .102E+04 .103E+04 .104E+04 .103E+04 .102E+04 .101E+04 .101E+04 .100E+04
.100E+04 .100E+04 .101E+04 .101E+04 .102E+04 .102E+04 .102E+04 .101E+04 .101E+04 .100E+04 .100E+04
.100E+04 .100E+04 .101E+04 .101E+04 .101E+04 .101E+04 .101E+04 .101E+04 .101E+04 .100E+04 .100E+04
.100E+04 .100E+04 .100E+04 .100E+04 .101E+04 .101E+04 .101E+04 .100E+04 .100E+04 .100E+04 .100E+04
.100E+04 .100E+04 .100E+04 .100E+04 .100E+04 .100E+04 .100E+04 .100E+04 .100E+04 .100E+04 .100E+04
FRONT

Storage was modeled numerically because general multilateral well
topologies and their placement in heterogeneous formations preclude analytical
solution. For simpler problems in homogeneous media, closed-form solutions
can be given. For example, an exact solution is derived in Chapter 18 of Chin
(2002) for a nonzero radius ellipsoidal source, which includes storage,
anisotropy, and skin effects, in order to demonstrate classic Laplace transform
analysis methods. This model is used in formation tester pressure transient
interpretation. Finally, we note that deconvolution methods are available to
undo the effects of wellbore storage, so that the formation response itself is
available for analysis. These methods are strictly applicable to liquid flows
without rock compaction, since they employ Duhamel’s integral, a superposition
method restricted to linear systems. When gases are modeled, or when liquids
with compaction drives are considered, deconvolution methods cannot be used
and direct simulation is required.
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Simulation Capabilities -
User Interface with Basic Well

In Chapter 2, we developed the mathematical theory and numerical
algorithms required to model systems of vertical, deviated, horizontal and
multilateral wells in layered, anisotropic and heterogeneous media, for both
incompressible and compressible liquids and gases in steady and transient flow.
The high-order methods emphasized accuracy, computational stability and rapid
simulations. These items form the backbone of our simulator engine, whose
initial validations are explained in Chapter 2. However, to render our
methodology usable, additional requirements were to be met: graphical user
interfaces that were “friendly” to professionals, non-experts and novices,
minimal reliance on user manual based training, ability to operate on low to
middle-end personal computer hardware, and finally, seamless integration with
three-dimensional color graphics — these features supplement the convergence
and stability enhancments developed since the publication of Chin (2002). All of
these items, moreover, should be available to users at low or moderate cost. In
the present Chapter 3, we describe our user interface and present examples
demonstrating how results are simply and reliably obtained. More complicated
horizontal well and multilateral examples are offered in Chapter 4.

Example 3-1. Single vertical well, user interface
and menu structure for steady flow.

In this initial example, we consider the Darcy flow from a simple vertical
well and explore the user interface and menu structure used to study its dynamic
properties. Importantly, the same interface and menus apply to complicated
systems of vertical, horizontal and multilateral wells residing in layered,
heterogeneous and anisotropic media. The steady flow considered here is a
subset of our broader transient modeling capabilities and is also used to
highlight our graphical support facilities.

71
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Upon login, the sign-on screen (current as of May 2016) appearing in
Figure 3-1a is obtained. Although some menu items and display features will
change in the near future, the “Geology — Wells — Simulate” and “3DPlots —
History — Results” structure shown will likely remain in their present form.
Operating a reservoir flow simulator with all of the features and capabilities
cited earlier would normally require intensive training and reference to
numerous user manuals. We have removed these impediments by redesigning
the manner in which our menus appear — the only “user manual” required is the
write-up appearing in the present book. The redesign was not simply cosmetic —
because the author had worked as a Senior Staff Reservoir Engineer at British
Petroleum in the 1990s, the menu incorporates the work-flow that oil companies
adopt in setting up reservoir simulations.

[E] strataMagnetic Software Multisim - x|
Start Manual | Geology Wells Simulate 3DPlots History Results  About
Horizontals »» Qverview Iailities | Partnerships | Contact Uz | Clear Screen |

Create Reservoir 2

&dd Monuniformities, »

Rock Properties 2

Figure 3-1a. Sign-on simulator menu and user interface.

[E] strataMagnetic Software Multisim ' . x|
Start Manual Geology Wells Simulate 3DPlots History Results  About
Horizantals >> | LTWHAFER j|  Capabiities | Partrerships | ContactUs | Clear Sereen |

ultizim 30 supports rectangular and
nonuriform stratigraphic grids.  Present
windows interface agsumes uniform grids.
Create homogeneous rezervair first. Then
edit layer pictures to change lmax and Jmax,
or to add rock heterogeneities, if desired.

Murnber of lapers ———— Finally, define permeabilities and porosities
azzociated with lithology syrmbols. Once
’7 1 | 2| 3| 4| 5| B| ?| 8| Sl completed, proceed to Wells menu where
wellz are placed in the reservoir,

SeralNo. 426231455 Fun Mo, 38 Password: 142078473 Gol ﬂ

Figure 3-1b. First action item under “Geology.”

It is important to observe that high level work-flows proceed from left to
right in the top horizontal menu, and that within each horizontally displayed
item, lower level vertical task items are listed. For example, in Figure 3-1a,
“Geology” is accessed first since it is the prime driver behind any simulation.
Also notice that only “Number of Layers” is active while all other items beneath
it appear as inactive grayed selections. Once an active menu item is addressed,
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the next inactive item becomes active, thus prompting in a simple way the work-
flow required of the user without introducing user manual descriptions or
confusing instruction screens. When “Number of Layers” is selected, the screen
in Figure 3-1b appears, asking the user to click the number of reservoir layers
desired (layers will be geologically defined from “top” or “1” at the surface to
“bottom” at the lowest depth of the reservoir, a practice consistent with drilling
and production). In our promotional software version, a maximum of three
layers is allowed, with limited numbers of grid blocks permitted within each
layer — these restrictions are removed for fully authorized users, who may access
up to nine layers and 31 x 31 grids per layer. These numbers were viewed as the
maximum that could be efficiently defined by one working at his computer. For
illustrative purposes, we will select one layer by clicking “1.”

[(1 strataMagnetic Software Multisim

Start Manual | Geglogy Wells Simulate 3DPlots  History  Results  About
Harizontals >3 Olverview IJiIities | Partnerships | Contact s |

Mumber of Layers |

Create Reservoir 11x 11 (Small)

Add Monuniformities * 15x 15

Rock Properties 2 21 = 21 (Mediunm)
25 % 25

31 % 31 (Larae)

Figure 3-1c. Define reservoir grid density in horizontal areal plane.

Having defined the number of vertical layers, the next highlighted item
under “Geology” to appear is “Create Reservoir,” which asks the user to select
to number of grid blocks in the horizontal areal plane. Only square
computational domains are permitted, however, the physical reservoir itself may
be any shape; this is accomplished later, for instance, by setting permeabilities to
extremely low values at inactive grid blocks. In Figure 3-1c, we will select a

grid block density of 15 x 15. Once selected, the next vertical menu item that
turns from gray to highlighted, as shown in Fgure 3-1d, is “Add
Nonuniformities.” This allows users to select a uniform homogeneous medium
or to define a general heterogeneous reservoir. We choose the former for now
and consider nonuniform reservoirs later. The next highlighted menu item that
appears is “Rock Properties > Define Rock Properties” in Figure 3-1e. Because
we have assumed a uniform medium, only the two input screens shown in
Figures 3-1f and 3-1g appear. We emphasize that different grid block geometry
and anisotropy assumptions may affect convergence speeds in steady flow
formulations as well as computational stability and time step selection in
transient analyses.
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[(1 strataMagnetic Software Multisim

Start Manual | Geology Wells Simulate 3DPlots  History  Results  About

Harizontals »» Cverview Iuilities I Partrnerzhips | Contact Uz |
Mumber of Layers
Create Reservaoir L
Add Monuniformities Uniform Medium
Rock Properties F Layer 1 (Surface)
Lawer 2
Lawer 3
Lawer 4
Lawer 5
Laver &
Lawer 7
Lawer &
[Layer 9 (Max Depth)

Figure 3-1d. Selecting “Uniform Medium” for now.

[(1 strataMagnetic Software Multisim

Start Manual | Geology Wells Simulate 3DPlots  History  Results  About
Horizontalz > Overview bilties | Parnerships |  ContactUs |

Mumber of Layers
Create Reservoir k
Add Monuniformities  #

Rock Properties Define Rock Properties

Show Gealogy Summars:

Figure 3-1e. Rock properties definition.
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_inix

D (ee)
DY et
07 e

Clear |  Save |

Figure 3-1f. Grid size definition.

=1o]x]

Lithology Spmbal . ... ... ..

Permeability ke, md] . ... ...
Fermeability [lky, md] . ... ...
Pemeability [kz, md] . ... ...
Forozity [decimal] . . ... .. .. ﬂ
Fock compreszibility [1/p=] . . ﬂ

Set ky and kz to kx | Clear | Save |

Figure 3-1g. Rock properties definition.

Note that, in all of the examples in this book, “simple numbers” are used to
populate text input boxes. This is adopted as a matter of convenience and
readability, so that a user need not deal with a porosity of 0.157 or a
permeability of 67.23 md. Well and reservoir pressures, for instance, might take
the form 1,000 and 10,000 psi, and consequently, computed flow rates may not
be reasonable from a practical perspective. However, we again emphasize that
these conventions are adopted to focus attention to our menus and not the
particular simulation example being addressed. Once the menus in Figures 3-1f
and 3-1g are completed, the item “Show Geology Summary” in Figure 3-1¢ may
be accessed if desired. The reader should appreciate, at this point, how the steps
necessary to create the geological description of the reservoir are very simple
and guided by new active highlighted menus once prior items are completed.
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Having completed “Geology” in the main horizontal menu of Figure 3-1a,
we turn next to “Wells.” This menu allows us to insert or drill wells into the
geology just defined. Because we have chosen to work with a single layer, only
“Layer 1 (Surface)” appears active in Figure 3-1h — we select this layer for well
insertion and address multiple layer simulations later.

[(] strataMagnetic Software Multisim

Start Manual Geology | Wells Simulate 3DPlots  History  Results  About
Haorizontals »» I What's  Overview | I Partrherzhips | Contact Uz |
I

Insert Wells Editing Rules

Well Comstraints  k

Layer 1 (Surface)
Lawer 2

Lawer 3

Lawer 4

Lawer 5

Laver &

Lawer 7

Lawer &

[Layer 9 (Max Depth)

Figure 3-1h. Inserting wells into layered geologies.

[[1 strataMagnetic Software Multisim :
Start  Manual  Geology  Wells  Simulate  3DPloks
Horizontals >3 | ‘what's Mew! |  Capabiities |

#] LAYER1.DRL - Notepad

File Edit Search Help

Figure 3-1i. Layer 1 with “Well 1” placed at reservoir center.
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The simulator automatically launches Windows Notepad as shown in

Figure 3-11 with a 15 x 15 array of “plain dots” or “periods” each representing a
grid block. To drill “Well 1,” we simply type or insert “1” at the dot location
where the well is to be placed. Although we have placed “1” at the center of the
layer, this was not necessary; it could have been placed anywhere so long as the
well does not reside along an outer boundary. In general, up to nine well
systems can be placed, each of which may lie along a layer, across layers,
completely or partially penetrate the reservoir. Wells should be introduced by
consecutive numbers, that is, “1” followed by “2,” “2” followed by “3,” and so
on, until “8” followed by “9” if nine well systems are in fact drilled — each
number, as we will see in advanced examples, may represent a complicated
multilateral.

Having inserted Well 1, the next menu that activates (from inactive gray
status) is “Well Constraints,” which initially requires the user to specify the
production mode as shown in Figure 3-1j. As indicated in the reminder box of
Fgure 3-1k, the user clicks “Yes” if steady flow is required of the entire
simulation and “No” if transient operations like shut-ins will be performed. For
the present example, we will click “Yes” to produce steady pressure fields. The
next activated menu is “Specify Well Constraints” as given in Figure 3-11. The
information screen in Fgure 3-1Im notes that one well has been identified
(namely, Well 1) and that pressures or volume flow rates may be prescribed.
Units and sign conventions are also given and flow rate units desired by the user
should be selected. In Figure 3-1n, the user is given the opportunity to prescribe
pressure or volume flow rate. Once this selection is “Saved,” the data entry box
in Figure 3-lo appears, requesting numerical values for the constraint type
selected. In this case, we had elected to specify pressure, and in fact, at a level
of 1,000 psi (had we specified flow rate, we would have entered numerical
values with positive or negative signs as desired). This completes the “Wells”
definition process.

[(1 sStrataMagnetic Software Multisim

Start Manual Geology | Wells Simulate 3DPlots  History  Results  About
Harizontalz >>| What's  overview I Partrherzhips | Contact Us |

Insert Wells r

Well Constraints ¥ Cverview

Production Mode

Specihy Well Constraints
Shiow Drilling Summars:

Figure 3-1j. Production mode definition.
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[-1 sStrataMagnetic Software Multisim S
Start  Manual Geology  Wells  Simulate  SDPlots  History  Resulks  Abouk
Horizontals »> | ‘what's Mewl | Capabiities | Partrerships |  ContactUs |

Production Mode . x|

Steady flow, always? Click yes, for uninterrupted operations, e.q., no
shut-ins or changes to well constraints. Mo, if fransient operations are
planned.

Figure 3-1k. Steady versus transient operations defined.

[(1 strataMagnetic Software Multisim

Start Manual Geology | Wells Simulate 30Plots  History  Results  About

Horizontals »> | ‘Whatt  Overview | | Partnerships | Contactls |
Insert Wells 3 |
Well Constraints  » Overview

Praduction Mode

Spedfy Well Constraints

Shiow Drilling Surmmars:

Figure 3-11. Specific well constraints for selected production mode.
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Horizontals >>1 “what's Mewl Capabilities 1 Partnerships | ContactUs | Clear Screen ;

=1o] x|

/drilling recor

s identified in your r

=1ofx|

Fressure assumed in psi

WMolume flow rate .. ¢~ Cubic fthr
" Cubic ftAday
{+ Barels/day

Save 1

Figure 3-1m. Prescribing volume flow rate units.

=10 ]

Well No.

(" Prezsure level € Yalume flaw rate

Select pregzune or rate, enter values
in text bow, then click <Save: . ..

Figure 3-1n. Selecting production constraint.
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[(1 sStrataMagnetic Software Multisim
Stark  Manual Geology  Wells  Simulate  3DPlobs
Horizontals »> | ‘what'sMew! |  Capabilties |

_lolx]

£ Walume flow rate

Select pressure or rate, enter values
if text bow, then click <Saves . ..

1000 Well prezsure [pai]
Save I

Figure 3-10. A pressure of 1,000 psi is selected for Well 1.

Once the “Wells” definition process is completed, we move to “Simulate”
at the upper level horizontal menu. The first action is “Boundary Conditions”
specification, as shown in Figure 3-1p. Selecting this item launches the data
entry screen in Figure 3-1q, where the actual pressure level or “No Flow” is
entered for each of the six faces of the computational box. Note that a specified
pressure level will generally allow flow across that face, however, at the present
time, the simulator does not support velocities entered at a face (excepting the
choice of “No Flow”). Once boundary conditions have been defined, click
“Save.” All actions necessary to define the pressure boundary value problem, at
this point, have been completed; that is, geologies, wells and boundary
conditions have been stored on the hard drive. You are now ready to launch the
simulator, as suggested in Figure 3-1r.

[(1 strataMagnetic Software Multisim

Start Manual Geology Wells | Simulate 3DPlots  History  Results  About
Harizontals >>| What'zs Mewl Civerview T | Contact g |

Boundary Conditions I

R Sirnulator

Shaw Froduckion Repark

Figure 3-1p. Farfield boundary condition definition.
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[1 sStrataMagnetic Software x|
Start  Manual Geology Wells  Simulate  3DPlots  History  Results  About
Horizontals > | ‘what's Mew! | Capabilties | Parnerships | ContactUs | Clear Screen |
£ Boundary Conditions : _|EI|5|
Wwallb/c  Pres [psi
(%) [psi)
COORDINATE  3¥ETEM Frant. .. [~ MaFlow [10000
Back. .. Ma Fl
. Tj -1 jmax . [~ MaFlow (10000
i=1 14} Left.... [~ MaoFlaw [10000
Back Right... [T MoFlow (10000
Left Right Top.... ¥ MoFlow
- Bottom .. [W Mo Flaw
imax To ayer 1
P (Layer 1) Save | Help | Exit |
Front
%1
(Iulax - 9 layers) Bottom

Figure 3-1q. Farfield boundary condition options.

[(1 sStrataMagnetic Software Multisim

Start Manual Geology Wells | Simulate 3DPlots  History Results  About
Harizontalz >>| YWhat's Mewl Civerview I]S | Contact Uz |

Boundary Conditions

Fun Simulator

Show Praduckion Reporh

Figure 3-1r. Launching the simulator.

Input variables needed to obtain specific answers are still needed and are
requested once the simulator is launched. Figure 3-1s allows user editing of
transmissibilities during run time, while Figure 3-1t asks for input regarding
fluid type and viscosity level. The next screen, shown in Figure 3-1u, reminds
the user that (for the present example) steady flow solutions were requested.
Figure 3-1v represents one instance of a status screen that appears periodically
during the numerical integration, here noting that for Well 1 (the term “Cluster”
is used to more generally indicate results for a multilateral well system), the
computed volume flow rate “Q =. .. “ was obtained as shown. Also shown is
an error screen, allowing the user to terminate calculations if a steady state has
been achieved. At the present time, we do not automatically detect
convergence, since there is no universal criterion applicable to all the flow
options available for the simulator. For this example, we simply allowed the
status screen to appear five times (by clicking “Yes” five times) and then “No.”
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(I T R Y (AT P Contact Us

SIMULATION SETUP, PHY FLUID MODELIN
AND WELL E RUN TIME B (' CONDITION

Reading drilling re

Madify T, T or TZ transmissibilities during
zimulation without changing dizk values?

ez (¢ Mo Continue ]

Simulations completed? Yes, initiates graphics processing.

e | |

Figure 3-1s. Transmissibility modification during simulation.

‘iscozity [cp)

Liquid
as

Fluid dezcription

Hint Save 1

Figure 3-1t. Viscosity and fluid type input.
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=1o] x|

f* Steadw fow ... for now
) Transient compressiole faw

Figure 3-1u. Steady flow reminder (for present example).

STEADY 5

0.000197

Errar,

If eror is small, calculations are completed.
Othenwize, more wark, iz needed. Continue?

& Yes Mo Conlirue i

Calculated 3

Figure 3-1v. Simulator calculations launched, status screen above.

The screen in Figure 3-1v suggests that run status is offered every 100
iterations.  Also, numerical displays for pressure field are stored in the
SUMMARY .SIM text file found in the simulator folder. Having clicked “Yes”
five times would have terminated our computations at 600 iterations (more on
this later). Figure 3-1w indicates that steady flow calculations have ended and
offers the user an opportunity to initiate transient operations. For now, we select
“No.” However, the menu that would appear had we responded with “Yes”
provides a wide variety of possibilities. For instance, we could shut-in the
well(s) that we had dealt with, change well constraint type and/or value levels —
or even drill new wells in the reservoir. Again, for this introductory example,
we answer “No” and “Continue” in Figure 3-1w and proceed to color graphics
displays. This introduces the screens in Figure 3-1x. Since only one layer was
selected for simulation, only “Layer 1 (Surface)” is available for color graphics
display in Figure 3-1x. Once “Select Stratum” is completed in the 3DPlots
menu, the “Display Pressures” menu item in Figure 3-1y turns to highlighted
from gray and offers three different pressure field display modes. These are
“Static Contour Plot,” “Dynamic Movable Plots” and “Numerical Values (Psi).”
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Tution to

mpr
tering)
be

3 Production Status

|ritiate tranzient operations, e.q.. shut-ing, changing
well constraints, diiling new wellz? |

£ 0 @ No continve |

Figure 3-1w. Computing status and further simulation options.

[E] strataMagnetic Software Multisim . x|
Start Manual Geology Wels Simulate | 3DPlots History Results  About
Horizantals >>| ‘what's Newl | Capat  Qverview || Contact Uz

1

Select Stratum 3 Layer Selection
Display Pressutes k- e
L Layer 1 (Surface)

Layer 2
Laer 3
Lawer 4
Layer 5
Later &
Lawer 7
Layer &
Lawer 9 (Max Depth)

Figure 3-1x. Accessing three-dimensional color plots.
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[Fd strataMagnetic Software Multisim
Start Manual Geology Wels Simulate | 3DPlots  History  Results  About
Harizontals > | Wwhat's Hewl | Capat  Qverview Contact s

Select Stratum »

Graphical Modes

Dynamic Movahle Plots
Mumerical Values (Psi)

Figure 3-1y. Pressure field display modes.

1 3D Surface Plotter (Static View)
File Edit Scale View About

Graphing Mode Output File Legend Display Surface Mesh w4 Gd
@ Reset (" Contowr | & Hide ¢ Show | @ Confinuous € Stepped | @ On € Off ® On  Of

Areal Pressure in Layer 1

RO
W OQQ)ﬁ

Figure 3-1z-1. Static surface pressure plot.

“Static plot” refer to the nature of the display, that is, the 3D plot are
“frozen” and do not move. In Figure 3-1z-1, our color plot for the centered well
shows all the required pressure symmetries about horirizontal, vertical and
diagonal lines passing through the well. The user is presented with the option to
create “static contour plots” as shown in Figure 3-1z-2. Figure 3-1z-3 illustrates
“dynamic plots” which are dynamic, rotatable and scalable with simple mouse
actions utilizing the options menu displayed at the far right.



86 RESERVOIR ENGINEERING IN MODERN OILFIELDS

[23 3D Surface Plotter (Static View) =lolx|
Fle Edit Scale View About

Graphing Mode Qutput File Legend Display Surface Mesh XN Grid

C Reset & @ Hide ¢ Show  Continuous ¢ Stepped  © On O Off & 0n C Of

Areal Pressure in Layer 1

Besst

e e |

Figure 3-1z-3. Dynamic, rotatable, scalable pressure plot.
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] PLAYERL.DAT - Notepad
File Edit Search Help
GRID 15 15

100

11
-10 -10

10000.000 10000.000 10000.000 10000.000 10000.000 10000.000 10000.
10000.000 9914.223 9828.444 9743.808 9663.744 9594.838 9546.
10000.000 9B2E8.444 9655.742 0483.041 9316.323 9168.990 9062.
10000.000 9743.808 9483.041 9216.278 8949.525 8702.098 &512.
10000.000 9663.744 9316.323 B040,525 B8563.404 8177.201 7849,
10000.000 9594.838 9168.990 B8702.098 B8177.291 7594.227 7011.
10000.000 9546.628 9062.706 B8512.582 7849.425 7011.175 5949
10000.000 95328.970 9022.622 B8436.113 7696.650 6651.649 4887,
10000.000 9546.625 9062.704 B8512.583 7849.426 7011.176 5949.
10000.000 9594.837 9168.995 B8702.103 8177.291 7594.233 7011.
10000.000 9663.742 9316.325 B8949.527 B8563.410 8177.292 7B849.
10000.000 9743.808 9483.035 09216.283 8949.527 8702.100 8512.
10000.000 9828.440 9655.737 9483.035 9316.324 9168.991 9062.
10000.000 9914.216 9828.437 9743.799 9663.742 9594.835 9546.
10000.000 10000.000 10000.000 10000.000 10000.000 10000.000 10000.

Figure 3-1z-4. Numerical tabulated pressures.

Numerical tabulated pressure values are offered in Figure 3-1z-4, where
the “word wrap” feature in Windows Notepad is disabled (the right half of the
pressure field has scrolled off the page, thus presenting a clear view of the
computed field). These numbers allow the user to estimate pressure gradients in
the vicinity of the well — these are particularly useful for various petroleum
engineering purposes when many well systems are producing simultaneously.
Finally, the “Results” item in the main horizontal menu in Fgure 3-1z-5
provides access to the assumptions taken in “Geology — Wells — Simulate,”
through “Geology Data,” “Wells and Constraints” and “Reservoir Production.”
We leave the first two reports to the reader to explore and discuss only
“Reservoir Production.”

[E] strataMagnetic Software Multisim
Start Manual Geology Wells Simulate 3DPlots History | Results About

Horizantalz >>| what's Newl | Capabilities | Partner:  Qyerview

1es

3 Geology Data
Create Final Report

Wells and Constraints
Production

Speech Output

Figure 3-1z-5. Text summary for report generation.

The summary report is copied verbatim in the next several pages, in
Courier font toindicate that it is output generated by computer. The “word
wrapped” pressure field is shown for Iteration 100 only and later displayed
“unwrapped” in Figure 3-1z-6.
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SIMULATION SUMMARIES, PHYSICAL FLUID MODELING, FAR FIELD
AND WELL BORE RUN TIME BOUNDARY CONDITIONS (SUMMARY.SIM) :

Simulation results based on rectangular mesh system.
PRESENT RESERVOIR STATUS:

Reservoir grid parameters:

Imax = 15, Dx = .1000E+03 ft, Imax *Dx = .1500E+04 ft.

Jmax = 15, Dy .1000E+03 ft, Jmax *Dy .1500E+04 ft.
Layers = 1, Dz = .1000E+03 ft, Layers*Dz = .1000E+03 ft.

Number of initial well clusters identified: 1
Combining geological/drilling information, please wait
Well block transmissibility (ft”3) summary:

Well 1, defined by 1 grid blocks, is
pressure constrained at 0.1000E+04 psi.

Block 1: (I= 8, J= 8, Layer 1), Tx = .108E-09, Ty = .108E-09,

= .108E-09

INPUT FARFIELD BOUNDARY CONDITION SUMMARY :

Z (k)
| 4=1 Jmax (15)
i=1 |
e T + ------ Y (3)
/ 300000000000000 3 \
Left / 3000 Back ©°°°3 \ Right
/ 300000000000000 3 \
/ R e T + \
Imax (15) - -- / Top, Layer 1 \------- +
/ 3000000000000000000000000000000003
/ 3000000000000 Front 0000000000003
/ X(i) 3000000000000000000000000000000003
+------- Bottom, Layer 1 ------ +

COORDINATE SYSTEM

FRONT assumed to be aquifer at pressure 10000.00 psi
BACK assumed to be aquifer at pressure 10000.00 psi
LEFT assumed to be aquifer at pressure 10000.00 psi
RIGHT assumed to be aquifer at pressure 10000.00 psi
TOP assumed to be "no flow wall"
BOTTOM assumed to be "no flow wall"

OO0OO0OO0OO0O0

PHYSICAL FLUID MODEL SUMMARY:
O Fluid viscosity: 0.100E+01 centipoise

Fluid, assumed to be a liquid, satisfies linear partial
differential equation if pressure compaction option is
not selected later.

Tz
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STEADY STATE SIMULATION MODE SELECTED.

Pressure field initialized to internally
generated approximate solution.

Note: "Jmax > 7" values cause "word wrap-around" in
screen displays and written files. TUse "File Reader"
utility to "unwrap" printouts for convenient viewing.

Iteration 100, (Un)converged volume flow rates
by well cluster:

Cluster 1: P= 0.1000E+04 psi, Q= 0.1758E+06 b/d.
Calculated 3D pressures in SUMMARY.SIM file

Iteration 100, Pressure (psi) in Layer 1:

BACK

10000.000 10000.000 10000.000 10000.000 10000.000 10000.000 10000.000 10000.000 10000.000
10000.000 10000.000 10000.000 10000.000 10000.000 10000.000

10000.000 9914.446 9828.605 9743.999 9663.801 9594.674 9546.669 9529.046 9546.518
9594 .858 9663.722 9743.816 9828.236 9914.224 10000.000

10000.000 9828.605 9655.842 9483.020 9316.098 9168.656 9062.680 9022.410 9062.429
9168.832 9316.244 9482.879 9655.734 9828.478 10000.000

10000.000 9743.999 9483.020 9216.095 8949.319 8701.751 8512.396 8435.860 8512.344
8701.980 8949.272 9216.291 9482.934 9743.844 10000.000

10000.000 9663.801 9316.098 8949.319 8563.056 8176.932 7849.305 7696.396 7849.180
8176.870 8563.321 8949.361 9316.206 9663.668 10000.000

9482.867 9743.652 10000.000

10000.000 9828.236 9655.734 9482.934 9316.206 9168.884 9062.655 9022.559 9062.493
9168.858 9316.179 9482.867 9655.527 9828.264 10000.000

10000.000 9914.224 9828.478 9743.844 9663.668 9594.774 9546.603 9528.833 9546.455
9594.750 9663.566 9743.652 9828.264 9914.082 10000.000

10000.000 10000.000 10000.000 10000.000 10000.000 10000.000 10000.000 10000.000 10000.000
10000.000 10000.000 10000.000 10000.000 10000.000 10000.000

FRONT

Similar results are available for Iteration 200, 300, . . . 600. The pressure
distributions shown above are ASCII records viewable with Windows Notepad,
shown with “word wrapping” to contain all calculated information on a printed
page When text lines are “unwrapped,” the areal pressure distribution appears
as shown in Figure 3-1z-4. In the next several lines, we collect only the
computed total volume flow rate Q to illustrate convergence (or in other cases,
possibly lack of) in the numerical scheme. It is important to note that the
calculated value of Q has not changed since Iteration 100, so that absolute
convergence has been achieved. This value of Q represent the final answer for
calculated flow rate. The corresponding pressure distribution is shown in Figure
3-1z-6. Note that our placment of the well at the center of the reservoir allows
us to check the computed pressure symmetry about the well shown accurate to
seven decimal places. This “simple” example demonstrates software features
built into the simulator and also its numerical properties.
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Iteration
Cluster 1:

Iteration
Cluster 1:

Iteration
Cluster 1:

Iteration
Cluster 1:

Iteration
Cluster 1:

200,

P= 0.

(Un) converged
1000E+04 psi,

(Un) converged
.1000E+04 psi,

(Un) converged
.1000E+04 psi,

(Un) converged
.1000E+04 psi,

(Un) converged
.1000E+04 psi,

Q

Q

Q

volume flow rates by

= 0.1758E+06 b/d.

volume flow rates

by

= 0.1758E+06 b/d.

volume flow rates

Q

by

= 0.1758E+06 b/d.

volume flow rates

Q

by

= 0.1758E+06 b/d.

volume flow rates

by

= 0.1758E+06 b/d.

well

well

well

well

well

cluster:

cluster:

cluster:

cluster:

cluster:

&} SUMMARY.SIM - Notepad

File Edit Search Help

BACK

FRONT

10000.
10000.
10000.
10000.
10000.
10000.
10000.
10000.
10000.
10000.
10000.
10000.
10000.
10000.
10000.

Iteration
by well cluster:

Cluster 1:

Iteration

000
000
000
000
000
000
000
000
000
000
000
000
000
000
000

600, (Un)converged volume flow rates

P= 0.1000E+04 psi, Q= 0.17538E+06 b/d.

600,

10000.
9914.
9828.
9743.
9663.
9594.
9546.
9528.
9546.
9594.
9663.
9743.
9828.
9914.

10000.

Pressure (psi) in Layer 1:

000
223
444
808
744
838
628
970
625
837
742
808
440
216
000

10000.
9828.
9655.
9483.
9316.
9168.
9062.
9022.
9062.
9168.
9316.
9483.
9655.
9828.

10000.

000
444
742
041
323
990
706
622
704
995
325
035
737
437
000

10000.
9743.
9483.
9216.
8949,
8702.
8512.
8436.
8512.
8702.
8949,
9216.
9483.
9743.

10000.

000
808
041
278
325
098
582
113
583
103
527
283
035
799
000

10000

9663.
9316.
8949.
8363.
8177.
7849.
7696.
7849.
8177.
8563.
8949.
9316.
9663.

10000

Calculated 3D pressures in SUMMARY.SIM file ...

. 000
744
323
525
404
291
425
650
426
291
410
527
324
742
. 000

10000.
9594.
9168.
8702.
8177.
7594.
7011.
6651.
7011.
7594.
8177.
8702.
9168.
9594.

10000.

000
838
990
098
291
227
175
649
176
233
292
100
991
835
000

10000.
9546.
a062.
8512.
7849,
7011.
5949.

4887,
5949,
7011.
7849.
8512.
9062.
9546.
10000.

000 10000.000
8

000 10000. 000

Figure 3-1z-6. Calculated pressures, constrained by 1,000 psi at the center
and 10,000 psi at the boundaries (only partial field shown).
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Example 3-2. Volume flow rate constraint at a well.

In this example, all the input parameters of Example 3-1 are assumed
without change, except that our well is constrained by a positive volume flow
rate of 175,800 b/d, the value calculated previously when a 1,000 psi pressure is
taken. We would expect that the present calculation (specifying flow rate)
would reproduce this pressure upon convergence. In fact, we obtain 999.4 psi,
which is correct to within the four-digit precision available from printed
computer output. The computational problem is solved by invoking flow rate
well constraints and entering data as shown in Figure 3-2a.

=10l x|

Well No.

 Pressuie level  f+ Volume flow rate

Select pressure or rate, enter values
if ket bow, then click <Sawver ...

175800 | Flow rate [b/d)
Save |

Figure 3-2a. Well constraint screen and input box.

The (edited) summary report is shown below.

SIMULATION SUMMARIES, PHYSICAL FLUID MODELING, FAR FIELD
AND WELL BORE RUN TIME BOUNDARY CONDITIONS (SUMMARY.SIM) :

Simulation results based on rectangular mesh system.
PRESENT RESERVOIR STATUS:

Reservoir grid parameters:

Imax = 15, Dx = .1000E+03 ft, Imax *Dx = .1500E+04 ft.
Jmax = 15, Dy = .1000E+03 ft, Jmax *Dy = .1500E+04 ft.
Layers = 1, Dz = .1000E+03 ft, Layers*Dz = .1000E+03 ft.

Number of initial well clusters identified: 1
Combining geological/drilling information, please wait
Well block transmissibility (ft”3) summary:

Well 1, defined by 1 grid blocks, is

flow rate constrained at 0.4113E+05 cu ft/hr,

that is, 0.176E+06 b/d, or 0.987E+06 cu ft/day.

Block 1: (I= 8, J= 8, Layer 1), Tx = .108E-09, Ty = .108E-09,
Tz = .108E-09
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INPUT FARFIELD BOUNDARY CONDITION SUMMARY :

Z (k)
| §=1 Jmax (15)
i=1 |
e +  ------ Y (3)
/ 300000000000000 3 \
Left / 3000  Back ©°°3 \ Right
/ 3000000000000003 \
/ T + \
Imax(15) to—m - / Top, Layer 1 \------- +
/ 3000000000000000000000000000000003
3000000000000 0000000000003
/ Front
1 300000000000000000000000000000000 3
/ X(i)
+------- Bottom, Layer 1 ------ +

COORDINATE SYSTEM

FRONT assumed to be aquifer at pressure 10000.00 psi
BACK assumed to be aquifer at pressure 10000.00 psi
LEFT assumed to be aquifer at pressure 10000.00 psi
RIGHT assumed to be aquifer at pressure 10000.00 psi
TOP assumed to be "no flow wall"
BOTTOM assumed to be "no flow wall"

O O0OO0O0OO0O0

PHYSICAL FLUID MODEL SUMMARY :

O Fluid viscosity: 0.100E+01 centipoise

Fluid, assumed to be a liquid, satisfies linear partial
differential equation if pressure compaction option is
not selected later.

STEADY STATE SIMULATION MODE SELECTED.

Pressure field initialized to internally
generated approximate solution.

Note: "Jmax > 7" values cause "word wrap-around" in
screen displays and written files. Use "File Reader"
utility to "unwrap" printouts for convenient viewing.

Iteration 100, (Un)converged volume flow rates by well
Cluster 1: P= 0.9993E+03 psi, Q= 0.1758E+06 b/d.

Iteration 200, (Un)converged volume flow rates by well
Cluster 1: P= 0.9994E+03 psi, Q= 0.1758E+06 b/d.

Iteration 300, (Un)converged volume flow rates by well
Cluster 1: P= 0.9994E+03 psi, Q= 0.1758E+06 b/d4d.

Iteration 400, (Un)converged volume flow rates by well
Cluster 1: P= 0.9994E+03 psi, Q= 0.1758E+06 b/d.

cluster:

cluster:

cluster:

cluster:
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Iteration 500, (Un)converged volume flow rates by well cluster:
Cluster 1: P= 0.9994E+03 psi, Q= 0.1758E+06 b/d.

Iteration 600, (Un)converged volume flow rates by well cluster:
Cluster 1: P= 0.9994E+03 psi, Q= 0.1758E+06 b/d.

Iteration 700, (Un)converged volume flow rates by well cluster:
Cluster 1: P= 0.9994E+03 psi, Q= 0.1758E+06 b/d.

Interestingly, the above convergence history shows that a well pressure of
999.4 psi, as opposed to 1,000 psi, was achieved in about 100 iterations —
requiring only about a second of computing time on mid-range Intel machines.
Note that the flow rate assumed for the calculation was also accurate to only
four decimal places, since written outputs for Example 3-1 contained only four
digits. Our results show excellent consistency between “prescribed pressure”
and “prescribed flow rate” constraint modes. The computed pressure
distribution is shown in Figure 3-2b.

&} SUMMARY.SIM - Notepad

File Edit Search Help

Iteration 600, (Un)converged volume flow rates
by well cluster:

Cluster 1: P= 0.9994E+03 psi, Q= 0.1758E+06 b/d.
Calculated 3D pressures in SUMMARY.SIM file ...

Iteration 600, Pressure (psi) in Layer 1:
BACK
10000. 000 10000.000 10000.000 10000.000 10000.000 10000.000
10000.000 9914.214 9828.425 9743.785 9663.717 9594.808
10000.000 9828.425 9655.709 9483,000 9316.277 9168.936
10000.000 9743.785 9483.000 9216.223 B8949.457 8702.015
10000.000 9663.717 9316.277 B8949,457 B8563.318 B8177.174
10000.000 9594.808 916B8.936 8702.015 B8177.174 7594.073
10000.000 9546.602 9062.640 8512.483 7849.286 7010.981
10000.000 9528.938 9022.554 B8436.010 7696.503 6651.435
10000.000 9546.598 9062.646 8512.489 7B849.288 7010.979
10000.000 9594.811 9168.937 8702.013 B177.171 7594.076
10000.000 9663.717 9316.274 B949.462 B8563.313 B8177.171
10000.000 9743.785 9482.998 9216.230 B8949.455 B8702.016
10000.000 9828.425 9655.714 9483,002 9316.279 9168.942
10000.000 9914.215 9828.430 9743.785 9663.719 9594.812
10000. 000 10000.000 10000.000 10000.000 10000.000 10000.000
FRONT

Figure 3-2b. Converged pressures showing 999.4 psi at the well
(as opposed to 1,000 psi, correct to four significant digits).
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Example 3-3. Pressure constraint and transient shut-in.

Here we invoke identical responses to the menu sequence shown for
Example 3-1, but starting from Figure 3-1k, we pursue a different decision tree.
The “Production Mode” menu asks if we wish to always consider steady flow,
and in Figure 3-1k, we had replied “Yes.” Here, with a view to shutting in the
well eventually, we respond with “No.” Thus, in Figure 3-3a, we click “No.”

[£1 strataMagnetic Software Multisim

Start Manual Geology | Wwellse Simulate 3DPlots  History  Results  About

Haorizontalz >3 I What's  Overview II Partrerzhips | Contact Us |
Insert Wells r |
Well Constraints  » Qverview

Production Mode

Specity Wel Constraints
Show Drilling Summars:

Production Mode . E1

Steady flow, always? Click yes, for uninterrupted operations, e.q., no
shut-ns or changes to well constraints. Mo, if transient operations are
planned.

Figure 3-3a. Clicking “No” means transient operations are planned.

The next menu, which appears automatically, asks for the number of wells
that will be used for transient modeling. We had indicated “1” in the initial
screen of Example 3-1, but sometimes other numbers may be selected for Figure
3-3b. The number entered in Figure 3-3b is not necessarily the number of wells
appearing in the steady flow simulation — during transient operations, the user is
permitted to drill additional well structures, up to a maximum of nine in all for
the complete reservoir. Thus, your value may remain “1” or take on a number
greater than “1” if you choose to drill an additional well during the analysis —
not unlike an oil company operator who decides to introduce additional infill
wells to supplement production later on — or an operator who drills additional
wells which may act as injectors. Here, we will simply use “1” (no additional
wells, for now) and click “Enter.”
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[(1 sStrataMagnetic Software Multisim

Start Manual Geology Wells Simulate 3DPlots  History  Results  About
Harizontals >>| what's Hew! | Capahiliies | Fartnerships | Contact Us |

Tranzient modeling
Mumber of wellz

[include those to be Ent
added while simulating] ﬁ

Figure 3-3b. Selecting number of wells to model in transient mode.

Next we turn to well constraints.

[(d strataMagnetic Software Multisim

Start Manual Geology | Wells Simulate 30DPlots  History  Results  About
Horizontals > | ‘What'  Qverview | Patnerships | ContactUs |

Insert Wells k

Well Constraints  »# Overview

Froductian Made

Spedfy Well Constraints

Shic Drilling Summars:

Figure 3-3c. Specifying well constraints.

In Figure 3-3d, we select appropriate volume flow rate units. The menu
box in Figure 3-3e appears with “Pressure level” and “Volume flow rate” option
boxes unchecked. We will select “Pressure level” — a default level of 1,000 psi
(as in Example 3-1) then appears which may be changed. Click “Save.”
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Preszure azzumed in psi

Yolume How rate .. € Cubic ft/hr
£ Cubic ft/day
% Bamels/day

Save ] j

Figure 3-3d. Select b/d volume flow rate units.

[F well Constraints — o] x|
Wiell No.

(+ i Pressure levef € Wolume flaw rate

Select pressure or rate, enter values
it test box, then click <Saves . ..

1000 Well preszure [pzi]
Save

Figure 3-3e. Select pressure constraint at 1,000 psi as in Example 3-1.
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Next we turn to boundary condition definition, accessed from the menu in
Fgure 3-3f. Selecting this step leads to the screen in Figure 3-3g, whose
parameters we accept. As in Example 3-1, simulations are initiated from the
screen in Figure 3-3h.

[(1 sStrataMagnetic Software Multisim

Start Manual Geology Wells | Simulate 3DPlots  History  Results  About
Harizontals >>| YWwhat's Newl Civerview T | Contact Us |

Boundary Conditions I
R Simulatar:
Show Production Reporh

Figure 3-3f. Accessing “Boundary Conditions” menu from “Simulate.”

x

[ Boundary Conditions _ o] x|

20 Wallb/c  Pres [psi]
COORDINATE  SYSTEM Frart... [~ MoFlow
Tj . imaz Back... [ MoFlow
i=1 = () Left.... [~ NoFlow
Back Right. .. [~ Mo Flow
Left Right Top.... ¥ MoFlow
A Baftom . . [ Mo Flow
imax Top Qayer Save | Help | Exit |
Front
®(i)
(Mlax - 9 layers) Bottom

Figure 3-3g. Defining farfield reservoir properties.

[(1 sStrataMagnetic Software Multisim

Start Manual Geology Wells | Simulate 3DPlots  History  Results  About
Harizontalz >>| Wwhat's Newl Civerview I]S | Contact Us |

Boundary Conditions

Fun Simulator

Shiaw Production Repork

Figure 3-3h. Running the numerical integration.
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Additional sub-menus (not shown) appear. These are similar to those
already described for Example 3-1. One asks if transmissibilities will be
modified during simulation without changing disk values — here, no
transmissibilities will be changed while simulating, A “Fluid Type” menu then
appears, asking for liquid or gas type and the corresponding viscosity in
centipoise. We assume 1 cp liquid. For the next “Production Mode” menu, we
check “Steady flow, for now” to calculate the steady flow associated with the
assumed well pressure constraint and farfield boundary conditions. “Computing
Status” menus indicating convergence errors obtained during iterations for
computing steady flow appear periodically — usually, pressing five “Continues”
is enough to establish a correct converged solution. We press “Continue” five
times, then “No” to end solution process as convergence is achieved. This
yields the steady pressure solution shown in color in Example 3-1 which is
stored in computer memory. Now, steady flow calculations have terminated.
The next menu asks if we wish to initiate transient operations, e.g., shut-ins,
changing well constraints (say from pressure to flow rate or vice versa). We
check “Yes” and click “Continue,” as shown in Figure 3-3i, with a view to
shutting in our steady flow from the centered vertical well.

[3 Production Status 1 =1k

|nitiate transient operations, e.q.. shut-ing, changing
well congtraints, dilling new wells?

Continue I

Figure 3-3i. Initiating transient operations.

When transient computations are undertaken, additional input parameters
are required. These are introduced to the simulation engine through screen
menus that automatically and naturally appear. For instance, Figure 3-3j asks
for liquid compressibility inputs, while Figure 3-3k asks if liquid
compressibilities are to be averaged with those for the matrix rock (if so,
additional screens will appear).
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=[]

[TRANSIENT COMPRESSIBLE FLOW SIMULATION MODE SELECTED.
Transient com ble flow

re to prev

WELL TEST IMPUT PARAMETER SETUP:

Reading poro

=1of x|

e.g., 0.00007 For oil or 0.000003 for water]

Compressibility [1/psi) 0.00001
__Save |

Figure 3-3j. Save fluid compressibility value.

= =10l x|

Porosity average liquid compresszibility
with matris rock compreszibilities
" Yes {(« Mo

Continue |

Figure 3-3k. Average liquid with rock matrix compressibility.
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[ DT - Time Step Selector _ o] x|

Fluid viscosity [cp] ... .. ...
Fluid compressibiliy [1/psi) . .
4 awimum permeability [md) .. *
Mirirurn porasity (decimal] .. =
Smallest grid length [ft). .. .. *

* Diefaults may not apply

Click for suggested time step Time Step I
b amimum time steps . ... 1000

Approximate time scale [hre) ?

Suggested time step [hrg] . . .

Figure 3-31. Time step query.

il
Fluid wigcogity [cp] .. ... ..
Fluid compressibility [1/psi] . .

W awirmum permeability (md) .. *
Mitirurn porosity [decimal) .. *
Smallest grid length (] . .. . . =

* Defaults may not apply

Click. for suggested time step Time Step |

I awirnurn tirme steps . ..
Approximate time scale [hre)
Suggested time step [hrs)] . . .

il LI Save |

Figure 3-3m. Time step recommendation.

Time step selection is a critical part of any transient simulation. Too small
a time step unnecessarily increases computation time, while too large a value
can result in lost or reduced physical resolution. The menu in Figure 3-31 asks
for inputs needed for a rough estimation, and the screen Figure 3-3m
recommends a “suggested time step” in hours. The value is approximate since
optimal values depend on the yet unknown details of the simulation. Here, we
over-ride a “0.019 hr” (not shown) with 0.1 hours or six minutes. Figure 3-3n
further asks if “rigid formation” or “small deformation” rock compaction
assumptions are to be used.



SIMULATION CAPABILITIES WITH Basic WELL 101

-Inlx]

f+ Rigid farmation © Small defarmation

Second compressibility [1/psi]

|EI | Save I

Figure 3-3n. Compaction menu for rock mechanics.

Time step numerical integration commences. Figure 3-30 states the
starting time and allows the user to initiate computations. The status of Well 1
from our steady flow calculation is shown in Figure 3-3p — we will change
constraints, with a view to shutting in our producing well soon. Figure 3-3q also
offers the option to sidetrack, re-drill or re-complete the well — we will not select
these choices for now. Figure 3-3r asks for new well constraints and an input of
“0” is used to initiate well shut-in. Finally, Figures 3-3s and 3-3t start the
computations and offer the opportunity to drill additional wells.

o]

Tirne step ; ||:| |

Elapsed time [hrs) : ||:| |

Continue franzient simulation’?
* ez . Mo Contirue |

Figure 3-30. Computations begin at t =0.

_lnlx]

Well#1 @Step# 0 or time 0.000E+00 hrs
iz 'prezsure conztrained" at 0.1000E+04 pai.

Change constraint or well geometmy?

(v iYez (Mo Continue I

Figure 3-3p. Change in well constraint to be undertaken.



102 RESERVOIR ENGINEERING IN MODERN OILFIELDS

_ioix
Wrhell Cluster Mo

Sidetrack, re-drll or re-complete’?

T Yes + Mo M et |

Figure 3-3q. Sidetrack, re-drill and re-complete options available.”

=

Mew constraint type?
" Pressure @+ 1

Continue I

i
Wolume flow rate D

Initz: bBid Save I

[+, praduction; -, injection; 0, shut-in]

Figure 3-3r. Impose new constraint or enter “0” for shut-in operation.

=10l x|

Imitiate tranzient operations, e.q., shut-ing, changing
well constraints, drlling new wells?

" Mo Caontinue I

Figure 3-3s. Transient operations to initiate.

@

" Note added in proof — the “small deformation” compaction option may introduce
numerical instabilities and is presently undergoing refinement. Users should select
“rigid,” but in any event, communicate their experiences to the author.
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=10]x]

Drrill arw [rmore] new wells and well clusters?

" Yes ¥ Mo Continue I

Figure 3-3t. Option to add new wells and well clusters.

The “Time Step Menu” in Figure 3-3u now appears on screen. In the third
box from the top, we have changed a default display parameter from “10” to
“50” to reduce the amount of screen activity desired. Figure 3-3v asks for the
value of “wellbore storage,” if any.

[ Time Step Menu =|Q|£|
Time step [hrs] ...........
Murnber of time steps between
color pressure ploks
Murnber of time steps bebween

well statuz menus

Confirm or update data ... Save I

Figure 3-3u. Changing default display parameter.

ERITET _oix
wiell Cluster Ma. |

WWellbore storage
[Unite, f™5A6f > O] D
Confirm or update . . . Save |

Figure 3-3v. Input for wellbore storage effects.
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o
Tive s
Elapsed time [hrs] :

Continue tranzient simulation’?

(:Yes(‘No_Eim_i

E+01 hour:

rom main menu ...

Figure 3-3w. Time integration status screen.

In the black status screen of Figure 3-3w, text displays indicate that
transient numerical integrations are ongoing and then completed. The elapsed
time is 4.9 hours. Do not continue simulations — check “No” and click
“Continue.” Figure 3-3x allows the user to save the computed (generally, three-
dimensional) pressure distribution to a text file.

=10 x|

Enter filename with extenszion

[PRESSURE.OLD |

Continue I

Figure 3-3x. Saving pressure distribution to text file.

At this point, transient simulations are complete and we wish to display
computed results. As in Example 3-1, we select the stratigraphic layer, in this
case “Layer 1 (Surface)” since we have only a single-layer model (other layer
options are gray and inactive). The “History” > “Well Transients” menu
selection in Figure 3-3z-1 leads to Figure 3-3z-2 which sets up line graph
displays. For our example, where we have shut-in our well, it is meaningful to
display pressure history, as indicated in Figure 3-3z-3. The pressure buildup
plot and tabulated results appear automatically in Figure 3-3z-4. The complete
numerical listing is offered in Figure 3-3z-5.
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4  StrataMagnetic Software Multisim
Start Manual Geology Wells Simulatelﬂ]Piuts History Results About
Haorizontalzs > I YWhat's Mewl | Capat  oOverview Contact Uz

Layer Selection

Display Pressures  k

Layer 1 (Surface)
Layer 2
Layer 3
Layer 4
Layer S

Laver &
Lawer 7
Laver o
LLayer 9 (Max Depth

Figure 3-3y. Display stratum selector.

[(1 strataMagnetic Software Multisim
Start Manual Geology Wells Simulate 3DPlots | History Results About
Horizontals | What's Mew! | Capabilities |

Humerical Well Test Simulation

View wellbore pressure and flow rate histories?

Figure 3z-2. Click “Yes” if line graph displays are desired.
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[Z] strataMagnetic Software Mult
Start Manual Geology Wells Simulate 3DPlots | History Results About
Horizontals =3 | Wwhat's Mewl | Capabilitiez | well Transients

Flow Rates 3

WelllZ
Welll 3
Well 4
Well 5
Wellls
Welll 7
Well &
Well 9

Figure 3-3z-3. Pressure histories are selected for shut-in well.

HMultiple Senes Plotter = (=1 E7

ot Legerd Help

[~ Hide, Senies:
M Mol T Ne2 ™ Hed T Hod |

Well No. 1 | WELLLSIM - Notepad

Fie Edt Search Help

WELL #1: DT Time Pressure Flow Rate

Step No. (Hour) (Hour ) (Psi)  (Cu FL/Hr)
0 0.100E+00 0.000E+00 O0.100E+04 0.411E+05
""""""" 1 0.100e+00 O0.100E+00 O0.359+04 0.000E+00
2 0.100e+00 0O.Z00E+00 O0.466E+04 0.000€+00
— 3 0.100e+00 O©.3006+00 0.521e+04 0.000€+00
@ 4 0.100E400 0.400E+00 0.557E+04 0. 000E+00
o NN ool ndn e s e e e i PRy 5 0.100e+00 0.500E+00 0.583E+04 0.000E+00
© & 0.100e+00 O.600E+00 O0.605E+04 0.000E+00
5 7 0.100e+00 O.700E+00 O0.624E+04 0.000€+00
o 8 0.100e+00 0©.BO0E+00 0.640+04 0.000E+00
o 9 0.100e+00 0.900E+00 0.655E+04 0.000E+00
o 10 0.100e+00 O0.100E+01 O.&6BE+04 0. 000E+00
11 0.100e+00 0.110eE+01 0.679E+04 0.000E+00
12 0.100€+00 0.1206+01 0.690e+04 0.000€+00
13 0.100€+00 0.130e+01 0.700e+04 0.000€+00
14 0.100e+00 0.140E401 0.709e+04 0.000E+00
15 0.100e+00 O0.150E+01 O.71BE+04 0. 000E+00
16 0.100e+00 O0.160E+01 0.726E+04 0.000E+00
2 | 17 0.100€+00 0.170E+01 0.734E+04 0.000€+00
18 0.100€+00 O0.1B0E+01 0.741e+04 0.000€+00
Time (hours) 19 0.100£+00 0.190E+01 0.747E+04 0.000£+00
20 0.100e+00 O0.200E+01 O.754E+04 0. 000E+00
21 0.100e+00 0.210e+01 O0.760E+04 0.000€+00

Figure 3-3z-4. Pressure buildup plot and tabulation automatically appear.
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Figure 3-3z-5. Numerical values for pressure buildup history.
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Dt
(Hour)

.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00
.100E+00

[eleNeNelNeNeoNeNeoNoNoNoloBoNoNeoNeoNeoNoNoNoloNoNeoNeoNoNoNoNoNoNoNo oo NeoNoNo oo oo Neo oo NoNo oo Ne e Ne)

Time
(Hour)

.000E+00
.100E+00
.200E+00
.300E+00
.400E+00
.500E+00
.600E+00
.700E+00
.800E+00
.900E+00
.100E+01
.110E+01
.120E+01
.130E+01
.140E+01
.150E+01
.160E+01
.170E+01
.180E+01
.190E+01
.200E+01
.210E+01
.220E+01
.230E+01
.240E+01
.250E+01
.260E+01
.270E+01
.280E+01
.290E+01
.300E+01
.310E+01
.320E+01
.330E+01
.340E+01
.350E+01
.360E+01
.370E+01
.380E+01
.390E+01
.400E+01
.410E+01
.420E+01
.430E+01
.440E+01
.450E+01
.460E+01
.470E+01
.480E+01
.490E+01

[elelNelNelNeNeoNeNoNoNoBolololoNeoNeoNoNoNoRolo oo NeoNoNoNoNoloNoNeo oo NoNoNo oo o oo BoNoNoNo o oo NeNe |

Pressure
(Psi)

.100E+04
.359E+04
.466E+04
.521E+04
.557E+04
.583E+04
.605E+04
.624E+04
.640E+04
.655E+04
.668E+04
.679E+04
.690E+04
.700E+04
.709E+04
.718E+04
.726E+04
.734E+04
.741E+04
.747E+04
.754E+04
.760E+04
.766E+04
.771E+04
.777E+04
.782E+04
.787E+04
.791E+04
.796E+04
.800E+04
.805E+04
.809E+04
.813E+04
.816E+04
.820E+04
.824E+04
.827E+04
.831E+04
.834E+04
.837E+04
.840E+04
.843E+04
.846E+04
.849E+04
.852E+04
.855E+04
.858E+04
.860E+04
.863E+04
.865E+04

Flow Rate
(Cu Ft/Hr)

[eleNelNeolelNeoNeoNoNeoNoBNololoBolNeoNoNoBoNoRoloBoleo o RNeoNoNoNolo oo oo NoNoNoloNo oo o oo NoNo oo e NeoNe)

.411E+05
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
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[£1 strataMagnetic Software Multisim

Start Manual Geology Wells Simulate | 3DPlots History Results About
Harizantals >>| YW'hat's Mewl | Capat  Qverview Cantact Us

Select Stratum Layer Selection
Display Pressures  »

Layer 1 (Surface)

Lawer 2
Layer3
Lawer 4
Lawers
Laver &
Later 7
Lawer &
LLayer @ (Max Depbh)

[ strataMagnetic Software Multisim

Start Manual Geology Wells Simulate | 30Plots History Resulis  About
Horizontalz >>| what's Mewl |  Capat  owverview | Contact Us

TS BEEer

Select Stratum 3
Display 5 Graphical Modes

Static Contour Plot
Dynamic Movable Plots
Mumerical Values (Psi)

Figure 3-3z-6. Obtaining three-dimensional color plots for pressure field.

Finally, we wish to produce three-dimensional color plots of the pressure
field at the end of the buildup. As in Example 3-1, the menus shown in Figure
3-3z-6 are used. Note from Figure 3-3z-5 how the final buildup pressure is
about 8,650 psi. In Figure 3-3z-7, the vertical scale at the right shows a
minimum value of “8,654 psi” displayed, corresponding to the maximum
pressure reached at the end of the simulation interval. The “10,000”
corresponds to the assumed farfield reservoir pressure. Figures 3-3z-7, 3-3z-8
and 3-3z-9 are therefore representative of the pressure distribution at this final
time.
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Ciraphing Mode Output Fie Legand Dirplay [ Sutace Mesh W Gad
" s [ Comour | 7 Hide ™ Show ﬁwr‘snwlr?on o F0n 0N

Figure 3-3z-7. Static contour plot, with minimum of 8,654 psi.

[ —" i =lnix|
Fle Bt Scie tew About

Geaphing Mode. Dutpud Fie 1+ Legend Dinplay - Suace Meth S

[ Feset = Covlod = Hds © Shiw Rmrwlﬂ&u ~on & n 0

Figure 3-3z-8. Contour plot for pressure distribution.

Areal Pressure in Layer 1

Figure 3-3z-9. Dynamic, rotatable, scalable plot for pressure.
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Example 3-4. Heterogeneities, anisotropy and multiple wells.

In this example, we demonstrate how heterogeneities and anisotropies are
introduced to reservoir simulations, using the simple single-layer, 15 x 15 grid
system of Example 3-1 as the basic template (the reader should refer to that
example and the “Geology” menu description). In addition, we will later drill
two wells as opposed to a single well, and pressure constrain one while we rate
constrain the second. Refer to Example 3-1 for basic menu descriptions.

[£] strataMagnetic Software Multisim

Start Manual | Geology Wells Simulate 30DPlots History Results
Horizontalz > Overview IJiIities I Partrerships |

Mumber of Layers
Create Reservoir b

Add Nonuniformities  # Uniform Medium
Rock Properties

Layer 1 (Surface)

Layer 2
Layer 3
Lawer 4
Laver 5
Layer &
Layer ¥
Layer 8
Layer 3iax Depkh)

Figure 3-4a. Introducing heterogeneities to layer descriptions.

Instead of selecting “Uniform Medium” as in Example 3-1, we now select
“Layer 1 (Surface)” as the layer where nonuniformities are to be introduced (had
additional layers been defined, those would have been highlighted in the above
menu). The information screen appearing in Figure 3-4b indicates that certain
keyboard characters may be used to denote rock matrix types, e.g., !, @, #and
so on, but not alphanumeric symbols like “a, b, ¢ and so on,” or “1,2,3...9,”
which are reserved for well “cluster” numbers (a cluster may be a single well or
a multilateral with numerous appendages). Clicking “OK” leads to the basic
geology screen in Figure 3-4c displayed in Windows Notepad with the
“LAYER1.GEO” name at the file header. This refers to the “geology file” for
“Layerl” (e.g., the geology file for Layer 9 would be LAYER9.GEO). It is
populated by “dots” or “periods,” each of which represents the basic underlying
reservoir rock. In Example 3-1, the default dots were left unchanged and
properties for the dots were defined in a menu.
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[-1 strataMagnetic Software Multisim e
Start  Manual Geology  Wells  Simulake  3DPloks Hiskory  Resulks  About
Horizontals 3> | ‘What's Mew! | Capabiities | Partnerships | Contact Us

Reservoir Description

i.e., @, & ¥ and so on, to represent different lithologies., For

@ Baseline matrix rock is defined by dots. Use keyboard symbaols,
example, use § to denote pay zone or = to describe fractures,

s

Figure 3-4b. Information screen for lithological symbols.

[(1 StrataMagnetic Software Multisim i
Skark  Manual Geologw  Wells  Simulake  3DPlots  Hi
Horizontals »> | ‘what'sMew! | Capshiies | F

=

Figure 3-4c¢. Basic reservoir layer without heterogeneities.
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We illustrate the geology definition process by changing the northwest
corner and the bottom of Figure 3-4c. Using Windows Notepad, we edit
LAYERI1.GEO, for example, as shown in Figure 3-4d.

[-1 strataMagnetic Software Multisim o
Sktart  Manual Geology  Wells  Simulate  30Plokts b
Haorizontals »» I Wwhat's Hewl | Capabilities I

& LAYER1.GEO - Notepad - O] x|

#AREHREA RS
b
#RERERARA RS e

[

Figure 3-4d. Layer characterized by three rock types.

Thus, we have our 15 x 15 grid now populated by “$,” “.” and “#’
geological symbols (there is presently no error checking for grid dimensions).
If this configuration is intended, then “Save” this file, again under the name
LAYERI.GEO and close the Notepad window. Next, we return to the
“Geology” menu and “Define Rock Properties” as shown in Figure 3-4e.
Selecting this item leads to Figure 3-4f and then to Figure 3-4g. Note how, in
the former, we have introduced non-cubic grid blocks, while in the latter, we
have introduced anisotropies for the lithology symbol “$.” Saving these
properties opens a second text input screen, namely, Figure 3-4h for lithology
symbol “.,” and finally, upon saving, Figure 3-4i for lithology “#” In summary,
the software had identified our three inputted lithologies and presented menus
allow us to define their geological attributes in a simple manner.
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[(1 strataMagnetic Software Multisim

Start Manuallﬁedogyr Wells  Simulate 3DPlots History Results Al

Haorizontals > Chverview bilities | Fartnerships | Ci

Mumber of Layers
Create Reservair k
Add Monuniformities  #

Rodk Properties Define Rock Properties
Showy Gealogy: Summars

Figure 3-4e. Defining rock properties.

[(1 StrataMagnetic Software

Stark  Manual Geology  Wells =
Horizontals >> | ‘what's Mewl |

% e
DY e
02 e

Clear I Save I

Figure 3-4f. Setting grid block dimensions.
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[(1 strataMagnetic Software Multisim ¥
Start  Manual Geology Wells  Simulate  3DPloks  History
Horizontals >3 | ‘what's Mew! | Capabilties | Partne

1 Rock Properties

B e

Permeability (ks md] . .. .. ..
Permeability (ky, md] . . ... ..
Permeability (kz, md] . . ... ..
Porozity [decimal] .. ... .. .. ﬂ
Fiock compreszibility [1/ps] . . ﬂ

Set ky and kz to ks | Clear | Save |

Figure 3-4g. Rock properties defined for lithology “$.”

1 strataMagnetic Software Multisim ot
Start  Manual Geology  Wells  Simulate  30Floks  Hiske
Horizontals > I ‘what's Mew! | Capahilities I Part

3 Rock Properties ol o] x|

L |:|

Permeability (ke md] . ... . ..
Permeability (ky, md) . ... ...
Permeahbility (kz, md) ...
Parosity [decimal] . .. ... .. ﬂ
Fock compressibility [1/psi] . . ﬂ

Set ky and kz to ks | Clear | Save |

Figure 3-4h. Rock properties defined for lithology “.”
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[-1 strataMagnetic Software Multisim
Stark  Manual Geology Wells  Simulate  3DPlots  Hiske
Harizontals >> | ‘'what'sMew! | Capabiities | Pan

[Z1 Rock Properties : - IEI |£|

e

Permeability ke, md] . ... ...
Permeability [ky, md] . ... ...
Permeability [kz. md] . .. .. ..
Farogity [decimal] .. ....... ﬂ
Fock compreszibility [1/pzi] . . ﬂ

Set ky and ke to kx | Clear | Save |

Figure 3-4i. Rock properties defined for lithology “#”

With the geological description completed, we turn to “Wells” as we did in
Example 3-1, and drill or “insert” wells into our single layer reservoir as
indicated in Figure 3-4j. Selecting this causes the file “LAYERI.DRL” to be
displayed as shown in Figure 3-4k. This is the “drilling” file associated with
LAYERI and is automatically constructed from the LAYERI.GEO geology
previously defined.

[(1 sStrataMagnetic Software Multisim :

Start Manual Geology | Wells Simulate 3DPlots  History  Results  About
Haorizontals >3 | What's  Oyerview I I Fartnerzhips | Contac
I

Insert Wells Editing Rules
Well Conmstraints F

Layer 1 (Surface)
Layer 2

Layer 3

Layer <

Layer 5

Laver &

Layer 7

Layer &

Layer @ (Max Depth)

Figure 3-4j. Drilling wells into Layer 1.
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[1 StrataMagnetic Software Multisim -
Skark  Manual Gealogy  MWells  Simulate 3D
Horizontals »> | ‘what's Mew! |  Capabiite

& LAYERLDRL - Notepad “ (=] |3
File Edit Search Help

R i
Bl i i
B ke

=}

Figure 3-4k. Pre-drilled geology file (copied from LAYER1.GEO).

Now we illustrate the simplicity of the user interface defined. We will drill
two wells, namely, Well 1 and Well 2, as shown in Figure 3-41, by simply typing
“1” or “2” at the locations of the lithology symbols desired. Save this modified
LAYERI1.DRL file and now close it. As in Example 3-1, the next step is the
specification of well constraints, which is accessed from the menu shown in
Figure 3-4m. The query screen in Figure 3-4n appears and we respond with
“Yes” for a steady flow analysis. The screens in Figures 1-40 and 1-4p,
previously discussed in Example 3-1, are self-explanatory. In Figure 3-4q, we
pressure constrain Well 1 to 1,000 psi and “Save,” while in Figure 3-4r, we
volume flow rate constrain Well 2 to 50,000 b/d and “Save.”
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[-1 StrataMagnetic Software Multisim .

Stark  Manual Geology  Wells  Simulake  SDPloks

Harzontals = | What's Hewl | Capabilities |
& LAYER1.DRL - Notepad i |u] 4
File Edit Search Help

FI5333933%. . ... “
335553385, ..... —
$FEEE9%%. ... ...

FEEF1IES. ... ...

L5353 JHP

5% 5 5 JU

5% 3 J

L3 3 T

$F5....... 2.,

L

SEEEELEE LRy .
RERRRRHHEREREES
RERRARAAEREREES

hd

Figure 3-41. Locations “1” and “2” for Well 1 and Well 2 described.

[(1 strataMagnetic Software Multisim

Start Manual Geologvlwells Simulate 3DPlots  History Results  About
Harizontals >>| What's  Overview || Fartnerzhipz | Contact |

Insert Wells 3 |
Well Constraints  » Cverview

Production Mode

Specity Well Constraints
Show Drilling Summars:

Figure 3-4m. Specifying well constraints.
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[[1 strataMagnetic Software Multisim ]
Start  Manual Geology  Wells  Simulate  3DPlots  History  Results About

Huorizontals >>| What's Mewl | Capabilities I Partrerships | Contact L

Production Mode x|

Steady flow, always? Click yes, for uninterrupted operations, e.g., no
shut-ns or chanages to well constraints. Mo, if fransient operations are
planned.

Yeg Mo |

Figure 3-4n. Click “Yes” for steady-flow analysis only.

[(1 strataMagnetic Software Multisim

Start Manual Geology | Wells Simulate 3DPlots  History  Results  About

Harizontals >>| What's  Overview || Partrierzhips | Contact Uz |
Insert Wells k |
Well Constraints Overview

Produchion Mode

Spedfy Well Constraints

Shiow Drilling Summars:

Figure 3-40. Specifying well constraints.
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Multil .
Copyright ) 2016, by W.C. Chin. A1l rights reserwved.

Reading geological/drilling records ...

"+" for

nd to

e conditi
Additional properties

Frezzure azzumed in psi

YWolume How rate .. & Cubic ftfhr
" Cubic ft/day
i+ Bamels/day

Save 1

|

Figure 3-4p. Select volume flow rate units.

Stark  Man.

Well Mo,
f:. a

Select pressure or rate, enter values
i ket biow, then click <Sawes . ..

1000 Well pressure [psi]
Save ;

Harizantalz = Maolurme flow rate

Figure 3-4q. Pressure constraint taken for Well 1.
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[-1 Strats
Skark  Man.

Harizontalz

well Mo,

7 Pressure lewel &% Wolume flow rate

Select preszure or rate, enter values
it ket b, then click <Saver .

R0000 Flow rate [bdd)
Save I

Figure 3-4r. Volume flow rate constraint assumed for Well 2.

Next, as in Example 3-1, we define reservoir farfield boundary conditions
using the menu shown in Figure 3-4s. Figures 3-4t and 3-4u are identical to
those described in Example 3-1. Various screens appear, similarly to those
discussed previously, which we only briefly cite: (a) we will not modify
transmissibilities, (b) we select “liquid” and enter a viscosity of 1 cp, and (c)
assume “steady flow, for now.” With regard to the computing status screen,
which shows the error every one hundred iterations, we simply click “Continue”
five times, and then, “No.” In Figures 1-4v and 1-4w, we take “No” and then
“Yes.” Figures 1-4x to 1-4z-4 display the screens relevant to producing three-
dimensional color plots and are self-explanatory.

[£1 strataMagnetic Software Multisim

Start Manual Geology Wells | Simulate 3DPlots  History  Results
Harizontalz > | wihat's Mewl Civerview I

Boundary Conditions |
Run Simulator
Shiow Produckion Repart

Figure 3-4s. Defining farfield boundary conditions.
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Start Manual Geology Wells Simulate 3DPlots

History  Results  About

Hozonkals > | What's Mewd |  Capabiities | Parnerships | Contact s Clear Screen |

[ Boundary Conditions =0l x|
) Walb/c  Pres psi)
COORDINATE SYSTEM |Front... [~ NoFlow
il e Back... [~ NoFlow
i=1 — ¥ Lek.... ["| NoFlaw [10000 |
Right... [~ NoFlow [10000
Left Right Top.... ¥ MoFlow
Bottom .. [ Mo Flow
imax Top (Layer 1) Save | Hep | Ea |
/ Front
#(i)
(Max - 9 layers) Bottom

Figure 3-4t. Boundary condition definition.

[k strataMagnetic Software Multisim
Start Manual Geology Wells | Simulate 30FPlots  History  Results
Harizontals »» | What's Mewl Chverview I3

Boundary Conditions

Run Simulator

Shiow Produckion Repark

Figure 3-4u. Running the simulation.
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Initiate tranzient operationz, e.q., shut-inzg, changing
well canstrainte, drilling new wells?

" Mo Cantinue i

Horizontalz »» | What's Hewl Capabilities | Partnershipz

Stratamagnetic Software Multisim : _' x|

Simulations completed? Yes, initiates graphics processing.

Figure 3-4w. Steady flow simulations completed, click “Yes.”
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[Ed strataMagnetic Software Multisim :

Start Manual Geology Wells Simulate | 30Plots History Results  About
Horizontals >> | WhatsNew! |  Capat  gverview || Contact Uz | Clear 5
|

Stratum Layer Selection
Display Pressures  k

Layer 1 {Surf;

Lawer 2
Lawer 3
Lawer 4
Lawer 5
Lawer &
Lawer ¥
Lawer &
Layer A(1Max Depth)

Figure 3-4y. Select stratum for color plotting.

[(d strataMagnetic Software Multisim T

Start Manual Geology Wells Simulate | 30Plots History Results  About
Harizontals >>| Wl'hat's Hew! | Capat  Qverview Contact s

Select Stratum 3
Display Pressures Graphical Modes

Static Contour Flot

Dynamic Movable Plots
MNumerical Values (Psi)

Figure 3-4z-1. Choosing three-dimensional color plot options.
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53 3D Surface Plotter (Static View) ol x|
File Edit Scale View About

Graphing Mode Output File — Legend Display | Surface Mesh XY Gnd

 Reset (" Contowr | Hide ( Show ( Continuous Stepped | ¢On (0f & 0n € Off

Areal Pressure in Layer 1

Figure 3-4z-2. Static pressure plot.

[ strataMagnetic Software Multi

Start Manual Geology Wells Simulate | 3DPlots History  Results  About
Harizontals >>| wihat's Mew! | Capat  Owverview Contact sz

Select Stratum 3

Display Pressures Graphical Modes

Static Contour Plot

Drymam

Mumerical Values (Psi)

Figure 3-4z-3. Selecting dynamic, rotatable, scalable plots.
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] 3D surface Plotter (Dynamic View) ! (=] 3}

File Edit View About

F .dd'nn el

Areal Pressure in Layer 1 " Mone
— & Rolate

" Move

" Scale

" Zoom

Constraint
& None
(™ X hoas
% duas
 Z huds
~ Eye

Beset |

Esit |

[E] strataMagnetic Software Multisim Ed
Start Manual Geology Wells Simulate 3DPlots  History | Results About
Horizontals »» | wihat's Mewl | Capabilities | Partner:  Qverview

Text Summaries
Create Final Report

Geology Data
Wells and Constraints
voir Production

Figure 3-4z-5. Reservoir production report.

Perhaps the most important output is the production report accessed from
the menu in Figure 3-4z-5. Key portions of this report are duplicated below in
Courier font to emphasize that it is computer generated. This summarizes
input grid, geological, drilling and boundary condition information.

SUMMARY . SIM

SIMULATION SUMMARIES, PHYSICAL FLUID MODELING, FAR FIELD
AND WELL BORE RUN TIME BOUNDARY CONDITIONS (SUMMARY.SIM) :

Simulation results based on rectangular mesh system.
PRESENT RESERVOIR STATUS:

Reservoir grid parameters:
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Imax = 15, Dx = .1000E+03 ft, Imax *Dx = .1500E+04 ft.
Jmax = 15, Dy = .1100E+03 ft, Jmax *Dy = .1650E+04 ft.
Layers = 1, Dz = .1200E+03 ft, Layers*Dz = .1200E+03 ft.

Number of initial well clusters identified: 2
Combining geological/drilling information, please wait
Well block transmissibility (ft”3) summary:

Well 1, defined by 1 grid blocks, is
pressure constrained at 0.1000E+04 psi.

Block 1: (I= 4, J= 5, Layer 1), Tx = .144E-09, Ty = .120E-09,

= .102E-09

Well 2, defined by 1 grid blocks, is
flow rate constrained at 0.1170E+05 cu ft/hr,
that is, 0.500E+05 b/d, or 0.281E+06 cu ft/day.

Block 1: (I= 9, J=10, Layer 1), Tx = .148E-09, Ty = .123E-09,

= .105E-09

INPUT FARFIELD BOUNDARY CONDITION SUMMARY :

Z (k)
| §=1 Jmax (15)
i=1 |
dmm e +  m----- Y (3)
/ 3000000000000003 \
Left / 3000 Bgck ©°°o°3 \ Right
/ 300000000000000 3 \
/ R + \
Imax (15) B / Top, Layer 1 \------- +
/ 300000000000000000000000000000000 3
3000000000000 0000000000003
/ Front
/ X(i) 3000000000000000000000000000000003
to---m - Bottom, Layer 1 ------ +

COORDINATE SYSTEM

FRONT assumed to be aquifer at pressure 10000.00 psi
BACK assumed to be aquifer at pressure 10000.00 psi
LEFT assumed to be aquifer at pressure 10000.00 psi
RIGHT assumed to be aquifer at pressure 10000.00 psi
TOP assumed to be "no flow wall"
BOTTOM assumed to be "no flow wall"

O O0OO0O0O0O0

PHYSICAL FLUID MODEL SUMMARY :
O Fluid viscosity: 0.100E+01 centipoise
Fluid, assumed to be a liquid, satisfies linear partial

differential equation if pressure compaction option is
not selected later.

Tz

Tz
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STEADY STATE SIMULATION MODE SELECTED.

Pressure field initialized to internally
generated approximate solution.

Note: "Jmax > 7" values cause "word wrap-around" in
screen displays and written files. Use "File Reader"

utility to "unwrap" printouts for convenient viewing.

Iteration 100, (Un)converged volume flow rates
by well cluster:

Cluster 1: P= 0.1000E+04 psi, Q= 0.2444E+06 b/d.
Cluster 2: P= 0.7366E+04 psi, Q= 0.5000E+05 b/d.

Calculated 3D pressures in SUMMARY.SIM file

Iteration 100, Pressure (psi) in Layer 1:

| SUMMARY.STM - Notepad
Fie Edit Search Help

Cluster 1: P= 0.1000E+04 psi, Q= 0.2444E+06 b/d.
Cluster 2: P= 0.7366E+04 psi, Q= 0.5000E+05 b/d.

calculated 3D pressures in SUMMARY.SIM file ...

"

. Pressure (psi) in Layer

10000. 000 10000.000 10000.000 10000.000 10000.000 10000.000 10000.000 10000.000 10000.000 10000.000
10000.000 9591.742 9122.387 B8578.B96 B147.948 B475.745 B904.588 9233.176 9455.628 9608.558
10000.000 9234.244 B306.849 7063.572 5662.116 6867.498 7892.924 8555.136 B974.565 9255.584
10000.000 9012.393 7754.684 5680.494 999,973 5409.213 7184.340 BO0B1.292 8611.199 B966.966
10000.000 9015.978 7884.054 6472.463 4966.418 6149.279 7197.659 7909.340 B8393.282 B750.535
10000.000 9142.818 B8246.964 7342.910 6689.023 6977.105 7478.707 7927.384 B280.688 8581.723
10000.000 9301.706 B8616.935 B8004.268 7608.093 7611.095 7804.401 B8024.588 B212.088 B8403.337
10000.000 9449.277 B8927.263 B8483.020 B8185.135 BO0B6.459 B1l07.667 B8149.180 B8140.716 B1l00.767
10000.000 9572.544 9174.707 8B837.913 B8595.784 8461.940 B8394.356 8£315.705 B8095.324 7365.523
10000.000 9674.338 9372.518 9113.937 B8916.110 &782.394 B8690.181 8600.602 B8475.153 8341.429
10000.000 9O758.901 9534.127 9338.816 9183.112 9068.043 B983.531 B8915.469 B8B6l1.632 BEGG6.672
10000.000 9830.271 9670.853 9530.770 9416.211 9328.122 9263.274 9218.458 9198.943 9229.286
10000.000 9891.570 9789.503 9699.188 9624.028 9565.479 9522.657 9496.270 9490.621 9516.682
10000.000 9947.025 9897.089 09B52.716 9B815.365 9786.171 9764.965 9752.809 9751.718 9765.762
10000. 000 10000.000 10000.000 10000.000 10000.000 10000.000 10000.000 10000.000 10000.000 10000.000
FRONT

Iteration 100
BACK

Iteration 200, (un)converged volume flow rates
by well cluster:

Cluster 1: P= 0.1000£+04 psi, Q= 0.2444E+06 b/d.
cluster 2: P= 0.73656+04 psi, Q= 0.5000E+05 b/d

Iteration 600, (Un)converged volume flow rates by well cluster:

Cluster 1: P= 0.1000E+04 psi, Q= 0.2444E+06 b/d.
Cluster 2: P= 0.7366E+04 psi, Q= 0.5000E+05 b/d.

It is very important that our calculations have converged quickly, very
likely before one iterations (just seconds on mid-range Intel machines), and it is
important to note that Well 1, pressure constrained at 1,000 psi, yielded a flow
rate of 244,400 b/d, while Well 2, flow rate constrained at 50,000 b/d, yielded a
pressure value of 7,366 psi (all outputs are reported to four decimal places. We
next indicate how these are used to show simulator accuracy.
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Example 3-5. Reversing well constraints — consistency check.

Given that our reservoir simulator programming logic supports both
heterogeneities and anisotropies, not to mention multilayer geologies, and that
well flow rate boundary conditions involve integrals around the well and also tip
flows, some computation checks are required to demonstrate physical
consistency and error-free implementation. One crucial test is this. We had
pressure constrained Well 1 at 1,000 psi and it yielded a flow rate of 244,400
b/d, while Well 2 was flow rate constrained at 50,000 b/d and yielded a pressure
value of 7,366 psi. Now, with the same geology, we perform the
complementary calculation where we rate constrain Well 1 at 244,400 b/d and
pressure constrain Well 2 at 7,366 psi. Ideally, we would find that the pressure
at Well 1 is 1,000 psi while the flow rate at Well 2 is 50,000 b/d. It is not
necessary to “start from the beginning” to perform this simulation. The geology
files have already been determined and reside in memory. Thus, we proceed
directly to the “Wells” menu, and execute the previously described steps leading
now to Figures 3-5a and 3-5b. After running the simulation, we examine the
SUMMARY.SIM production report shown on the following page.

[-] strataMagnetic Softy
Stark  Manual Geology  Wells  Simulate  3DPI
Horizontals »> | “what's Mew! |  Capabilities

£ well Constraints _f- o] x|

well Mo,

0 Pressure level & Yolumne flow rate

Select preszure or rate, enter wvalues
in text box, then click <Saves . ..

244400 | Flow rate [bAd]
Save I

Figure 3-5a. Constraining Well 1 using flow rate.
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[-1 strataMagnetic Software Multisim

Start  Marmual  Geology  Wells  Simulate  3DPI
Horizontals »> | ‘what's Mew! |  Capabiities

[ well Constraints = IEI IEI

= Walume flow rate

Select pressure or rate, enter values
if text bow, then click <Saves . ..

73IEE Well prezsure [pai]
Save I

Figure 3-5b. Constraining Well 2 using pressure.

SIMULATION SUMMARIES, PHYSICAL FLUID MODELING, FAR FIELD
AND WELL BORE RUN TIME BOUNDARY CONDITIONS (SUMMARY.SIM) :

Simulation results based on rectangular mesh system.
PRESENT RESERVOIR STATUS:

Reservoir grid parameters:

Imax = 15, Dx = .1000E+03 ft, Imax *Dx = .1500E+04 ft.
Jmax = 15, Dy = .1100E+03 ft, Jmax *Dy = .1650E+04 ft.
Layers = 1, Dz = .1200E+03 ft, Layers*Dz = .1200E+03 ft.

Number of initial well clusters identified: 2
Combining geological/drilling information, please wait
Well block transmissibility (ft”3) summary:

Well 1, defined by 1 grid blocks, is

flow rate constrained at 0.5717E+05 cu ft/hr,

that is, 0.244E+06 b/d, or 0.137E+07 cu ft/day.

Block 1: (I= 4, J= 5, Layer 1), Tx = .144E-09, Ty = .120E-09, Tz
= .102E-09

Well 2, defined by 1 grid blocks, is

pressure constrained at 0.7366E+04 psi.

Block 1: (I= 9, J=10, Layer 1), Tx = .148E-09, Ty = .123E-09, Tz
= .105E-09
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INPUT FARFIELD BOUNDARY CONDITION SUMMARY :

Imax (15

/ X

FRONT
BACK
LEFT
RIGHT
TOP

O O0OO0O0OO0O0

Z (k)
| §=1 Jmax (15)
i=1 |
e +  ------ Y (3)
/ 300000000000000 3 \
Left / 3000  Bgack ©°°°3 \ Right
3000000000000003 \
/ T + \
) R / Top, Layer 1 \------- +
/ 3000000000000000000000000000000003
3000000000000 Front 0000000000003
(i) 3000000000000000000000000000000003
+------- Bottom, Layer 1 ------ +
COORDINATE SYSTEM
assumed to be aquifer at pressure 10000.00 psi
assumed to be aquifer at pressure 10000.00 psi
assumed to be aquifer at pressure 10000.00 psi
assumed to be aquifer at pressure 10000.00 psi
assumed to be "no flow wall"

BOTTOM assumed to be

"no flow wall"

PHYSICAL FLUID MODEL SUMMARY:

O Fluid viscosity:

Fluid,

not selected later.

0.100E+01 centipoise

assumed to be a liquid,
differential equation if pressure compaction

STEADY STATE SIMULATION MODE SELECTED.

Pressure field initialized to internally
generated approximate solution.

Note:

Use

"Jmax > 7" values cause "word wrap-around"
screen displays and written files.

"File Re

satisfies linear partial
option is

in
ader"

utility to "unwrap" printouts for convenient viewing.

Iteration

Cluster 1:
Cluster 2:

Iteration

Cluster 1:
Cluster 2:

Iteration
Cluster 1
Cluster 2

100,
P= 0
P= 0
200,
P= 0
P= 0
300,
: P= 0
: P=0

(Un) converged
.9993E+03 psi,
.7366E+04 psi,

Q=
Q=

(Un) converged

.9990E+03 psi,
.7366E+04 psi,

(Un) converged

.9990E+03 psi,
.7366E+04 psi,

volume flow rates
Q=
Q=

volume flow rates
Q=
Q=

volume flow rates by well cluster:
0.2444E+06 b/d.
0.4999E+05 b/d.

by well cluster:

0.2444E+06 b/d.
0.4998E+05 b/d.

by well cluster:

0.2444E+06 b/d.
0.4998E+05 b/d.
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Iteration 600, (Un)converged volume flow rates by well cluster:
Cluster 1: P= 0.9990E+03 psi, Q= 0.2444E+06 b/d.
Cluster 2: P= 0.7366E+04 psi, Q= 0.4998E+05 b/d.

We have recovered the physically expected result that Well 1 possesses a
999 psi (very close to 1,000 psi), while Well 2 produces at 49,980 b/d (very
close to 50,000 b/d). The numbers are not exact because we used outputs
printed to only four decimal place accuracy. However, the rapid convergence,
most likely by one hundred iterations, plus the computational consistency
achieved, demonstrate that the simulator is very rigorously and accurately
developed.

Example 3-6. Changing farfield boundary conditions.

Next, we continue with Examples 4 and 5, keeping all inputs identical
except that the farfield boundary conditions previously considered are now
changed so that 10,000 psi is reduced to 5,000 psi as shown in Figure 3-6a.

X]

zealogy ells  Sin ts  Histor Results  About

Horizontals >> | ‘What'sMew! | Capabiities | Partnerships CortactUs [ Clear Screen |

Manual

=lox]

oK) Wwallbic  Pres [psi]
COORDINATE  SYSTEM Front.., = NaFlow
L=1 olad Back... [~ MoFlow
i=1 N ()] Left.... [~ NoFlow [000 |
Right... [~ Mo Flow
Left Right Top.... ¥ NoFlow
Bottom. . [ Mo Flow
imax Top (Layer 1) -
pa— Help I E it I
%(i)
(Mlax - 9 layers) Bottom

Figure 3-6a. Farfield pressures reduced to 5,000 psi from 10,000 psi.
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[£1 3D Surface Plotter (Static View)

File Edit Scale View About
Giraphing Mode Output File Legend Display Surface Mesh HA Grid
( Reset (" Contour |  Hide ( Show | & Corliruous O Stepped | & On  © OFf & 0n ¢ Of

Areal Pressure in Layer 1

A W =
¥
(X

[] 3D Surface Plotter (Static View) =10l x|
File Edit Seale view About

Giraphing Mode Output File 1 Legend Display Susface Mesh XA Grid

" Aeset & @ Hide ( Show | ¥ Conlirwous ¢ Stepped | & On " Dif * On € DK

Figure 3-6¢. Static pressure contour plot.
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[29 3D Surface Plotter (Dynamic View)

File Edit View About

Areal Pressure in Layer 1

=|ofx|

Action

" Mone
* Rotate
= Move
" Scale
" Zoom

— Constraint —
& Mone
X Asis
7 Az
 Z Auis
" Eye

Figure 3-6d. Dynamic, rotatable, scalable pressure plot.

With the farfield pressure level changed, the presence of two wells in the
reservoir is clearly seen in Figures 3-6b, 3-6¢ and 3-6d. Note that we did not
need to re-run the actions listed in the “Geology” and “Wells” menus — we
simply redefined boundary conditions as shown in Figure 3-6a and performed
the simulation. The summary report for two wells is listed immediately below.

SIMULATION SUMMARIES,

PHYSICAL FLUID MODELING, FAR FIELD
AND WELL BORE RUN TIME BOUNDARY CONDITIONS (SUMMARY.SIM) :

Simulation results based on rectangular mesh system.

PRESENT RESERVOIR STATUS:

Reservoir
Imax =
Jmax =
Layers =

Number of initial well clusters

grid
15, Dx
15, Dy
1, Dz

parameters:

= .1000E+03 ft,
= .1100E+03 f¢t,
= .1200E+03 ft,

Imax *Dx = .1500E+04 ft.
Jmax *Dy = .1650E+04 ft.
Layers*Dz = .1200E+03 ft.

identified: 2

Combining geological/drilling information, please wait

Well block transmissibility

Well 1, defined by

(f£”*3) summary:

1 grid blocks, is

flow rate constrained at 0.5717E+05 cu ft/hr,

that 1is,

0.244E+06 b/d,

or 0.137E+07 cu ft/day.



134 RESERVOIR ENGINEERING IN MODERN OILFIELDS

Block 1l: (I= 4, J= 5, Layer 1), Tx = .144E-09, Ty = .120E-09, Tz
= .102E-09

Well 2, defined by 1 grid blocks, is

pressure constrained at 0.7366E+04 psi.

Block 1: (I= 9, J=10, Layer 1), Tx = .148E-09, Ty = .123E-09, Tz
= .105E-09

INPUT FARFIELD BOUNDARY CONDITION SUMMARY :

Z (k)
| §=1 Jmax (15)
i=1 |
Fomm - + - Y (3)
/ 3000000000000003 \
Left / 3000  Back ©°°3 \  Right
/ 3000000000000003 \
/ R T + \
Imax (15) R / Top, Layer 1 \------- +
/ 3000000000000000000000000000000003
/ 3000000000000 Front 0000000000003
/ X(l) 300000000000000000000000000000000 3
+------- Bottom, Layer 1 ------ +

COORDINATE SYSTEM

FRONT assumed to be aquifer at pressure 5000.00 psi
BACK assumed to be aquifer at pressure 5000.00 psi
LEFT assumed to be aquifer at pressure 5000.00 psi
RIGHT assumed to be aquifer at pressure ©5000.00 psi
TOP assumed to be "no flow wall"
BOTTOM assumed to be "no flow wall"

OO0OO0O0OO0O0

PHYSICAL FLUID MODEL SUMMARY :
O Fluid viscosity: 0.100E+01 centipoise

Fluid, assumed to be a liquid, satisfies linear partial
differential equation if pressure compaction option is
not selected later.

STEADY STATE SIMULATION MODE SELECTED.

Pressure field initialized to internally
generated approximate solution.

Note: "Jmax > 7" values cause "word wrap-around" in
screen displays and written files. TUse "File Reader"
utility to "unwrap" printouts for convenient viewing.

Iteration 100, (Un)converged volume flow rates by well cluster:
Cluster 1: P= -.3669E+04 psi, Q= 0.2444E+06 b/d.
Cluster 2: P= 0.7366E+04 psi, Q= -.7571E+05 b/d.
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Iteration 200, (Un)converged volume flow rates by well cluster:
Cluster 1: P= -.3669E+04 psi, Q= 0.2444E+06 b/d.
Cluster 2: P= 0.7366E+04 psi, Q= -.7572E+05 b/d.

Iteration 600, (Un)converged volume flow rates by well cluster:
Cluster 1: P= -.3669E+04 psi, Q= 0.2444E+06 b/d.
Cluster 2: P= 0.7366E+04 psi, Q= -.7572E+05 b/d.

Again, stable and rapid convergence is demonstrated. The calculated
negative pressure of “— 3,669 psi” for Well 1 indicates that the prescribed flow
rate of 244,400 b/d is not sustainable. Also, the negative flow rate obtained for
Well 2 means that the well is functioning as an injector — this is clear since the
pressure of 7,366 psi exceeds the assumed reservoir pressure of 5,000 psi.

Example 3-7. Fluid depletion in a sealed reservoir.

In this example, we consider a rectangular parallelepiped reservoir which is
sealed at all six faces that is initially pressurized. A well drilled at its center is
pressure constrained at a lower level than the initial pressure and we wish to
calculate the volume flow rate production history. In other words, we will
model fluid depletion and predict the declining volume flow rate with time. We
will present the menu screens associated with this simulation. By “sealed,” we
mean that the reservoir is a self-contained volume, e.g., not unlike the high
pressure air in a bicycle tube that is subsequently punctured. Thus, “no flow”
walls are assumed everywhere, and pressure itself (implying the existence of

other drive mechanisms) is not specified.

As usual, we start with the “Geology” menu and consider a single-layer, 15
x 15 grid block system, uniform medium default grid block sizes, and rock
properties, e.g., permeabilities, porosity and compressibility, as shown in
Figures 3-7a and 3-7b. Obvious screens are not displayed for brevity; the exact
numbers are not important to demonstrating the basic simulation features.
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[-1 strataMagnetic Software]

Skark  Manual Gealogy  Wells
Harizonkals »» I WWhat's Mew!

" _lolx|

D (ee)
DY e
02 e

Clear | Save |

Figure 3-7a. Grid block size specification.

[-1 sStrataMagnetic Software Multisim
Stark  Marmual Geology  Wells  Simulake  3DPloks  Histor
Horizortals »» | “What's New! | Capabiities | Partn

[£1 Rock Properties _ O] x|

Lithalogy Spmbal ... .. ... .. .

Permneability ke, md] . ... ...
Permneability (ke md] . .. .. ..
Fermneability (kz, md] . ... ...
Porozity [decimal] . .. ... ... ﬂ
Rock compreszsibility [1/p=i] . . ﬂ

Set ky and kz to ks | Clear | Save |

Figure 3-7b. Defining lithology properties.
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Next, we turn to the “Wells” menu, and drill or “insert” a well as shown in
Fgure 3-7c. Once the “1” is inserted, save and close the Windows Notepad
screen. Well constraints are defined starting from the menu item in Figure 3-7d.

[-1 StratalMagnetic Software Multy

Skark Manual Gealogy  MWells  Simulz
Horizontals »> | ‘what's Mew! |

A LAYER1.DRL - Not ™[] 3
File Edit Search Help

Figure 3-7c. Centered well in square reservoir.

(1 strataMagnetic Software Multisim

Start Manual Geology | Wells Simulate  3DPlots  History  Results  About

Harizontalz >>| Whats  overview || Partnershipz | Contact L

Insert Wells
Overview

Well Constraints

Production Mode

Specity Wel Constraints
Shiow, Drilling Suramats:

Figure 3-7d. Defining well constraints.
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[-1 strataMagnetic Software Multisim : - :
Start  Marual Geology  Mells  Simulate  3DPlobs  History  Resulks About
Horizontals > I What's New! | Capabilities I Partrerships | Contac

Production Mode i ]

Steady flow, always? Click yes, for uninterrupted operations, e.g., no
shut-ins or changes to well constraints. Mo, if transient operations are
planned.

Yes Mo |

Figure 3-7e. Specifying steady versus transient type, click “No.”

(1 strataMagnetic Software Multisim

Start Manual Geology Wells Simulate 3DPlots  His
Huorizontals >>| what's Mewl | Capahilities | F.

Transzient modeling
MHurnber af wells

[include thoze to be Ent
added while simulating] ﬂ

Figure 3-7f. Defining number of wells to be studied.

In Figure 3-7e, we click “No” because we will model transient fluid depletion.
And although only a single well is shown in Figure 3-7c, note that we could
have entered a number greater than this if additional wells would be drilled
during the simulation process. For example, had we entered “3,” this would
mean that two more vertical, deviated, horizontal or multilaterwells would be
inserted into the reservoir during simulations. Entering “1” in Figure 3-7f
means that no further drilling is planned. The screens in Figures 3-7g and 3-7h
are self-explanatory.
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[(1 strataMagnetic Software Multisim

Start Manual Geclogy | Wells Simulate 3DPlots  History  Results  About
Harizontalz >>| What's  Cwerview || Fartnerzhipz | Contact

Insert Wells 3

Well Constraints  # Overview

Production Mode

Spedfy Well Constraints

Show Drilling Summars:

Figure 3-7g. Specifying well constraints.

The next screen, not shown here, asks for volume flow rate units, for which we
take “b/d.”

[-1 strataMagnetic Software Multisim

Start  Manual  Geology  wWells  Simulate  30DP
Huorizontals >>| Wwihat's Hewl | Capahiliies

[z well Constraints o] x|

&+ {Pressurelevet  © Volume flow rate

Select preszure or rate, enter values
it tet box, then click <Saves . . .

1000 el pressure [psi)
Save |

Figure 3-7h. Pressure constraining the well.
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1 strataMagnetic Software Multisim
Start Manual Geology Wells | Simulate 3DPlots  History  Res
Harizontals > I What's Mewl Oiverview z

R Sirnl atar

Shiow Produckion Repark

x|
Start Manual Geology Wells Simulate 3DPlots History Results  About
Horizontals »> | ‘What'sNewl |  Capabiities | Partnerships | ContactUs Clear Screen [

=3 Boundary Conditions 5 =|E|!I
Wall b/c  Pres [psi)
#(k)
COORDINATE SYSTEM Front. .. W MNoFlow
I I Back... W MoFlow
. i=1 jmax b
i=1 RPN, - ¢p ] Left.... W NoFlow
Back Right . ..
Left Right Topas
Battorn .. [ Mo Flow
imax Top (Layer 1) Save I Help I B I
/ Front
(i)
(Mazx - 9 layers) Bottom

Figure 3-7i. Defining “no flow” farfield reservoir boundary conditions.

Once boundary conditions have been defined via Figure 3-7i, we click
“Run Simulator.” As before, a menu allowing us to modify transmissibilities
appears, to which we respond “No.” A fluid properties input box also appears,
to which we specify “Liquid” at a “1 c¢p” viscosity.
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[(1 sStrataMagnetic Software Multisi

Stark  Manual Geology  Wells  Simulate
Horizontals => | ‘what'sMew! |  Cape

=10l x|

= Steadw fow .. For now
f+ Tranzient compressible fow

Save I

Figure 3-7j. Transient simulation mode selected.

[(1 StrataMagnetic Software Multisim

Start  Manual Geology  Wells  Simulate  3DPIob
Horizontals »» | ‘what's Mew! |  Capahbilities

[ Initial Conditions =] 4]

Initialize pressures to ...

{+ Constant value, psi (5000

i~ %ariable field, file:

Submit |

Figure 3-7k. Initializing the stagnant reservoir to 5,000 psi.

[(1 strataMagnetic Software Multisim

Start  Marmwal Geology  Wells  Simulate  30Plc
Haorizantalz >>| Wwhat's Mew! | Capabilities

E] Liguid Eompressihilitv;;: - II:I Iil
[e.g.. 0.00007 for ail or 0000003 Far water]

Comprezsibility [1./pzi] 0.00001
__ Sae |

Figure 3-71. Defining liquid compressibility value.
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[(1 compressibi - |EI |£|

Porozity average liquid comprezzibiliy
with matnix rock comprezzibiliies?

= Yes ) Mo

Continue I

Figure 3-7m. Choosing compressibility modeling option.

[J strataMagnetic Softwar :
Stark  Manual Geology  Meells  Simulake  SDPlots  Hiskor
Horizontals »> | ‘wWhat'sMewl |  Capabiities | Partr

3 DT - Time Step Selector _|ol x|

Fluid wiscosity [cp) . .. ... .. |1

Fluid compreszibility [1/psi] . . ||:|_|:||:||:||:|1

b aximum permeability [md] .. *
kinimum porozity [decimal] .. * |01
Smallest gnd length [f] ... .. *1100

|
|
RO |
|
|

* Diefaultz may not apply

Click far suggested time step Time Step I

M awirnurn bime steps |1 oan |
Approdimate time zcale [hre) |_|]1 q |
Suggested birme step [hrs] . . |.'| | |

il LI Save I

Figure 3-7n. Choose 0.1 hr time step instead of suggestion.
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[-1 strataMagnetic Software Multisim

Stark  Manual Geology  Weells  Simulake  SDPlot
Horizontals »> | ‘what'sMew! |  Capabiities

[z Compaction Model - o] x|

&  PRigid formation € Small defarmation

Second comprezsibility [1./psi]

|EI | Save I

Figure 3-70. Choosing reservoir deformation model.

1 Run Status

Time step : ||:| |

Elapsed time [hrs] ; ||:| |

Conbinue tranzient simulation?
' Yez " Mo Contirue |

Figure 3-7p. Simulation status screen.

[1 sStrataMagnetic Software Multisim

Stark  Manual Geology  MWells  Simulate  3DPloks  t
Horizontals > | ‘What's Mew! | Capailities |

3 well Status ;;:: =0 x|

Wel #1 @ Step# O or time D.O00E+00 hrs
iz "pressure conztrained'’ at 0 1000E+04 pei.

Change constraint or well geomety?

 Yes % Mo Continue I

Figure 3-7q. Initial well pressure change query.
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-Ioix]

Dirill aty [mare) new well: and well clusters?

" Yes + Mo Continue I

Figure 3-7r. Dirilling status change query.

[-1 Time Step Menu =|Q|£|
Time step [hrs] .. .........
Murmnber of time steps between
color pressure ploks
Murnber of time steps between

well statuz menus

Confirm or update data ... Save I

Figure 3-7s. Time step display menu.

Well Cluster Ma.
wiellbore starage

[Unitz, ft5A6F > 0] D
Canfirm or update . Save |

Figure 3-7t. Wellbore storage input.

Ed Run Status - o] x|

Elapsed time [hrs] :

Continue trangient simulation?

] Continue I

Figure 3-7u. Simulation status update (terminate run).
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An intermediate screen (not shown) asks next to save file, say, as
“PRESSURE.OLD.” Hles are saved since they may be used to initialize other
transient simulations — for instance, a solution for three wells might initialize a
future simulation for two wells if one well is subsequently abandoned. At this
point, all numerical integrations have been completed, and the screen in Figure
3-7v asks if wellbore pressure and flow rate histories are to be viewed. Clicking
“Yes” leads to the menu in Figure 3-7w.  We emphasize that a query screen
appears on screen during simulations (e.g., see upper screen of Figure 3-10q)
asking if simulations have been completed, and if so, if graphical processing
should commence — do not click “Yes” until all steady and transient
computations have been complete — otherwise, anticipated plots may not be
performed.  Figure 3-7x displays a plot of well flow rate that decreases with
time, with well pressure fixed, together with numerical values. Had multiple
wells been specified, multiple graphs and tables would have been presented.
The smoothness in the curve shows that our computations were stable.

Start  Manual Geology Wells Simulate 3DPlots  History  Res
Harizontals >>| What's Mew! | Capabilities | Partrerships

Humerical Well Test Simulation . il

View wellbore pressure and flow rate histories?

Figure 3-7v. Wellbore display menu.

[F1 StrataMagnetic Software Multisim :

Start Manual Geology Wels Simulate 3DPlots | History Results About
Haorizontals >>| Wihat's Mewl | Capabilities | well Transients

Pressure Histary »
Flow Rates Select

el 2
el 3
el 4
el 5
el &
el 7
Well &
el o

Figure 3-7w. Viewing wellbore flow rates.
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] Multiple Series Flotter

Fie Edt Legerd Helo

| Hide, Serizs:

! MMed T No2 T Mo3

" Mo 4 |

Rate (cu fihr)

380007
36000
34000
32000

30000
28000
26000

e

0.1

&) WELL1STM - Motepad
Fie Edit Search Help

Time (hours)

0Dz 03 04 05 06 0OF 08 09

(1= - Bl = AN VR Y o

= weLL #1:
Step No.

ot
{Hour)
0. 100E+00
0. 100E+00
0. 100E+00
0. 100E+00
0. L00E+00
0. 100E+00
0. LO0E+D0
0. 100E+00
0. 100E+00

Time
{Hour )
0. 100e+00
0. 200E+00
0. 300E+00
0. 400E+00
0. 500E+00
0. 600E+00
0. FO0E+00Q
0. B00E+00
0. 900E+00

Pressure
(P=i)

0. L00E+04
0. LO0E+04
0. LO0E+04
0. LO0E+04
0. L00E+04
0. 100E+04
0. LO0E+04
0. 100E+D4
0. L00E+04

Flow Rate
{Cu Ft/Hr)
0, IT4E+05
0. J4GE+05
0. 326E+05
0. 3L0E+05
0, 29BE+05
0. 28BE+05
0. 280E+05
0. 274E+035
0. 26BE+05

Cum Wal
{Cu Ft)
0, 374E=+04
0. 720E+04
0.105e+05
0.136E+05
0. 16505
0. 19405
0. 222E+05
0. 250e+05
0. 276E+05

=

Figure 3-7x. Declining flow rate successfully modeled.

Numerical values for volume flow rate and cumulative production versus
time, for instance, can be copied from the table shown and displayed side-by-
side versus using standard spreadsheet programs. An example is given later in
Chapter 4.
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Example 3-8. Depletion in rate constrained well in sealed reservoir.

In this simulation, we follow Example 3-7 exactly, except that the pressure
constraint at the well is replaced by the constant volume flow rate constraint
shown in Figure 3-8a. Hence, the well pressure is expected to decrease with
time as the reservoir is depleted. Since pressure is the physical quantity that is
changing, we view it using the menu in Figure 3-8b. The expected pressure
decline is simulated stably and realistically in Figure 3-8c as the reservoir
depletes.

x|
Well No.

7 Pressure lewel % Walume flow rate

Select pregzure or rate, enter values
if text box, then click <Save: . ..

30000 Flow rate [bid)
Save I

Figure 3-8a. Flow rate constraint selected.

[1 strataMagnetic Software Multisim

Start Manual Geology Wells Simulate 3DPlots | History Results About
Harizontals >>| What's Mewl | Capabilities | well Transients

Pressure History
Flow Rates r

Figure 3-8b. Viewing well pressure as it changes in time.
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File Edit Legend Help

[T Mol [T Mo.2 [T Ne2 [ Mo

" Hide, Series:

4600
4
4500

4400 . . . . . : :
4300 Series

—a— 1|

=
wn

=
o
L
5
w
w
O
pt

o

4200

4100

4000
01 02 03 04 05 06 07

Time (hours)

& WELL1.5IM - Notepad
File Edit Search Help

WELL #1: Dt Time Pressure Flow Rate cum Vol ;| —
Step No. (Hour) (Hour) (Psi) (Cu Ft/Hr) (Cu Ft)

1 0.100E+00 0.100E+00 0.456E+04 O0.702E+04 0.702E+03

2 0.100E+00 0.200E+00 0.438e+04 0.702E+04 0.140E+04

3 0.100E+00 0.300E+00 0.428E+04 0.702E+04 0.211E+04

4 0.100E+00 0.400E+00 0.422E+04 0.702E+04 0.2B1E+04

5 0.100E+00 0.500E+00 0.418e+04 0.702E+04 0.351E+04

6 0.100E+00 0.600E+00 0.414E+04 0.702E+04 0.421E+04

7 0.100E+00 0.700E+00 0.411E+04 0.702E+04 0.491E+04

& 0.100E+00 0.B800E+00 O0.408e+04 0.702E+04 0.561E+04

9 0.100E+00 0.900E+00 0.405e+04 0.702E+04 0.632E+04 _|

Figure 3-8c. Pressure decline in a depleting reservoir.

Example 3-9. Steady flow from five spot pattern.

In this simulation, we return to steady flow analysis, and in the “Geology”
menu, assume the defaults used previously. In the “Wells” menu — we select
“steady flow always,” “b/d units,” and constrain Well 1 pressure at 1,000 psi;
Well 2 at 2,000 psi; Well 3 at 3,000 psi; Well 4 at 4,000 psi and Well 5 at 5,000
psi, defining our LAYER1.DRL file as shown in Figure 3-9a. This is the classic
“five spot” pattern, although our choice of pressures is selected to test numerical
versatility and stability. Our software automatically detects five wells and the
well constraint menu (not shown) appears recursively for Wells 1 to 5. Farfield
boundary conditions are again taken as 10,000 psi at the four side walls.
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[1 strataMagnetic Software Multisi

Start  Manual  Geology  Wells  Simulake
Horzontals 3> | ‘'what's Mewl | Capa

i LAYER1.DRL - Notepei =] 24

File Edit Search Help

ESTETEPPOY
DI A
T I T

[

Figure 3-9a. Five spot pattern defined.

[-d 3D surface Plotter (Static View) (=1 E9]
Fie Edit Scale View About
1~ Graphing Mode: Oulput File Legend Display Surface Mesh A Giid

& Reset  Contows % Hi * Continuous (" Stepped | © On O O & On C Of |

Areal Pressure in Layer 1

I'
,‘i'g

Figure 3-9b. Static surface pressure plot.
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24 3D Surface Plotter (Static View)

=lalx]
Fie Edt Scale View About
1 Graphing Mode  Ouitput File  Legend Display Surface Mesh
" Reset (%  Hide (" Show % Conrwows © Stepped | @ On 7 Off

%Y Gid
&~ On
Areal Pressure in Layer 1

Figure 3-9d. Dynamic surface pressure plot.
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Figures 3-9b,c,d shows computed pressures and all displays are achieved
smoothly without numerical instability. The SUMMARY.SIM file duplicated

below gives computed flow rates at each of the five assumed wells.

SIMULATION SUMMARIES, PHYSICAL FLUID MODELING, FAR FIELD

AND WELL BORE RUN TIME BOUNDARY CONDITIONS

Simulation results based on rectangular mesh system.

PRESENT RESERVOIR STATUS:

Reservoir grid parameters:

(SUMMARY . SIM) :

Imax = 15, Dx = .1000E+03 ft, Imax *Dx = .1500E+04 ft.
Jmax = 15, Dy = .1000E+03 ft, Jmax *Dy = .1500E+04 ft.
Layers = 1, Dz = .1000E+03 ft, Layers*Dz = .1000E+03 ft.

Number of initial well clusters identified: 5

Combining geological/drilling information, please wait

Well block transmissibility (ft”3) summary:

Well 1, defined by 1 grid blocks, is

pressure constrained at 0.1000E+04 psi.

Block 1: (I= 5, J= 5, Layer 1), Tx =
= .108E-09

Well 2, defined by 1 grid blocks, is

pressure constrained at 0.2000E+04 psi.

Block 1: (I= 5, J=11, Layer 1), Tx =
= .108E-09

Well 3, defined by 1 grid blocks, is

pressure constrained at 0.3000E+04 psi.

Block 1: (I= 8, J= 8, Layer 1), Tx =
= .108E-09

Well 4, defined by 1 grid blocks, is

pressure constrained at 0.4000E+04 psi.

Block 1: (I=11, J= 5, Layer 1), Tx =
= .108E-09

Well 5, defined by 1 grid blocks, is

pressure constrained at 0.5000E+04 psi.

Block 1: (I=11, J=11, Layer 1), Tx =
= .108E-09

.108E-09,

.108E-09,

.108E-09,

.108E-09,

.108E-09,

Ty

Ty

Ty

Ty

Ty

.108E-09,

.108E-09,

.108E-09,

.108E-09,

.108E-09,

Tz

Tz

Tz

Tz

Tz
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INPUT FARFIELD BOUNDARY CONDITION SUMMARY :

Z (k)
| §=1 Jmax (15)
i=1 |
fomm - + -
/ 300000000000000 3 \
Left / 3000  Back ©°°3 \ Rig
3000000000000003 \
/ T + \
Imax (15) R / Top, Layer 1 \------- +
/ 3000000000000000000000000000000003
/ 3000000000000 Front 0000000000003
/ X(i) 3000000000000000000000000000000003
+------- Bottom, Layer 1 ------ +
COORDINATE SYSTEM
O FRONT assumed to be aquifer at pressure 10000
O BACK assumed to be aquifer at pressure 10000.
O LEFT assumed to be aquifer at pressure 10000.
O RIGHT assumed to be aquifer at pressure 10000
O TOP assumed to be "no flow wall"
O BOTTOM assumed to be "no flow wall"

PHYSICAL FLUID MODEL SUMMARY:

O Fluid viscosity:

Fluid, assumed to be a liquid,

differential equation if pressure compaction

not selected later.

0.100E+01 centipoise

.00 psi
00 psi
00 psi
.00 psi

satisfies linear partial

STEADY STATE SIMULATION MODE SELECTED.

Pressure field initialized to internally

generated approximate solution.

op

tion is

Note: "Jmax > 7" values cause "word wrap-around" in

screen displays and written files.

Use

"File Reader"

utility to "unwrap" printouts for convenient viewing.

Iteration
by well c
Cluster
Cluster
Cluster
Cluster
Cluster

Ul W

100,
luster:

J
1]
o O O o o

(Un) converged volume flow rates

.1000E+04 psi,
.2000E+04 psi,
.3000E+04 psi,
.4000E+04 psi,
.5000E+04 psi,

Q=
Q=
Q=
Q=
Q=

o O O o o

.1586E+06
.1360E+06
.6426E+05
.9098E+05
.6847E+05

b/d.
b/d.
b/d.
b/d.
b/d.
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Example 3-10. Drilling additional wells while simulating.

When the owner or operator of an oilfield observes or anticipates a decline
in production, various options are possible. Existing wells can be extended or
multilaterals added. Infill drilling is also possible — in this case, wells are added
to increase total production. However, this may come at a cost: the new well
may “cannibalize” flow from existing wells or may not produce enough to
support the costs of drilling and completion. Various questions arise, addressing
“how many,” “where” and “what geometry” in all economic analyses which ask
“how much?” The present simulator supports such real world concerns.

In this example, we demonstrate a transient application where a well is
producing at steady state, but during the course of the simulation (or production,
as would be the case in reality) an additional well is drilled and brought on
stream. To keep the presentation simple, in the “Geology” menu, a single layer,
15 x 15 grid block system is assumed, plus a uniform medium with default grid
block size and rock properties (these geology screens, covered previously, are
not shown). This is identical to several reservoirs used in earlier examples. In
the “Wells” menu, we drill or insert Well 1 at the northwest corner in an easy-to-
remember “five blocks across, five blocks down” location. This LAYER1.DRL
file shown in Figure 3-10a is saved before proceeding. The menu screens
following this are self-explanatory.

Bl Laveri.prL S (=] 4
File Edit Format WView
Help

Figure 3-10a. Initial single producing well.
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[(1 strataMagnetic Software Multisim

Start Manual Geology | Wells Simulate 3DPlots  Historwy  Results  About

Harizontals >>| What's  Overview || Fartnershipz | Contact |

Insert Wells k |
Well Constraints  » eI gH =

Production Mode
Specify Well Constraints
Show Drillirg Surmars:

Figure 3-10b. Well constraint definition begins.

Production Mode x|

Steady flow, always? Click yes, for uninterrupted operations, e.g., no

shut-ns or changes to well constraints. Mo, if transient operations are
planned.

Figure 3-10c. Steady versus transient, click “No.”

[(] strataMagnetic Software Multisim
Start Manual Geclogy Wells Simulate 3DPlots  Historw

Harizontalz >>| Wwhat's Mew! | Capahilities I Fartrer:

Tranzient modeling
Mumber of wellz

[include thoge to be Ert
added while simulating) il

Figure 3-10d. Enter “2” since one more well will be drilled..
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(1 strataMagnetic Software Multisim
Start Manual Geclogy | Wells Simulate 3DPlots  History  Results  About

Harizontalz >>| What's  Overview || Partnerzhipz | Contact |

Insert Wells k |
Well Constraints Cverview

Praduckiamn Mode

Spedfy Well Constraints
Shiow Brilling Surmma:

Figure 3-10e. Specifying well constraints.

W=l Sirmnilat ar

Hiskary  Besulks  ahoukb

Horizontalz >>1 Wwhat's Wewl | Capabiliies Partnerships | Contact

1 Properties, Version 3.0
&, by W.C. Chin. All rights reserwved.

Jdri1ling records

s was identified in your reservoir.

wditio
propertl

Prezzure assumed in pzi

Yolume flow rate .. Cubic fhr
" Cubic ft/day
= Barrelz/day

Save 1

]

Figure 3-10f. Selecting flow rate units.
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(1 strataMagnetic Software Multisim |

Start  Manual Geology  Wells  Simulate  3DPloks
Haorizontalz >>| ‘what's Newl | Capahilities |

[ c\multisim\rdwell21.exe

(1 well Constraints

" Maolurne flow rate

Select pressure or rate, enter values
in text box, then click <Saves . . .

1000 Well prezsure [pei]
Save I

Figure 3-10g. Specifying 1,000 psi at Well 1.

[(1 strataMagnetic Software Multisim

Start Manual Geology WE||S|Simu|ate 30Plots  History R
Haorizontals > I Wihat's Mewl Oiverview

Boundary Conditions
0 = =
Shiow Produckion Repark

Figure 3-10h. Defining farfield boundary conditions.
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Start  Manual Geology  Wells  Simulate  3DPlobs  History  Results  About

Haorizontals »> | ‘What'sNew! |  Capabiities | Partnerships

| ContactUs | Clear Soieen |

X

1 Boundary Conditions

(k)
COORDINATE  SYSTEM

Tj =1 jmax

—» ¥

Front

x(i)

imax Top (Layer 1)

Wwall bic

[Fraet. .. [~ MoFlaw

Back... [~ MoFlaw

Left.... [~ MoFlow

Right... [~ Mo Flaw

Right Top ¥ Mo Flaw
Mo Flow

Save | Help |

x

=l ]
Pres [psi]

Exit |

(Ilax - 9 layers) Bottom

Figure 3-10i. Assuming 10,000 psi at four reservoir faces.

[Ed strataMagnetic Software Multisim

Start Manual Geology Wells | Simulate 3DPlots  History R

Harizontals - | Wihat's Mew!

Qverview

Boundary Conditions

Run Simulator

Shiow Broduckion Reparh

Figure 3-10j. Starting the simulation.

Once “Run Simulator” is selected, a series of input menus (not shown, but
discussed previously, appear). In brief, do not change transmissibilities while
simulating, select a “Liquid” fluid type with a viscosity of 1 cp, elect the
“Steady flow, for now” option, and for the recurring status screen, click “Yes,
Continue” five times, and then “No” to terminate steady flow analysis, since the
error report will have suggested convergence.
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Copying pressure solution to disk, please wait ...

[E1 Production Status

Initiate transient operations, e.q., shut-inz, changing
well constraints, diiling new wells?

" Yes (+ Mo Cantirnue 1

Simulations completed? Yes, initiates graphics processing.

Figure 3-10k. Calculating steady flow due to Well 1 first.

Again, do not click background graphics screen since this will disable all
graphics processing — this box is used when a// calculations are completed. The
black screen in Figure 3-10k states “3D steady flow calculation completed.”
You may now initiate transient compressible flow calculations if the effects of
(altering) well constraints, geometry and location are to be studied as functions
of time.” On “Production Status,” select “Yes, Continue” to initiate transient
operations. Subsequent screens (not shown) ask for liquid compressibility
values and “porosity averaging option” for which we select “No.” In Figure 3-
101, we over-ride the suggested time step value and use 0.1 hr. A further screen
(not shown) asks for formation modeling options, and we select “rigid
formation.” Also, a “Run Status” screen appears giving the initial time “t = 0”
and asks if transient simulation are to continue — “Yes.” Figure 3-10m gives us
the option to redefine well constraints at Well 1 — however, we choose to keep
our pressure constraint set at 1,000 psi. Figure 3-10n is the all-important infill
drilling menu allowing us to add wells during simulation (production).
Preserving numerical stability and speed while suddenly “shocking” the
numerical equations was a key achievement in our simulator design.
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[53 DT - Time Step Selector (=] £

Fluid wiscosity [cp) . .. ... .. |1

Fluid comprezzibility [1/psi] . . ||:|_|:||:||:||:|‘|

|
|
RO |
|
|

b axirum permeability [md] ..
kinimum porozity [decimal] .. * |01
Smallest gnd length [f] ... . *1100

* Defaultz may not apply

Click for suggested time ztep Time Step

M axirnumm bime steps . L |'| ooo

|
Approzimate time zcale [hre) |_|]1 9 |
|

Suggeszted time step [hrz] . . . |_'|

ﬂ ﬂ Save

Figure 3-101. Selecting a 0.1 hr time step.

0 or time O.000E+00 hrs
" at 0.1000E+04 psi.

Ed well status

wiel #1 @ Step ¥ Oor time 0.000E+00 hrs
iz "preszure constrained' at 01000E+04 pai.

Change constraint or well geomety?

= ez & Mo Continue i

Figure 3-10m. Option to redefine Well 1 constraints, select “No.”
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_ipix

Cirill any [more] new wells and well clusters?

[y ’Ye& Mo Continue I

Figure 3-10n. Important infill drilling menu, select “Yes.”

When we respond “Yes” to the menu in Figure 3-10n, the simulator states
that the well number has increase to two — it has simply read the screen in Figure
3-10d. The black input screen then asks for the number of grid blocks that will
define the new well. In this case, since we have only one layer and wish to
model a vertical well, we indicate “1” as the number of active grid blocks. In
Figure 3-10p, we enter the coordinate (or more precisely, the grid block indexes
of the single well block) and select a pressure constraint set at 2,000 psi.

The most tedious part of our “drill additional wells” option is the lack of an
efficient graphical user interface. Ideally, a three-dimensional color display of
the reservoir would appear on-screen and the user would “point and click” to
define new well coordinates or simply “draw” the well with a mouse or light
pen. Such a capability, in fact, is planned — but importantly, all of the reservoir
flow simulation logic is presently in place and has been validated.

[l c\multisim\gB4.exe '

to 2

Figure 3-100. Defining Well 2 and number of active well grids.
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blo

der,
po
p

straint, pr f p

{ 2000

; Ju been br ht on -
number has incre d to 2. ype <Return=:

defining new well: 1
in any order, they need not be contigu
Mew x( ;ition ind
Nes

e ar r
pr

Cirill any [more] new wellz and well clusters?

ez * Mo Continue 1

Figure 3-10p. Entering new well coordinates (indexes).

no
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Yes | Mo

Tmesteplhrs] ...........
Murber of time steps between

color pressure ploks
Murmber of time steps between

well statuz menus

Confirm or update data ... Save I

(1 wellbore Storage - IEI Iil
wiell Cluster Mo.

Wellbore storage
[Unitz, ft™5/00f > 0] D
Confirm or update . . . S ave |

Figure 3-10q. Plot parameter selection and wellbore storage for Well 1.

_ialx]
el Cluster Mo,

WWielbare storage
[Uritz, ft™5ARE > 0] D
Confirm or update . . . S ave |

Figure 3-10r. Defining wellbore storage for Well 2.
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R=IE]

Time step |E| |

Elapzed time [hrs] : ||:|,E| |

Continue tranzient simulation?

" Yes (v

Continue |

E nter filename with extenzion

[PRESSURE.OLD

Caontinue I

Figure 3-10t. Saving latest pressure distribution for future work.

Skart Manual  Gealogy  Wells  Simulate  30Plaks  History  Resules

Horizontals »» | ‘what's Mew! |  Capabiities | Parnerships |
Stratamagnetic Software Multisim il

Simulations completed? ‘Yes, initiates graphics processing.

Figure 3-10u. Click “Yes” to start graphics post-processing.
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All horizontal menu items are “active” (not gray) once the post-processing,
requiring just seconds, is completed. The “Select Stratum” item in Figure
Figures 3-10v allows us to choose the layer candidate for plotting. In this case,
it would only show “Layer 1 (Surface).” The other choices in Figure 3-10v
allow the user to select plotting displays. Figures 3-10w, 3-10x and 3-10y show
pressure fields at the assumed initial “northwest corner” well and at the
subsequent well drilled at the center of the reservoir. In particular, Figure 3-10y
shows clearly the relative heights of the 1,000 psi and 2,000 psi well pressure
constraints.

[ strataMagnetic Software Multisim
Start Manual Geology Wells Simulate | 3DPlots History Results About
Harizantals »» | wihat's Mewl | Capal  Owerview Contact Us

Select Stratum L4

Display Pressures Graphical Modes

Static Contour Plot

Dynamic Movable Plots
Mumerical Values (Psi)

Figure 3-10v. Selecting plotting style for 3D color plotting.

[£3 3D Surface Plotter (Static View) i =10]%|
File Edit Scale View About

Graphing Mode  Dluitput File Legend Display T Suface Mash ¥ Gnd 9
5 Resst ~ Contour | (% Hide (" Show | & Continuous (" Stepped | * On  Of & 0n O Of

Areal Pressure in Layer 1

Figure 3-10w. Static surface pressure plot.
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[1 3D surface Plotter (Static View) =lolx|
File Edit Scale View About

Giraphing Mode Output File Legend Display T Surface Mesh XA Grid

" Resat (= f  Hide " Show | & Continuous  Stepped | © 0n C DK @ On € OK

Areal Pressure in Layer 1

" Maone
" Rotate
* Maove
" Scale

Resat |
Eit |

Figure 3-10y. Dynamic, rotatable, scalable pressure plot (note, two wells).
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Finally, we display reports developed for Wells 1 and 2. Since we have
pressure constrained both wells, we wish to view the flow rate history
(alternatively, had we fixed flow rate, we would view pressure history). Note
that when multiple wells are present, different combinations of well constraint
types are allowed by the simulator.

[(1 strataMagnetic Software Multisim

Start Manual Geology Wells Simulate 3DPlots | History Results About
Harizontals >>| What's Hewl | Capabilities I well Transients

Figure 3-10z-1. Displaying well history reports.

Numerical Well Test Simulation x|

View wellbore pressure and flow rate histories?

Figure 3-10z-2. Displaying well history reports — click “Yes.”

[] strataMagnetic Software Multisim 5

Start Manual Geology Wells Simulate 3DPlots | History Results  About
Harizontals >>| Wehat's Mewl | Capahilitiez | wWell Transients

Pressure History »
Flow Rates Select

S

Well 2
Well 3
el 4
Well5
Well &
Well 7
Well &
Wellg

Figure 3-10z-3. Displaying well flow rate history.
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File Edit Legend Help

Mol [T Mo2 [ Mo3 [T Nod

" Hide, Series:

T 44900
V7T 101} SRERREPRRES PUPPRIPPRTS FRRPPEPRURPRIPNE SRR SRR Series
R 4

44700
44600

44500 : . . . . . : Y
00 01 02 03 04 05 06 0.7 08 09

Time (hours)

& WELLL.SIM - Notepad ol x|
File Edit Search Help

— WELL #1: Dt Time Pressure Flow Rate a
Step No. (Hour) (Hour?) (Psi) (Cu FL/Hr) |

0 0.100e+00 0.000E+00 0.100E+04 0.451E+05

1 0.100E+00 0.100E+00 0.100E+04 0.451E+05

2 0.100e+00 0.200e+00 0.100E+04 0.451E+05

3 0.100e+00 ©.300e+00 0.100E+04 O0.451E+05

4 0.100e+00 0.400E+00 0.100E+04 0.450E+05

5 0.100e+00 0.500e+00 O0.100E+04 0.450E+05

6 0.100e+00 0.600E+00 0.100E+04 0.449E+05

7 0.100e+00 0.700e+00 0.100e+04 0.448e+05
& 0.100e+00 0.800E+00 0.100E+04 0.447E+05 —
9 0.100e+00 0.900E+00 0.100E+04 0.445E+05 LI

Figure 3-10z-4. Displaying well flow rate history for Well 1.
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File Edit Legend Help

Hide, Series:
( T Nel " N2 [T No.3 I N4 ‘

02 03 04 05 06 07 08 09
Time (hours)

=Io]x]

& WELL2.SIM - Notepad
File Edit Search Help

WELL #2: Dt Time Pressure Flow Rate .|
step No. (Hour) (Hour) (pPsi) (Cu FT/Hr)

1 0.100e+00 O0.100e+00 0.200E+04 0.000E+00

2 0.100e+00 0.200+00 0.200E+04 0.556E+05

3 0.100e+00 O0.300e+00 0.200E+04 0.523e+05

4 0.100E+00 0.400E+00 0.200E+04 O0.49BE+05

5 0.100e+00 0.500e+00 0.200E+04 0.479e+05

6 0.100e+00 O0.600E+00 0.200E+04 0.463+05

7 0.100E+00 0.700E+00 O0.200E+04 0.450E+05

& 0.100e+00 O0.B800E+00 0.200E+04 0.440E+05

9 0.100e+00 0.900E+00 0.200E+04 0.430e+05 _I

Figure 3-10z-5. Displaying well flow rate history for Well 2.

Fgure 3-10z-4 for Well 1 shows its production rate is falling due to
“cannibalization” from Well 2. Figure 3-10z-5 for Well 2 shows an initial flow
rate of zero (since the well was just drilled), with production also falling with
time. Had we elected to display pressure histories, the uninteresting plots in
Figure 3-10z-6 showing constant prescribed pressures would have appeared.
Finally, Figure 3-10z-7 allows us to print computer generated production reports
and simulation summary information.
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-3 Multiple Series Plotter i =101 %]

Fle Edt Legend Help
] Multiple Series Plotter =10] x|
File Edit Legend Help
Hide, Sesies:
[T MNo.2 [T Na3 [T Nad

Hide. Series:
T Mol [T No2 T Ned [ Na

Series

1

Pressure (psi)

Pressure (psi)

10004 —+—d——k—+
00 01 02

PR S SR S S S S
01 02 03 04 05 06 07 08 09
Time (hours)

Figure 3-10z-6. Displaying pressure history for both wells.

[E] strataMagnetic Software Multisim x|

Start Manual Geology Wells Simulate 3DPlots History | Results About

Horizantals >>| ‘what's Newl | Capabilities | Partner:  Qverview

Geology Data
Wells and Constraints

Create Final Report
Speech Qutput

Figure 3-10z-7. Displaying reservoir production report.
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SIMULATION SUMMARIES, PHYSICAL FLUID MODELING, FAR FIELD
AND WELL BORE RUN TIME BOUNDARY CONDITIONS (SUMMARY.SIM) :

Simulation results based on rectangular mesh system.
PRESENT RESERVOIR STATUS:

Reservoir grid parameters:

Imax = 15, Dx = .1000E+03 ft, Imax *Dx = .1500E+04 ft.

Jmax = 15, Dy .1000E+03 ft, Jmax *Dy .1500E+04 ft.
Layers = 1, Dz = .1000E+03 ft, Layers*Dz = .1000E+03 ft.

Number of initial well clusters identified: 1
Combining geological/drilling information, please wait
Well block transmissibility (ft”3) summary:

Well 1, defined by 1 grid blocks, is
pressure constrained at 0.1000E+04 psi.

Block 1: (I= 5, J= 5, Layer 1), Tx = .108E-09, Ty = .108E-09,

= .108E-09

INPUT FARFIELD BOUNDARY CONDITION SUMMARY :

Z (k)
| 4=1 Jmax (15)
i=1 |
e T + ------ Y (3)
/ 300000000000000 3 \
Left / 3000 Back ©°°°3 \ Right
/ 300000000000000 3 \
/ R e T + \
Imax (15) - -- / Top, Layer 1 \------- +
/ 3000000000000000000000000000000003
/ 3000000000000 Front 0000000000003
/ X(i) 3000000000000000000000000000000003
+------- Bottom, Layer 1 ------ +

COORDINATE SYSTEM

FRONT assumed to be aquifer at pressure 10000.00 psi
BACK assumed to be aquifer at pressure 10000.00 psi
LEFT assumed to be aquifer at pressure 10000.00 psi
RIGHT assumed to be aquifer at pressure 10000.00 psi
TOP assumed to be "no flow wall"
BOTTOM assumed to be "no flow wall"

OO0OO0OO0OO0OO0

PHYSICAL FLUID MODEL SUMMARY:

O Fluid viscosity: 0.100E+01 centipoise

Tz
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Fluid, assumed to be a liquid, satisfies linear partial
differential equation if pressure compaction option is
not selected later.

STEADY STATE SIMULATION MODE SELECTED.

Pressure field initialized to internally
generated approximate solution.

Note: "Jmax > 7" values cause "word wrap-around" in
screen displays and written files. TUse "File Reader"
utility to "unwrap" printouts for convenient viewing.

171

The printout below shows how steady flow calculations (which are
iterative) converged by Iteration 100. The numerical pressure field is also
printed for reference and may be displayed in utilities such as Microsoft Excel.

Iteration 100, (Un)converged volume flow rates
by well cluster:

Cluster 1: P= 0.1000E+04 psi, Q= 0.1928E+06 b/d.
Calculated 3D pressures in SUMMARY.SIM file

Iteration 100, Pressure (psi) in Layer 1:
BACK

10000.000 10000.000 10000.000 10000.000 10000.000 10000.
10000.000 10000.000 10000.000 10000.000 10000.000 10000.

10000.000 10000.000 10000.000

10000.000 9674.472 9349.176 9054 .595 8883.188 8956.
9143.676 9342.441 9512.098 9646.179 9749.273 9829.
9894.096 9949.388 10000.000

10000.000 9349.176 8667.483 7986.038 7521.326 7799.
8275.562 8713.668 9060.578 9323.092 9521.356 9674 .
9797.808 9903.187 10000.000

10000.000 9054 .595 7986.038 6701.523 5416.757 6443 .
7445.023 8177.041 8693.400 9064.408 9338.260 9549.
9719.316 9865.409 10000.000

10000.000 8883.188 7521.326 5416.757 999.973 5112.
6885.636 7855.162 8472.405 8901.862 9218.888 9464 .
9665.199 9838.949 10000.000

10000.000 8956.281 7799.279 6443.347 5112.216 6120.
7129.045 7885.789 8438.977 8852.214 9170.619 9425.
9637.807 9824.998 10000.000

10000.000 9143.676 8275.562 7445.023 6885.636 7129.
7624 .626 8119.992 8545.980 8897.167 9186.104 9427.

9635.988 9823.231 10000.000

10000.000 9342.441 8713.668 8177.041 7855.162 7885.

8119.992 8424 .037 8727.726 9004.728 9248.892 9463 .
9655.351 9831.621 10000.000

10000.000 9512.098 9060.578 8693.400 8472.405 8438.
8545.980 8727.726 8936.207 9144 .672 9341.239 9522.

9690.058 9847.670 10000.000

000
000

281
498

279
317

347
204

216
586

553
185

045
613

789
657

9717
556
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10000.000 9646.179 9323.092 9064 .408 8901.
8897.167 9004.728 9144.672 9296.817 9448 .
9734.841 9869.055 10000.000

10000.000 9749.273 9521.356 9338.260 9218
9186.104 9248.892 9341.239 9448.842 9561.
9785.376 9893.528 10000.000

10000.000 9829.498 9674 .317 9549.204 9464 .
9427.613 9463.657 9522.556 9595.205 9674
9838.340 9919.480 10000.000

10000.000 9894.096 9797.808 9719.316 9665.
9635.988 9655.351 9690.058 9734 .841 9785
9892.249 9946.245 10000.000

10000.000 9949.388 9903.187 9865.409 9838
9823.231 9831.621 9847.670 9869.055 9893.

9946.245 9973.146 10000.000

10000.000 10000.000 10000.000 10000.000 10000.

10000.000 10000.000 10000.000 10000.000 10000

10000.000 10000.000 10000.000
FRONT

Iteration 200, (Un)converged
Cluster 1: P= 0.1000E+04 psi,

Iteration 300, (Un)converged
Cluster 1: P= 0.1000E+04 psi,

Iteration 400, (Un)converged
Cluster 1: P= 0.1000E+04 psi,

Iteration 500, (Un)converged
Cluster 1: P= 0.1000E+04 psi,

Iteration 600, (Un)converged
Cluster 1: P= 0.1000E+04 psi,

3D steady flow calculations completed.
transient compressible flow calculations,

volume flow rates

Q= 0.1928E+06 b/d.

volume flow rates

Q= 0.1928E+06 b/d.

volume flow rates

Q= 0.1928E+06 b/d.

volume flow rates

Q= 0.1928E+06 b/d.

volume flow rates

Q= 0.1928E+06 b/d.

dependent effects of changing well constraints,

and location are to be studied.

by

by

by

by

by

862
842

.888

742

586

.634

199

.376

.949

528

000

.000

well

well

well

well

well

We now initiate
since the time
geometry

TRANSIENT COMPRESSIBLE FLOW SIMULATION MODE SELECTED.

Initial conditions assumed:

Initializing pressure to previous steady solution,

WELL TEST INPUT PARAMETER SUMMARY:

O Ligquid compressibility (1/psi): 0.100E-04
O Initial time step size (hours) : 0.100E+00
O Maximum number time steps here: 1000

8852.214
9595.205

9170.619
9674 .634

9425.185
9756.473

9637.807
9838.340

9824.998
9919.480

10000.000
10000.000

cluster:

cluster:

cluster:

cluster:

cluster:



SIMULATION CAPABILITIES WITH BAasic WELL

All well bore storage capacity factors "F" initialized
to zero (no storage) ... are subject to runtime change.

Well #1 @ Step # 0 or time 0.000E+00 hrs
is "pressure constrained" at 0.1000E+04 psi.
Present well status unchanged.

A new well has just been brought on stream

Now, total well number has increased to 2.

A new cluster, Well 2, defined by 1 gridblocks, has
been drilled through the following cell locations:

o Block 1: (i= 8, j= 8, Layer= 1).
New status, pressure constrained at 0.200E+04 psi.

changed to 0.000E+00 ft*5/1bf
000E+00 hours.
changed to 0.000E+00 ft*5/1bf
000E+00 hours.

Wellbore storage factor F
at Well Cluster 1, time O.
Wellbore storage factor F
at Well Cluster 2, time O.
LAYER RESULTS @ Step 9, Time = 0.900E+00 hour:

Pressure Distribution (psi) in Layer 1:
BACK

10000.000 10000.000 10000.000 10000.000 10000.000 10000.
10000.000 10000.000 10000.000 10000.000 10000.000 10000.

10000.000 10000.000 10000.000

10000.000 9674 .597 9349.143 9054.300 8882.066 8953.
9138.558 9336.254 9507.225 9643.091 9747 .764 9828.
9893.931 9949.251 10000.000

10000.000 9349.142 8667.365 7985.138 7518.055 7788 .
8255.948 8689.398 9040.912 9311.517 9515.929 9672.
9797.058 9902.902 10000.000

10000.000 9054.293 7985.115 6698.473 5409.816 64009.
7378.962 8091.222 8626.363 9026.558 9321.632 9542.

9717.297 9864.758 10000.000

10000.000 8882.051 7517.932 5409.078 1000.000 5012.

6680.136 7576 .865 8265.170 8792.435 9172.613 9447.
9659.865 9837.420 10000.000
10000.000 8953.670 7788.691 6409.521 5013.663 5848.
6561.214 7048.705 7870.256 8576.479 9061.698 9387.
9626.432 9821.937 10000.000
10000.000 9138.715 8256.435 7380.139 6682.330 6563 .
6294 .732 5768.402 7215.794 8330.223 8980.645 9361.
9616.579 9818.127 10000.000
10000.000 9336.456 8690.022 8092.733 7579.610 7051.
5762.939 2000.000 6370.375 8169.453 8972.715 9379.
9631.266 9825.460 10000.000
10000.000 9507.386 9041.401 8627.507 8267.172 7872.
7215.794 6375.839 7605.857 8577.602 9135.706 9456.
9670.697 9842.676 10000.000
10000.000 9643.178 9311.762 9027.066 8793.104 8576.
8328.260 8167.103 8575.639 9020.860 9339.766 9557.

9723 .550 9866.015 10000.000
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10000.000 9747.797 9516.012 9321.758 9172.615 9061.033

8978.655 8970.019 9133.718 9339.098 9515.404 9658.060
9780.117 9892.062 10000.000

10000.000 9828.877 9672.362 9542.902 9447 .816 9387.427
9360.355 9377.514 9455.158 9557.453 9657.935 9750.308
9836.426 9918.993 10000.000

10000.000 9893.931 9797.056 9717.278 9659.784 9626.187
9616.091 9630.645 9670.210 9723.306 9780.035 9836.412
9891.685 9946.074 10000.000

10000.000 9949.251 9902.899 9864.748 9837.387 9821.852
9817.966 9825.257 9842.514 9865.928 9892.029 9918.985

9946.074 9973.078 10000.000

10000.000 10000.000 10000.000 10000.000 10000.000 10000.000
10000.000 10000.000 10000.000 10000.000 10000.000 10000.000
10000.000 10000.000 10000.000

FRONT

Transient compressible flow simulations completed.

In this Chapter 3, we had introduced our menu system, one that “drives”
itself with automatic displays once the user specifies his simulation objectives.
Thus, there is no need to understand the subtleties associated with mathematical
formulations, since all required inputs are handled “behind the scenes.” We
have used single-layer reservoirs for simplicity, demonstrating a range of
simulation options and capabilities, and furthermore, simple wells. In the
following chapter, we will introduce the modeling of deviated, horizontal and
multilateral well systems, and assume familiarity with our menu structure and
graphical capabilities.



4

Vertical, Deviated, Horizontal
and Multilateral Well Systems

Overview

In Chapter 1, the author described his reservoir engineering experiences
(and frustrations) in operating companies — these, however, importantly
contributed to the math models in Chin (2002) which would address the failures
of then and present flow simulators to adequately simulate physical reality. And
his day-to-day activities would shape his perspectives on workflow optimization
— in particular, removing from the simulation process artificial hurdles like high
hardware costs, inflexible software licenses, difficult-to-use graphics processors,
and impossible Unix-like commands that turned challenging and fun reservoir
analysis into boring data entry exercises.

As luck would have it, the Education for the Energy Industry program
would provide the test bed for the author’s ideas on simulation. That modeling
should be simple, fun and productive — that it should take the boredom out of
existing workflows and allow engineers time to address the real questions that
mattered — took hold as our improved algorithms would see their rebirth in very
user-friendly screens now piloted by K-12 teachers and students. In short,
we’ve come a long way. Multisim™ now allows reservoir analysts to focus on
petroleum engineering issues. For example, “What does the pressure field look
like?” “What are the flow rates in pressure-constrained wells, and likewise,
pressures in rate-constrained systems?” “How do wells interact or cannibalize
each other?” What types of events transpire across lease boundaries?” “How do
changes in boundary conditions affect production?” And importantly, the focus
of our modeling and book, “How can we optimize production and cash flow
while reducing drilling and well costs?” Having introduced the reader to the
basic user interface we have developed, in the context of simple wells in single
layer reservoirs, we now turn to the subject of this book — reservoir flow
simulation from systems of vertical, deviated, horizontal and multilateral wells
in general formations. We have carefully selected five examples that exercise
all of our simulator options. Needless to say, it is impossible to address every
permutation that our software allows — we leave this challenge to the reader.
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Example 4-1. Multilateral and Vertical Wells in Multilayer Media.

In this simulation, we demonstrate powerful features of the full simulator
package that were omitted in Chapter 3, if only to avoid initial “information
overload” and possible confusion. In particular, we will consider the largest and

finest resolution options possible, namely a nine-layer reservoir with 31 x 31
grid blocks in each layer; that is, a computational domain consisting of 8,649 or
nearly 10,000 grid blocks, hosting general heterogeneities and anisotropies with
arbitrary well topologies. Importantly, we will show that stable and rapid
convergence to meaningful results (to include three-dimensional color graphics
processing) and display could be accomplished in about ten seconds on mid-
range Intel Core 15 personal computers.

In Chapter 3, we introduced the introductory version of the simulator, a

three-layer model with 15 x 15 grid blocks originally developed for the
Education for the Energy Industry (E.E.I) program previously discussed.
Subsequently, simulator capabilities were extended to nine layer problems with

31 x 31 grid blocks. This more powerful version requires password access as
suggested at the bottom right of Figure 4-la. The password is machine-
dependent and obtained by sending the Serial Number (at the bottom left) to
Stratamagnetic Software LLC. Once “Go” is clicked, an information screen
stating “License validated, all options available™ is displayed.

The “Geology” menu, as before, is first accessed to define the number of
layers by selecting “Number of Layers” as shown in Figure 4-1b. This leads to
the screen in Figure 4-1c, where all nine buttons are now active, indicating that
up to nine layer are available for reservoir description — we select the maximum,
namely, “9.” Next, we turn to the “Create Reservoir” option and select the

maximum allowable “31 x 31 (Large)” choice as shown in Figure 4-1d-1.
Figure 4-1d-2 indicates that the overall grid structure has been defined, and on-
screen notes explain that reservoir heterogeneities can be “drawn” grid by grid if
desired. However, as we intend to illustrate multilateral well definition, we
select “Uniform Medium” for now, as shown in Figure 4-1e.

[E] strataMagnetic Software Multisim x|
Start Manual Geology Wells Simulate 3DPlots History Results  About

Horizontals >>| ‘What's Mew! | Capabiliies I Partnerships | ContactUs | Clear Screen |

Serial No. 426231455 RunMo. 57 Passward: |142D?84?9 Go| i]

Figure 4-1a. Overview of Multisim™ menu screen.
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[E] strataMagnetic Software Multisim " 2 x|
Start Manual | Geology Wells Simulate 3DPlots History Results  About
Horizontals > Qverview Iailities | Partnerships | Contact Uz | Clear Screen |

Mumber

L5
Add Menuriformities »
Rock Properties F

Create Reseryoir

Serial Mo, 426231455 Run Mo, 57

Figure 4-1b. “Number of Layers” selection.

[E] strataMagnetic Software Multisim x|
Start Manual Geology Wells Simulate 3DPlots History  Results  About

Horizontals >> | ‘what'sMew! | Capabilies | Partnerships |  ContactUs | ClearScreen |

Multizim 30 supports rectangular and
nonuniform stratigraphic grids. Present
‘windows interface assumes unifarm grids.
Create homogeneaous reservair first. Then
edit layer pictures to change Imax and Jrax,
of to add rock heterogeneities, if desired.

Mumber of lapers —— Finally, define permeabiliies and porozities
azzociated with lithology symbole. Once
1) 2|2 4|58 7[2]9] completed, proceed to 'Wells menu where

wellz are placed in the rezervoir,

SeralMo. 426231455 Fun Mo, &7

Figure 4-1c. Up to nine layers available for reservoir description.

[E] strataMagnetic Software Multisim ll
Start Manual | Geology Wells Simulate 3DPlots History Results  About
Horizantals > Qverview lities | Partnerships | Contact Uz | Clear Screen |
Mumber of Layers
Creat oir 3 11x 11 (Small)
Add Monuniformities. ® - 15x 15
Rock Properties 3 21x 21 (Medium)
25x 25
Serial Mo, 426231455 Fun Mo, 57

Figure 4-1d-1. Reservoir areal grid block options.
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Start  Manual  Geology  Wells

Haorizontals > | ‘wihat's New! |

Simulate  3DPlots
Capahilities

About

History  Resulks

| Partnerships |

Contact Us

x|
| ClearSceen |

Computational Domain

Overall grid parameters defined.

]

Reszervoir layers created ... now change
Imax and Jmax. or add nonuniformities using
next menu, if desired. Use kevboard
symbols, .0, LE 3L and 20 on, up to
thirty-one, to represent lithologies ... da nat
uge letters or numbers. Then run ‘Rock
Froperties' to define perme abilities and
porosities.  Mote, formation properties may
be inputted az general 30 arayz. Integrate
FultiSim with your ow reseryoir description
algorithmz ... contact Stratamagnetic
Software for details.

Serial Mo, 426231455 RunMo. 57
Figure 4-1d-2. Overall grid structure defined.
[E] strataMagnetic Software Multisim x|

Start  Manual
Horizontals > Overview
Number of Layers

Create Reservoir

Add Nonuniformities

Geology Wells Simulate 3DPlots History Results  About
Caontact Uz

Ijilities | Partnerships |

| Clear Soreen |

Uniform Medium

Rock Propetties

Seral No. 426231455

Layer 1 (Surface)
Layer 2

Layer 3

Layer 4

Layer 5

Layer &

Layer 7

Layer 8

Layer 9 (Max Depth)

Fun Mo, 57

Feservoir lavers created ... now change
Imax and Jmax, or add nonuniformities using
next menu, if desired. Use keyboard
symbols, e.g., LEREL and 0 on, up to
thirty-one, ta reprezent lithologies ... do not
uge letters or numbers. Then run ‘Rock
Froperties' to define permeabilities and
porosities.  Maote, formation properties may
be inputted as general 30 araps. Integrate
MultiSim with your own reservoir description
algorithmz .. contact Stratamagnetic
Software for details.

Figure 4-1e. Selecting “Uniform Medium” for now.
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Figure 4-1f confirms our selection for homogeneous media. When a
uniform medium is assumed throughout the entire reservoir, the associated
geology definition files LAYER1.GEO, LAYER2.GEO, . . . and so on, are
simple “dots” or “periods” as in Chapter 3 and are not displayed here. The next
highlight menu available for use is shown in Figure 4-1g, indicating that rock
properties are to be defined. The familiar menus in Figures 4-1h and 4-11, which
were introduced in Chapter 3, appear next, and we accept their default values for
the purposes of illustration.

x|

Start  Manual Geology  Wells  Simulate  3DPloks  History  Resulks - About
Horizontals >> | ‘what's Mew! | Capabilizs | Parnerships |  ContactUs | Clear Goreen |

x|

Reservoir Description
Reszervoir layers created ... now change
Imax and Jmax. or add nonunifarmities using
@ Uniform medium assumed. Gridblocks are represented by simple next menu, if desired. Use keyboard
I ) dots in layer diagrams symbaols, e.g., L& H.$.4% and so on, up to
- ' thirty-one, to represent lithologies ... da not
uze letters or numbers. Then un ‘Rock
Properties' to define parmeabilities and
porosities.  Mote, formation properties may
be inputted az general 30 arayz. Integrate
bultiSim with your own regensoir description
algorithmz ... contact Stratamagnetic
Software for details.

Serial Mo, 426231455 Fun Mo, 57

Figure 4-1f. Uniform medium selection confirmed.

[(1 strataMagnetic Software Multisim

Start Manual | Geology Wels Simulate 30Plots History Results  About
Harizantals > Chverview Iailities | Fartnerzhipz | Contac

Mumber of Layers
Create Reservair 4
Add Monuniformities  »

Rock Properties Define Rod: Properties
Shiow Genlogsy Summars!

Figure 4-1g. Defining rock properties next.
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1 Grid Size i [s]

X e
DY e
07 e

Clear I Save I

Figure 4-1h. Grid block size and shape.

Bl

Lithaology Symbal ... ... L.

Permneability ks, md] . ... ...
Permneability (ky, md] ... .. ..
Permeability [kz, md] . . ... ..
Porosity [decimall . .. ... ... ﬂ
Fiock compressibilite [1/psi] . . ﬂ

Set ky and kz o kx | Clear | Save |

Figure 4-1i. Inputting rock properties.

Next we turn to the high-level horizontal “Wells” menu to define our well
systems and individual structures. As in Chapter 3, the “Insert Wells” selection
appears, and since nine well systems were indicated for this simulation, nine
layer numbers are highlighted in Figure 4-1j. Note that Layer 1 represents the
“surface,” that is, rock corresponding to the original formation drilled, while
“max depth” represents the deepest portion of the reservoir. This usage is
consistent with field application. For simplicity, we will drill or “insert” only
two wells, namely, Well 1 and Well 2, although up to nine well systems (the last
denoted by “Well 9”) could be used. Importantly, each “well” may be as simple
as a rudimentary vertical well or as complicated as a three-dimensional
multilateral with multiple out-of-plane appendage, each with different lengths.
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Note that each well system operates under a single well constraint. For
example, it is not possible to pressure constrain on leg while rate constraining
another (if a nearby system requires a different constraint, simply assign if a
different well number). In addition, the numerical value corresponding to the
constraint used applies to all parts of the well system; we also note that friction
and gravity are ignored in our formulation since flow rates are assumed to be
sufficiently high.

[(1 strataMagnetic Software Multisim

Start Manual Geology | wells Simulate 3DPlots  History  Results  About
Horizontals »> I What''s  Oyerview I I Pattrerships | ContactUs |
1

Insert Wells Editing Rules
Well Comstraints ®

Layer 1 (Surface)
Layer 2

Layer 3

Layer 4

Layer 5

Layer 6

Layer 7

Layer 8

Layer 9 (Max Depth)

Figure 4-1j. Up to nine layers available for well placement.

We will define Wells 1 and 2 for all nine layers, beginning with Layer 1
for convenience (actually, layers may be accessed in any order). Select “Layer 1
(Surface)”. Internally, the geology for LAYERI.GEO has been copied into
LAYERI.DRL. Note how “1” and “2” are inserted into LAYER1.DRL. Not
inserting well numbers at all is also possible, but only physically meaningful for
bottom layers that have not yet been drilled — these layers may represent
hydrocarbon bearing zones that can be produced or as additional pressure
sources when the bottom is under pressure drive. Now, save LAYER1.DRL.
This well definition process is repeated for all nine layers in this case, with all
LAYER*.DRL files to be saved by the user on completion (there are no
software prompts to proceed to the next layer). Figure 4-1k shows the

placement assumed for the two wells with 31 x 31 “dots” in the background
representing the assumed uniform medium. The well descriptions in the first
four layers, that is,, Layer 1 to Layer 4, are identical, and represent to vertical
wells. These are shown in Figures 4-1-k to 4-1-n. Next Figure 4-1-0 (Layer 5)
represents a major departure from standard reservoir simulation capabilities.
We have arbitrarily “drawn” (using Windows Notepad) a very general
multilateral system extending from Well 1, while Well 2 remains vertical.
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[3 strataMagnetic Software Multisim
Start Manual Geology Wels Simulate 3DPlots  History
Horizoreals »» | ‘what's Newl i Partners

Figure 4-1k. Layer 1 well definition for Well 1 and Well 2.

Start Manual Geology Wells Simulate 3DPloks  History
Hodizontal: > | ‘what's New! i Paitnes

Figure 4-11. Layer 2 well definition identical to Layer 1.
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Bl LAYER3.DRL - Notepad

Figure 4-1n. Layer 4 well definition identical to Layer 1.
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-] strataMagnetic Software Multisim

Srart Manual Geology Welle  Simulste  30Plots  History
Horizontals »» | ‘what's Newl Capatilies Parners|

Figure 4-10. Well 1 with very complicated multilateral structure —
if desired, Well 2 may be equally complicated, and similarly for
Wells 3-9 if they exist — also, wells may be slanted across multiple layers.

-1 StrataMagnetic Software Multisim
Start Manual Geology ‘Wells Simulate 3DPlobs  History
Horizontals >» | ‘What'sNew! |  Capabilties Paitne

Figure 4-1p. Layer 6 well definition identical to Layer 1.
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] strataMagnetic Software Multisim

Start  Manual Geology Welle Simulste  SDPlobs  Hstory F
Horizontals >> | ‘what's New! Capsbillies Patinersh

Figure 4-1r. Additional small lateral defined for Well 1.
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Figures 4-1p and 4-1-q for Layers 6 and 7 show that the well systems are
assumed to be identical to those in Layer 1, that is, they are vertically drilled. In
Fgure 4-1r, we have introduced an additional multilateral extension to Well 1
simply to illustrate the versatility of our simulator. Figure 4-1s shows the last
bottom layer in the simulation. As explained earlier, bottom layers need not be
drilled — they may simply represent additional fluid bearing zones that may be
present and produced, or they might host additional sources of reservoir
pressure. In Figure 4-1t, we continue drilling Well 1 vertically; however, there
is no Well 2 because this well is taken as partially penetrating.

[1 strataMagnetic Software Multisim 5 %|
Start Manual Geology | Wells Smuate Plots Hiory Resuits About

Harizontals >>| what'  Overview | Partnesships Contect g Clea Screen

Seiial Mo, 426231455 Fun Mo, 57

Figure 4-1s. Drilling into the final layer.

] StrataMagnetic Software Multisim

Start Manual Geclogy Wels Simulate 30Plobs  Hi {
Heeizortals > | ‘what's Hew! Capabillies Partne

& LAVER9.DRL - Notepad B _iolx|

Figure 4-1t. Bottom layer (non-existent Well 2 is partially penetrating)
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Once wells have been inserted into different layers of the reservoir, we turn
to “Well Constraints” in our “Wells” menu, and select “Production Mode” as
shown in Figure 4-1u. The screen in Figure 4-1v shows that steady or transient
modeling is permitted. We click “Yes” to perform steady-flow production
analysis for the present simulation, if only to avoid the lengthy menus that
appear when performing transient analyses (again, our present purpose is
illustrating multilateral well definition and plotted results).

[21 sStrataMagnetic Software Multisim

Start Manual Geology | Wells Simulate 3DPlots  History  Results  About
Harizontalz >>| What's  overview II Partrerzhips | Contact Us |

Insert Wells r |
k Overview

Well Constraints

Production Mode

Specihy Well Constraints
Shiow Drilling Summars:

Figure 4-1u. Selecting production mode.

-1 StrataMagnetic Software Multisim =i -
Start  Manual Geology  Meells  Simulate  3DPlots  History  Resdlts  about
Harizontal: »» I What's Mew! | Capahilities I Partherships | Contact

Production Mode | x|

Steady flow, always? Click yes, for uninterrupted operations, e.g., no
shut-ns or changes to well constraints. Mo, if fransient operations are
planned.

Yes Mo

Figure 4-1v. Steady or transient operations permitted — click “Yes.”
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The screen in Figure 4-1w provides access to well constraint specification.
Selecting the option shown leads to Figure 4-1x which explains available
options and requests flow rate units to be used (we select barrels per day, or
“b/d” ). In Figure 4-1y, we pressure constrain multilateral Well 1 at 1,000 psi,
and in Figure 4-1z-1, we also pressure constrain vertical Well 2, but at 5,000 psi.
Note that, as was done in Chapter 3, Example 3-4, it is possible to pressure
constrain one well while rate constraining another; in fact, when all nine well
systems exist, pressure and rate constraints can be arbitrarily mixed. Our use of
“1,000” and 5,000 in this simulation is simply motivated — we just want to see
these numbers in our color plots where “10,000” will be the reservoir maximum.

[Z3 sStrataMagnetic Software Multisim
Start Manual Geology | Welle Simulate 3DPlots  History Results  About
Horizontals >3 | Whats  oyverview I | Partrerships | ContactUs |

Insert Wells 3 |
Well Constraints Owerview

Production Made

Spedfy Well Constraints
Show Drilling Summary:

Figure 4-1w. Specifying well constraints.

‘dri1ling reco

s were identitied in wyour

Prezsure agsumed in psi

Wolume flow rate .. ¢ Cubic ftér
" Cubic ftAday
{* Banels/day

Save !

Figure 4-1x. Information screen with rate units selection menu.
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Note that our simulator has, in the background, and transparently to the
user, identified the existence of two well systems, namely, Well 1 and Well 2.
Two well constraint menus appear on-screen automatically as shown in Figures
4-1y and 4-1z-1, and as explained previously, pressure constraints of 1,000 psi
and 5,000 psi are assumed. Next we turn to the “Simulate” selection in the
horizontal bar, and in particular, to farfield boundary condition definition as
shown in Figures 4-1z-2 and 4-1z-3. Note that we have assumed “no flow”
conditions at the top and bottom of the reservoir, and “10,000 psi” at the four
sides. Again, the numbers “1,000,” “5,000” and “10,000” psi were taken for
visualization purposes in our three-dimensional color plots.

_loix)
well No

= “alume fow rate

in text box, then click ¢Saves . ..

1000 Well preszure [pai)
Save |

Figure 4-1y. Pressure constraining (multilateral) Well 1 at 1,000 psi.

_iofx
Wwell No.

f* Pressurelevel  © WYolume Hlow rate

Select pressure or rate, enter values
in text box, then click ¢Saves . ..

ROO0 Wiell preszure [pai)
Save |

Figure 4-1z-1. Pressure constraining (vertical) Well 2 at 5,000 psi.

[Ed strataMagnetic Software Multisim

Start Manual Geology Wells | Simulate 3DFlots  History Results
Horizontals »» | What's Mewl Overview ps

Boundary Conditions
B Sirufator

showy Production Report

Figure 4-1z-2. Defining farfield boundary conditions.
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x|
s About
Contact Us Clear Screen
=lolx|
o) ‘Wallbic  Pres [psi)
COORDINATE SYSTEM Fiont... [~ MoFlew [10000
Back ... HNaFl
. Tj=| [ . [~ MNoFlow [10000
iml ()] Leit.... [T MNoFlow [10000
Back Right ... [~ Mo Flow
Laft Right Top.... ¥ MNoFlow
Bottom. . [ Mo Flow
imax Top (Layer 1) r
[Save] _Heb | _Eat |
Front

w1y

(Max - 9 layers) Bottom

Boundary Conditions x|

0 Leave menu open if additional what-f simulations are expected.

[

Figure 4-1z-3. Defining farfield boundary conditions.

Next, we consider the “Simulate” menu and the “Run Simulator” option to
initiate iterations that solve the complete flow equations (Figure 4-1z-4). We

emphasize that we have 31 x 31 x 9 grid blocks, that is, 8,649 or approximately
10,000 simultaneous equations. As we will show, these are solved in about ten
seconds on Intel Core 15 personal computers. Several intermediate screens, not
shown, appear — these have been addressed previously. Again, for this example,
do not modify transmissibilities, choose “Liquid” fluid type and a viscosity of 1
cp, and accept “Steady flow, for now.” Computations will begin automatically.
At Iteration 100, the screen in Figure 4-1z-5 appears, indicating that a flow rate
of “0.8169 E+0)7” was obtained at (multilateral) Well 1, while a much smaller
rate of “0.7979 E+06” was obtained at (vertical) Well 2. The prompt shown
asks if we wish to continue simulations, and we respond with “Yes,” continuing
to Iteration 500. Here every hundred iterations requires ten seconds of
computing time on mid-range Intel Core 15 personal computers.

[Z] sStrataMagnetic Software Multisim

Start Manual Geology Wells | Simulate 3DPlots  History  Results
Horizontals > | What's Hew! Overview s |

Boundary Conditions

Run Simulator

Shiow Broduction Repork

Figure 4-1z-4. Running the simulator.
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m SHLIHLIDT O 3 SEA e
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Figure 4-1z-5. Status screen at Iteration 100.
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Eror.  0.000028

)t error is small. calculations are completed.
Othenwise, more work is needed. Continue?

& ez Mo Contirue

Figure 4-1z-6. Iteration 200 results.

Iteration

Tteration
by we

Errar,  0.000009

It error iz small, calculations are completed.
Otherwize, maore work iz needed. Contitue?

& Yes © Mo Continue

Figure 4-1z-7. Iteration 500 results.

From Figures 4-1z-6 and 4-1z-7, we observe that Iteration 500 flow rate
results for Wells 1 and 2 are almost identical to those for Iteration 100,
indicating full convergence. Note that the title “Error” does not always tend to
identically zero even if convergence is achieved; its definition depends on many
properties and can be affected by truncation error at completion. Thus, its value
should be viewed only qualitatively. We terminate calculations and select “No,
Continue.”
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-0 x|

Copying pressure solution to disk,

initiate t
the eff

[Z1 production Status

Initiate transient operations, & g., shut-ing, changing
well constraints, diling new wells?

" fes 5 Mo Cantinue i

Figure 4-1z-8. Option to initiate transient operations.

Stratamagnetic Software Multisim x|

Simulations completed? Yes, initiates graphics processing.

Figure 4-1z-9. Post-processing for graphics color displays.

Finally, we have completed our three-dimensional steady flow
calculations. We click “No” in Figure 4-1z-8 (because we do not intend to
initiate transient operations) and “Yes” in Figure 4-1z-9 (to start color graphics
processing). In Figure 4-1z-10, the “3DPlots” menu is shown, where we first
select the stratum or layer to be considered. We will plot pressures for each of
the nine layers studied for this example. For example, we can select “Layer 1
(Surface)” first, although any display order is permissible — we will, however,
display results in numerical order from surface to bottom. Remember, each
layer must be “selected” by mouse first before the plot type can be chosen.
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[E] strataMagnetic Software Multisim x|
Start Manual Geology Wells Simulate | 3DPlots History Results  About

Harizantals >>| Wwihat's Mewl | Capat  Qverview || Contact Us | S o
P, |

Select Stratum 4 Layer Selection
Display Fressures. F

Layer 1 (Surface)
Layer 2

Layer 3

Layer 4

Layer 5

Layer 6

Layer 7

Layer 8

Layer 9 (Max Depth)

SerialMo. 426231455 Run Mo, &7

Figure 4-1z-10. Selecting layer for color pressure display.

Static contour plots for pressure are shown for each layer in Figures 4-1z-
11 to 4-1z-23. Tt is instructive to start with middle Layer 5, where through
Fgure 4-1o0 we had introduced a very complicated multilateral structure for
Well 1. Color pressure plots for pressure in Layer 5 are found in Figures 4-1z-
15 to 4-1z-18 and show the sharp blue pressure streak (indicating the low value
of “1,000 psi” assumed along the multilateral). This solid pattern becomes
milder as we progress away from Layer 5 in both upward and downward
directions. This smoothing effect arises from “pressure diffusion,” not
unexpected, since Darcy pressure satisfies the heat or diffusion equation. Recall
that in Figure 4-1r we had introduced a short horizontal lateral in Well 1 for
Layer 8. Its effect is also clearly seen in Figure 4-1z-21 as a short blue line,
with a nearby “dot” indicating the end pressure effects for partially penetrating
Well 2. Finally, Figure 4-1z-24 shows the menu sequence “Results” > “Text
Summaries” > “Reservoir Production” allowing access to geology, drilling and
reservoir production reports. Portions of the file SUMMARY.SIM are produced
— detailed numerical tabulations for areal pressure are omitted for brevity,
although these could be ported to standard worksheets for further analysis. At
the end of this summary file, we have the production rates

Cluster 1: P= 0.1000E+04 psi, Q= 0.8169E+07 b/d.
Cluster 2: P= 0.5000E+04 psi, Q= 0.7978E+06 b/d.

Well 1 produces 8.169/0.7978 or about ten times as much flow as Well 2.
This could be the result of three reasons, namely, well location in the reservoir,
differences in pressure constraint levels, or the number of grid blocks used to
create the wells — 63 versus 8, as highlighted in SUMMARY.SIM, numbers that
are proportional to drilling cost. The petroleum engineer could study the
economic benefits, for example, of changes in pressure or well topology, with
the present reservoir flow simulator.
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[ 30 surface Plotter (Static View) =0l x|
File Edit Scale View About

Graphing Mode Outpus File Legend Display I Suiface Mesh # Gind

" Resst (& % Hide ¢ Show | & Corliruous  Stepped = On O O # On  Of

Areal Pressure in Layer 1

Figure 4-1z-11. Layer 1 pressures.

[ 30 surface Plotter (Static View) i =lolx|
File Edit Scale View About
— Giraphing Mods Output File Legend Display I Surface Mesh # Gnd

" Reset (& % Hide " Show | & Corliruous  Stepped =~ On O O & 0n DK

Areal Pressure in Layer 2

Figure 4-1z-12. Layer 2 pressures.



196 RESERVOIR ENGINEERING IN MODERN OILFIELDS

23 3D Surface Plotter (Static View) =0 x|
File Edit Scale View About

Graphing Mode DOutput File Legend Display Surface Mesh K Grid

 Reset = © Hide (" Show | * Continuous  Stepped | ™ On © O & 0n C D

Areal Pressure in Layer 3

Figure 4-1z-13. Layer 3 pressures.

23 3D Surface Plotter (Static View) i =0l x|
File Edit Scale View About

Graphing Mode Dutput File Legend Display Surface Mesh K Grid
(t‘ Resst & [Confod | & Hide ¢ Show | & Continuous © Stepped | @ On  C Off & 0n C Off

Areal Pressure in Layer 4

Figure 4-1z-15. Layer 4 pressures.
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[ 3D Surface Plotter (Static View) i =1olx|

it - Dutput File Legend Display Surface Mesh #% Grd
i @ Hide " Show | % Corfinuous (" Stepped | @ On  © Off @ 0n C Of

Figure 4-1z-15. Layer 5 pressures.

=Iolx]

Graphing Mode DOutput File Legend Display Surface Mesh XY Grid
& 0n O Off & 0n O Dff

Figure 4-1z-16. Layer 5 pressures.
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23 3D Surface Plotter (Dynamic View) B =13
Fie Edit View About

Areal Pressure in Layer 5

1000

Figure 4-1z-17. Layer 5 pressures.

[21 2D Surface Plotter (Dynamic View) i =10]x|
File Edit View About

Areal Pressure in Layer 5

Figure 4-1z-18. Layer 5 pressures.
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[] 30 surface Plotter (Static View) =lol x|
Fle Edit Scale View About

Graphing Mode Output Fie Legend Display I Surface Mesh ®Y Gnd

" Reset & Coroid | @ Hide © Show & Continuous ¢ Stepped | © On O O # 0On C DK

Areal Pressure in Layer 6

Figure 4-1z-19. Layer 6 pressures.

[ 3D Surface Plotter (Static View) % =1olx|
File Edit Scale View About

Graphing Mode — Dutput File Legend Display Surface Mesh —®Y Gnd

 Resst & & Hide ( Show | @ Confinuous ¢ Stepped | @ On € Off & on O of

Areal Pressure in Layer 7

Figure 4-1z-20. Layer 7 pressures.
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[E3 3D Surface Plotter (Static View) i N [=1E7
File Edit Scale View About
Graphing Mode DOutput File Legend Display Surface Mesh % Grid

+ Hide  Show | (% Continuous  Stepped & 0n O Dff & 0n O

Areal Pressure in Layer 8

= fir
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 Rotate
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" Scale
 Zoom
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Figure 4-1z-22. Layer 8 pressures.
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[£1 3D Surface Plotter (Static View)
File Edit Scale View About

=lolx|

Graphing Mode Output File Legend Display [ Sutace Mesh % Grid
C Resst & Conloid @ Hide © Show ammmrsmwulﬂﬂn " 0if & on O Of

Areal Pressure in Layer 9

[ strataMagnetic Software Multisim
Start Manual Geology Wells Simulate 3DPlots History | Results  About

201

Horizantals >>| hat's Mewl | Capabilities | Partner:  Qverview

Text Summaries Geology Data
Create Final Report Wells and Constraints

Output ervoir Production

Serial Mo, 426231455 Fun Mo, 57

Figure 4-1z-24.
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SIMULATION SUMMARIES,

AND WELL BORE RUN TIME BOUNDARY CONDITIONS

PHYSICAL FLUID MODELING, FAR FIELD

(SUMMARY . SIM) :

Simulation results based on rectangular mesh system.

PRESENT RESERVOIR STATUS:

Reservoir
Imax =
Jmax =
Layers =

Number of

grid parameters:

31, Dx =
31, Dy =
9, Dz
initial

.1000E+03 ft,
.1000E+03 f¢t,
.1000E+03 ft,

Imax *Dx
Jmax *Dy
Layers*Dz

well clusters identified:

.3100E+04 ft.
.3100E+04 ft.
.9000E+03 ft.

2

Combining geological/drilling information, please wait

Well block transmissibility

Well 1, defined by

(£t”*3) summary

63 grid blocks, is

pressure constrained at 0.1000E+04 psi.

Well 2, defined by

8 grid blocks, is

pressure constrained at 0.5000E+04 psi.

INPUT FARFIELD BOUNDARY CONDITION SUMMARY :

Z (k)
| §=1 Jmax (31)
i=1 |
D T + ------ Y (3)
/ 300000000000000 3 \
Left / 3000  Back ©°°°3 \ Right
/ 3000000000000003 \
/ R e TR + \

Imax (31) R / Top, Layer 1 \------- +

/ 3000000000000000000000000000000003

/ 3000000000000 Front 0000000000003

/ X(i) 300000000000000000000000000000000 3

+------- Bottom, Layer 9 ------ +

COORDINATE SYSTEM
O FRONT assumed to be aquifer at pressure 10000.00 psi
O BACK assumed to be aquifer at pressure 10000.00 psi
O LEFT assumed to be aquifer at pressure 10000.00 psi
O RIGHT assumed to be aquifer at pressure 10000.00 psi
O TOP assumed to be "no flow wall"
O BOTTOM assumed to be "no flow wall"
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PHYSICAL FLUID MODEL SUMMARY:
O Fluid viscosity: 0.100E+01 centipoise

Fluid, assumed to be a liquid, satisfies linear partial
differential equation if pressure compaction option is
not selected later.

STEADY STATE SIMULATION MODE SELECTED.

Pressure field initialized to internally
generated approximate solution.

Note: "Jmax > 7" values cause "word wrap-around" in
screen displays and written files. Use "File Reader"
utility to "unwrap" printouts for convenient viewing.

Iteration 100, (Un)converged volume flow rates
by well cluster:

Cluster 1: P= 0.1000E+04 psi, Q= 0.8169E+07 b/d.
Cluster 2: P= 0.5000E+04 psi, Q= 0.7979E+06 b/d.

Iteration 500, (Un)converged volume flow rates
by well cluster:

Cluster 1: P= 0.1000E+04 psi, Q= 0.8169E+07 b/d.
Cluster 2: P= 0.5000E+04 psi, Q= 0.7978E+06 b/d.

Again, smooth and fast convergence at 100 iterations (or ten seconds for a
10,000 grid block simulation containing complicated multilateral Well 1 and a
partially penetrating vertical Well 2) was achieved effortlessly.  The
“bottlenecks” in minimizing total “desk time” are found in constructing
LAYER*.DRL files like those in Figures 4-1k to 4-1t, which require some

visualization experience. Denser 31 x 31 grid structures should be used to
provide finer geometric description when needed. Ideally, our well definition
interface would improve with “point and click” or “screen draw” capabilities,
options which are presently under consideration for software upgrades.
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Example 4-2. Dual lateral with transient operations.

In this simulation, we demonstrate how transient operations are performed
for a dual lateral whose arms are set apart by an irregular angle. For our

“Geology” menu, we assume a three-layers, 15 x 15 mesh for simplicity, a fully
uniform medium (described by “dots” or “periods” in the respective *.GEO
files), plus default grid and rock properties as used in previous examples. In
our “Wells” menu, shown in Figure 4-2a, we will drill a vertical well with dual
laterals extending from it in the middle layer, as shown in Figures 4-2b to 4-2d.
Our production mode is defined in Figures 4-2e and 4-2f. In the latter, we click
“No” since transient operations are planned. A transient flow modeling menu,
asking for the number of wells to be considered in our simulation problem, not
shown here, appears. While only a single well system, namely Well 1, is
evident from Figures 4-2b to 4-2d, recall that our simulator allows additional
wells to be drilled or created while computing. Since we do not plan to do this,
we enter “1” for the requested number of wells — again, this menu is not shown
here. Well constraints are defined in Figures 4-2g, 4-2h and 4-2i. A pressure
constraint of 5,000 psi is assumed in Figure 4-2i.

£ strataMagnetic Software Multisim R

Start Manual Geology | Wells Simulate 30Plots  History Results  Abou
Horzontalz >3 | Whats  Overview I | Partnerships | Conte
|

Insert Wells Editing Rules

el Comstraints  k

Layer 1 (Surface)
Layer 2

Layer 3

Layer 4

Laver 5

Layver &

Lawer ¥

Lawver &

Layer 9i(Max Depth)

Figure 4-2a. Three-layer reservoir simulation.
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&) avena.on. - Hoteps =TET

File Edit Search Help

rFs

Figure 4-2b. Top layer well structure.

(3 strataMagnetic Software Multisim

Skark  Manual Geaology  Wells  Simulate  30Plaks

Horizontals »> | ‘'what's New! |  Capabiliies

Histary  Resulks

Fartrerships |

=

Figure 4-2c. Middle layer dual lateral well structure.

205
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& LAYER3.DRL - Notepad =l F4
File Edit Search Help
RS BN

Figure 4-2d. Bottom layer well structure.

[E1 sStrataMagnetic Software Multisim

Start Manual Geology | Wells Simulate 3DPlots  History  Results  About
Harizantals >>| what's  Cwverview || FPartrerzhipz | Contact L

Insert Wells
Qverview

Well Constraints

Production Mode

Specity: Well Canstraints
Shio Dirllinng Sunmmarsy:

Figure 4-2e. Production mode definition.
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Production Mode x|

Steady flow, always? Click yes, for uninterrupted operations, .g., no

shut-ins or changes to well constraints. Mo, if transient operations are
planned.

Yes MNo |

Figure 4-2f. Production mode definition.

[k strataMagnetic Software Multisim
Start Manual Geology | Wells Simulate 3DPlots  History  Results  About

Harizontals > | Whats  Overview | I Partnerzhips | Contact L
Insert Wells r |
Well Constraints  » Crverview

Produckion Mode

Spedfy Well Constraints

Shice Brilling Surmmmars:

Figure 4-2g. Specifying well constraints.
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rights res

pr re level
rate constrain
"+" for producer
- d
= condi Ehat 4.7 psi, deg F).
Additional s W1l d at run-time.

Prezzure aszumed in pzi

Wolume flove rate . . € Cubic fithr

= Cubic ft/day
% Bamels/day

Savei

Figure 4-2h. Selecting volume flow rate units.

Ed well Constrz

well No.

{* Preszure level {0 %aolume flow rate

Select prezsure or rate, enter values
in bet bow, then click <Save: | .

ROOO Well preszure [pzi)
Save 1

Figure 4-2i. Setting pressure constraint level.
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We turn to the “Simulate” menu and define farfield conditions at the six
sides of the computational reservoir box using the “Boundary Conditions” menu
in Figure 4-2j. Numerical integrations are initiated in Figure 4-2k. From two
menus not shown, we do not change transmissibilities during drilling in the first,
while in the second, we select a liquid as the fluid type, having a viscosity of 1
cp. Ina “Production Mode” menu, we select “Steady flow, for now.”

[1 strataMagnetic Software Multisim

Start Manual Geology ‘Wels Simulate 3DPlot

Hari | ))I what's Newl | Capabilibes | Partnerships Contact Us Clear Screen I
[1 Boundary Conditions E =|Q]£|
k) ‘wWallb/c  Pres [ps)
COORDINATE SYSTEM Front... = MoFlow [10000
Back. ..
. T]=1 fi . [~ MoFlow
A i i S Left.... ™| NoFiow [10000 |
Right... [~ MoFlow
Right Top.... ¥ MNoFlow
A T
i T 1
e e Save | _ Hep | Exit_ |
x(i)
(Max - 9 layers) Bottom

Figure 4-2j. Defining farfield boundary conditions.

[(1 strataMagnetic Software Multisim

Start Manual Geology Wells | Simulate 3DPlots  History  Results
Harizontals =» | What's Hewl Civerview 2

Boundary Conditions

Fun Simulatar

Show Produckion Report

Figure 4-2k. Running the simulation.
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ATE SIMULATION MODE SELECTED.
Loading 3D pre

soluti
100,

Eror,  0.002E37

If error is small, calculations are completed
Otherwize, more work, iz needed. Continue?

Simulations completed? Yes, initiates graphics processing. & Yes " No Cantinues 1

Yes Mo

Figure 4-21. Steady flow solutions in progress.

Fgure 4-21 shows how steady flow calculations are in progress. In that
screen, the volume flow rate at Iteration 100 is 0.1026E+07 b/d, which is very
close to the following result at Iteration 200. This indicates that the iterations
needed to determine the equilibrium pressure field have converged and that
calculations may be safely terminated. We select “No, Continue™ at this point.

Iteration 200, maximum 99999, .0000E+00% error.
Iteration 200, (Un)converged volume flow rate by well cluster:

Cluster 1: P= 0.5000E+04 psi, Q= 0.1025E+07 b/d.

Calculated 3D pressures in SUMMARY.SIM file

Next, Figure 4-2m allows us to continue with transient operations and we
select this option with “Yes.” From two menus not shown, we select the default
oil compressibility and also do not porosity average liquid and rock
compressibilities. In Figure 4-2n for in time step recommendations, click for the
suggestion, but override it with 0.1 hr.
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now

af

geometry
time.

Iniiate transient operations, e.q., shut-inz, changing
well conztraints, diling news wells?

Figure 4-2m. Initiating transient operations.

Fluid wiscozity [cpl. .. ... ..
Fluid comprezsibility [1./psi] . .
Maximum permeability [md] .. *
Mirirmurn porosity [decimal] .. *
Smallest grid length (] ... #

= Defaultz may nat apply

Click for suggested time step Timme Step

b aximurm time steps. . . ..

Approximate time scale [hrs)

Suggested time step [hre] . . .
ﬂ ﬂ Save

Figure 4-2n. Time step selection.
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In a compaction menu not shown, we select “Rigid formation” versus
“Small deformation.” Time status appears in Figure 4-20, indicating that at the
initial time t =0, Well 1 is pressure constrained at 5,000 psi. Now, Figure 4-2m
states that we have completed steady flow calculations, and from Figure 4-20,
we click “Yes” to change constraints. The screen sequence leading up to and
including Figure 4-2r states that we have converted the pressure constraint to
one for flow rate held at a positive (production) rate of 5,000 b/d. A menu
asking if additional wells are to be drilled, not shown, appears, and we answer
“No.” Figure 4-2s for display options also appears, followed by one for
wellbore storage effects, which we assume are negligible.

4 well status : = IEI IEI

Well #1 @ Step# 0 or time D.OJ0E+00 krs
iz "'pregzure constrained'' at 0LA000E+04 psi.

Change constraint or well geometn’?

i " Mo Continue I

Figure 4-20. Well status change.

~iaix
el Cluster Mo,

KSidetrack, re-dill or re-complete?

" ez {« Mo Mext |

Figure 4-2p. More well action options, click “No.”

(5 wei constraimts =TEY

Mew constraint type?

" Pressure (v

Continue I

Figure 4-2q. Volume flow rate constraint selected.
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-[alx]
Walurne Flow rate RO00

nitz: bid Save I

[+, production; -, injection; O, zhut-in]

Figure 4-2r. Well 1 rate constraint defined.

_iaix
Tirne step (hrs] .. ... ...

Mumber of time zteps between
color pressure plots
Mumber of time steps between

well statuz menus

Confirrn or update data ... Save I

Figure 4-2s. Display options.

Time-integration computations are proceeding as indicated in the status
screen of Figure 4-2t. We decide to terminate the calculations, save the pressure
file to PRESSURE.OLD and click “Yes” in the menu of Figure 4-2u to initiate
plotting of three-dimensional color pressures. In Figures 4-2v and 4-2w, we plot
pressures in Layer 1 (Surface). Note that the lowest pressure in the surface layer
is higher than the 5,000 psi assumed (but less than the 10,000 psi farfield value)
very early on, because we had switched to a flow rate constraint. We next select
“Layer 2” to show pressure fields in the layer containing the dual lateral.
Figures 4-2x and 4-2y show the pressure field for Layer 2 where the dual lateral
for Well 1 is situated. In Figures 4-2z-1 to 4-2z-3, we access the pressure
history at Well 1. Recall that the positive volume flow rate when steady flow
calculations were completed was a large 0.1025E+07 b/d. We then changed the
pressure constraint to a flow rate constraint producing at a much lower 5,000
b/d. Physically, this will cause the pressure to increase with time, heading
toward the 10,000 psi assumed for the reservoir farfield, and this is seen in
Figure 4-2z-4. Again, the results make perfect physical sense. Tabulated results
are offered in Fgure 4-2z-5 and SUMMARY.SIM results follow. Following
this, we also introduce two other “Results” reports, namely SUMMARY.GEO
and SUMMARY.DRL, which summarize geological and drilling assumptions.
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+01 hour:

DE+01 hour:
t ...

Time step :

Elapsed time [hrs]:

Simulations completed? Yes, initiates graphics processing. Continue transient simulation?

£ Yes @ (Hg __ Contiwe |

fes 1 Mo ‘

Figure 4-2t. Status screen.

Honzontals > YWwihat's Hewl Capabilities Fartnershipz

Stratamagnetic Software Multisim x|

Simulations completed? Yes, initiates graphics processing.

Yes Mo

Figure 4-2u. Color processing menu, click “Yes.”
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[ StrataMagnetic Software Multisim
Start Manual Geology Wells Simulate | 3DPlots History Results About

Harizontals >>| What's Mew! | Capal  Qverview

Select Stratum
Djsplay Pressures  k

Layer 4
Lawer 5

Laver &
Lawer ¥
Lawer &
[Lawer 8 (Max Depth)

Figure 4-2v. Selecting Layer 1 (Surface) pressures.

[23 3D Surface Plotter (Static View) i =10J
File Edit Scale View About
i~ Graphing Mode Output File Legend Display ———~ Surface Mesh # Gnd

C Reset & @ Hide ¢ Show |  Contiuous ¢ Stepped @ On O @ on C o

Areal Pressure in Layer 1

Figure 4-2w. Pressures in Layer 1 (Surface).
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[ 3D Surface Plotter (Static View) i =lo]x|
File Edit Scale View About
— Graphing Mode Output File ———Legend Display Susface Mesh Y Gnd

" Reset & Hide " Show (% Contrwous  Stepped | @ On O Off & 0On € Of

Areal Pressure in Layer 2

o0
=1 3D Surface Plotter (Dynamic View)

Figure 4-2y. Layer 2 dual lateral pressure field.
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[(] strataMagnetic Software Multisim

Start Manual Geoclogy Wells Simulate 3DPlots | History Results About
Horizontalz >>| What's Hewl | Capabilities | well Transients

Figure 4-2z-1. Accessing well transient history.

Humerical Well Test Simulation EI

View wellbore pressure and flow rate histories?

Figure 4-2z-2. Accessing well transient history.

[(1 strataMagnetic Software Multisim B

Start Manual Geology Wells Simulate 3DPlots | History Results About
Harizontals >>| ‘what's Mew! | Capabilities | well Transients

Pressure History

Flow Rates r
.

el 2
Well3
el <
Well5
Wellg
el 7
el 3
Wellg

Figure 4-2z-3. Accessing well transient history.
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[E Multiple Series Plotter i =] 3

File Edit Legend Help

T Ne2 T M3 [ Nood

" Hide, Series:

Series

—a— 1

Pressure (psi)

Time (hours)

Figure 4-2z-4. Pressure build-up resulting from decreased production rate.
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424 WELL1.5TM - Notepad =' o] x|
File Edit 3Search Help

WELL #1: Dt Time Pressure Flow Rate -
Step No. {Hour) {Hour) (Psi) (Cu Ft/Hr) |

0 0.100e+00 O0.000E+00 0.500E+04 0.240E+06

1 ©0.100E+00 0.100E+00 0O.6l16E+04 0.117E+04

2 0.100e+00 0O.200E+00 0.650E+04 O0.117E+04

3 0.100e+00 0.300E+00 0.670E+04 O0.117E+04

4 0.100E+00 0.400E+00 O.686E+04 0.117E+04

5 0.100e+00 0O.500E+00 0.699e+04 O0.117e+04

6 0.100e+00 0.600E+00 0.710E+04 O0.117E+04

7 0.100e+00 O0.700E+00 0.720E+04 O0.117E+04

8 0.100E+00 0.800E+00 0.729E+04 0.117E+04

9 0.100e+00 0O.900E+00 0.737E+04 O0.117e+04

10 0.100E+00 0.100e+01 0.745E+04 0.117E+04

11 0.100e+00 0.110e+01 O0.752E+04 0.117E+04

12 0.100E+00 0.120E+01 0O.759E+04 0.117E+04

13 0.100eE+00 0.130e+01 O.700E+04 O0.117E+04

14 0.100E+00 0.140e+01 0.772E+04 0.117E+04

15 O0.100e+00 0.150E+01 O.77BE+04 0.117E+04

16 0.100eE+00 0.160e+01 O.784E+04 O0.117E+04

17 0.100eE+00 0.170e+01 O0.789E+04 0.117E+04

18 0.100e+00 0.1B0e+01 O0.794E+04 0.117E+04

19 0.100e+00 0.190E+01 0.799e+04 0.117E+04

20 0.100e+00 0.200e+01 O.B04E+04 O0.117E+04

21 0.100e+00 0.210e+01 0.B09E+04 0.117E+04

22 0.100e+00 0.220e+01 O0.B13E+04 0.117e+04
23 0.100e+00 0.230E+01 0.B18E+04 0.117E+04 b

24  0.100e+00 0.240e+01 O0.B22E+04 0.117E+04

25 0.100e+00 0.250e+01 0.B26E+04 0.117E+04

26 0.100e+00 0.260E+01 0.830e+04 0.117E+04

27 0.100eE+00 0.270e+01 O0.B34E+04 0.117e+04

28 0.100eE+00 0.2B0e+01 0.B3BE+04 0.117E+04

29 0.100e+00 0.290e+01 O0.B41E+04 0.117E+04

30 0.100e+00 O0.300E+01 0O.B845E+04 0.117E+04

31 0.100e+00 0.310e+01 O.B4BE+04 0.117E+04

32 0.100e+00 0.320e+01 0.B51E+04 0.117E+04

33 0.100e+00 0.330e+01 O0.B55E+04 0.117e+04
34 0.100e+00 0.340E+01 0O.B858E+04 0.117E+04 :J

Figure 4-2z-5. Tabulated well history.
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SUMMARY.SIM

SIMULATION SUMMARIES, PHYSICAL FLUID MODELING, FAR FIELD
AND WELL BORE RUN TIME BOUNDARY CONDITIONS (SUMMARY.SIM) :

Simulation results based on rectangular mesh system.
PRESENT RESERVOIR STATUS:

Reservoir grid parameters:

Imax = 15, Dx = .1000E+03 ft, Imax *Dx = .1500E+04 ft.
Jmax = 15, Dy = .1000E+03 ft, Jmax *Dy = .1500E+04 ft.
Layers = 3, Dz = .1000E+03 ft, Layers*Dz = .3000E+03 ft.

Number of initial well clusters identified: 1
Combining geological/drilling information, please wait
Well block transmissibility (ft”3) summary:

Well 1, defined by 13 grid blocks, is
pressure constrained at 0.5000E+04 psi.

Block 1: (I= 8, J= 8, Layer 1), Tx = .108E-09, Ty = .108E-09, Tz = .108E-09
Block 2: (I= 3, J=13, Layer 2), Tx = .108E-09, Ty = .108E-09, Tz = .108E-09
Block 3: (I= 4, J=12, Layer 2), Tx = .108E-09, Ty = .108E-09, Tz = .108E-09
Block 4: (I= 5, J=11, Layer 2), Tx = .108E-09, Ty = .108E-09, Tz = .108E-09
Block 5: (I= 6, J=10, Layer 2), Tx = .108E-09, Ty = .108E-09, Tz = .108E-09
Block 6: (I= 7, J= 9, Layer 2), Tx = .108E-09, Ty = .108E-09, Tz = .108E-09
Block 7: (I= 8, J= 3, Layer 2), Tx = .108E-09, Ty = .108E-09, Tz = .108E-09
Block 8: (I= 8, J= 4, Layer 2), Tx = .108E-09, Ty = .108E-09, Tz = .108E-09
Block 9: (I= 8, J= 5, Layer 2), Tx = .108E-09, Ty = .108E-09, Tz = .108E-09
Block 10: (I= 8, J= 6, Layer 2), Tx = .108E-09, Ty = .108E-09, Tz = .108E-09
Block 11: (I= 8, J= 7, Layer 2), Tx = .108E-09, Ty = .108E-09, Tz = .108E-09
Block 12: (I= 8, J= 8, Layer 2), Tx = .108E-09, Ty = .108E-09, Tz = .108E-09
Block 13: (I= 8, J= 8, Layer 3), Tx = .108E-09, Ty = .108E-09, Tz = .108E-09

INPUT FARFIELD BOUNDARY CONDITION SUMMARY :

Z (k)
| §=1 Jmax (15)
i=1 |
Fomm - +  ------ Y(3)
/ 3000000000000003 \
Left / 3ocoo Bgck ©°0o3 \ Right
/ 300000000000000 3 \
/ R e T + \
Imax (15) et / Top, Layer 1 \------- +
/ 3000000000000000000000000000000003
/ 3000000000000 Front 0000000000003

/ X (i) 3000000000000000000000000000000003

+o----- Bottom, Layer 3 ------ +

COORDINATE SYSTEM
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FRONT assumed to be aquifer at pressure 10000.00 psi
BACK assumed to be aquifer at pressure 10000.00 psi
LEFT assumed to be aquifer at pressure 10000.00 psi
RIGHT assumed to be aquifer at pressure 10000.00 psi
TOP assumed to be "no flow wall"
BOTTOM assumed to be "no flow wall"

O O0OO0O0O0O0

PHYSICAL FLUID MODEL SUMMARY:
O Fluid viscosity: 0.100E+01 centipoise

Fluid, assumed to be a liquid, satisfies linear partial
differential equation i1f pressure compaction option is
not selected later.

STEADY STATE SIMULATION MODE SELECTED.

Pressure field initialized to internally
generated approximate solution.

Note: "Jmax > 7" values cause "word wrap-around" in
screen displays and written files. Use "File Reader"
utility to "unwrap" printouts for convenient viewing.

Iteration 100, (Un)converged volume flow rates
by well cluster:

Cluster 1: P= 0.5000E+04 psi, Q= 0.1026E+07 b/d.
Calculated 3D pressures in SUMMARY.SIM file
Iteration 100, Pressure (psi) in Layer 1:

BACK

10000.000 10000.000 10000.000 10000.000 10000.000 10000.000 10000.000
10000.000 10000.000 10000.000 10000.000 10000.000 10000.000 10000.000
10000.000

10000.000 9865.074 9737.746 9622.536 9520.515 9428.985 9342.120
9253.019 9153.674 9037.788 8905.677 8792.562 8836.894 9389.764
10000.000

10000.000 9723.338 9463.452 9232.165 9031.203 8853.386 8686.962
8517.456 8328.914 8106.125 7845.350 7590.059 7572.626 8838.199
10000.000

10000.000 9751.384 9524.617 9337.245 9198.798 9111.714 9075.004
9087.585 9146.119 9242.227 9366.292 9509.938 9666.566 9831.443
10000.000

10000.000 9880.688 9771.170 9680.051 9611.776 9568.054 9549.387
9554.755 9582.140 9628.121 9688.084 9758.332 9835.340 9916.560
10000.000

10000.000 10000.000 10000.000 10000.000 10000.000 10000.000 10000.000
10000.000 10000.000 10000.000 10000.000 10000.000 10000.000 10000.000
10000.000

FRONT

221
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Iteration 100,

BACK

10000.000
10000.000
10000.000

10000.000
9251.655
10000.000

10000.000
8513.386
10000.000

10000.000
9087.266
10000.000

10000.000
9554 .812
10000.000

10000.000
10000.000
10000.000
FRONT

10000.000
10000.000

9864.529
9149.265

9722.821
8314.719

9751.081
9145.754

9880.909
9582.307

10000.000
10000.000

Iteration 100,

BACK

10000.000
10000.000
10000.000

10000.000
9253.017
10000.000

10000.000
8517.452
10000.000

10000.000
9087.585
10000.000

10000.000
9554 .754
10000.000

10000.000
10000.000
10000.000
FRONT

10000.000
10000.000

9865.078
9153.676

9723.336
8328.917

9751.383
9146.118

9880.687
9582.141

10000.000
10000.000

Pressure

10000.000
10000.000

9738.025
9022.108

9463.410
8054.722

9523.895
9242.181

9771.318
9627.840

10000.000
10000.000

Pressure

10000.000
10000.000

9737.746
9037.788

9463.450
8106.131

9524.613
9242.227

9771.172
9628.120

10000.000
10000.000

(psi) in

10000.000
10000.000

9621.694
8854.088

9231.140
7660.043

9337.012
9365.955

9679.875
9688.198

10000.000
10000.000

(psi) in

10000.000
10000.000

9622.538
8905.681

9232.160
7845.353

9337.241
9366.293

9680.050
9688.087

10000.000
10000.000

Layer 2:

10000.000
10000.000

9521.079
8630.038

9030.778
6912.054

9198.326
9509.705

9611.785
9757.965

10000.000
10000.000

Layer 3:

10000.000
10000.000

9520.517
8792.564

9031.203
7590.061

9198.798
9509.934

9611.779
9758.330

10000.000
10000.000

10000.000
10000.000

9428.351
8429.434

8853.263
4999.868

9111.262
9666.693

9567.839
9835.277

10000.000
10000.000

10000.000
10000.000

9428.986
8836.895

8853.383
7572.627

9111.714
9666.568

9568.054
9835.343

10000.000
10000.000

10000.
10000.

9342.

000
000

071

9273.393

8685.

527

8430.957

9075.

040

9831.474

9549.

591

9916.351

10000.
10000.

10000.
10000.

9342.

000
000

000
000

120

9389.765

8686 .

959

8838.199

9074 .

998

9831.442

9549.387
9916.557

10000.
10000.

000
000
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Iteration 200, (Un)converged volume flow rates
by well cluster:

Cluster 1: P= 0.5000E+04 psi, Q= 0.1025E+07 b/d.

By Iteration 200, the computed steady-state volume flow rate is almost
identical to that in Iteration 100, so the iterative calculations have converged.
The layer pressures are similar to those give above. Transient time-marching
begins and the results are documented in SUMMARY.SIM below. Layer
pressures for ending time 4.9 hours are given for comparison with the starting
steady-state flow. As for the above areal pressure distributions, note that the
“10,000” represents the farfield reservoir imposed pressure.

3D steady flow calculations completed. We now initiate
transient compressible flow calculations, since the time
dependent effects of changing well constraints, geometry
and location are to be studied.

TRANSTIENT COMPRESSIBLE FLOW SIMULATION MODE SELECTED.
Initial conditions assumed:

Initializing pressure to previous steady solution,

WELL TEST INPUT PARAMETER SUMMARY :

O Liquid compressibility (1/psi): 0.100E-04
O Initial time step size (hours) : 0.100E+00
O Maximum number time steps here: 1000

All well bore storage capacity factors "F" initialized
to zero (no storage) ... are subject to runtime change.

Well #1 @ Step # 0 or time 0.000E+00 hrs
is "pressure constrained" at 0.5000E+04 psi.
New status, rate constrained at 0.500E+04 b/d.

Wellbore storage factor F changed to 0.000E+00 ft”5/1bf
at Well Cluster 1, time 0.000E+00 hours.
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LAYER RESULTS @ Step

Pressure
BACK

10000.000
10000.000
10000.000

10000.000
9636.142
10000.000

10000.000
9306.202
10000.000

10000.000
9439.872
10000.000

10000.000
9712.941
10000.000

10000.000
10000.000
10000.000
FRONT

Pressure
BACK

10000.000
10000.000
10000.000

10000.000
9636.110
10000.000

10000.000
9306.246
10000.000

10000.000
9439.891
10000.000

10000.000
9712.945
10000.000

10000.000
10000.000
10000.000
FRONT

Distribution (psi)

10000.000
10000.000

9919.616
9628.519

9843.008
9295.573

9858.501
9459.312

9928.248
9723.245

10000.000
10000.000

Distribution

10000.000
10000.000

9919.612
9628.252

9842.986
9295.199

9858.479
9459.321

9928.244
9723.247

10000.000
10000.000

10000.000
10000.000

9844 .268
9627.806

9696 .527
9298.115

9728.140
9502.552

9861.903
9745.885

10000.000
10000.000

10000.000
10000.000

9844 .262
9626.360

9696.491
9294.811

9728.103
9502.558

9861.897
9745.886

10000.000
10000.000

(psi)

49, Time =

10000.000
10000.000

9778.084
9631.873

9569.069
9307.519

9617.910
9568.697

9805.397
9780.148

10000.000
10000.000

10000.000
10000.000

9778.081
9625.462

9569.051
9288.717

9617.893
9568.699

9805.395
9780.150

10000.000
10000.000

0.490E+01 hour:

in Layer 1:

10000.000
10000.000

9723.680
9644.176

9465.639
9323.727

9533.070
9655.704

9761.536
9824.839

10000.000
10000.000

in Layer 2:

10000.000
10000.000

9723.682
9620.221

9465.651
9232.027

9533.078
9655.706

9761.539
9824.840

10000.000
10000.000

10000.000
10000.000

9682.146
9689.109

9388.024
9382.937

9475.490
9760.037

9731.541
9878.099

10000.000
10000.000

10000.000
10000.000

9682.153
9622.622

9388.065
8963.740

9475.517
9760.038

9731.546
9878.098

10000.000
10000.000

10000.000
10000.000

9653.345
9834.725

9335.668
9689.775

9444 .855
9876.781

9715.505
9937.462

10000.000
10000.000

10000.000
10000.000

9653.351
9815.229

9335.730
9622.670

9444 .882
9876.781

9715.511
9937.462

10000.000
10000.000
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Pressure Distribution (psi) in Layer 3:

BACK

10000.000 10000.000 10000.000 10000.000 10000.000 10000.000 10000.000
10000.000 10000.000 10000.000 10000.000 10000.000 10000.000 10000.000
10000.000

10000.000 9919.617 9844.268 9778.084 9723.681 9682.146 9653.346
9636.142 9628.518 9627.806 9631.873 9644.177 9689.110 9834.726
10000.000

10000.000 9843.009 9696.526 9569.069 9465.640 9388.024 9335.668
9306.205 9295.573 9298.115 9307.519 9323.728 9382.937 9689.775
10000.000

10000.000 9858.501 9728.140 9617.912 9533.070 9475.491 9444.855
9439.872 9459.312 9502.553 9568.697 9655.704 9760.037 9876.782
10000.000

10000.000 9928.248 9861.903 9805.397 9761.537 9731.542 9715.504
9712.941 9723.245 9745.884 9780.149 9824.839 9878.099 9937.462
10000.000

10000.000 10000.000 10000.000 10000.000 10000.000 10000.000 10000.000
10000.000 10000.000 10000.000 10000.000 10000.000 10000.000 10000.000
10000.000

FRONT

Transient compressible flow simulations completed.

Note that, in our top level horizontal menu, the “Results” >> “Text
Summaries” option provides for “Geology Data,” “Wells and Constraints” and
“Reservoir Production.” The last item provides access to SUMMARY.SIM.
The first gives SUMMARY.GEO, which describes the assumed geology in
detail, while the second gives SUMMARY.DRL, which describes well positions
and constraints. Detailed cross-sectional plots are drawn with ASCII characters
to show the user exact lithological and wellbore layouts. SUMMARY.GEO and
SUMMARY.DRL are duplicated without further discussion as they are self-
explanatory.

[E] strataMagnetic Software Multisim x|

Start Manual Geology Wells Simulate 3DPlots History | Results  About

Capabilities | Partner:  Qyerview ICIearScreen |

Horizontals »»

ies Geology Data
Create Final Report Wells and Constraints

Reservoir Production
Speech Output

Figure 4-2z-6. “Geological Data” and “Wells and Constraints” reports.
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SUMMARY.GEO

GEOLOGY/LITHOLOGY/GRID PARAMETER SUMMARY (SUMMARY.GEO)

15 grids, @ .1000E+03 ft/grid, for .1500E+04 ft
15 grids, @ .1000E+03 ft/grid, for .1500E+04 ft
3 grids, @ .1000E+03 ft/grid, for .3000E+03 ft

Geological Model Assumed:
Note, picture model below was inputted layer by
Geological layers scanned as follows:

+-- Layer No. 1 ---->Y

+-- Layer No. 2 ---->Y

in X direction.
in Y direction.
in Z direction.

layer.
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Note, geology described by cross-section below.

Y/Z cross-sections scanned as follows:

4mmm- Y/Z: I= 1 ----> Y

+---- Y/Z: I= 2 ----> Y

4---- Y/Z: I= 3 ----> Y

4---- Y/Z: I= 4 ---->Y
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+---- Y/Z: I= 5 ---->Y

+----Y/Z: I= 6 ---->Y

4---- Y/Z: I= 7 ----> Y

4---- Y/Z: I= 8 ---->Y

4---- Y/Z: I= 9 ----> Y

+---- Y/Z: I= 10 ----> Y

4---- Y/Z: I= 11 ----> Y

4---- Y/Z: I= 12 ----> Y
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Note, geology described by cross-section below.

X/Z cross-sections scanned as follows:

4---- X/Z: J= 1 ---->X

229
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+---- X/2: J= 5 ---->X

+---- X/Z: J= 6 ---->X

4---- X/Z: J= 7 ---->X

+---- X/Z: J= 8 ---->X

+---- X/Z: J= 9 ---->X

+---- X/Z: J= 10 ----> X

4---- X/Z: J= 11 ----> X
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4---- X/Z: J= 13 ----> X
[ o

[ o

| oo

| z

+---- X/Z: J= 14 ----> X
| oo

[ o

[ o

| 2z

+---- X/Z: J= 15 ----> X
[ o

[ oo

[ o

| z

Formation Properties Summary:

Note: 1 lithological types identified, with following
permeabilities, porosities, and compressibilities,

Lithotype . Formation Properties:
kx = .1000E+03 md, ky = .1000E+03 md, kz = .1000E+03 md,
Porosity = .1500E+00, Compressibility = .1000E-06 1/psi.

Total volume of "computational box" is 0.675E+09 cu ft,
total pore space volume is 0.101E+09 cu ft. Simulations
may produce more than the latter volume if one (or more)
sides of the box are pressure constrained (hence, opened
to ourside environment). For closed boxes, large volumes
are possible if fluids are compressed initially. For gas
flows, volumes are reported at surface conditions, where
they will have expanded significantly.
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SUMMARY . DRL
DRILLING INPUT PARAMETER SUMMARY (SUMMARY.DRL)

Drilling Model Assumed:
Note, drilling information was supplied layer by layer.

3 layer(s) identified from scan of directory ..........
each layer being .1000E+03 feet thick. The total depth
in vertical Z direction is .3000E+03 feet.

In X/Y areal plane, 15 grid blocks were identified in X
direction, 15 in Y direction, having respective mesh
lengths of .1000E+03 and .1000E+03 feet. Total lateral
dimensions are .1500E+04 feet x .1500E+04 feet, and net
horizontal area is .2250E+07 square feet.

Well clusters scanned by layer as follows:

+-- Layer No. 1 ---->Y
....... 1.......

vV X

+-- Layer No. 2 ---->Y
............ 1..
........... 1.
.......... 1.
......... 1.....
........ 1......
c.o111111.... ..
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Note, drilling model described by cross-section below.

Y/Z cross-sections scanned as follows:

4mmm- Y/Z: I= 1 ----> Y

[
[

| z

4---- Y/Z: I= 2 ---->Y
[
[
[

|z

4---- Y/Z: I= 3 ----> Y

4---- Y/Z: I= 4 ---->Y
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+---- Y/Z: I= 5 ---->Y

4---- Y/Z: I= 6 ----> Y

4---- Y/Z: I= 7 ----> %Y

+---- Y/Z: I= 8 ---->Y

+---- Y/Z: I= 9 ----> Y
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[
[
[
| 2z
Note,

drilling model described by cross-section below.

X/Z cross-sections scanned as follows:

4---- X/Z: J= 1 ---->X

[
[
[

| z

4---- X/Z: J= 2 ---->X
[
[
[

|z

4---- X/Z: J= 3 ---->X
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+---- X/Z: J= 4 ---->X

+---- X/Z: J= 5 ---->X

4+---- X/Z: J= 6 ---->X

4---- X/Z: J= 7 ---->X

+---- X/Z: J= 8 ---->X

4---- X/Z: J= 9 ---->X

+---- X/Z: J= 10 ----> X

4---- X/Z: J= 11 ----> X
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+---- X/Z: J= 12
[ o
P A
[
| 2z

+---- X/Z: J= 13
oo
[l
[
|z

+---- X/Z: J= 14
[
[
[
| 2z

+---- X/Z: J= 15
[ oo
[
[
|z

Multilateral Well Cluster Summary Data:

1 well clusters were identified with grid block
indexes and constraints summarized below
1 cu ft/hr = 4.2746 barrels/day

Cluster 1 pressure constrained at 0.500E+04 psi.

Note: 13 active grid blocks identified.

Block 1:
Block 2:
Block 3:
Block 4:
Block 5:
Block 6:

AU R R U R R UL R R U e R U e R UL e

----> X

----> X

----> X

1 1 It
[ = [

1] 1]
[y
N OJINMNOANEUNNDB®NWWERE 0

24 cu ft/day)
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Block

Block

Block

Block

Block

Block

Block

Finally, note that

7:

10:

11:

12:

13:

AU b A UL b R U e R U R R U R R U e U

W 0 0w N wOowN-JoLNOOWNDNU NP> wwNWO®

in this example, we could have easily added

heterogeneities (e.g., through the use of lithological symbols like # $, % and so
on), anisotropy, multiple layers (up to nine), multiple vertical, deviated,
horizontal and multilateral well systems, and a wide variety to transient well
operations to include drilling while simulating. All of these would have
complicated our discussion of menus, of course, but these subject arcas have
been discussed in carefully chosen and designed prior examples.
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Example 4-3. Producer and injector conversions.

In this example we consider a common operational scenario where well
constraints are altered during production. In our “Geology” menu, a three layer,
homogeneous, isotropic medium with default properties is assumed (menus not
shown). Then, in our “Wells” menu, two horizontal wells are drilled, one
pressure and the other rate-constrained, and after a period of operation, their
respective constraint types are reversed. The objective is to demonstrate
simulator setup as well as computational stability in the presence of strong
“numerical shocks” to the system. This is assessed by examining the
smoothness of the end three-dimensional color pressure plot, as well as
inspecting pressure and rate histories at the individual wells. For our “Geology”

definition, we take a three-layer reservoir with a simple 15 x 15 grid. Let us
now turn to the main horizontal “Wells” menu in Figure 4-3a. Figures 4-3b to
4-3d show how vertical Wells 1 and 2 penetrate all three layers, however,
horizontals are drilled that travel along Layer 2. In Figure 4-3e, we select the
production mode. In prior examples, we had created a steady flowfield first and
then initiated transient operations. In the present simulator run, we are in fully
transient mode from beginning to end. Thus, we click “No” in Figure 4-3f. As
in an earlier example, the menu in Figure 4-3g allows us to drill additional wells
during simulation. In this simulation, we choose not to and retain the “2”
assumed initially. Well constraints are finally specified by selecting the menu in
Figure 4-3h.

(1 strataMagnetic Software Multisim i

Start Manual Geology | Wells Simulate 3DPlots  History  Results  About
Harizontalz > I Whats  overview | | Partnershipz | Contact Us
I

Insert Wells Editing Rules
Well Constraints  F

Layer 1 (Surface)
Layer 2

Layer 3

Laver 4

Layer 5

Laver &

Layer ¥

Laver &

Layer 9 ([Mawx Depkh)

Figure 4-3a. Dirilling wells into three-layer reservoir.
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File Edit Search Help.
S SR
..... 1.........
...... 1........
....... 1.......
........ 1......
...22222222. ...

Figure 4-3c. Vertical Wells 1 and 2 with horizontals in Layer 2.
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i LAYER3.DRL - Notes i [u] £
File Edit Search Help

Figure 4-3d. Vertical Wells 1 and 2 with horizontals in Layer 2.

EEd strataMagnetic Software Multisim

Start Manual Geology | Wells Simulate 3DPlots  History  Results  About
Harizontalz >>| What's  oyerview || Partherships | Contact Uz

Insert Wells 3 |
Well Constraints  » Cverview

Production Mode

Specify el Constraints
Shov Drilling Surmmmary

Figure 4-3e. Selecting production mode.
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Production Mode x|

Steady flow, always? Click yes, for uninterrupted operations, e.q., no
shut-ns or changes to well constraints. Mo, if transient operations are
planned.

Yes Mo

Figure 4-3f. Steady only versus transient flow.

(1 strataMagnetic Software Multisim

Start Manual Geology Wells Simulate 30Plots |
Horizontals >>| what's Newl | Capabilities |

Tranzient modeling
Humnber af wells

[include thoze to be Ent
added while gimulating) il

Figure 4-3g. Two wells assumed for entire duration.

[(1 strataMagnetic Software Multisim

Start Manual Geology | Wells Simulate 3DPlots  History  Results  About

Harizontals >>| What's  Overview II Partrierzhips | Contact Uz |
Insert Wells k |
Well Constraints Overview

Produchion Mode

Spedfy Well Constraints

Show Drilling Summars:

Figure 4-3h. Specifying well constraints.
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=|0] x|

(55_production Units (=T
Pressue aszumed in psi

Wolume flow rate . . Cubic ft/hr
" Cubic ft/day
(s Banels/day

Save

Figure 4-3i. Selecting volume flow rate units.

wiell No.

o Pressure level “olume fow rate

Select preszure o rate, enter values
it ket bow, then click <Save: ...

R000 Well prezzure [psi]
Save I

Figure 4-3j. Pressure constraining Well 1.

well No.

0 Pressure level 0 Wolume flow rate

Select preszure or rate, enter values
it kest bow, then click <Savesr . ..

100000 | Flow rate (bAd]
Save |

Figure 4-3k. Rate constraining Well 2.
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In Fgure 4-3i, we select physical units for volume flow rate, in this case,
barrels per day. We will pressure constrain Well 1 in Figure 4-3j and rate
constrain Well 2 in Figure 4-3k. Note, because Well 1 is pressure constrained at
5,000 psi and the reservoir farfield pressure will be set to 10,000 psi, Well 1 will
be a producer. Well 2, because the volume flow rate is assumed to be positive,
will also be a producer. Farfield boundary conditions are defined using the
screens in Figures 4-31 and 4-3m. The menu in Figure 4-3n initiates numerical
time integrations. Two additional menus appear, which are not shown but
discussed in earlier examples. In the first, we do not change transmissibilities
while simulating. In the second, we assume a liquid fluid type with a viscosity
of 1 cp. In the following menu shown in Figure 4-30, we now choose
“transient” flow — we had always selected “steady” for most examples. Thus
initial conditions for pressure are required — we set the initial reservoir pressure
equal to that assumed for the boundary (this is not physically or mathematically
required). This is shown in Figure 4-3p, which also allows initializations to
variable pressure fields stored from prior runs, e.g., PRESSURE.OLD.

[21 sStrataMagnetic Software Multisim

Start Manual Geology Wells | Simulate 3DPlots  History  Results  About
Harizontalz >>| Wwhat's Newl Overview T | Contact Us |

Boundary Conditions I

Fum Simulator
Show Production Repart

Figure 4-31. Defining boundary conditions.

x|

Start Manual Geology ‘Wells Simulate Hiskory Results  About

Horizontals »» | ‘what's Mew! Capabiliies | Partnesships CortactUs | ClearScreen [

21 Boundary Conditions ‘ =|E|£I
%) ‘Wallb/e  Pres [psi]
COORDINATE SYSTEM Frort... [~ NoFlow
Tj=|. jmax ) Bl 1 jhoflow
- s ¥ Left.... [ NoFlow
“ Right ... [~ No Flow

Left Right Top. ... & MNoFlow

Bottom .. [ Mo Flow
imax Top (Layer [) | i |

Front e £
%)
(Max - 9 layers) Botiom

Figure 4-3m. Boundary condition definition at six box sides.
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[(d strataMagnetic Software Multisim

Start Manual Geology Wells | Simulate 3DPlots  History  Results  About
Harizontals >>| What's Mewl Chverview I]S | Contact Us |

Boundary Conditions

Fun Simulator

Show Produckion Report

Figure 4-3n. Time-marching numerical integration process begins.

-Ioix]

" Steadv flaw ... far now
v i Tranzient compreszible flow

Save |

Figure 4-30. Defining production mode.

TRAMSIENT COMPRE BELE FLOW SIMULATION MODE SELECTED.

Transient compressible Tlow ¢

Ed Initial Conditions

|nitialize pressures to .

f+ Constant value, psi |10000
" Yariable field, file:

Subrmt

Figure 4-3p. Setting initial reservoir pressure to a constant value.
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Additional menus appear, not shown here, which were discussed in prior
examples. In the first, we assume default fluid compressibility values, while in
the second, we choose not to porosity average liquid and rock compressibilities.
In our time step recommendation menu, we click for the assumed defaults but
over-ride the selection with our usual 0.1 hr time step value. We next assume a
“rigid formation” as opposed to “small deformation” model for compaction
analysis. The status screen in Figure 4-3q reminds us that at initial time t =0,
Well 1 is pressure constrained with values assumed previously — we click
“Continue.” We similarly click “Continue” in Figure 4-3r for Well 2 which is
rate constrained. In a subsequent menu not shown, we choose to not drill
additional wells or clusters while simulating.

[Ed well status

Wel#l @ Step O or bime O.000E+00 hrs
iz "prezzure constrained" at 0.5000E +04 pzi,

Change constraint or well geomety? |

ez {* Mo Cantinue i

Figure 4-3q. Pressure constrained Well 1 at t =0.

0 o ime 0. QO0E+00
" at 0.1000E+06 b/d.

[E1 well status

Wiel 2 @ Step 8 O or time DLO00E+00 krs
iz "'1ate constrained'’ at 0.1 000E +06 b/d.

Change constraint or well geometmy?

~ Yez {* Mo Caontinue i

Figure 4-3r. Rate constrained Well 2 at t =0.
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1 Time Step Menu ;lglﬂ
Time step [hrs] ... ... ...
Murmber of time steps between
color pressure plots
MHumber of time steps between

well status menus

Canfirrn or update data ... Save

Figure 4-3s. Display menu settings.

The menu in Figure 4-3s allows us to control display settings. Two other
menus appear, not shown, prior to actual time integration. In the first, for Well
1, wellbore storage effects are set to “ 0” — this is similarly done in the second
menu for Well 2. In Figure 4-3t, displayed after a number of time steps, we
have the option of terminating simulations. However, we choose “Continue” in
order to change well constraint types — the objective of this example.

haour :

haour :

haour :

haour :

0.490E+01 hour:

from main menu

3 Run Status

Time step :

Elapzed time [hrz] :
Continue transient simulation’?

i Yes { Mo Continue i

Figure 4-3t. Continue transient modeling (and change constraint types).
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Step # 49 or time 0.490E+01 hrs
constrained” at 0.5000E+04 psi.

Ed well status

wiell #1 @ Step # 49 or bime 0L 430E+01 hrs
iz "'preszure constrained' at 0.5000E+04 pai.

Change constraint or well geometm?

Confinue i

Figure 4-3u. Constraint change option.

5 wellConsraints SM(=IF4

Mew conztraint type?
" Pressure "-.-"

Continue |

Figure 4-3v. Well constraint changed to flow rate.

-Iofx]
Yolurme flow rate

Unitz: bd Save I

[+, production; -, injection; 0, shut-in]

Figure 4-3w. Negative flow rate for injector status.

The menus in Figures 4-3u, 4-3v and 4-3w show that we are converting the
pressure constraint of Well 1 to a negative flow rate constraint characteristic of
injector wells. Note that we did not side-track, re-drill or re-complete Well 1
when asked.
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49 or time 0.490E+01 hrs
trained” at O.1000E+0¢

[E1 well Status

Wil #2 @ Step 43 or time 0L490E+01 hre
iz "'rate constrained" at 0.1000E +06 bAd.

Change constraint or well geomety?

Mew conzstraint type?

% Pressure © Yaolumne flow rate

Continue !

Figure 4-3y. Rate constraint changed to one for pressure.

B

15000

5ave |

Figure 4-3z-1. Pressure constraint applied.

Prezsure [psi]

Note that we did not side-track, re-drill or re-complete Well 2 when asked,
in a menu not shown here. The original rate constraint is changed to one for
pressure, that is, 15,000 psi. Since this is greater than the 10,000 psi assumed in
the farfield, Figure 4-3z-1 converts Well 2 to injector status.
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Again, we do not drill any more new wells or clusters when asked, in a
menu not shown. Then menu in Figure 4-3z-2 sets display parameters, and in
two subsequent menus not shown, we set well bore storage effects for Well 1
and Well 2 to zero. Calculations continue to the point shown in Figure 4-3z-3.

_inix
Tirme step [hrs] ... .. ... ...

Mumber of time steps between
jcalor pressure ploks
Hurnber of time steps bebween

well statuz menus

Confirm or update data .. Save

Figure 4-3z-2. Display menu.

wait ...

ES . 0E+01 hour:
ating at e s b ase wait ...

E+01 hour:
wait ...

RESULT

E+01 hour:
vait ...

E+01 hour:

Time step :

Elapsed time [hrs) :

Continue transient simulation?

Fun Mo, B1

Cantinue |

Figure 4-3z-3. Calculations to terminate, click “No.”
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At this point, the pressure field is saved in a file named as
PRESSURE.OLD, and three-dimensional color graphics processing is initiated
by clicking “Yes” in Figure 4-3z-4. Then menu in Figure 4-3z-5 shows that the
results for middle Layer 2, where both horizontal extensions for Wells 1 and 2
are located, are selected for display. Graphics options appear in Figure 4-3z-6
and results follow in Figures 4-3z-7 to 4-3z-9. The menus in Figures 4-3z-10
and 4-3z-11 initiate line plotting of well transient history, and Well 1 pressure
history is selected and appears in Figures 4-3z-12 and 4-3z-13.

[-1 strataMagnetic Software Multisim S
Stark  Manual Geology  Wells  Simulake  3DPlots  History  Resulks

Horizontals »> | ‘what's New! | Capabiiies | Partrerships |

Stratamagnetic Software Multisim EI

Simulations completed? Yes, initiates graphics processing,

Figure 4-3z-4. Color graphics processing begins.

[£d strataMagnetic Software Multisim i

Start Manual Geology Wells Simulate | 30Plots History Results  About

Harizantals >>| What's Hewl | Capal  Overview Cantact s

Select Stratum » Layer Selection

Displat) Pressures,

Layer 1 (Surface)
Layer 3

Lawer 4

Lawer 5

Lawer &

Lawer 7

Lawer &

LLayer 9 iax Depthy

Figure 4-3z-5. Middle Layer 2 results selected for display.
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[Fd strataMagnetic Software Multisim
Start Manual Geology Wels Simulate | 3DPlots History Results  About
Harizontals > | Wwhat's Hewl | Capat  Qverview

Select Stratum

Mumerical Values (Psi)

Figure 4-3z-6. Color graphics options.

2] 3D Surface Plotter (Static View) g o [=TET
File Edit Scale View About
1 Graphing Mode Outpust File Legend Display Suface Mesh o Gid

@ Reset C Contour | Hide C Show | @ Coninuous  Stepped | On " OF & 0n € 0off

Areal Pressure in Layer 2

Figure 4-3z-7. Areal pressure in Layer 2.
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21 3D surface Plotter (Static View)

File Edit Scale View About
[~ Graphing Mode - Dlutput File 1~ Legend Display [ Suface Mesh
" Resst @ Contoui  (* Hide ( Show | (% Continuous ( Stepped @ On © Off

Areal Pressure in Layer 2

=Iofx|

— Action
" Mone
+ Rotale
" Move
" Scale
 Zoom

Figure 4-3z-9. Areal pressure in Layer 2.
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[(] strataMagnetic Software Multisim

Start Manual Geology Wells Simulate 3DPlots | History Results About
Harizontals >>| YWwhat'z Mewl | Capabilities I well Transients

Figure 4-3z-10. Displaying well transient history at wells.

[-1 sStrataMagnetic Software Multisim i
Start  Manual Geology  wells  Simulate  3DPloks  Hiskory  Resules
Horizontals »> | ‘What's Mew! | Capabiities | Partnerships |

Humerical Well Test Simulation : il

View wellbore pressure and flow rate histories?

Figure 4-3z-11. Menu screen initiates line plotting.

[ StrataMagnetic Software Multisim
Start Manual Geology Wells Simulate 3DPlots | History Results About
Harizontals »» | What's Mewl | Capabilities | wWell Transients

Pressure Histary
Flow Rates r

Figure 4-3z-12. Well 1 pressure history selected.
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v Fle Edt Search
S sooo e
o WELL #1: [3 Time Pressure Flow Rate Cum vol &
i i Step No.  (Hour) (Hour ) (psi)  (cu Ft/Hr) (Cu Ft)
& 700071 1 0.1006+00 0.100+00 0.500E+04 0.408E+06 0.408E+05
2 0.100e+00 0.200e+00 O0.500E+04 0.363E+06 0.771E405
3 0.100E+00 0.300E+00 0.500E+04 O.334E+06 0.110£+06
4 0.100e+00 0.400E+00 0.500E+04 0.313E+06 0.142e+06
5 0.100E+00 0.500e+00 O0.500E+04 0.296E+06 O0.171E+06
Do 6 0.100E+00 0.G00E+00 0.500E+04 0.282E+06 0O.200E+06
+ 7 0.100e+00 0.700e+00 O0.500E+04 0.270E+06 0.227e+06
0 1 2 3 4 5 6 8 0.1006+00 0.BO0E+00 0.500E+04 0.260E+06 0.253E+06
9 0.100e+00 0.900+00 0.500E+04 0.252e406 0.27BE+06
Time (hours) 10 0.100E+00 0.100E+01 0.500E+04 0.244E+06 0. 302E+06
1 0.100€+00 0.110e+01 0.500E+04 0.237E+06 0.326E+06
12 0.100e+00 0.120E+01 0.500E+04 0.231e+06 O0.349E+06
13 0.100e+00 0.130E+01 0.500E+04 0.2266+06 0.372E+06
14 0.100E+00 0.140E+401 0.500E404 0.221E+406 0.3ME+06 _I

Figure 4-3z-13. Well 1 pressure history.

Why does Figure 4-3z-13 make physical sense? First, during the initial
half of the simulation, we had imposed a pressure constraint of 5,000 psi, and
that is shown correctly. During the second half, we had changed Well 1’s well
constraint to enforce a constant negative flow rate of “~ 80,000 so that it would
function as an injector. In order for this to happen, well pressures must increase
from the start level of 5,000 psi, and this increase is seen in Figure 4-3z-13. In
this case, we see that the pressure at Well 1 eventually exceeds the pressure of
10,000 psi imposed at the farfield boundary.

[(3 strataMagnetic Software Multisim
Start Manual Geology Wels Simulate 3DPlots
Horizontals »» | Wwhat's Mew! | Capahilities |

History

Well Transients

Results  About

well 1

Wil 3

Wil 4
Well5
Wil &
Well 7
Wil B
Wil o

Figure 4-3z-14. Pressure history at Well 2 selected.
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1 Multiple Series Plotter o mf 1|
Fl= Edit Legerd Help
- Hide, Series. —
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Fle Edt Search Help

o 13000 WELL #2: 3 Time Pressure Flow Rate cum vol -
2 Step No.  (Hour) {Hour) (Psi)  (Cu Fr/Wr) (Cu Fr)
o 12000 : A 1 0.100E+00 0.100E+00 0.965E+04 0.234E+05 0.234E+04
=] 2 1 2 0.100+00 O0.200E+00 0.979e+04 0.234E+05 0.46EE+04
2 11000 i 3 0.100E+00 0.300£+00 0.974E+04 0.234E+05 0.702E+04
@ E 4 0.100E+00 0.400£+00 0.969E+04 0.234E+05 0.936E+04
o . 5 0.100E+00 0.500€+00 0.965E+04 0.234e405 0.117E+05
10000 : 6 0.100E+00 0.600E+00 0.061E+04 0.234E+05 0.140E+05
: 7 0.100E+00 0.700€+00 0.957E+04 0.2346+05 0.164E+05
Q000 3 8 0.100+00 O0.800E+00 0.954E+04 0.234E405 0.187E+05
! 9 0.100E+00 0.900€+00 0.950E+04 0.234E+05 0.211E+05
8000 i 10 0.1006+00 0.1006+01 0.9366+04 0.2346+05 0.234E+05
11 0.100E+00 0.110e+01 0.942e+04 0.234E405 0.257E+05
0 1 2 3 4 5 6 12 0.100E+00 0.120€+01 0.939e+04 0.234E405 0. 2E1E+05
13 0.100E+00 0.130€+01 0.935E+04 0.234e+405 0.304E+05
Time (hours) 14 0.100E+00 0.140e+01 0.932e+04 0.234E+05 0. 328E+05

15 0.100E+00 0.1506+01 0.92BE+04 0.234E+05 0. 351E+05 =l

|

Figure 4-3z-15. Well 2 pressure history.

The pressure history for Well 2 is selected for display in Figure 4-3z-14.
Fgure 4-3z-15 makes physical sense. Initially, the reservoir initial condition
was taken as 10,000 psi, and this is seen at t =0 hours. During the first half of
the simulation, Well 2 was taken as a producer with a positive constant
“+100,000” flow rate. The decrease in pressure is consistent with production
from the reservoir. Later, a 15,000 psi level is prescribed and shown correctly.
In Fgure 4-3z-16, we select Well 1’s flow rate for display. Because its
prescribed well pressure of 5,000 psi is less than the specified 10,000 psi
pressure at the reservoir farfield, Well 1 functions as a producer. The decrease
in flow rate shown in Figure 4-3z-17 is physically consistent with this action. In
the latter half of the simulation, a constant negative flow rate is prescribed and is
properly shown.

[ sStrataMagnetic Software Multisim
Start Manual Geology Wells Simulate 3DPlots | History Results About

Horizontals > | What's Mewl | Capabilties | well Transients

Figure 4-3z-16. Well 1 flow rate selected for display.
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£ 8 0.100E+00 0.B800E+00 O0.500E+04 0.260£+06 0.253E+06
= 9 0.100E+00 0.900E+00 0.500+04 0.252E406 0.278£+06
2 2000001 10 0.100E+D0 0.100£+01 0.500E+D4 0.244E+06 0. 302E+06
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s I 0.100E+D0 0.150£401 0.500£404 0.2166406 0.4156406 o]
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‘what's Newl

Horzontals »» Capabilties

Figure 4-3z-18. Well 2 flow rate history selected for display.

In Figure 4-3z-18, we select the flow rate for Well 2 for display, and
results are given in Figure 4-3z-19. The first half of the simulation shows a
constant positive flow rate constraint indicating a producer well status — note
that the constraint is expressed in “b/d” whereas the volume flow rate plot
appears as “cu ft/hr” and this constant is properly plotted. In the second half of
the simulation, a pressure constraint of 15,000 psi is applied, which is higher
than the reservoir farfield pressure of 10,000 psi. Figure 4-3z-19 shows that
suddenly the well is converted to injector status. Its rate slows as expected and
all of this is properly simulated according to the physics. All computations, that
is, color plots and line graphs, are smooth, indicating numerically stable
calculations. As in all of our examples, the numbers themselves are not
important, since we used default inputs in menus for display clarity. In Figure
4-3z-20, we elect to display the production report SUMMARY.SIM.
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Figure 4-3z-19. Well 2 flow rate history.

= StrataMagnetic Software Mu
Start Manual Geology Wells Simulate 3DPlots History | Results About

Horizontals >> | ‘what'sNew! | Capabiities | Parrer:  overview |iEE 5
I

Geology Data
Wells and Constraints

Create Final Report

Speech Output

Figure 4-3z-20. Reservoir production report summary selected.
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SUMMARY .SIM

SIMULATION SUMMARIES, PHYSICAL FLUID MODELING, FAR FIELD
AND WELL BORE RUN TIME BOUNDARY CONDITIONS (SUMMARY.SIM) :

Simulation results based on rectangular mesh system.
PRESENT RESERVOIR STATUS:

Reservoir grid parameters:

Imax = 15, Dx = .1000E+03 ft, Imax *Dx = .1500E+04 ft.
Jmax = 15, Dy = .1000E+03 ft, Jmax *Dy = .1500E+04 ft.
Layers = 3, Dz = .1000E+03 ft, Layers*Dz = .3000E+03 ft.

Number of initial well clusters identified: 2
Combining geological/drilling information, please wait
Well block transmissibility (ft”3) summary:

Well 1, defined by 7 grid blocks, is
pressure constrained at 0.5000E+04 psi.

Block 1: (I= 5, J= 5, Layer 1), Tx = .108E-09, Ty = .108E-09, Tz = .108E-09
Block 2: (I= 5, J= 5, Layer 2), Tx = .108E-09, Ty = .108E-09, Tz = .108E-09
Block 3: (I= 6, J= 6, Layer 2), Tx = .108E-09, Ty = .108E-09, Tz = .108E-09
Block 4: (I= 7, J= 7, Layer 2), Tx = .108E-09, Ty = .108E-09, Tz = .108E-09
Block 5: (I= 8, J= 8, Layer 2), Tx = .108E-09, Ty = .108E-09, Tz = .108E-09
Block 6: (I= 9, J= 9, Layer 2), Tx = .108E-09, Ty = .108E-09, Tz = .108E-09
Block 7: (I= 5, J= 5, Layer 3), Tx = .108E-09, Ty = .108E-09, Tz = .108E-09

Well 2, defined by 10 grid blocks, is
flow rate constrained at 0.2339E+05 cu ft/hr,
that is, 0.100E+06 b/d, or 0.561E+06 cu ft/day.

Block 1: (I=11, J=11, Layer 1), Tx = .108E-09, Ty = .108E-09, Tz = .108E-09
Block 2: (I=11, J= 4, Layer 2), Tx = .108E-09, Ty = .108E-09, Tz = .108E-09
Block 3: (I=11, J= 5, Layer 2), Tx = .108E-09, Ty = .108E-09, Tz = .108E-09
Block 4: (I=11, J= 6, Layer 2), Tx = .108E-09, Ty = .108E-09, Tz = .108E-09
Block 5: (I=11, J= 7, Layer 2), Tx = .108E-09, Ty = .108E-09, Tz = .108E-09
Block 6: (I=11, J= 8, Layer 2), Tx = .108E-09, Ty = .108E-09, Tz = .108E-09
Block 7: (I=11, J= 9, Layer 2), Tx = .108E-09, Ty = .108E-09, Tz = .108E-09
Block 8: (I=11, J=10, Layer 2), Tx = .108E-09, Ty = .108E-09, Tz = .108E-09
Block 9: (I=11, J=11, Layer 2), Tx = .108E-09, Ty = .108E-09, Tz = .108E-09
Block 10 (I=11, J=11, Layer 3), Tx = .108E-09, Ty = .108E-09, Tz = .108E-09
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INPUT FARFIELD BOUNDARY CONDITION SUMMARY :

Z (k)
| §=1 Jmax (15)
i=1 |
e +  ------ Y (3)
/ 300000000000000 3 \
Left / 3000  Back ©°°3 \ Right
/ 3000000000000003 \
/ T + \
Imax(15) to—m - / Top, Layer 1 \------- +
/ 3000000000000000000000000000000003
3000000000000 0000000000003
/ Front
1 300000000000000000000000000000000 3
/ X(i)
+------- Bottom, Layer 3 ------ +

COORDINATE SYSTEM

FRONT assumed to be aquifer at pressure 10000.00 psi
BACK assumed to be aquifer at pressure 10000.00 psi
LEFT assumed to be aquifer at pressure 10000.00 psi
RIGHT assumed to be aquifer at pressure 10000.00 psi
TOP assumed to be "no flow wall"
BOTTOM assumed to be "no flow wall"

O O0OO0O0OO0O0

PHYSICAL FLUID MODEL SUMMARY :

O Fluid viscosity: 0.100E+01 centipoise

Fluid, assumed to be a liquid, satisfies linear partial
differential equation if pressure compaction option is
not selected later.

TRANSTIENT COMPRESSIBLE FLOW SIMULATION MODE SELECTED.
Initial conditions assumed:

Pressure initialized to 0.100E+05 psi everywhere.

WELL TEST INPUT PARAMETER SUMMARY:

O Liquid compressibility (1/psi): 0.100E-04
O Initial time step size (hours) : 0.100E+00
O Maximum number time steps here: 1000

All well bore storage capacity factors "F" initialized
to zero (no storage) ... are subject to runtime change.

Well #1 @ Step # 0 or time 0.000E+00 hrs
is "pressure constrained" at 0.5000E+04 ©psi.
Present well status unchanged.

Well #2 @ Step # 0 or time 0.000E+00 hrs
is "rate constrained" at 0.1000E+06 b/d.
Present well status unchanged.



HORIZONTAL AND MULTILATERAL WELL SYSTEMS

Wellbore storage factor F

at Well Cluster 1,

time 0.

Wellbore storage factor F

at Well Cluster 2,

time 0.

changed to 0.000E+00 ft*5/1bf
000E+00 hours.

changed to 0.000E+00 ft*5/1bf
000E+00 hours.
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Only Layer 2 pressure distributions are printed, and then, only at selected
time steps, due to space limitations.

LAYER RESULTS @ Step

Pressure
BACK

10000.000
10000.000
10000.000

10000.000
9949.954
10000.000

10000.000
9852.843
10000.000

10000.000
9937.488
10000.000

10000.000
9981.777
10000.000

10000.000
10000.000
10000.000
FRONT

Distribution

10000.000
10000.000

9970.918
9978.631

9922.711
9937.175

9993.084
9934.625

9997.741
9980.815

10000.000
10000.000

10000.000
10000.000

9922.370
9991.754

9783.192
9975.532

9980.278
9934.559

9994.058
9980.758

10000.000
10000.000

(psi)

9, Time =

10000.000
10000.000

9848.370
9997.073

9544.879
9991.212

9959.082
9940.592

9988.863
9982.816

10000.000
10000.000

0.900E+00 hour:

in Layer 2:

10000.000
10000.000

9788.937
9999.036

9314.009
9997.074

9949.746
9966.958

9985.906
9989.627

10000.000
10000.000

10000.000
10000.000

9828.046
9999.704

9466.338
9999.094

9945.139
9986.011

9984.299
9995.263

10000.000
10000.000

10000.000
10000.000

9897.596
9999.918

9693.799
9999.751

9941.360
9995.390

9983.032
9998.354

10000.000
10000.000
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LAYER RESULTS @ Step

Pressure
BACK
10000.000
10000.000
10000.000
10000.000
9795.936
10000.000
10000.000
9524.775
10000.000

10000.000
9792.370
10000.000
10000.000
9919.438
10000.000
10000.000
10000.000
10000.000
FRONT

LAYER RESULTS @ Step

Pressure
BACK

10000.000
10000.000
10000.000

10000.000
9662.330
10000.000

10000.000
9270.098
10000.000

10000.000
9638.122
10000.000

10000.000
9843.932
10000.000

10000.000
10000.000
10000.000
FRONT

Distribution

10000.000
10000.000

9898.202
9877.955

9778.196
9716.378

9967.973
9789.387

9986.996
9918.275

10000.000
10000.000

Distribution

10000.000
10000.000

9850.558
9767.383

9690.905
9499.565

9932.002
9638.357

9970.182
9844 .373

10000.000
10000.000

10000.000
10000.000

9778 .242
9932.789

9500.311
9843.113

9925.588
9798.191

9971.177
9922.250

10000.000
10000.000

10000.000
10000.000

9691.131
9849.988

9344.187
9677.191

9853.667
9656.857

9937.697
9853.649

10000.000
10000.000

(psi)

(psi)

19, Time =

10000.000
10000.000

9646.601
9965.598

9160.588
9919.148

9872.062
9824.857

9953.260
9933.533

10000.000
10000.000

29, Time =

10000.000
10000.000

9533.148
9909.054

8965.453
9803.860

9767.200
9701.900

9904.491
9874 .566

10000.000
10000.000

0.190E+01 hour:

in Layer 2:

10000.000
10000.000

9557.485
9983.578

8888.062
9961.143

9839.793
9885.630

9940.121
9954 .384

10000.000
10000.000

10000.000
10000.000

9591.944
9992.763

9007.598
9982.782

9818.871
9938.686

9930.895
9974 .295

10000.000
10000.000

0.290E+01 hour:

in Layer 2:

10000.000
10000.000

9428.271
9948.296

8674.312
9888.208

9711.740
9792.113

9879.490
9909.354

10000.000
10000.000

10000.000
10000.000

9449.888
9973.059

8760.848
9941.623

9675.709
9877.944

9862.012
9944 .829

10000.000
10000.000

10000.000
10000.000

9691.395
9997.339

9271.150
9993.645

9803.223
9974.660

9924.039
9989.008

10000.000
10000.000

10000.000
10000.000

9546.330
9988.696

9005.251
9975.474

9651.551
9945.284

9850.239
9974.678

10000.000
10000.000
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Well constraints are suddenly changed, offering a sudden “numerical
shock” to the computations.

Well #1

New status,

Well #2

New status,

@ Step # 49 or time 0.490E+01 hrs
is "pressure constrained" at 0.5000E+04 psi.

rate constrained at -0.800E+05 b/d.

@ Step # 49 or time 0.490E+01 hrs
is "rate constrained" at 0.1000E+06 b/d.

pressure constrained at 0.150E+05 psi.

Wellbore storage factor F changed to 0.000E+00 ft”*5/1bf
at Well Cluster 1, time 0.490E+01 hours.

Wellbore storage factor F changed to 0.000E+00 ft”5/1bf
at Well Cluster 2, time 0.490E+01 hours.

LAYER RESULTS @ Step 59, Time = 0.590E+01 hour:

Pressure Distribution (psi) in Layer 2:

BACK

10000.
10000.
10000.

10000.

000
000
000

000

9498.570

10000.

10000.

000

000

8999.323

10000.

10000.
10482.
10000.

10000.
10072.
10000.

10000.
10000.
10000.
FRONT

000

000
240
000

000
794
000

000
000
000

10000.
10000.

9820.

000 10000.000 10000.000 10000.000 10000.000 10000.000
000 10000.000 10000.000 10000.000 10000.000 10000.000

242 9649.928 9507.447 9416.898 9389.717 9423.634

9591.219 9684.538 9769.129 9841.464 9901.937 9953.379

9649.

166 9315.324 9035.770 8860.282 8797.640 8855.990

9181.258 9366.893 9536.297 9681.556 9803.062 9906.392

10017.
10536.

9989.
10095.

10000.
10000.

677 10131.679 10359.012 10448.043 10464.016 10464.326
504 10613.977 10606.523 10304.335 10075.133 9995.129

443 10006.486 10050.491 10069.268 10068.964 10066.030
853 10127.881 10131.253 10059.790 10000.496 9985.892

000 10000.000 10000.000 10000.000 10000.000 10000.000
000 10000.000 10000.000 10000.000 10000.000 10000.000
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LAYER RESULTS @ Step
Pressure Distribution (psi)

BACK

10000.
10000.
10000.

10000.

000
000
000

000

9683.669

10000.

10000.

000

000

9410.246

10000.

10000.
11628.
10000.

10000.
10743.
10000.

10000.
10000.
10000.
FRONT

LAYER RESULTS @ Step
Pressure Distribution

BACK

10000.
10000.
10000.

10000.

000

000
688
000

000
500
000

000
000
000

000
000
000

000

9898.133

10000.

10000.

000

000

9837.754

10000.

10000.
11907.
10000.

10000.
1091e6.
10000.

10000.
10000.
10000.
FRONT

Transient compressible

000

000
184
000

000
836
000

000
000
000

10000.
10000.

9913.

000
000

310

9706.092

9840.

857

9445.786

10322.
11654.

10152.
10754.

10000.
10000.

10000.
10000.

9988.

093
973

441
102

000
000

000
000

396

9887.236

9988.

237

9809.761

10417.
11915.

10205.
10917.

10000.
10000.

211
656

130
694

000
000

79,

Time =
in Layer 2:

10000.000 10000.000
10000.000 10000.000

9838.311
9745.107

9707.887
9516.536

10701.447
11637.660

10319.230
10737.012

10000.000
10000.000

10000.000
10000.000

9982.498
9889.593

9991.748
9809.637

10870.446
11869.706

10415.801
10884.513

10000.000
10000.000

99,
(psi)

9782.

181

9793.806

9618.

506

9607.813

11123.
11486.

10487
10658

10000.
10000.

10000.
10000.

9982.

940
921

.548
.340

000
000

Time =
in Layer 2:

000
000

739

9902.456

10015.

341

9830.481

11336.
11690.

10615.
10787.

10000.
10000.

887
238

646
815

000
000

0.790E+01 hour:

10000.
10000.

9741.

000
000

958

9846.275

9562.

731

9707.215

11374.
11056.

10605.
10488.

10000.
10000.

965
471

932
354

000
000

10000.
10000.

9705.

000
000

216

9898.801

9480.

224

9807.103

11509.
10624.

10677.
10301.

10000.
10000.

973
797

397
496

000
000

0.990E+01 hour:

10000.
10000.

9978.

000
000

934

9922.403

10033.

964

9864 .814

11621.
11244.

10757.
10600.

10000.
10000.

flow simulations

705
752

159
701

000
000

10000.
10000.

9953.

000
000

739

9946 .529

9972.

796

9906.786

11780.
10776.

10844.
10387.

10000.
10000.

461
968

312
896

000
000

completed.

10000.
10000.

9683.

000
000

238

9949.956

9421.

582

9904 .562

11583.
10280.

10718.
10139.

10000.
10000.

10000.
10000.

9922.

627
627

848
257

000
000

000
000

225

9972.821

9895.

552

9952.610

11865.
10366.

10893.
10186.

10000.
10000.

350
454

374
824

000
000
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Example 4-4. Production with top and bottom drives.

So far our examples have considered reservoirs where the tops and bottoms
are sealed “no flow” boundaries, while the four sides are held at constant
pressure, that is, they are “aquifer drives.” Note that there is no requirement that
the four pressures be equal to each other although this was assumed for
simplicity. In the present run, we create an artificial example for presentation
purposes where the four sides are now “no flow” while the top and bottom are
held at user-defined pressures. The former are often “gas drives” while the latter

are “water drives.” In our “Geology” menu, we will take a coarse 15 x 15 areal
grid system and a three-layer reservoir for ease of display. A uniform medium
and a computing grid, both with default properties, will be assumed. Geology
definition menus are not shown.

From our “Wells” menu, we will drill a single “Well 1” system where the
main vertical bore penetrates all three layers while the middle layer contains a
dual lateral — note that all of these appendages from the well nonetheless are part
of a single “Well 17 system per our software architecture. We purposely draw a
slanted horizontal to emphasize that it need not align with coordinate lines. The
following screen captures are self-explanatory (read figure captions for basic
explanations).

[(1 sStrataMagnetic Software Multisim

Start Manual Geology | Wells Simulate 3DPlots  History  Results  About
Horizontals >> | Whatt  Overview | | Patnerships | ContactUs |
|

Insert Wells Editing Rules
Well Comstraints, *

Layer 1 (Surface)

Layer 2
Layer 3
Lawer 4
Layver S
Laver &
Lawer 7
Lawer &
LLayer Si(Max Depth)

Figure 4-4a. Dirilling wells into Layers 1, 2 and 3.
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£} LAVERLDRL - Notepag
File Edit Search Help
RS S

Figure 4-4b. Vertical well in Layer 1.

[

Figure 4-4c. Dual lateral in Layer 2.
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5 avera oRLSMI=IEY

File Edit Search Help

Figure 4-4d. Vertical well in Layer 3.

1  StrataMagnetic Software Multisim

Start Manual Geology | Wells Simulate 3DPlots History Results  About
Harizantals 5 | ‘what's

Overview || Partnerships | ConkactUs |

Insert Wells >

straints Overview

Production Mode

Specify Well Constraints
Shiowy Drilling Summar:y:

Figure 4-4e. Production mode input.

=

Steady flow, always? Click yes, for uninterrupted operations, e.g., no

shut-ns or changes to well constraints. Mo, if transient operations are
planned.

Figure 4-4f. Steady versus transient flow, click “Yes.”
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[£1 strataMagnetic Software Multisim

Start Manual Geology | Wwellse Simulate 3DPlots  History  Results  About
Harizontalz >>| What's  Overview II Partrerzhips | Contact Us |

Insert Wells r |
Well Constraints  » Cverview

Praduction Mode

Spedfy Well Constraints
Show Drilling Summars:

Figure 4-4g. Specifying well constraints.

Pressure assumed in psi

Wolume flow rate . . Cubic it
= Cubic ftday
{+ Barmels/day

Save i

|
i
well No.

= Waolurme flow rate

Select preszure or rate, enter values
it test box, then click <Sawves . ..

1000 YWiell preszure [pzi)
Save I

Figure 4-4h. Specifying flow rate units and pressure constraint.
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[Ed sStrataMagnetic Software Multisim

Start Manual Geology Wells | Simulate 30Plots  History  Results
Horizontals >3 I Wwihat's Mewl Overview g

Boundary Conditions I

Fun Simulator
Shiows Broduction Repath

Figure 4-4i. Specifying farfield boundary conditions.

[E] Boundary Conditions _ ol x|

© Wallbdc  Pres (psi)
COCRDINATE  SV3ETEM Front. .. | MoFlow
T_ ) Back... v MoFlow
) ji=1 jtnax .
i=1 . ¥ Left.... ¥ MaoFlow
Back Right... v MoFlow
Left Right Top.... [ MoFlow (10000
A T
imax To ayet |
P Qayer ) Save | Help | Exit |
Front
#(i)
(Ilax - 9 layers) Bottom

Figure 4-4j. Specifying top and bottom pressure levels.

In Figure 4-4j, we have set front, back, left and right as “no flow”
boundaries, and prescribed pressures at top and bottom, opposite to our usual
boundary condition definition. Next, select “Run Simulator.” Several menus
appear, which we will not reproduce. In essence, we do not change
transmissibilities while simulating, a liquid fluid is assumed with viscosity of 1
cp, and we consider “Steady flow, for now.” Figure 4-4k shows results at
Iteration 100 while Figure 4-41 shows results at Iteration 500. Examination of
volume flow rates in the black screen shows that our computations have
definitely converged, since they have not changed since Iteration 100. Thus, we
terminate calculations — we do not pursue transient calculations, and initiate
graphics processing. In Figure 4-4m, we select the layer for color pressure field
display, and in Figure 4-4n, the type of graphical display.
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STEADY STATE SIMULATION MODE SELECTED.

Harizont

2E+07 b/d.

M file ...

Error,  0.000919

It error iz zmall, calculations are completed.
Otherwize, mare work iz needed. Continue?

™ ez I No Contirue j [

Simulations completed? Yes, initiates graphics processing.

fes Mo 1

Figure 4-4k. Status screens at one hundred iteration intervals.
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maximum 99993, . ME-D error.

(Un)converged volume flow rates

ires in SUMMAR

Error, 0000027

If error i small, caloulations are completed.
Othenyize, more work, iz needed. Continue?

f* ez { Mo Continue 1

Simulations completed? Yes, initiates graphics processing.

Yes Mo

Capal  Overview

Select Stratum 4 Layer Selection
Display Fressures  k —
Layer 1 (Surface)

Layer 2
Layer 3
Lawer 4
Lawer 5
Lawer &
Later 7
Lawer &
Layer 9(Max Depth)

Haorizontals >3 | what's Newl |

Figure 4-4m. Selecting layer for pressure field display.
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[Z] strataMagnetic Software Multisim

Start Manual Geology Wels Simulate | 30Plots History  Results  About
Horizontalz >>| What'sMew! |  Capal  Overview Contact Uz

Select Stratum
Display es Graphical Modes

ontour Plot

Dynamic Movable Plots
MNumerical Values (Psi)

Figure 4-4n. Three display options for pressure.

=1 3D surface Plotter (Static View) =lolx|

File Edit Scale WView About
Output File

Graphing Mode Legend Display Surface Mesh w4 Gid
" Reset (% Conto @ Hide ¢ Show | © Continuous ¢ Stepped |  On  © Oif

Areal Pressure in Layer 1

Figure 4-40. Effect of dual lateral on top layer pressure.



HORIZONTAL AND MULTILATERAL WELL SYSTEMS 273

[z1 3D Surface Plotter (Static View) | =10l x|
File Edt Scale View About
 Graphing Mode Output File — Legend Display Surface Mesh 2N Gid

€ Reset @ Hide ( Show % Continuous © Siepped | @ On O Off & 0n C Of

Areal Pressure in Layer 2

Figure 4-4p. Dual lateral effect on middle layer pressure.

23 3D Surface Plotter (Dynamic View) B (=13

Action

Areal Pressure in Layer 2 " Mone
" Rotate
" Move
" Scale
 Zoom

NN
RN

b,

— Constrant —
* MNone
O X
Y Auds
C ZAme
" Epe

Figure 4-4q. Dual lateral effect on middle layer pressure.
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[E3 3D Surface Plotter (Static View) —lolx]|
File Edit Scale View About

Output File Surface Mesh w4 Gid
@ Hide ¢ Show |  Continuous ¢ Stepped & On " OK & On " OK

Legend Dizplay

Graphing Mode

Areal Pressure in Layer 3

Figure 4-4r. Effect of dual lateral on bottom layer pressure.

Fgures 4-40 — 4-4r show pressure traces that are consistent with the
slanted horizontal assumed in Figure 4-4c. As expected, since the drilling is
identical in Layers 1 and 3, the pressure fields in Figures 4-40 and 4-4r are
likewise identical. This type of symmetry provides an additional check on
correct algorithm development and software implementation.
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Example 4-5. Transient gas production from dual
horizontal with wellbore storage effects.

In this final example, we will focus on gases as opposed to liquids. In fact,
we will consider transient gas production from a dual lateral and also
demonstrate how wellbore storage effects are modeled in our simulator. In

“Geology” menu, we select three-layer reservoir, a 15 x 15 areal grid, a uniform
medium with default properties, and rock and grid parameters also assuming
default values (for brevity, menus are not shown). From our “Wells” menu, we
drill a single Well 1 system with a vertical well penetrating all three layers
through the center of the square reservoir, but which contains a dual lateral in
the middle layer. LAYER*.DRL files and other screen captures are shown.

[ strataMagnetic Software Multisim e x|
Start  Manual  Geology  Wells  Simulate  3DPlots  History  Results About
Horizontals >> | ‘whatzNew! | Capabiities | Patnershipz |  ContactUs | ClearScreen |
File Edit Search Help File Edit Search Help File Edit Search Help
-ol111111111...
= =l =]
Serial No. 426231455 Runho. 68 Password: [142078473 Sof 2]

Figure 4-5a. Top, middle and bottom layer drilled well.

[(1 strataMagnetic Software Multisim

Start Manual Geology | Wells Simulate 30Plots History Results  About
Horzontals >3 | Whats  overview | | Partnerships | ContactUs |

Insert Wells 3 |
Well Constraints  » Overview

Production Mode
specity Well Constraints
Show Drilling Summary:

Figure 4-5b. Selecting production mode.
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Production Mode il

Steady flow, always? Click yes, for uninterrupted operations, e.g., no
shut-ns or changes to well constraints, Mo, if transient operations are
planned.

Yes Mo |

Figure 4-5c. Production mode, click “No” for fully transient analysis.

(1 sStrataMagnetic Software Multisim

Start Manual Geology Wells Simulate  3DPlots
Horizontals »> | ‘What's Mew! | Capabiliies |

Tranzient modeling
Murmber of wells

[imchide those to be Ent
added while simulating) il

Figure 4-5d. Select “1” since no additional wells will be drilled.

[£1 strataMagnetic Software Multisim

Start Manual Geology | Wwellse Simulate 3DPlots  History  Results  About
Harizontalz >>| What's  Overview II Partrerzhips | Contact Us |

Insert Wells

3
Well Constraints  »

COverview

Praduction Mode

Spedfy Well Constraints

Show Drilling Summars:

Figure 4-5e. Specifying well constraints.
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Version 3

.C. Chin. A1l rights reserwved.

Reading geological/drilling records ...

One cluster of wells was identified in wour reservoir.

Psi pre

Freszure aszumed in psi

Yolume flow rate .. @+
= Cubic ftAday
™ Barrelz/day

Save 1

|
Figure 4-5f. Selecting “cubic ft/hr” for gas flow.

well No.

¢ {Pressure level ¢ Volume flow rate

Select pressure or rate, enter values
i text box, then click <Sawes . ..

1000 Wiell preszure [pzi)
Save

Figure 4-5g. Setting pressure constraint to 1,000 psi.
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[ strataMagnetic Software Multisim o x|
Start  Manual Geology  Wells  Simulate  3DPlots  History  Resulks  About

Horizontals >> | ‘hat's Mew! | Capabilies | Pattnerships | ContactUs | Clear Screen |

=1 Boundary Conditions ; ol x|
“Wallbic P i
. all b/ Pres [psi]
COORDINATE 3YSTEM Front. .. T~ Mo Flaw (10000
T_ ] Back... [ WoFlaw (10000
) i=1 jimax .
e N, & ) Left.... [~ NoFlow [10000
Back Right... [~ MNoFlaw (10000
Left Right Top.... ¥ MoFlow
Y7 NN -
imax Top (Layer 1)
Help Exit
Front
%1
(Mlax - 9 layers) Bottom

Figure 4-5h. Defining farfield aquifer drive pressures.

[Ed sStrataMagnetic Software Multisim

Start Manual Geology Wells | Simulate 30Plots  History  Results
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Boundary Conditions

Fun Simulator
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Figure 4-5i. Numerical integrations commence.
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FAR FIELD
DEFINITION:

Mumber of imitial

Reading transmi

[Z1 Transmissit

Madify Te, T ar TZ tansmissibilties during
simulation without changing digk values?

ez ¢ Mo Cartinue !

Figure 4-5j. Transmissibility modification option, select “No.”

11 grid bl
o

|l ol ol sl il

AL FLUID MODEL SETUP: Wiscosity [cp)

Fluid dezcription ; Ei:':id
Hirt i Save |

Figure 4-5k. Selecting “Gas” as the working fluid.
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In prior examples, we selected “Liquid” in Figure 4-5k, entered a viscosity,
plus compressibility in a separate menu. Here we select “Gas” and enter a
viscosity of 0.01 cp. When “Gas” is selected, the special input screen in Figure
4-51 appears, with a help screen not shown, which explains to the user the
various thermodynamic options available for modeling. In Figure 4-51 below,
we assume an isothermal process. Figure 4-5m states that a transient calculation
will be initiated, and in response, Figure 4-5n asks for initial reservoir pressure —
this need not be the same as the farfield reservoir pressure.

_laix]
Surface density (Ibf sec™2 /4]
Reference prezsure [psi]

Gaz exponent m = 0 [1. izathermal)

Save | Hirit I

Figure 4-51. Isothermal process assumed.

_io/x]

= Steadw fow ... for now
{* { Tranzient compressible Aow

Save I

Figure 4-5m. Transient flow option selected.

i

Initialize prezsures to .

f+  Constant value, psi: |‘I|:II:II:II:I |
i Wariable field, file:

Subrit |

Figure 4-5n. Initial pressure level defined.
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WELL TEST INPUT PARAMETER SETUP:

Reading porosity , please wai

=10] x|

Fluid vizcosity [cp] . ... . ... ||:|_|:|1

Fluid compreszibility [1/psi] . . ||:| :
b axirmum permeability (md] . . * {500 |
tininnm porozity [decimal] .. # (01 |
Smallest grid length [ft] . . . .. *Mnn |

* Diefaultz may not apply

Click for suggested time step Time Step ]

b airum tirme steps . .. |‘||:||:||:| |
Approdirmate time scale [hre) ||:|_‘| |
Suggested bime step [hrs] . . . ||:|_'| |

_ij _}J Save 1

Figure 4-50. Time step recommendations.

Elsewhere in this book, we mentioned that our time-step recommendation
module above is only approximate — time scales applicable to any problem
depend on the details of that problem. Thus, in the bottom boxes, this author
often over-rides the recommendation with 0.1 hr. For gases, because viscosities
are low, the bottom boxes are often left blank, and the user should type in values
he deems appropriate — in the present case, we have selected 0.1 hr again.
“Rigid formation” versus “Small deformation” compaction options are also built
into the simulator, as shown in Fgure 4-5p. However, the user is strongly
advised to select only “Rigid formation” as of this writing, since the model used
internally can lead to unpredictable instability in the numerical integrations.
Thus, follow the suggestion offered in Figure 4-5q.
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Typical Values - x|

e -
B .. : o |D|£| Iol For example, enter -0.00001 1/psi.

= Rigid formation % Small deformation

Second compressibility [1./psgi]
0 Save I

Figure 4-5p. Compaction option.
_inix
f+ Rigid formation € Small defomation

Second compreszibility [1/ps]

|EI | Save |

Figure 4-5q. Rigid formation option selected.

The following Figures 4-5r to 4-5u display self-explanatory inputs and
options discussed previously. Figure 4-5v, however, introduces the use of
“wellbore storage” effects in transient flow analysis. Our implementation, as we
will see, is numerically stable. In Figure 4-5w, we terminate our calculations.
Figure 4-5x shows how the most recent pressure areal distribution can be stored,
for example, for future plotting and analysis, or for use in pressure initialization
for transient simulations as shown in Figure 4-5n. The menus in Figures 4-5y,
4-5z-1 and 4-5z-2 illustrate the selection process needed for displays.

=

Tirne step ; ||:| |

Elapsed time [hrs) : ||:| |

[Continue transient simulation?
&+ ez . Mo Continue |

Figure 4-5r. Actual computations begin.
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Figure 4-5s. Confirming pressure constraint.

o]

Crrill ary [rnore] new wellz and well chisters?

i%e: (+ Mo Continue |

Figure 4-5t. Model existing Well 1 only.

o
Tirme step [hrs] ... .. ... ...

Mumber of time steps between

color pressure ploks
Murnber of time steps between

well status menus

Confirmn or update data .. Save |

Figure 4-5u. Selecting display parameters.
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i
el Cluzster Mo,

“Welbare storage

(Units, t°5/bf> 0] 220
Canfirn or update . . . Save I

Figure 4-5v. Selecting non-zero wellbore storage factor.

—|ofx]
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hour :
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Elapsed time [krs] :
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hour : g . : -
Cantinue transient simulation?
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hour :
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Figure 4-5w. Terminating calculations.

Enter filename with extensian

=1o] x|

[PRESSURE.OLD |

Continue I

Figure 4-5x. Storing latest pressure distribution.
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Stratamagnetic Software Multisim EI

Simulations completed? Yes, initiates graphics processing.

Figure 4-5y. Initiating processing for color graphics display.

[Fd strataMagnetic Software Multisim s

Start Manual Geology Wels Simulate | 3DPlots History Results  About
Harizontalz >>| Wwhat's Hewl | Capat  Qverview Contact Us

Select Stratum Layer Selection

Display Pressures, F

Layer 1 (Surface)
Layer 3

Lawer 4

Later 5

Layer &

Lawer 7

Lawer &

[Lawer 9 (Max Depth)

Figure 4-5z-1. Layer selection menu.

[l strataMagnetic Software Multisim i

Start Manual Geology Wells Simulate | 3DPlots History Results About
Horizontalz >>| what's Mewl | Capat  owverview Contact Us

Select Stratum 3
isplay Pressures  # Graphical Modes

Static Contour Flot

Dynamic Movable Plots
Mumerical Values (Psi)

Figure 4-5z-2. Graphics type display menu.
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[23 2D Surface Plotter (Static View) ; =10 x|
File Edit Scale View About

(Graphing Mode — Ouitput File Legend Dizplay Surface Mesh — A Giid

% Reset  Cortour | (% Hide  Show | % Confinuous rsmdj & 0n C Off & 0n  Off

Areal Pressure in Layer 2

Figure 4-5z-3. Layer 2 pressure.

[-1 3D Surface Plotter (Static View) i =loi x|
Fie Edit Scale View About
1~ Graphing Mode 1 Dutput File Legend Drisplay Surface Mesh X Giid

" Reset & Hide  Show (% Continuous " Stepped | On " Off & 0n C O

Areal Pressure in Layer 2

Figure 4-5z-4. Layer 2 pressure contour plot.
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|23 3D Surface Plotter (Dynamic B ol x|

File Edit View About
| - Action
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Figure 4-5z-5. Layer 2 dynamic pressure plot.

Figures 4-5z-3, 4-5z-4 and 4-5z-5 provide different displays for Layer 2
pressure. In Figure 4-5z-6 to Figure 4-5z-8, we initiating line plotting of
production flow rates for our pressure constrained well. In Figures 4-5z-9 and
4-5z-10, tabulated pressure and rate histories are shown, corresponding to our
Welll.SIM summary file. Had we drilled other wells, similar history files
would have been created for other well systems, e.g., Well9.SIM for Well 9. In
Figure 4-5z-11, we have plotted versus time, the volume flow rate which is seen
to approach steady-state (blue) together with the cumulative volume (purple),
using Microsoft Excel™. Well*.SIM files contain more data for detailed
spreadsheet analysis.

[£1 strataMagnetic Software Multisim

Start Manual Geology Wells Simulate 3DPlots | History Results  About
Harizaontals >>| What's Mewl | Capahilities | well Transients

Figure 4-5z-6. Selecting well transient plotting.

Numerical Well Test Simulation il

View wellbore pressure and flow rate histories?

Yes Mo |

Figure 4-5z-7. Post-processing for well history starts.
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[E1 strataMagnetic Software Multisim

Start Manual Geology Wells Simulate 3DPlots History Results  About
Horizontals >>| Wihat's MHeyl | Capabilities | well Transients

Pressure Histary P

el 1
el 2
el 3
el 4
ellS
il
el 7
welll&
wellg

Figure 4-5z-8. Selecting flow rate line plots.

&} WELL1.5TM - Notepad =[O x|
File Edit Search Help

WELL #1: Dt Time Pressure Flow Rate Cum Vol -
step No. (Hour) (Hour) (pPsi) (Cu Ft/Hr) (Cu FT) Il

1 0.100e+00 0.100e+00 0.100E+04 0.278e+11 0.278E+10

2 0.100e+00 0.200e+00 0.100e+04 0.218e+11 0.496E+10

3 0.100e+00 0.300e+00 O0.100e+04 O0.181E+11 0.676E+10

4 0.100e+00 0.400E+00 0.100E+04 0.157E+11 0.834E+10

5 0.100e+00 0.500e+00 0.100E+04 0.143e+11 0.977E+10

6 0.100e+00 0.600e+00 0.100e+04 O0.134e+11 0.111E+11

7 0.100e+00 0.700e+00 0.100e+04 0.128e+11 0.124e+11

8 0.100e+00 0.800e+00 0.100e+04 0.124e+11 0.136e+11

9 0.100e+00 0.900e+00 0.100E+04 0.121E+11 0.148e+11

10 0.100e+00 0.100e+01 O0.100e+04 0.119e+11 0.160E+11
11 0.100e+00 0.110e+01 0.100e+04 0.118e+11 0.172e+11 =

12 0.100e+00 0.120e+01 0.100e+04 0.116E+11 0.184e+11

13 0.100e+00 0.130e+01 0.100E+04 0.115e+11 0.195e+11

14 0.100e+00 0.140e+01 0.100e+04 0.115e+11 0.207E+11

15 0.100e+00 0.150e+01 0.100e+04 0.114e+11 0.218e+11

16 0.100e+00 0.160e+01 0.100e+04 0.114e+11 0.230e+11

17 0.100e+00 0.170e+01 0.100E+04 0.113e+11 0.241E+11

18 0.100e+00 O0.180e+01 O0.100e+04 0.113e+11 0.252E+11

19 0.100e+00 0.190e+01 0.100e+04 0.113e+11 0.264E+11

20 0.100e+00 O0.200e+01 O0.100E+04 0.113e+11 0.275e+11

21 0.100e+00 0.210e+01 0.100e+04 0.113e+11 0.286E+11

22 0.100e+00 0.220e+01 0.100e+04 0.113E+11 0.297e+11

23 0.100e+00 0.230e+01 0.100e+04 0.113e+11 0.309e+11

24 0.100e+00 O0.240e+01 0.100E+04 0.113e+11 0.320e+11

25 0.100e+00 0.250e+01 0.100e+04 0.113e+11 0.331e+11

26 0.100e+00 0.260e+01 O0.100e+04 0.113E+11 0.342e+11

27 0.100e+00 0.270e+01 0.100E+04 0.113e+11 0.354E+11

28 0.100e+00 O0.280e+01 0.100e+04 0.113e+11 0.365e+11

29 0.100e+00 0.290e+01 0.100e+04 0.112e+11 0.376E+11

30 0.100e+00 0.300e+01 O0.100E+04 0.112E+11 0.387E+11

31 0.100e+00 0.310e+01 0.100E+04 0.112E+11 0.399e+11

32 0.100e+00 0.320e+01 0.100E+04 0.112E+11 0.410e+11

33 0.100e+00 0.330e+01 O0.100E+04 0.112E+11 0.421E+11
Kl 2

Figure 4-5z-9. Steady-state flow rate achieved.
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B Excel-Plotter-Data.txt - Notepad ol x|
File Edit Format View Help
WELL #1: Dt Time Pressure Flow Rate cum Vol a
Step No. (Hour) (Hour) (psi)  (Cu FTt/Hr) (Cu FT)
1 0.100e+00 0.100e+00 0.100E+04 0.278e+11 0.278BE+10
2 0.100e+00 0.200e+00 0.100E+04 0.218e+11 0.496E+10
3 0.100e+00 0.300e+00 0.100e+04 0.181e+11 0.676E+10
4 0.100E+00 0.400E+00 0.100E+04 0.157e+11 0.834E+10
5 0.100E+00 0.500E+00 0.100E+04 0.143E+11 0.977E+10
6 0.100E+00 0.600E+00 0.100E+04 0.134E+11 0.111E+11
7 0.100E+00 0.700E+00 0.100E+04 0.128e+11 0.124E+11
8 0.100E+00 0.BO0E+00 0.100E+04 0.124E+11 0.136E+11
9 0.100E+00 0.900E+00 0.100E+04 0.121E+11 0.14BE+11
10 0.100E+00 0.100E+01 0.100E+04 0.119+11 0.160E+11
11 0.100E+00 0.110£+01 0.100E+04 0.118e+11 0.172E+11
12 0.100E+00 0.1206+01 0.100E+04 0.116E+11 0.184E+11
13 0.100E+00 0.130e+01 0.100E+04 0.1156+11 0.195+11
14 0.100E+00 0.140e+01 0.100E+04 0.115+11 0.207E+11
15 0.100e+00 0.150£+01 0.100E+04 0.114E+11 0.218E+11
16 0.100e+00 0.160E+01 0.100£+04 0.114E+11 0.230E+11
17 0.100e+00 0.170£+01 0.100E+04 0.113E+11 0.241E+11
18 0.100e+00 0.180£+01 0.100E+04 0.113E+11 0.252E+11
19 0.100e+00 0.190e+01 0.100e+04 0.113e+11 0.264E+11
20 0.100e+00 0.200e+01 0.100e+04 0.113e+11 0.275E+11 =~
Kl W

Figure 4-52z-10. Data selected for Microsoft Excel™ plotting.
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Figure 4-5z-11. Rate and cumulative production using Microsoft Excel™.
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Well Models and Productivity Indexes

Radial and three-dimensional flow modeling serve similar objectives,
namely, accurate calculation of production volume and flow rate as they support
economic analyses. Let R, and R, denote wellbore and farfield reservoir radii,
P, and P, their corresponding pressures, k the isotropic permeability, p the
liquid viscosity and H the thickness of the circular field. When this field is
produced at the center by a fully penetrating vertical well, the steady-state
pressure and volume flow rate Q are P = P, + (P — Py,) (log 1/R,)/10g(Rs/Ry,)
and Q = — (2nkH/p) (Pes — Py)/log(Res/Ry,) where “r”is the radial coordinate.
In transient unsteady flow, analogous time-dependent formulas are found which
depend on farfield boundary conditions. These formulas are classic and
accepted in the industry. For instance, the pressure equation satisfies P = P, at
the well r = R, and P = P at the farfield radius r = R,. Now, from earlier
Figure 3-1z-1 for Example 3-1, it is clear that we computed problems satisfying
our prescribed “1,000 psi” at the well and “10,000 psi” at the (square) farfield
boundary. This being the case, we raised no further questions at the time.

Radial vs 3D modeling - loss of wellbore resolution. But, we might ask,
“What happened to R,, and why doesn’t it appear in our steady and transient
three-dimensional formulations?” The reason is simple. To accommodate the
large-scale details of the reservoir, e.g., layering, fractures, thick versus thin
formations and so on, well boundary conditions were applied at nodal points of
our three-dimensional grid system — thus, borehole radius would not enter on the
scale of the overall reservoir model. This limitation is well known as a
deficiency of finite difference modeling on rectangular mesh systems. Lee and
Milliken (1993) summarize the problem concisely. “In finite difference reservoir
simulation, a well is generally treated as a point source or sink. As a result, a
well productivity index must be specified to relate the difference between well
block pressure and wellbore pressure to the production rate.” More recent
related publications include Wolfsteiner, Durlofsky and Aziz (2003) and
Durlofsky and Aziz (2004).

290
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Empirical fixes have been suggested by numerous researchers and all
follow one common philosophy. FEssentially, whereas Darcy’s law for the
velocity q =— (kH/u) dP/dr applies exactly to radial flow, a “productivity index”
PI is often used to “correct” this equation to q = — (PI) (kH/u) dP/dr so that
computed solutions bear some semblance to reality. Different authors proposed
different schemes applicable to different geologies and well geometries. None
are universal and all are empirical. They are, one might call, “fudge factors” in
the colloquial without any hope for redemption.

Analogies in computational aerodynamics. The aerospace industry dealt
with similar problems in the 1970s. “Airfoils,” or cross-sections of wings
aligned with the direction of airflow, are usually thin and pitched at small angles
to avoid massive flow separation which would destroy lift. Originally, as shown
in Figure 5-1, rectangular computation domains were used to solve Laplace-like
equations (not unlike our pressure equation) and boundary conditions related to
local geometry were enforced along the solid horizontal line shown.

In reality, flows impinging at the leading edge of the airfoil are forced to
turn up or down suddenly at extremely rapid speeds. These could not be
captured on simple rectangular grid systems because specifications of large
numbers would destabilize numerical algorithms.  Thus, computational
aerodynamicists “played grid games” with the so-called “leading edge problem.”
It was not uncommon for engineers to experiment with many grid candidates
before settling on one that fortuitously matched wind tunnel results.

e N
P N
1 i Local \\
Air flow / \ velocity A\
Airfoil leading
edge contour
\ /
AN 2
S/ - /
Air flow a
— \

Figure 5-1. Thin airfoil theory, leading edge details masked.
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Figure 5-1 applies to a single wing section. In general, airplane wings are
built with angular “sweep” and lengths (“chords”) along the spanwise direction
that are not constant in length. The result is the situation Figure 5-2 where
different “fudge factors” (or, “effective leading edge” slopes) apply at different
locations. The resulting models were used to match wind tunnel data. This is
not unlike petroleum industry practice where different “productivity indexes” or
“well indexes” apply at different stations along the wellbore and are used to
match well production data. How these are obtained in any particular run vary
from engineer to engineer. These methods, often masked by intimidating
equations, are, in the final analysis, crude. If an “exact” solution is required, to
the extent that grid dependencies are removable, one could be obtained
straightforwardly using curvilinear grid systems that capture local geometric
details accurately. In modern aerospace applications, grid systems like that in
Figure 5-3 will provide accurate solutions without using the equivalent of
“productivity indexes” because they actually provide leading edge physical
resolution.

Typical comparisons
(M=0.8) Surface Cp

Figure 5-2. Different correction factors applied along wing span.

Figure 5-3. Curvilinear mesh methods model exact details.
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Curvilinear grids in reservoir simulation. We have digressed from our
original question, “What happened to R,?” The foregoing discussion led to an
analysis of “productivity indexes” which are commonly used in reservoir
modeling — and, again, we emphasize that these are empirical and that none are
generally applicable to all situations. The underlying reason lies in the choice of
coordinate systems used for large-scale simulation which, by necessity, are
rectangular or Cartesian because their coordinate lines coincide with
stratigraphic boundaries. Grid blocks in such systems are typically hundreds of
feet in length, and for practical reasons, pressures and no-flow constraints are
imposed at nodes defined at coordinate line intersections. This being so, the
well radius never enters; but for the time being, we are satisfied that the results
of Examples 3-1 to 3-10 are at least physically satisfying.

Figure 5-4. Houston well in Texas-shaped reservoir from Chin (2002).

Figure 5-5. Fracture across Texas from Chin (2002).
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Had we selected a coordinate system that does accommodate a
specification for borehole radius, we would be able to provide an explicit
dependence on R,,. In fact, this author shows, in Chapter 9 of Quantitative
Methods in Reservoir Engineering (Chin, 2002) that a general solution for

m+l1 m+l1

pressure can be written as P wt (m) =P R PW ynm  + PW ™! where
max

9

'm” is the Muskat exponent, taken as “0” for liquids and nonzero for gases. The
function n(x,y) is the solution of a topological (or grid generation) problem
formulated and solved in that reference (which extends the logarithmic solution
applicable to radial coordinates). In Chin (2002), the exact procedure for
calculating n(x,y) is explained and algorithms are given (updates to the
methodology are provided in a Second Edition to the book to appear in 2016).
The total volume flow rate Q can be similarly expressed in closed form.

Fgures 5-4 and 5-5 provide examples, the first for a “circular well in a
Texas-shaped reservoir” and the second for a “fracture across Texas.”
Reservoirs produced by multiple wells can be analogously studied. For
example, a two-well system with a boundary-conforming curvilinear grid is
shown in Figure 5-6. The advantage behind Chin (2002) is the availability of
explicit algebraic formulas written in terms of mapping functions that are
produced once and for all for any given reservoir. Direct treatment of well
details can, of course, be studied using finite element methods, which are
numerical and do not offer as much physical insight. Such three-dimensional
methods are recommended when the two-dimensional exact methods behind
examples like Figures 5-4 to 5-6 cannot be easily performed.

Normal
branch cuts

Two-well system in

finite circular reservoir

Figure 5-6. Boundary-conforming two-well grid.
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Problems also arise when vertical wells are only partially penetrating, or
when reservoirs contain horizontal or multilateral wells, or both. While a fully
three-dimensional finite element method (with grid structures accommodating
well boundaries) will offer “exact” solutions, to the extent that grid
dependencies can be eliminated, they generally do not offer the flexibility that
rectangular (or near-rectangular) systems offer. As we will find, say, from
Figures 4-10 and 4-1z-18 for a complicated multilateral well, problem set-up
and solution display can be extremely simple and offer cost and time-effective
physical insight that is otherwise not possible. So we return to the question,
“How do we accommodate R,,, or more generally, how do we introduce the
details of wellbore topology in more complicated multilateral well systems?”

Productivity index modeling. The answer to this question is
straightforward. Recall that Darcy’s law for the velocity q = — (kH/n) dP/dr
applies exuctly to radial flow, a “productivity index” Pl is often used to “correct”
this equation to q = — (PI) (kH/p) dP/dr so that computed rectangular grid
solutions bear some semblance to the exact solution (or, more often than not, the
results of production data). A considerable amount of effort over the past
several decades has addressed PI calculations — all are empirically motivated,
apply to very narrow problem sets, and are unlikely to be extended to modern
well systems. This author discourages readers from applying these techniques,
whose esoteric published descriptions imply more rigor than is actually found.
Since PI's are empirical anyway, “all methods are equal.” For instance, the
ideal well at the left of Figure 5-7 could be replaced by the one at the right using
our modeling approach, where local lithological changes indicated by &, #and $
are used to represent the required effective permeability based on well test of
production data (these replace the simple dots representing uniform media). The
flow attributes associated with these symbols can be selected by any user-
defined criteria. The procedure is simple, stable and easy to implement.

File Edit Format Wiew Help File Edit Format Wiew Help

LL111333. ... LALLIT111#. ...
............... LERRRREL L L.

= =

Figure 5-7. Implementing well model or productivity indexes.
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Features

Reservoir Description

General heterogeneities, anisotropies, layering, geological structures
sketched using lithological symbols like # $, % and so on

Fracture and flow barrier modeling

Transmissibilities may be temporarily altered during simulation
Incompressible and compressible liquid and gas single-phase flows
General thermodynamic options for gas flow modeling

Fluid and matrix rock compressibility (porosity-based) averaging

Rigid formation versus “small deformation” compaction models available
General drive mechanisms supported, e.g., gas, aquifer, and so on
Stratigraphic grids built into source code (not available interactively)

Well System Modeling

Multiple (partially or fully penetrating) vertical, deviated, horizontal and
multilaterals are supported

Arbitrary well topologies, rate or pressure constraints may be changed
during simulation, while multilateral “arms” and “legs” may be altered or
re-completed while computations are in progress — up to nine systems
supported on general layered reservoir model

Side-tracking, re-drilling and re-completions while simulating

Means to define local empirical “productivity indexes” offered

Additional Simulator Features

Arbitrary specification of injectors and producers

Steady flow solutions, fully transient modeling, or steady, then transient
Initial pressures may be constant or variable

Transient simulator initialization to existing pressures, e.g., a three-well
solution may “start” a two-well analysis where one well is being abandoned
Menus “activated” step-by-step guide users in data entry (internal work-
flow procedures automatically accessed depending on user objectives)
Highly integrated three-dimensional color graphics and line plots

Matrix inversion performed “behind the scenes” transparently to user
Automatic equation set-up, matrix inversion and solution, “behind the
scenes” computations transparent to user, three-dimensional color graphics
tightly integrated with simulator

Standard Windows computer, graphics cards and user manuals not needed
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LICENSING OPTIONS

Multisim™

Single Windows computer license (annual or perpetual, volume and educational
discounts)

Site licenses

Corporate licenses

Source code licenses

Complementary Models
4DTurboview ™
FluidTracer™

For additional information, please contact the author by email at
wilsonchin@aol.com, by cell at (832) 483-6899, or visit our website at
www .stratamagnetic.com. Website provides latest updates on Stratamagnetic
Software developments in electromagnetic logging, formation testing,
Measurement While Drilling, reservoir engineering and managed pressure
drilling.
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Disclaimer

Multisim Flow Simulator, Copyright (C) 2016 by Stratamagnetic Software,
LLC.

END-USER LICENSE AGREEMENT (EULA)

END-USER LICENSE AGREEMENT FOR “MULTISIM FLOW
SIMULATOR” (hereafter, “MULTISIM”). IMPORTANT: PLEASE READ
THE TERMS AND CONDITIONS OF THIS LICENSE AGREEMENT
CAREFULLY BEFORE CONTINUING WITH THIS PROGRAM INSTALL.
Stratamagnetic Software’s End-User License Agreement (“EULA”) is a legal
agreement between you (e.g., an individual, a corporate entity, a government
agency or an academic organization) and Stratamagnetic Software for the
Stratamagnetic Software software product identified above which may include
associated software components, media, printed materials and “online” or
electronic documentation (“SOFTWARE PRODUCT”). By installing, copying,
or otherwise using the SOFTWARE PRODUCT, you agree to be bound by the
terms of this EULA. This license agreement represents the entire agreement
concerning the program between you and Stratamagnetic Software, (referred to
as “Licenser”), and it supersedes any prior proposal, representation or
understanding between the parties. If you do not agree to the terms of this
EULA, do not install or use the SOFTWARE PRODUCT.

The SOFTWARE PRODUCT is protected by copyright laws and international
copyright treaties, as well as other intellectual property laws and treaties. The
SOFTWARE PRODUCT is licensed, not sold.

The SOFTWARE PRODUCT is fully operational for a free fifteen (15) day
period, after which a purchased license from the Licenser is necessary.

1. GRANT OF LICENSE.

The SOFTWARE PRODUCT is licensed as follows:

(a) Installation and Use. Stratamagnetic Software grants you the right to install
and use copies of the SOFTWARE PRODUCT on your computer running a
validly licensed copy of the operating system for which the SOFTWARE
PRODUCT was designed (e.g., Windows 95, Windows NT, Windows 98,
‘Windows 2000, Windows 2003, Windows XP, Windows ME, Windows Vista,
Windows 7, Windows 8, Windows 10).

(b) Backup Copies. You may also make copies of the SOFTWARE PRODUCT
as may be necessary for backup and archival purposes.
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2. DESCRIPTION OF OTHER RIGHTS AND LIMITATIONS.

(a) Maintenance of Copyright Notices. You must not remove or alter any
copyright notices or License Agreements on any and all copies of the
SOFTWARE PRODUCT.

(b) Distribution. You may not distribute registered copies of the SOFTWARE
PRODUCT to third parties. Evaluation versions available for download from
Stratamagnetic Software's web sites may be freely distributed.

(c) Prohibition on Reverse Engineering, Decompilation and Disassembly. You
may not reverse engineer, decompile or disassemble the SOFTWARE
PRODUCT, except and only to the extent that such activity is expressly
permitted by applicable law notwithstanding this limitation.

(d) Rental. You may not rent, lease or lend the SOFTWARE PRODUCT.

(e) Support Services. Stratamagnetic Software may provide you with support
services related to the SOFTWARE PRODUCT (“Support Services”). Any
supplemental software code provided to you as part of the Support Services shall
be considered part of the SOFTWARE PRODUCT and subject to the terms and
conditions of this EULA.

(f) Software Services, e.g., code enhancements, source code usage, consulting,
will be subject to additional charges above and beyond the license fee billed for
standard use of the SOFTWARE PRODUCT.

(g) Stratamagnetic Software reserves the right to alter END-USER LICENSE
AGREEMENT (EULA) or SOFTWARE PRODUCT at any time.

(h) Compliance with Applicable Laws. You must comply with all applicable
laws regarding use of the SOFTWARE PRODUCT.

3. TERMINATION.

Without prejudice to any other rights, Stratamagnetic Software may terminate
this EULA if you fail to comply with the terms and conditions of this EULA. In
such event, you must destroy all copies of the SOFTWARE PRODUCT in your

possession.

4. COPYRIGHT.

All title, including but not limited to copyrights, in and to the SOFTWARE
PRODUCT and any copies thereof are owned by Stratamagnetic Software or its
suppliers. All title and intellectual property rights in and to the content which
may be accessed through use of the SOFTWARE PRODUCT is the property of
the respective content owner and may be protected by applicable copyright or
other intellectual property laws and treaties. This EULA grants you no rights to
use such content. All rights not expressly granted are reserved by Stratamagnetic
Software.
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5. NO WARRANTIES.

Stratamagnetic Software expressly disclaims any warranty for the SOFTWARE
PRODUCT. The SOFTWARE PRODUCT is provided ‘As Is’ without any
express or implied warranty of any kind, including but not limited to any
warranties of merchantability, noninfringement or fitness of a particular
purpose. Stratamagnetic Software does not warrant or assume responsibility for
the accuracy or completeness of any information, text, graphics, links or other
items contained within the SOFTWARE PRODUCT. Stratamagnetic Software
makes no warranties respecting any harm that may be caused by the
transmission of a computer virus, worm, time bomb, logic bomb, or other such
computer program. Stratamagnetic Software further expressly disclaims any
warranty or representation to Authorized Users or to any third party.

6. LIMITATION OF LIABILITY.

In no event shall Stratamagnetic Software be liable for any damages (including,
without limitation, lost profits, business interruption or lost information) rising
out of ‘Authorized Users’ use of or inability to use the SOFTWARE
PRODUCT, even if Stratamagnetic Software has been advised of the possibility
of such damages. In no event will Stratamagnetic Software be liable for loss of
data or for indirect, special, incidental, consequential (including lost profit) or
other damages based in contract, tort or otherwise. Stratamagnetic Software
shall have no liability with respect to the content of the SOFTWARE
PRODUCT or any part thereof, including but not limited to errors or omissions
contained therein, libel, infringements of rights of publicity, privacy, trademark
rights, business interruption, personal injury, loss of privacy, moral rights or the
disclosure of confidential information.

7. FURTHER DISCLAIMERS.

Accuracy in applying the SOFTWARE PRODUCT to reservoir engineering,
numerical simulation, history matching, production enhancement, well testing,
pressure transient interpretation, enhanced oil recovery, well planning, drilling,
well logging and related problems is limited by (1) uncertainties in
characterizing the properties of the underground formation, e.g., permeability,
anisotropy, porosity, compressibility, compaction, effects of compaction trends
on reservoir attributes, drive mechanisms, reservoir size and shape, and so on,
(2) inaccuracies inherent in numerical formulation and solution such as
truncation error, round-off error, artificial viscosity, convergence acceleration
strategies, programming, color display, and so on, (3) improper selection of time
steps in time integration schemes, (4) inaccuracies associated the use of
empirical “productivity indexes,” (5) improper application of core data,
information from delineation wells, upscaling, averaging and geostatistical
methods, and (6) other related subject areas. Again, SOFTWARE PRODUCT is
provided “As is” and you agree to use it entirely at your own risk.
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8. ADDITIONAL RESTRICTIONS.

Stratamagnetic Software reserves the right to restrict distribution of the
SOFTWARE PRODUCT at its sole discretion to reduce the possibility of
software piracy and reverse engineering and to minimize the potential for
compromise of intellectual property, even when these concerns may not be
warranted. The SOFTWARE PRODUCT may not be transferred to countries,
organizations or individuals which are restricted under current United States
export control laws or export control lists from engaging in business with United
States organizations.

END OF EULA
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