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Preface

When I first joined the petroleum industry more than two decades ago,
my exposure to field operations, or just about anything “oily,” was minimal
or next to nothing. My supervisor at Schlumberger, Larry Leising, would
preach incessantly about the need for “hole cleaning,” something that I, an
M.LT. Ph.D. firmly grounded in applied math, should focus on. Something
important. Something that those new-fangled horizontal wells on the hori-
zon died for. But no, that was impossible. My parents, whod never made
in past elementary school in China, I said, “paid good money” to send me
to college. So explaining why I'm sitting next to a “rathole” or “dog house”
on a drilling rig in the middle of nowhere cleaning holes would not go well
with them. Or with my worthy ancestors. And so, annular flow and drilling
safety would have to wait.

Some years later, I'd hear more “dirty stuft” about dirty stuff. Why mud-
cake was “bad” and responsible for differential sticking. Stuck drillstrings.
Lost tools. Fishing jobs. Unimpressive things responsible for impressive
hundreds of millions in damage each year. As for hole cleaning and cut-
tings transport, mudcake catastrophes were likewise “solved” by empirical
“common sense” methods seemingly pulled from thin air. No one under-
stood why they worked. Or why they probably didn’t. War stories prolifer-
ated in trade journals and at conferences. And then there were well logging
folks running “formation testers” Petrophysicists who curiously wanted
good thick mudcakes. Cakes that would seal their pads well and enable the
extraction of clean fluid samples. Thick ones that reduced invasion at the
sandface so that pore pressure measurements actually measured formation
(and not high borehole) values.

Like hole cleaning, what worked was anyone’s guess. No one really knew
why mudcakes grew “like Vt” They just did, it seemed. But they really
didn’t. Many drillers believed that formation type didn't matter. But log
analysts argued that formation permeabilities did. In fact, at really low
mobilities, they could control the physics and dangerously reduce cake
thickness. Along with pore pressure, of course. And pore pressure? In tight

Xi
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zones, such as those encountered in today’s unconventional applications,
you couldn’t even measure pore pressure without waiting hours! So, one
might ask, now what? What are our alternatives? What can we really solve
as a hard-pressed industry?

Those who have read the author’s books over the years will appreciate
that substantial personal efforts have been directed at annular flow model-
ing, cuttings transport, hole cleaning and pressure control. And that mud-
cake dynamics, and pore pressure and permeability prediction in tight
formations, have also been the focus of extensive work in formation testing
and real-time formation evaluation. And similarly with multiphase reser-
voir flow and mixing near to the wellbore. We've worked hard at many
disciplines. A brief narrative of chronological developments appears in
Chapter 1 in support of Chapters 2-8.

But it was not until the aftermath of the Deepwater Horizon incident
that the underlying ideas for the present book developed. The author, at the
time, served as Expert Witness in the Macondo litigation - an eye-opening
event clearly highlighting the necessity for credible models of physical phe-
nomena in support of operational safety. And it was during these activities
that one key realization developed: that basic elements involving annular
flow and pressure control, mudcake growth and dynamic coupling to the
formation, and finally, permeability and pore pressure prediction in the
reservoir, can be combined to provide an integrated software system for
realistic well planning. One dictating how borehole flows are affected by
mudcake and reservoir events, how annular flows can be manipulated,
how mudcake growth can be controlled, and finally, how (once) elusive
properties like permeability and pore pressure in tight reservoirs can be
measured rapidly, economically and safely.

This objective forms the basis for the present book, appropriately enti-
tled Modern Borehole Analytics for Annular Flow, Hole Cleaning and
Pressure Control. But unlike the author’s previous works which empha-
sized mathematics, algorithms and physical validations, this volume builds
upon prior work and focuses on applications and software models that are
available for immediate industry use. Very few equations this time, just the
facts. And so, the journey comes full circle . . . from utter initial confusion
to, hopefully, something practical, useful and significant.

Wilson C. Chin, Ph.D., M.L.T.
Houston, Texas and Beijing, China

Email: wilsonchin@aol.com
Phone: (832) 483-6899
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1
Fundamental Ideas and Background

As suggested in our title Modern Borehole Analytics for Annular
Flow, Hole Cleaning and Pressure Control and in our Preface, this book
deals generally with the subject of borehole flow modeling. We build
upon original research efforts documented in the author’s earlier
monographs, (i) Borehole Flow Modeling in Horizontal, Deviated and
Vertical Wells (Gulf Publishing, 1992), (ii) Computational Rheology for
Pipeline and Annular Flow (Elsevier, 2001), and (ii1) Managed Pressure
Drilling: Modeling, Strategy and Planning (Elsevier, 2012).

The last book, which was translated into Chinese in 2016, presents
major research results completed under Contract No. 08121-2502-01,
sponsored by the United States Department of Energy — 2009 Research
Partnership to Secure Energy for America (RPSEA), Ultra-Deepwater
Exploration Program, for “Advanced Steady-State and Transient, Three-
Dimensional, Single and Multi-phase, non-Newtonian Simulation
System for Managed Pressure Drilling.”

The foregoing “MPD book” supersedes the prior two and focuses on
validated analytical and mathematical models. As such, it does not
discuss experimental results in detail, such as those cited in its
references. Nor does it address the subjects of mudcake characterization
and growth, which are considered in (i) Quantitative Methods in
Reservoir Engineering, 2" Edition — with New Topics in Formation
Testing and Multilateral Well Flow Analysis (Elsevier, 2017) for single-
phase flows and (ii)) Formation Testing: Low Mobility Pressure
Transient Analysis (with CNOOC, John Wiley, 2015) for multiphase
flows.
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The subject of formation permeability and pore pressure prediction,
which is very relevant to mudcake growth and coupling to the formation,
especially tight formations, is also omitted from the MPD reference. It
was largely developed in the context of formation tester pressure
transient and contamination modeling, treated extensively in two books,
(1) Formation Testing Pressure Transient and Contamination Analysis
(with CNOOC, John Wiley, 2014) and (i1) Formation Testing: Low
Mobility Pressure Transient Analysis (with CNOOC, John Wiley, 2015).

As explained in our Preface, the present volume focuses on practical
applications, and not theory, whose inclusion would have made this work
unwieldy and difficult to read. The complete picture for borehole
annulus, mudcake and formation is considered here. It goes without
saying that modern algorithms are sophisticated and output intensive.
Gone are the days of simple engineering models and algebraic formulas
designed for “back of the envelope” answers. Real solutions now require
complicated partial differential equation formulations, whose field
solutions demand computer menus offering different numerical options,
outputs with three-dimensional color graphics, and varied post-
processing utilities. With the exception of Chapter 6, which deals with
mudcake growth in single-phase flow, together with formulas and source
code, all of our models are hosted by advanced software. However, our
software models, validated and in use at major service companies, are
affordable, easy to use, and aimed at mainstream audiences.

In this first chapter, we will outline the basic problems solved — for
details, the reader is referred to the foregoing cited book references. Our
capabilities are described in terms of specific problems and their
solutions. To ensure clarity, we described the formulations in terms of
input menus and our results in terms of output data listings and color
graphics. Users desiring further explanation or examples are encouraged
to consult our references, or even better, replicate and extend our
computed results. Our explanations below, while oriented to laymen and
non-specialists, are nonetheless rigorous and scientifically correct.

1.1 Background, industry challenges and frustrations.

In the following sections, we introduce annular flow modeling
(subject of Chapters 2, 3 and 4), mudcake dynamics (Chapters 5 and 6),
and permeability and pore pressure prediction (Chapters 7 and §). Only
brief overviews of the problems are provided, as details are available in
the referenced books. Applications are considered in specific chapters.
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1.1.1 Annular flow modeling issues and problem definition.

The fundamental problem in downhole applications is borehole flow
modeling in the annulus. Real annuli are typified by varied geometries,
e.g., refer to those sketched in Figure 1-1.

" (

Figure 1-1. Real and idealized annular geometry models.

Fgure 1-1c represents flow in a circular pipe. For many steady-
state non-Newtonian flows, pipe solutions are available analytically,
including closed form representations for the circular cross-section “plug
flow” found at the center of the pipe in the case of yield stress fluids
(plugs move as solid bodies and plug flows are convected downstream
with constant speed). Some approaches to annular flow employ
somewhat dubious notions related to “equivalent hydraulic radius,”
where flow rates for given pressure gradients are computed from an
“equivalent” pipe flow — a somewhat questionable and ill-defined
concept at best. For concentric annuli, e.g., Figure 1-1b, numerical
solutions are available for Power law fluids only; in the case of Bingham
plastics and Herschel-Bulkley fluids, a concentric “ring plug” wraps
around the inner body — here. concentricity arises from symmetry
considerations, but simple solutions do not appear to be available. Real
annuli are highly eccentric, as in Figure 1-1a, and numerical solutions for
non-yield cases are available in bipolar coordinates. Very often, simpler
“pie-slice” models (see Figure 1-le) are used, consisting of crude
solution “slices” extracted from concentric solutions. When eccentricity
is small, the annulus is often “unwrapped” as in Figure 1-1d, resulting in
multiple “slot flows” solved by simpler rectangular flow formulas.
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Of course, the general problem is represented by Figure 1-1f, where
a highly eccentric annulus is shown, which may possess non-flat cuttings
beds, irregularly shaped washouts, and so on. This general problem, and
all of the simpler prior flows, have been solved by the author and are
documented in his three annular flow books for Newtonian, Power law,
Bingham plastic and Herschel-Bulkley fluids, for example, as
schematically described by Figure 1-2 in terms of constitutive relations.

Fluids with a yield stress
and a nonlinear flow curve

Bingham plastic

Pseudoplastic

Shear stress
3 -]

=

Newtonian

Dilatant

o

Shear rate

Figure 1-2. Constitutive relations for basic rheologies.

Plug flows, as we have noted, arise from yield stress effects; in a
circular pipe, the plug is always circular and situated at the center of the
pipe. For concentric annuli, by virtue of symmetry considerations, the
plug is a concentric ring that wraps around the centerbody. Plug flows
introduce nontrivial changes to velocity and stress patterns in the annular
cross-section, and are associated with dynamic attributes important in
hole cleaning and mud displacement in cementing applications.

For the general annulus in Figure 1-1f, the shape, size and location
of the plug have long represented unresolved modeling challenges.
Authors typically assume that a plug ring exists which wraps around the
centerbody or drillpipe, although it will not form a perfect circle. A
macroscopic “pie slice” view of the annulus is taken, and within each
slice of the pie, a plug segment roughly parallel to the local outer annular
contour is assumed. The cumulative effect of all such slices is a “wrap
around plug ring” with variable azimuthal thickness. This seems to be
reasonable, providing an implementable “recipe” or algorithm.
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However, the logic is flawed. Consider a highly eccentric example
where the inner pipe diameter is continuously reduced. At some point,
one expects to find an oval or elliptical plug in the wide part of the
annulus, as in the far right of Figure 1-3 — much like that of a circular
pipe, although it will neither be circular in cross-section nor centered
(however, the left two plug flows are reasonable). How its shape, size
and location vary with geometric details, and in fact, with flow rate and
non-Newtonian rheology, have been open questions until now. The
problem is solved numerically in Managed Pressure Drilling (2012) and
we refer readers to the book for the detailed theory and applications.

Centerbody , . (dark gray)

Plug zone (light
gray)

Figure 1-3. Different plug zone configurations.

The general borehole flow problem considered in the present book
is defined in part by Figure 1-4. Here we have an arbitrary pumping
schedule where different non-Newtonian fluids are pumped at different
volume flow rates for different time durations down a circular drillpipe
(or casing), through the drillbit, and finally, up the annulus. The annular
geometry may be quite general, as noted earlier; in addition, the borehole
axis may be curved (so that centrifugal forces enter the flow description).
Furthermore, the pipe (or casing) may rotate and move axially as
arbitrary functions of time, to be defined through computer menus to the
user’s discretion. Finally, the pump pressure gradient may be completely
transient. In a typically eccentric annulus, plug flows are accurately
calculated as noted above. This general annulus flow problem is treated
in Chapters 2, 3 and 4 and in greater mathematical detail in the author’s
Managed Pressure Drilling (2012, 2016). However, these chapters
consider only those situations where the sandface is perfectly sealed, that
18, fluid flow into and from the formation is disallowed — the mudcake,
we emphasize, is impermeable to flow.
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Pressure P __ (1)
at surface choke

RCD rotating
control device l
S )
Vertical
@ concentric
\l\u/ section
Horizontal or deviated well
~and eccentric annulus Drillbit P ()

Figure 1-4. Eccentric flow model and general problem definition.
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1.1.2 Mudcake growth, dynamic coupling and reservoir interaction.

Despite the apparent generality of our annular flow modeling
algorithms, they have not included provision for flow into or out of the
reservoir. Mudcake is assumed to exist, but in practice, its integrity may
be degraded by excessive reservoir pressures. In this book, we consider
weak-to-strong overbalanced flow into the formation. Solid particulates
carried by drilling mud will leave a cake at the sandface that grows with
time — the higher the filtration rate into the Darcy formation, the higher
the cake growth rate and the stronger the mudcake barrier to flow.

It has long been assumed that mudcake grows in thickness like “Vt”
where t is time. However, when this result was first presented to the
author as a fundamental result of fluid-dynamics, numerous questions
arose. These are raised and addressed in Chin (1993, 2002, 2017), with
the latest reference providing the most comprehensive treatment. In

summary, the “\t law” only applies when an incompressible mudcake
grows on filter paper, that is, formation effects are negligible — and then,
only in linear “top to bottom” or “left to right” flow. When formation
effects are unimportant, but the “filter paper is curved” so that it is
coincident with the circular trace of a well, the law does not apply. In
fact, a more complicated time function applies, leading to a finite “time
to plug” — a definite consideration when drilling slimholes. Furthermore,
when the mobility (that is, permeability divided by viscosity) in the
formation is comparable to that of the mudcake, a strong dynamical
interaction and coupling is found. Cake growth will depend on mixing
events in the reservoir while, of course, the dynamics of the reservoir are
dependent on the volume of filtrate flow through the mudcake. For
single-phase flows, relative simple analytical and numerical models are
offered in Chapter 5, while for multiphase flows, the solution described
in Chapter 6 requires the treatment of partial differential equations.

For many years, the above description was not useful for practical
computations because the pore pressure on the downstream side of the
flow was not available. To state that pore pressure was needed was to
state the obvious, but without a number, no means of incorporating
farfield reservoir effects were possible. Advances in formation testing,
coupled with new pressure transient interpretation methods that use early
time data in low mobility applications now provide permeability and
pore pressure quickly and accurately. These are described in Chapters 7
and 8 where numerous examples are given. This book, in its totality,
considers the borehole, the mudcake and the formation as a system.
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1.2 Related prior work.

We emphasize that the work reported in this book, covering
multiple petroleum disciplines, is the outgrowth of mature research
conducted over more than two decades. Much of the subject matter has
appeared in prior publications and patents, and many of our flow
algorithms, which have been successfully commercialized, are offered by
oil service companies to industry clients. Fgures 1-5 to 1-10 provide a
quick preview of our technical exposure — we wish only to show how our
results are mature and well validated through field applications.
Naturally, we’ve produced our share of mistakes, and should readers
discover any glaring or subtle errors, we would welcome the findings.

B{]REHULE
, -4 W Computational
IMODELING [ Reobgy fo
3 7 T Pipeline and
Annulor Flow

EEwH

— Bl RASET

Figure 1-5. Rheology book publications (1992-2016).
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Society of Petroleum Engineers

ENERGY RESOUBCES

Figure 1-6. Borehole Flow Modeling (1992), our
very first book related to petroleum engineering.
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Figure 1-7. Formation testing and reservoir engineering monographs.
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Figure 1-8. Related Halliburton work (1992-2009)
prior to Managed Pressure Drilling (2012, 2016).
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REUTERS

RPSEA Selects Projects for the 2008 Ultra-Deepwater
Program

Tue Sep 1, 2009 5:17pm EDT

New Research Will Help Meet U.S. Energy Demand and Lower Costs for
Consumers

SUGAR LAND, Texas -- (Business Wire) --

The Research Partnership to Secure Energy for America (RPSEA)
announces twelve proposals have been selected for negotiations
leading to an award under the 2008 Ultra-Deepwater Program focused
on increasing the supply of ultra-deepwater and unconventional
natural gas and other petroleum resources.

"These twelve projects continue to build the integrated research
portfolio envisioned by the 2007 and 2008 approved Annual Plans for
the Ultra-Deepwater and Unconventional Natural Gas and Other
Petroleum Resources Research and Development Program to develop
technologies and architectures for operations in ultra-deepwater,"
said RPSEA President C. Michael Ming.

"They add to the 17 projects selected for the 2007 Ultra-Deepwater
Program to make an increasingly important contribution to the
nation”s energy needs. This Program is designed to bring the
resources of America’s leading universities, research institutions
and technology innovators to bear on the development of domestic
resources in water depths of 1,500 meters or greater by reducing
costs, increasing efficiency, improving safety and minimizing
environmental impacts."

While awards under the RPSEA Ultra-Deepwater Program are open to
any U.S.-based organization, most projects involve a team
consisting of researchers along with producers or service companies
that are in a position to evaluate and apply new technology. Each
proposal must provide a minimum of 20% cost share, with up to 50%
for field demonstration projects.

The selected projects are as follows:

Advanced Steady-State and Transient, Three-Dimensional, Single and
Multiphase, Non-Newtonian Simulation System for Managed Pressure
Drilling

Project Leader: Stratamagnetic Software, LLC, Houston, Texas

Figure 1-9. Major United States Department of Energy award (2008).
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Figure 1-10. 2011 AADE National Technical Conference
and Exhibition (Houston, Texas) — four annular flow papers.

With these preliminaries concluded, we now

describe numerous practical and important examples made possible by
versatile math models that are now available to mainstream audiences.

Closing remarks.

Reader feedback is encouraged and contact information appears in the

final section “About the Author.”
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2
Steady Annular Flow

In this chapter, we will consider the subject of steady annular flows,
and in doing so, additionally introduce issues and solutions related to a
wide range of problem areas. First and foremost, we study flows through
cross-sectional geometries that vary from concentric to highly eccentric;
yield stress effects that may lead to “plug-like” zones having general size
and shape; effects of washouts and cuttings beds on flow rate; Newtonian
versus non-Newtonian fluid flow effects, particularly as they impact
“pressure gradient versus volume flow rate” behavior; swab-surge in
modern “managed pressure drilling” applications, where mud circulation
may or may not co-exist with drillpipe movement; effects of drillpipe or
casing rotation; and finally, effects of constant speed axial movement.

Moreover, we deal with interactions between different effects, and
not academic specialties in isolation. In order to effectively convey the
essential physics behind individual physical parameters, we have
developed robust three-dimensional graphics that automatically load and
execute within our software simulators — and, at the same time, we have
kept the user interface as simple and intuitive as possible. In this book,
we resist the temptation to “provide complete solutions to everything,”
recognizing that solutions to real-world problems are often more
complicated than meets the eye. For example, cuttings transport
efficiency will depend on velocity in vertical wells, surface viscous stress
in horizontal and deviated well applications, not to mention gravity and
rotation; and stuck pipe remediation will depend on fewer of these, but
more so, on apparent viscosity. Toward these ends, we provided
solutions for all key physical properties so that engineers can render their
own judgements and develop custom solutions as required.

14
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2.1 Graphical interface basics.

Here we introduce basic functions related to the graphical user
interface design which hosts our annular flow simulation system. The
interface is kept deliberately simple so that minimal “computerese” is
required to operate the software. Geometric modifications to inputted
concentric and (offset circular) eccentric annuli, e.g., nonuniform
cuttings beds, washouts, fractures and so on, which are ideally drawn
using mouse, pen, tablet or other visualization means, are defined using
simple text queries posed with respect to displayed coordinate values.
Development and user costs are reduced by adhering to these
approaches. Once the borehole flow modeling software is installed, the
simulator itself is launched by clicking on “MPD-Flow-Simulator.exe”
as shown in Figure 2-1. Figures 2-1 to 2-4 are self-explanatory.

Weeo )
—— - —
G&)J .~ Computer - Local Disk (C:) = MPD ~ - &
Fle Edt Vew Toals Help
Organize v [EfOpen +» Emal Bum  New folder =08

4 MapleV-Disks 2l ame Date madified Type * |Snz | l_l‘
Market B lplobpm.exe TITET & AP Appication £
Marketing EM Resstity B iotomQQ.exe L/22/20106:15PM  Appicaion P
+ Marketing-Formation-Testing » 7 LPLOTRPMQQFOR. exe 8/22/2010 :05AM  Applcation S01KB
. "a"::“g*‘a‘“"g Bipotv.exe 11/22/2010 6:15PM  Appication KB
Marketing-MPD -
m M A . 203 AM i
i 3 AKEGRID. £xe 8/7/2010 9:03 Appication 3:|3KB
| MarketingToDo 1 T maxecrROMAIN exe 2/8/2011 1:18PM Appication |3IKB
| Mike-Bittar-Test-Case TestD 57 MOVCOND Lexe 2/3/2011 5:08 AM Appication 570 KB
MP3 B MOVCOND 1K, exe 2/28/20118:31PM  Appiication 570 KB
MP3-Videos " MOVIEZD.exe 8/8/2010 11:26 AM  Applcation 578 KB
= MED B MP0-.exe 10/7/2016 10:19PM  Appication 180KB
. MPD-BOOK-NEW - = =
« MPD-Distribution

5/22/2000 10: 11 AM

MPD-Flow-Simulator.exe Date modified: 10/7/2016 10:17 PM Date created: 11/16/2011 11:30 PM
- Application Sre: 208 KB

Figure 2-1. Launch menu.

MPD Flow Simulator, Version 1.0 ' x|

W 'You may need to didk <MPD-Flow-Simulator.exe several times,
'\ y| or possibly, disable your Anti-Virus protection temporarily to
—  launch simulator.

==

Figure 2-2. Running the application.
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1 stratamagnetic Software, x|

Start Simulators  Utiliies  About

"welcome to MPD Flow Simulator fram ;"
Stratamagnetic Software, LLC. Chck,
<Licenze: to view our terms of operation.
[f you agree, please click <Agreer now,

M|

License I Agree I Disagreel

Figure 2-3. License agreement.

MPD Flow Simulator x|

& You are running MPD Flow Simulator, Version 1.0, Before first
/.-' simulation, didk <Install graphics = from <5tart> menu. Adobe
= Acrobat Reader is required to view online documentation.

[

Figure 2-4. Viewing results and documentation.

The simulator main screen is shown in Figure 2-5. Content of an
introductory nature is accessed from the left-most vertical “Start” menu
appearing in Figure 2-6. The menu in Figure 2-7 hosts the three “high
power” simulators developed in our research, while that in Figure 2-8
hosts “utility” programs which solve more limited mathematical and
physical problems. We emphasize that, despite the “utilities” heading,
the mini-simulators appearing in the menus are by no means simple.
These represent solvers to special problem sets developed to

independently validate the “high power” solvers already discussed.
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1 stratamagnetic Software, x|

Start Simulators Utilities  About

Figure 2-5. MPD flow simulator (main screen).

1 stratamagnetic Software, x|

Start Simulators  Utilities  About

Welcome
Quikstart
Install graphics
Assumptions

Movies (30) 3

Fecent papers

User manual AADE-11-NTCE-45
MPD book (Elsevier) AADE-11-NTCE-45
Sales catalog AADE-11-NTCE-72

i AADE-11-NTCE-73
Exit

Figure 2-6. MPD flow simulator (start menu).
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[-1 stratamagnetic Software, LLi EI
Start | Simulators Utilities  About

MPD Flow Simulator

Steady 2D basic
Transient 2D single-phase
Transient 3D multphase

Figure 2-7. MPD flow simulator (simulator menu).

[-1 stratamagnetic Software, LLi il

Start Simulators | Utlites  About

Overview
Calculator
Concentric steady flow k
Find power law n, K using ... 3
Herschel-Bulkley pipe flow (exact) *

Stratified flow (barite sag)

Figure 2-8. MPD flow simulator (utilities menu).
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[£1 stratamagnetic Software, LI il

Start Simulators  Utlities | About
Contact

Licensing

[-1 stratamagnetic Software, LLI il

Start Simulators Utilities | About

Contact
Licensing

Acknowledgements x|

& We are indebted to the U.5. Department of Energy for support
/.' through its 2008 Ultra-Deepwater Program, administered by the
= Research Partnership to Secure Energy for America (RPSEA],
under Contract Mo. 08121-2502-01.

L [ o ]

Figure 2-9. MPD flow simulator (contact menu).

Finally, Figure 2-9 contains information of an administrative nature
that may be of use to organizations wishing to use our algorithms to host
other drilling or cementing related applications, e.g., use of viscous stress
fields to estimate borehole wall or cuttings bed erosion.
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2.2 Steady flows - versatile capabilities.

The annular flow simulation system described in this book is as
powerful and versatile as it is accurate. To introduce readers to its basic
capabilities, we consider in the present Chapter 2 a set up problems
designed to make learning both instructive and enjoyable.

2.2.1 Concentric Newtonian annular flow.

Several oil service companies market annular flow solvers that
claim to solve problems in general annular domains, to include all-
important fluids with yield stresses, which are responsible for zones
which move in solid body or plug-like manner. In fact, as explained in
Chapter 1, neither eccentricity nor yield stress dynamics is correctly
handled, although calculated results are “deceptively realistic” because
incorrect numbers are overlaid over a color image of the exact annular
domain to give the illusion of correctness. In our approach, physical and
mathematical correctness remain our highest priority.

And so, one might ask, “How can we demonstrate correctness of our
algorithms?” To answer this question, we can turn to the utility program
in Fgure 2-10, which evaluates an exact, analytical solution for
concentric Newtonian annular flow, for which the pipe or casing is non-
rotating but which may move with constant (or zero) velocity. When this
program is selected, the input screen (with nomenclature defined) shown
in Figure 2-11 appears. For the parameters assumed, we click on “Find”
to obtain the exact 947.1 gpm value in Figure 2-12.

[ stratamagnetic Software, il

Start Simulators | Utiites About

Overview

Calculator

Concentric steady flow Newtonian, non-rotating, axial pipe motion
Find power law n,K using ... 3 Herschel-Bulkley, no rotation or pipe movemant
Herschel-Bulkley pipe flow (exact) » Power law, rotating, no axial pipe movement
Stratified flow (barite sag)

Physical constants

Figure 2-10. Concentric Newtonian annular flow.
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[(1 steady, concentric, Newtonian, nonrotating, moving pipe (exact) il

— Inputs
Rinner fin] . . . .. I:I f R,
2 )00 oo | I \ % dP/dz
dp#dz [psi#t] .. [-o.o0001 B ™
WVizcosity [cp] . . . : /\ \ V.
Inner awial » I —-
speed ¥ [indz). .. 0 U )
Flowrate [gpm] . . I:I
| Find | Exit | ‘ /

Figure 2-11. Calculating volume flow rate (note blank box).

[ steady, concentric, Newtonian, nonrotating, moving pipe (exact) ll

— Inputs
Rirrer [in] . . . .. ' R,
e (fio oo | \ % dP/dlz
dpdz [psift] - . [-0.0001 E, >
Wiscosity [cp) . . I:l / \ \ v,
Inrer axial » I —
speed VY [inds] . .. 0 U )
Flowrate [gpm] . . (947 1
TR E xit | ‘ /

Figure 2-12. Volume flow rate calculated (blank box now populated).

We emphasize that the “947.1 gpm” is obtained from an exact
solution of the Navier-Stokes equations, which utilizes a natural
cylindrical, radial or polar coordinate system based formulation. By
contrast, the “Steady 2D basic” solver in Figure 2-13 is based on a
counter-intuitive rectangular system which is not cylindrical by any
stretch of the imagination. However, as explained in our prior
publications, the more powerful approach allows us to treat very general
annular geometries as well as arbitrary Herschel-Bulkley fluids. In our
presentation below, we demonstrate how a fine mesh numerical solution
reproduces the foregoing flow rate. This is followed by a coarse mesh
solution with high accuracy, and then, by a coarse mesh solution with a
cuttings bed and a washout which modify an inputted concentric baseline

geometry.
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[-1 stratamagnetic Software, x|
Start | Simulators Utiliies  About

MPD Flow Simulator

Steady 2D basic

Transient 2D single-phase
Transient 30 multiphase o

Figure 2-13. Steady 2D basic simulator.

As noted, we avoid “computerese” and specialized input routines to
reduce development costs as well as software and hardware investments
for users. The screen shots in Figure 2-14 request basic concentric or
eccentric circle definition to the left of the illustration, which also defines
our X-y coordinate system conventions. These simple inputs include
circle center coordinates and radii. Some degree of error checking is
provided to ensure that inner and outer contours are realistic and do not
overlap. For example, the “Show Annulus” button in the Control Panel
of Figure 2-14 leads to the display in Figure 2-15. Both diagrams are
equivalent and are provided to assist in report generation.

At the bottom left (beneath those for geometric definition) are two
additional input boxes. The numerical model allows borehole axis
curvature. For example, a large value (such as the 10,000 ft shown)
ensures that fluid flows straight without centrifugal effects. Also,
constant speed axial movement is permitted, as is zero speed movement
(no movement). The drill pipe or casing may move up or down, or left
or right, in either direction depending on the algebraic sign assumed.
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[Z1 stratamagnetic Software, MPD Flow Simulator (Steady 2D) EI

Start Results Utlities About

— Annular G Ly Herschel-Bulkley Fluid
Pipe or casing [in) Coardinate System Dimenzionless n I:l
Center.y |0 | | Cansistency factor K ponono 465

E.g., water @ 1cp hasn = 1, K = 0.0000001465 |bf secfin~2, yield = 0 {(density unimportant in steady non-rotating flow). |
| E—

. “ield stress [psi] T 7
Radius E M

Borehole [in) — Specify
Center. y D Urits: psidft
Center, » D ¥ :i Szilzlrieﬂs;:r?a?:dient
Fiadiuz
Curvature D En_aate circles first .. you may _ Control Panel
hole i ['ft] edit curves at runtime. Shom Anmuls | — |
Zl:in:dc[‘?:ﬂ? D Ecoantriciy & IDD—I Quksm | — |

[E1 stratamagnetic Software, MPD Flow Simulator (Steady 2D) EI

Start Results Utlites About

— Annular Geomebiy —Herschel-Bulkley Fluid

Pipe or caszing [in) Coordinate Syzstem Dimensionless n |:|

Center, » [0 ConsistEnc:_l,l facter K "ooooD01465
(Ibf 22Nz in)

‘rield stress [psi] I:I

— Specify

Units: paisft -0.0001

% Auial pressure gradient
 Wolume flow rate

Center, #

i

Radiuzs

=

Borehole [in
Center, y

Center, »

¥

i

R adiuz

Curvature Create circles first ... pou may
T edit curves at untime.
hole axis (1) {10000 Show Annulug |

Eccentricity e {00 Quiksim | Exit |

— Control Panel

Fipe, casing
speed [in/z)

i

Figure 2-14. “Steady 2D basic” solver, input screen.

The upper right menu supports a general Herschel-Bulkley fluid,
with arbitrary “n, K and yield stress” inputs. Note that these values can
be obtained using a Fann viscometer — special calculation routines are
offered by equipment suppliers or in reference books to estimate these
values from measurements. The upper diagram shows a “tip box” that
reminds users of example values for water. These three inputs are
intrinsic properties of the drilling or completion fluid itself and are
independent of the annular geometry and the flow rate (or equivalently,
the axial pressure gradient).
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Woumrar

File Edit Wiew State Window Help

M Annular Domain and Curvilinear Mesh System

[Finished |

Figure 2-15. Display of concentric or eccentric circles.

Once “n, K and yield stress” are inputted, these, together with the
annular geometry and the middle-right “environment menu,” completely
determine the solution. Here two options can be imposed. First, one can
specify the axial pressure gradient — when its value is known, the solver
iterates to determine the corresponding velocity field, and then, all
related properties like apparent viscosity, strain rate, viscous stress,
Stokes product and dissipation function are post-processed automatically.
On the other hand, the pressure gradient is often unknown, since only the
mud pump flow rate is given (in this chapter, steady single-phase flows
are considered, while transient single-phase flows are treated in Chapter
3). When this is the case, the program intelligently guesses at the
required pressure gradient — an example calculation is given later.

For the parameters in Figure 2-14, which are consistent with those
in Figure 2-11, we click the “QuikSim” solver option. This provides the
complete velocity field with minimal decision-making from the user, a
process that requires at most 2-3 seconds on modern Windows
computers. Internally selected is a fine 60 x 40 curvilinear grid (60
circumferentially and 40 radially) for offset circular annular of any
eccentricity. The screens in Figures 2-16 and 2-17 automatically appear.
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Simulation Status i _J'_E_!

| ; | Simulation completed, please view text and color graphics output
in <Results> menu.

Figure 2-16. Results are always saved in the <Results> menu.

Figure 2-17. Iteration history with flow rate and annular area.

Figure 2-17 shows a converged flow rate of 943.5 gpm versus an
exact value of 947.1 gpm. The ratio 947.1/943.5 or 1.004 indicates an
error of less than ' %. The area of the annulus is also displayed. This is
obtained from summing all the areas of all quadrilaterals on the
curvilinear grid system (for example, see Figure 2-15 or Figure 2-30)
based on internal geometric mappings used. In this case, the exact area
of the annulus is 7 (6 - 3%) = 84.82 versus the 84.67 above. The value
of 84.82/84.67 is 1.002 and indicates almost no error in area. The
corresponding velocity distribution is shown in the “planar plot” for
velocity Figure 2-18, where the color red indicates that the highest speed
is found near the center or widest part of the annulus.
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_ioix]

File Edit View State Window Help

B Axial velocity U(x,y)

4

Runting [
Figure 2-18. Computed “planar plot” for velocity distribution.

[£1 Stratamagnetic Software, MPD Flow Simulator (Steady 2D) ll

Start | Results Utlities  About

— Ay Overview Herschel-Bulkley Fluid
Pir Text output Coordiniate System Dirmensionless n |:|
ofWgs il  Conventions | ﬁ:fn:f:E:?f.-.f?C]tm K 0000001465
Core s 1 ey e A N o
R adius Static 30
IZ Apparent viscosity M(¢,y) D acmic 0
Borehole (in) Shear rate dU/dx -
Center.y [0 Shear rate dujdy Units: psidft -0.0001
Center, 2 [0 Viscous stress, N dUfd: ' Avial pressure gradient
. Viscous stress, N dU/fdy £ Wolume flow rate
IZ Dissipation function
Curvature, Stokes product, MU — Control Panel
hale axis [ft] I:I 0000 Show Annuluzs I Simulate |
Fipe. cazing Eccentricity & -l:l:- :
speed (indz] D Y TGS E xit I

Figure 2-19. Other display options.

A “static view” option is also available for velocity, which supports
contour plotting, whereas a “dynamic view” option allows rotations,
translations and re-scaling, e.g., see Figures 2-20 and 2-11.
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e — i
Flg Edb Scale Wiew
1 Graphing Mode 1 Legend Display + Surface Mesh XY Gnd

@ Reset ( Contour | & Confinuous ( Stepped| @ On O & On C Of

Axial Velocity

Figure 2-20. “Static view” velocity display option.

] 3D surface Plotter (Dynamic View) 1‘
File Edt WView

Axial Velocity

Figure 2-21. “Dynamic view” velocity display option.

As indicated in Figure 2-19, displays of other physical quantities are
also supported. In this introductory Newtonian example, we omit many
of these. For example, the “apparent viscosity” will be constant, and
strains and viscous stresses will differ only by a multiplicative viscosity
factor. The only two nontrivial results are x and y strains or stresses,
which are rotated by 90 deg as expected in this concentric example.
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Bacmo N ey

File Edit View State Window Help

[ shear Rate (dU/dx)

Figure 2-22. Strain field for dU(x,y)/0x.
=lolx|

File Edt View State Window Help

B Shear Rate (dU/dy)

Figure 2-23. Strain field for dU(x,y)/dy.

Finally, text output is provided (see <Results> menu) and relevant
results are given in Courier New font below.
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QuikSim simulation mode assumed ...

Eccentric circles only, 61 x 41 hardcoded mesh.
Use full simulation mode for more runtime options.

Input coordinates are SHIFTED for on-screen
plotting and "8 1/2 x 11" output file printing: -

SHIFTED PIPE/COLLAR COORDINATES :
"old X" "old Y" "New X" "New Y"

1 0.3000E+01 0.0000E+00 0.1000E+02 0.7000E+01
2 0.2984E+01 -0.3136E+00 0.9984E+01 0.6686E+01
3 0.2934E+01 -0.6237E+00 0.9934E+01 0.6376E+01
4 0.2853E+01 -0.9271E+00 0.9853E+01 0.6073E+01
5 0.2741E+01 -0.1220E+01 0.9741E+01 0.5780E+01

6 0.2598E+01 -0.1500E+01 0.9598E+01 0.5500E+01
7 0.2427E+01 -0.1763E+01 0.9427E+01 0.5237E+01
8 0.2229E+01 -0.2007E+01 0.9229E+01 0.4993E+01

9 0.2007E+01 -0.2229E+01 0.9007E+01 0.4771E+01
10 0.1763E+01 -0.2427E+01 0.8763E+01 0.4573E+01
11 0.1500E+01 -0.2598E+01 0.8500E+01 0.4402E+01
12 0.1220E+01 -0.2741E+01 0.8220E+01 0.4259E+01
13 0.9271E+00 -0.2853E+01 0.7927E+01 0.4147E+01
14 0.6237E+00 -0.2934E+01 0.7624E+01 0.4066E+01
15 0.3136E+00 -0.2984E+01 0.7314E+01 0.4016E+01
16 0.2265E-06 -0.3000E+01 0.7000E+01 0.4000E+01
17 -0.3136E+00 -0.2984E+01 0.6686E+01 0.4016E+01
18 -0.6237E+00 -0.2934E+01 0.6376E+01 0.4066E+01
19 -0.9271E+00 -0.2853E+01 0.6073E+01 0.4147E+01
20 -0.1220E+01 -0.2741E+01 0.5780E+01 0.4259E+01
21 -0.1500E+01 -0.2598E+01 0.5500E+01 0.4402E+01
22 -0.1763E+01 -0.2427E+01 0.5237E+01 0.4573E+01
23 -0.2007E+01 -0.2229E+01 0.4993E+01 0.4771E+01
24 -0.2229E+01 -0.2007E+01 0.4771E+01 0.4993E+01
25 -0.2427E+01 -0.1763E+01 0.4573E+01 0.5237E+01
26 -0.2598E+01 -0.1500E+01 0.4402E+01 0.5500E+01
27 -0.2741E+01 -0.1220E+01 0.4259E+01 0.5780E+01
28 -0.2853E+01 -0.9271E+00 0.4147E+01 0.6073E+01
29 -0.2934E+01 -0.6237E+00 0.4066E+01 0.6376E+01
30 -0.2984E+01 -0.3136E+00 0.4016E+01 0.6686E+01
31 -0.3000E+01 -0.4530E-06 0.4000E+01 0.7000E+01
32 -0.2984E+01 0.3136E+00 0.4016E+01 0.7314E+01
33 -0.2934E+01 0.6237E+00 0.4066E+01 0.7624E+01
34 -0.2853E+01 0.9271E+00 0.4147E+01 0.7927E+01
35 -0.2741E+01 0.1220E+01 0.4259E+01 0.8220E+01
36 -0.2598E+01 0.1500E+01 0.4402E+01 0.8500E+01
37 -0.2427E+01 0.1763E+01 0.4573E+01 0.8763E+01
38 -0.2229E+01 0.2007E+01 0.4771E+01 0.9007E+01
39 -0.2007E+01 0.2229E+01 0.4993E+01 0.9229E+01
40 -0.1763E+01 0.2427E+01 0.5237E+01 0.9427E+01
55 0.2427E+01 0.1763E+01 0.9427E+01 0.8763E+01
56 0.2598E+01 0.1500E+01 0.9598E+01 0.8500E+01
57 0.2741E+01 0.1220E+01 0.9741E+01 0.8220E+01
58 0.2853E+01 0.9271E+00 0.9853E+01 0.7927E+01
59 0.2934E+01 0.6237E+00 0.9934E+01 0.7624E+01
60 0.2984E+01 0.3136E+00 0.9984E+01 0.7314E+01

Figure 2-24. Pipe or collar coordinates assumed.
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SHIFTED BOREHOLE ANNULUS COORDINATES:
"0ld X" "0ld YY" "New X" "New Y"

1 0.6000E+01 0.0000E+00 0.1300E+02 0.7000E+01
2 0.5967E+01 -0.6272E+00 0.1297E+02 0.6373E+01
3 0.5869E+01 -0.1247E+01 0.1287E+02 0.5753E+01
4 0.5706E+01 -0.1854E+01 0.1271E+02 0.5146E+01
5 0.5481E+01 -0.2440E+01 0.1248E+02 0.4560E+01
6 0.5196E+01 -0.3000E+01 0.1220E+02 0.4000E+01
7 0.4854E+01 -0.3527E+01 0.1185E+02 0.3473E+01
8 0.4459E+01 -0.4015E+01 0.1146E+02 0.2985E+01
9 0.4015E+01 -0.4459E+01 0.1101E+02 0.2541E+01
10 0.3527E+01 -0.4854E+01 0.1053E+02 0.2146E+01
11 0.3000E+01 -0.5196E+01 0.1000E+02 0.1804E+01
12 0.2440E+01 -0.5481E+01 0.9440E+01 0.1519E+01
13 0.1854E+01 -0.5706E+01 0.8854E+01 0.1294E+01
14 0.1247E+01 -0.5869E+01 0.8247E+01 0.1131E+01
15 0.6272E+00 -0.5967E+01 0.7627E+01 0.1033E+01
16 0.4530E-06 -0.6000E+01 0.7000E+01 0.1000E+01
17 -0.6272E+00 -0.5967E+01 0.6373E+01 0.1033E+01
55 0.4854E+01 0.3527E+01 0.1185E+02 0.1053E+02
56 0.5196E+01 0.3000E+01 0.1220E+02 0.1000E+02
57 0.5481E+01 0.2440E+01 0.1248E+02 0.9440E+01
58 0.5706E+01 0.1854E+01 0.1271E+02 0.8854E+01
59 0.5869E+01 0.1247E+01 0.1287E+02 0.8247E+01
60 0.5967E+01 0.6272E+00 0.1297E+02 0.7627E+01

Figure 2-25. Borehole contour coordinates assumed.

SIMULATION STARTS

Newtonian fluid assumed with exponent "n" equal

to 0.1000E+01 and consistency factor of 0.1465E-06
1bf sec”n/sq in.

A yield stress of 0.0000E+00 psi is taken.

Borehole axis radius of curvature is 0.1000E+05 ft.
Axial speed of inner pipe is 0.0000E+00 in/sec.
Axial pressure gradient assumed as -.1000E-03 psi/ft.
Iteration 100, Error = .00000000

Iteration 200, Error .00000000
Iteration 300, Error = .00000000

Iteration 400, Error = .00000007
Iteration 500, Error = .00000000
Iteration 600, Error = .00000000
Iteration 700, Error = .00000007
Iteration 800, Error = .00000007
Iteration 900, Error = .00000000
Iteration 1000, Error = .00000007
Annular flow rate ...... 0.9435E+03 gal/min
Cross-sectional area ... 0.8467E+02 sq inch

Figure 2-26. Iteration error history and computed results.
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2.2.2 Concentric Newtonian flow on coarse mesh.

In this short discussion, we do not use “QuikSim,” but instead use
“Simulate” to show all modeling features (see bottom right of Figure 2-
19). We will demonstrate how using fewer grids is less accurate than
greater, but the decrease in accuracy is not too large since the “boundary
conforming” grid systems used all provide higher resolution near solid
boundaries where flow gradients are largest. We will use coarse grids
throughout this book for presentation purposes so that tables are shorter
and diagrams are easier to comprehend. While QuikSim uses 60 x 40
grids by default (the screen below indicates “61” and “41” because the
inputs count nodes as opposed to boxes), our coarse mesh in this
example will be defined by 20 azimuthal (or circumferential) and 10
radial grids (or as explained, “21” and “11” as shown in Figure 2-27).

[N c\mpd\eccend2p-06-mod-e32.exe - |I:I|£|

Stratamag
Written o

Number of circumferential grid points (
Mumber of radial grid points (up to 41): 11

Figure 2-27. Grid density definition.

We will omit for now all run-time queries related to geometric
modification and end display options, since these will be considered in
the following example in detail. For our purposes, we wish only to
determine the consequences of coarse mesh assumptions. Figure 2-28
shows a computed flow rate of 921.4 gpm as opposed to an exact value
of 947.1. The ratio 947.1/921.4 or 1.028 indicates less than a 3% error.
The exact annular area of 7w (6° - 3%) or 84.82 compares with our
approximate 83.57 for a 1.015 ratio or less than 2% error.
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8 c:\mpd\eccen02p-06-mod-e32.exe

Plot Taminar/turbulent transitions?

Figure 2-28. Computed coarse grid results.

=Io/x|

Fie Edit View State Window Help

[N Acxial Velocity Ulxy) ]

P | e

Figure 2-29. Coarse grid velocity distribution.

It is useful noting that our 60 x 40 fine mesh contains 2,400 grid
blocks, while our coarse 20 x 10 mesh contains 200, which is only 10%
of the larger number. This accuracy is attributed to a physically
appealing “boundary conforming” curvilinear grid that preserves most of
the details of the annular flow.



STEADY ANNULAR FLow 33

223 Coarse mesh Newtonian flow with cuttings bed and
washout.

In Sections 2.2.1 and 2.2.2, we compared fine and coarse mesh
solutions with that obtained from an exact analytical solution. We found
that the coarse mesh result for flow rate was acceptable although, of
course, fine grids are preferred. The latter are recommended since, for
the curvilinear grid method developed in our research, computational
times required for convergence are not substantially different.

In this section, we explain how cuttings beds and washouts can be
modeled with relative ease. For presentation purposes, we use coarse
meshes so that our ASCII diagrams and text printouts do not require
excessive space. To model these non-ideal effects, the “Simulate” button
must be used to access all editing and modeling options, and not the
simple “QuikSim” option used previously. In the text appearing below,
unformatted Courier New font denotes text appearing in an input
screen window, while bold red Courier New font denotes
responses entered by the user; text formatted in the present Times New
Roman font represents our annotations and comments.

Steady, 2-D, non-Newtonian, Herschel-Bulkley flow in
highly eccentric annulus with borehole axis curvature,
and axial pipe movement but no rotation. Size and shape
of plug zone associated with yield stress fluids
properly computed. Axial pressure gradient or total
volume flow rate may be specified. Solution using
finite difference relaxation method on boundary
conforming, curvilinear meshes. Refer to source code
eccen02p-06-mod-e32.for for discussion or licensing.

Copyright (C), 2010, Stratamagnetic Software, LLC.
All rights reserved. Written disclaimers apply.

Number of circumferential grid points (up to 61): 21
Number of radial grid points (up to 41): 11

ASSUME (NON)CONCENTRIC CIRCLES INITIALLY ...

Now use "Print Screen" command to capture following
(x,y) coordinates for reference if any are to be modified ...

Please type <Return> to continue:

Pipe radius .3000E+01, centered at X = 0.000E+00, Y 0.000E+00.
Hole radius .6000E+01, centered at X = 0.000E+00, Y = 0.000E+00.

All distances and coordinates in inches.
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POSITIONS (INCHES) :

Node: Xinner Yinner Xouter Youter
1 0.3000E+01 O0.0000E+00 0.6000E+01 0.0000E+00
2 0.2853E+01 -0.9271E+00 0.5706E+01 -0.1854E+01
3 0.2427E+01 -0.1763E+01 0.4854E+01 -0.3527E+01
4 0.1763E+01 -0.2427E+01 0.3527E+01 -0.4854E+01
5 0.9271E+00 -0.2853E+01 0.1854E+01 -0.5706E+01
6 0.2265E-06 -0.3000E+01 0.4530E-06 -0.6000E+01
7 -0.9271E+00 -0.2853E+01 -0.1854E+01] -0.5706E+01
8 -0.1763E+01 -0.2427E+01 -0.3527E+01 -0.4854E+01
9 -0.2427E+01 -0.1763E+01 -0.4854E+01 -0.3527E+01

10 -0.2853E+01 -0.9271E+00 -0.5706E+01 -0.1854E+01
11 -0.3000E+01 -0.4530E-06 -0.6000E+01 -0.9060E-06
12 -0.2853E+01 0.9271E+00 -0.5706E+01 0.1854E+01
13 -0.2427E+01 0.1763E+01 -0.4854E+01 0.3527E+01
14 -0.1763E+01 0.2427E+01 -0.3527E+01 0.4854E+01
15 -0.9271E+00 0.2853E+01 -0.1854E+01 0.5706E+01
16 0.3577E-07 0.3000E+01 0.7155E-07 0.6000E+01
17 0.9270E+00 0.2853E+01 0.1854E+01 0.5706E+01
18 0.1763E+01 0.2427E+01 0.3527E+01 0.4854E+01
19 0.2427E+01 0.1763E+01 0.4854E+01 0.3527E+01
20 0.2853E+01 0.9271E+00 O0.5706E+01 0.1854E+01
Display coordinates again? Y/N: n

You may modify (x,y) coordinates point-by-point to
include cuttings bed, borehole swelling and erosion,
and also, noncircular drill collar effects

Points are individually queried in clockwise manner
starting from bottom of pipe/annulus at P .... again:

X/Y orientation:
o---->Y

|

|

P
|

v

The table at the top of this page contains the internally generated
(x,y) coordinates of concentric or eccentric circles defined by the upper
left side of the menu in Figure 2-14. If these numbers represent the
desired concentric or offset circles, further use of this tabulation is not
required. However, if it is desired to modify either the contour defining
the annular wall or that describing the pipe or collar, then the table
should be printed out (or “screen captured”) for reference. Applications
are varied. For example, one might modify the outer contour to evaluate
the effects of cuttings bed height on bottom shear stress — if simulations
show that stress levels reduce to the point that hole cleaning is no longer
efficient, numerical tests can be conducted on required “n and K values.
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On the other hand, the inner contour may be modified in order to
simulate the effects of square drill collars, or just as likely, elliptical or
triangular cross-sections in non-petroleum applications. In the screen
capture results below, we demonstrate how the outer contour can be
modified point-by-point so that the two concentric circles initially
assumed are transformed into an annular cross-section with a flat bottom
cuttings bed and a washout to the upper right. The reader should
separately plot, study the responses below and compare the redefined
numbers with those with the table at the top of the previous page.

Modify borehole wall shape? Y/N: vy

Point 1: X = 6.0000, Y = 0.0000
Modify above coordinates? Y/N: vy

O Enter new X value: 4

O Enter new Y value: 0

Point 2: X = 5.7063, Y = -1.8541
Modify above coordinates? Y/N: vy

O Enter new X value: 4

O Enter new Y value: -1.8541

Point 3: X = 4.8541, Y = -3.5267
Modify above coordinates? Y/N: vy

O Enter new X value: 4

O Enter new Y value: -3.5267

Point 4: X = 3.5267, Y = -4.8541
Modify above coordinates? Y/N: vy

O Enter new X value: 4

O Enter new Y value: -4.8541

Point 5: X = 1.8541, Y = -5.7063
Modify above coordinates? Y/N: n

Point 6: X = 0.0000, Y = -6.0000
Modify above coordinates? Y/N: n

Point 7: X = -1.8541, Y = -5.7063
Modify above coordinates? Y/N: n

Point 8: X = -3.5267, Y = -4.8541
Modify above coordinates? Y/N: n

Point 9: X = -4.8541, Y = -3.5267
Modify above coordinates? Y/N: n

Point 10: X = -5.7063, Y = -1.8541
Modify above coordinates? Y/N: n

Point 11: X = -6.0000, Y = 0.0000
Modify above coordinates? Y/N: n
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Point 12: X = -5.7063, Y = 1.8541
Modify above coordinates? Y/N: n

Point 13: X = -4.8541, Y = 3.5267
Modify above coordinates? Y/N: vy

O Enter new X value: -7

O Enter new Y value: 3.5267

Point 14: X = -3.5267, Y = 4.8541
Modify above coordinates? Y/N: vy

O Enter new X value: -7.5

O Enter new Y value: 4.8541

Point 15: X = -1.8541, Y = 5.7063
Modify above coordinates? Y/N: n

Point 16: X = 0.0000, Y = 6.0000
Modify above coordinates? Y/N: n

Point 17: X = 1.8541, Y = 5.7063
Modify above coordinates? Y/N: n

Point 18: X = 3.5267, Y = 4.8541
Modify above coordinates? Y/N: vy

O Enter new X value: 4

O Enter new Y value: 4.8541

Point 19: X = 4.8541, Y = 3.5267
Modify above coordinates? Y/N: vy

O Enter new X value: 4

O Enter new Y value: 3.5267

Point 20: X = 5.7063, Y = 1.8541
Modify above coordinates? Y/N: vy

O Enter new X value: 4

O Enter new Y value: 1.8541

This completes the process required for modifying the outer annular
contour. The software next asks if the inner contour is to be modified,
and in this example, we respond negatively. Following this response, a
revised listing of outer and inner (X,y) points is given. Again, we
emphasize that the smaller number of points used is chosen for
presentation purposes only. In actual use, a greater number of grid points
will lead to smoother geometries and computed velocities.

Modify inner pipe shape? Y/N: n
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FINAL (POSSIBLY MODIFIED) PIPE/HOLE COORDINATES:

POSITIONS (INCHES) :

Node: Xinner Yinner Xouter Youter
1 O0.3000E+01 O0.00O00E+00 0.4000E+01 0.0000E+00
2 0.2853E+01 -0.9271E+00 0.4000E+01 -0.1854E+01
3 0.2427E+01 -0.1763E+01 0.4000E+01 -0.3527E+01
4 0.1763E+01 -0.2427E+01 0.4000E+01 -0.4854E+01
5 0.9271E+00 -0.2853E+01 0.1854E+01] -0.5706E+01
6 0.2265E-06 -0.3000E+01 0.4530E-06 -0.6000E+01
7 -0.9271E+00 -0.2853E+01 -0.1854E+01 -0.5706E+01
8 -0.1763E+01 -0.2427E+01 -0.3527E+01 -0.4854E+01
9 -0.2427E+01 -0.1763E+01 -0.4854E+01 -0.3527E+01
10 -0.2853E+01 -0.9271E+00 -0.5706E+01 -0.1854E+01
11 -0.3000E+01 -0.4530E-06 -0.6000E+01 -0.9060E-06
12 -0.2853E+01 0.9271E+00 -0.5706E+01 0.1854E+01
13 -0.2427E+01 0.1763E+01 -0.7000E+01 0.3527E+01
14 -0.1763E+01 0.2427E+01 -0.7500E+01 0.4854E+01
15 -0.9271E+400 0.2853E+01 -0.1854E+01 O0.5706E+01
16 0.3577E-07 0.3000E+01 0.7155E-07 0.6000E+01
17 0.9270E+00 0.2853E+01 0.1854E+01 0.5706E+01
18 0.1763E+01 0.2427E+01 0.4000E+01 0.4854E+01
19 0.2427E+01 0.1763E+01 0.4000E+01 O0.3527E+01
20 0.2853E+01 0.9271E+00 O0.4000E+01 0.1854E+01
COMPLETE ANNULAR CONFIGURATION:
X/Y orientation:
o---->Y
|
|
v
X
11
11
11
11 11
11
11
1
1 1
1 1
11 1 1 11
1 1
11 1 1 11
1 1
11 1 1 11
1 1
1 1 1

11 11 11 11 11 11 11
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Is pipe outside of annulus? Y/N: n

Note that the “1” and “11” in the diagram of the previous page refer
to “radial” grid lines “1” (at the pipe) and “11” (at the annular wall).
Cuttings bed and washout “x” coordinates are shown in red in the prior
table. The grid generation equations are next solved internally, using a
numerically stable method that is automated and transparent to the user.
This process requires 2-3 seconds on typical Windows computers.

Grid generation initiated,
please wait ...

Iteration 1
Iteration 2

Iteration 15
Iteration 16
Iteration 17
Iteration 18
Iteration 19
Iteration 20
Iteration 21
Iteration 22, Tolerance = .7304E-02

COMPUTED MESH SYSTEM:

X/Y orientation:

o---->Y
|
|
v
X
11
11
11
11 10 1011 10
11 9 9 9 9
10 8 7 7 8 8 10
9 7 6 6 7 9
11 7 5 4 5 6 8
10 5 3 2 3 5 7
8 7 32 1 1 3 5 6
53 1 1 4
1110 9 2 2 91011
8 6 4 4 6 7
3 2
1110 8 7 5 4 2 2 3 5 7 8 91011
53 245
9 8 6 6 8 9
1110 4 3 2 4 1011
7 5 32 13 57
9 6 5 31 3 3 56 9
10 9 8 7 7 7 79 10

11 1110 11 11 1011 11 11
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The numerical solution for the velocity field now begins.
Grid generated. Now solve for annular flow
SIMULATION STARTS

Iterating, please wait

Iteration 100, Error = .00000006
Iteration 200, Error = .00000006
Iteration 900, Error = .00000006
Iteration 1000, Error = .00000006

Note: In contour plots, absolute value of velocity
is displayed to two significant digits (in/sec).
See tabulated answers for exact magnitudes.

Enter <Returns> to continue:
COMPUTED AXIAL VELOCITY:

X/Y orientation:

O---->Y
|
|
v
X
0
0
0
0 2 30 7
0 4 4 5 9
2 5 6 7 6 10 7
4 6 6 7 10 9
0 6 5 5 6 9 10
2 5 3 2 4 8 10
5 6 31 0 0 5 8 9
53 0 0 6
024 1 2 530
56 4 577
3 2
0256541 13666420
53 145
456 6 5 4
02 32 13 20
54 10 01 4 5
4 3 2 00 0 0 2 3 4
3 23 1 1 1 32 3
0 01 0 0 00 0 0

Menu: Write tabulated axial velocity
solutions for entire (x,y) cross-section to
(1) Computer screen only

(2) Output text file only

(3) Both screen and output file

(4) Do not print

Enter option (Integer): 2

39
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Annular flow rate ...... 0.9079E+03 gal/min
Cross-sectional area ... 0.7986E+02 sqg inch

The computed velocity field in the annular cross-section is now
available and displayed in ASCII character form on the previous page.
The complete iterative solution requires 2-3 seconds on typical Windows
computers. Due to spacing considerations, only the first two significant
digits (for in/sec units) are displayed. The “0” values shown indicate that
the no-slip condition at solid surfaces is satisfied. When the inner pipe or
casing moves, that “0” would be replaced by the axial translation speed.
Immediately beneath the ASCII plot (and analogous plots for other
physical quantities to be discussed) is a simple menu allowing the user to
review tabulated values of point-by-point in the flow cross-section. The
user may view these solutions on-screen, print to file only, print to both
screen and file, or not at all.

A more attractive color velocity plot (automatically generated)
appears in Figure 2-30 where a high (red) velocity at the washout is
observed that may encourage further erosion. The flow rate at the
bottom of the annulus is extremely slow, as is known to be the case in
narrow crevices. Figure 2-31 presents velocity plots in a “static view”
mode that supports contour plotting, while Figure 2-31 supports a
“dynamic view” that supports rotations, translations and rescalings.

(8 ductplot =10 Ill

File Edit View State Window Help

N Axial velocity U(x,y)

Figure 2-30. Planar velocity plot (hole with cuttings bed and washout).
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(29 3D Surface Plotter (Static View)
File Edit Scale View
~ Graphing Mode 7~ Legend Display

1 Surface Mesh R Grid
 Dif & 0n  OF

" Resst (v # & Corfiruous © Stepped| & On

Axial Velocity

1
i et
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Figure 2-31. Static velocity plot (hole with cuttings bed and washout).

[£1 3D Surface Plotter (Dynamic View) il

File Edit View
- Action
Axial Velocity C Nene
% Rotate
" Move
" Scale

==

Constraint
" Mone
¥ Awis
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* Z Asiz
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Fesst |

Vef e |

Figure 2-32. Dynamic velocity plot (annulus with
bottom cuttings bed and washout).
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As noted earlier, displays such as that in Figure 2-30 can be
rendered more attractive by increasing mesh density — our use of coarse
meshes is only motivated by presentation objectives. Additional run-
time display options are available to users, e.g., apparent viscosity, x and
y shear rates, X and y viscous stresses, Stokes product and dissipation
function. For instance, “laminar versus turbulent flow maps” are also
created if desired —

Plot laminar/turbulent transitions? Y/N: vy

If this selection is selected, the user first inputs the “critical
Reynolds number,” typically 2,100 for idealized Newtonian flows on
smooth flat plates. Then, in a diagram similar to the foregoing ASCII
velocity plot, “L” appears at laminar points while “T” appears at those
turbulent. Such flow stability plots are repeatable as often as are
necessary. Examples are given later. We note that, for all flow
properties cited, the tabulation menu discussed earlier appears, providing
users with multiple options to document numerical values. In what
follows below, we have listed portions of the text output file
automatically created by the software and available from the <Results>
menu. These results appear in Courier New font. Most details are
shown for the velocity field, but for all other flow properties, fewer are
retained due to space limitations.

Full option simulation mode assumed ...

Steady, 2-D, non-Newtonian, Herschel-Bulkley flow in
highly eccentric annulus with borehole axis curvature,
and axial pipe movement but no rotation. Size and shape
of plug zone associated with yield stress fluids
properly computed. Axial pressure gradient or total
volume flow rate may be specified. Solution using
finite difference relaxation method on boundary
conforming, curvilinear meshes. Refer to source code
eccen02p-06-mod-e32.for for discussion or licensing.

Copyright (C), 2010, Stratamagnetic Software, LLC.
All rights reserved. Written disclaimers apply.

Borehole axis radius of curvature (ft): 0.1000E+05
ASSUME (NON)CONCENTRIC CIRCLES INITIALLY ...
Pipe radius .3000E+01, centered at X = 0.000E+00, Y = 0.000E+00.

Hole radius .6000E+01, centered at X = 0.000E+00, Y = 0.000E+00.
All distances and coordinates in inches.
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POSITIONS (INCHES) :

Node: Xinner Yinner Xouter Youter
1 O0.3000E+01 O0.0000E+00 0.6000E+01 0.0000E+00
2 0.2853E+01 -0.9271E+00 0.5706E+01 -0.1854E+01
3 0.2427E+01 -0.1763E+01 0.4854E+01 -0.3527E+01
4 0.1763E+01 -0.2427E+01 0.3527E+01 -0.4854E+01
5 0.9271E+00 -0.2853E+01 0.1854E+01 -0.5706E+01
6 0.2265E-06 -0.3000E+01 0.4530E-06 -0.6000E+01
7 -0.9271E+00 -0.2853E+01 -0.1854E+01 -0.5706E+01
8 -0.1763E+01 -0.2427E+01 -0.3527E+01 -0.4854E+01
9 -0.2427E+01 -0.1763E+01 -0.4854E+01 -0.3527E+01

10 -0.2853E+01 -0.9271E+00 -0.5706E+01 -0.1854E+01
11 -0.3000E+01 -0.4530E-06 -0.6000E+01 -0.9060E-06
12 -0.2853E+01 0.9271E+00 -0.5706E+01 0.1854E+01
13 -0.2427E+401 0.1763E+01 -0.4854E+01 0.3527E+01
14 -0.1763E+01 0.2427E+01 -0.3527E+01 0.4854E+01
15 -0.9271E+00 0.2853E+01 -0.1854E+01 0.5706E+01
16 0.3577E-07 0.3000E+01 0.7155E-07 0.6000E+01
17 0.9270E+00 0.2853E+01 0.1854E+01 0.5706E+01
18 0.1763E+01 0.2427E+01 0.3527E+01 0.4854E+01
19 0.2427E+01 0.1763E+01 0.4854E+01 0.3527E+01
20 0.2853E+01 0.9271E+00 O0.5706E+01 0.1854E+01

FINAL (POSSIBLY MODIFIED) PIPE/HOLE COORDINATES:

POSITIONS (INCHES) :
Node: Xinner Yinner Xouter Youter

1 0.3000E+01 O0.0000E+00 0.4000E+01 0.0000E+00
2 0.2853E+01 -0.9271E+00 0.4000E+01 -0.1854E+01
3 0.2427E+01 -0.1763E+01 0.4000E+01 -0.3527E+01
4 0.1763E+01 -0.2427E+01 0.4000E+01 -0.4854E+01
5 0.9271E+00 -0.2853E+01 0.1854E+01 -0.5706E+01
6 0.2265E-06 -0.3000E+01 0.4530E-06 -0.6000E+01
7 -0.9271E+00 -0.2853E+01 -0.1854E+01 -0.5706E+01
8 -0.1763E+01 -0.2427E+01 -0.3527E+01 -0.4854E+01
9 -0.2427E+01 -0.1763E+01 -0.4854E+01 -0.3527E+01
10 -0.2853E+01 -0.9271E+00 -0.5706E+01 -0.1854E+01
11 -0.3000E+01 -0.4530E-06 -0.6000E+01 -0.9060E-06
12 -0.2853E+01 0.9271E+00 -0.5706E+01 0.1854E+01
13 -0.2427E+01 0.1763E+01 -0.7000E+01 0.3527E+01
14 -0.1763E+01 0.2427E+01 -0.7500E+01 0.4854E+01
15 -0.9271E+00 0.2853E+01 -0.1854E+01 0.5706E+01
16 0.3577E-07 0.3000E+01 O0.7155E-07 0.6000E+01
17 0.9270E+00 0.2853E+01 0.1854E+01 0.5706E+01
18 0.1763E+01 0.2427E+01 0.4000E+01 0.4854E+01
19 0.2427E+01 0.1763E+01 0.4000E+01 0.3527E+01
20 0.2853E+01 0.9271E+00 0.4000E+01 0.1854E+01

Input coordinates are SHIFTED for on-screen
plotting and "8 1/2 x 11" output file printing: -
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SHIFTED PIPE/COLLAR COORDINATES:

"old X"

.3000E+01
.2853E+01
.2427E+01
.1763E+01
.9271E+00
.2265E-06
.9271E+00
.1763E+01
.2427E+01
.2853E+01
.3000E+01
.2853E+01
.2427E+01
.1763E+01
.9271E+00
.3577E-07
.9270E+00
.1763E+01
.2427E+01
.2853E+01

[ T O S T N |
O OO OO0 O0oOoOoOo oo

O O OO oo o o

"old Y

.0000E+00
.9271E+00
.1763E+01
.2427E+01
.2853E+01
.3000E+01
.2853E+01
.2427E+01
.1763E+01
.9271E+00
.4530E-06
.9271E+00
.1763E+01
.2427E+01
.2853E+01
.3000E+01
.2853E+01
.2427E+01
.1763E+01
.9271E+00

[elelelelNelNeNeNeoNoNololoNoNeoNoNoNoNoRoNel

"New X"

.1150E+02
.1135E+02
.1093E+02
.1026E+02
.9427E+01
.8500E+01
.7573E+01
.6737E+01
.6073E+01
.5647E+01
.5500E+01
.5647E+01
.6073E+01
.6737E+01
.7573E+01
.8500E+01
.9427E+01
.1026E+02
.1093E+02
.1135E+02

n New Y n
.7000E+01
.6073E+01
.5237E+01
.4573E+01
.4147E+01
.4000E+01
.4147E+01
.4573E+01
.5237E+01
.6073E+01
.7000E+01
.7927E+01
.8763E+01
.9427E+01
.9853E+01
.1000E+02
.9853E+01
.9427E+01
.8763E+01
.7927E+01

[olelelelNelNeNeNeoNoNololoNoNeoNoNoNoRo ool

SHIFTED BOREHOLE ANNULUS COORDINATES:

"0ld X"

.4000E+01
.4000E+01
.4000E+01
.4000E+01
.1854E+01
.4530E-06
.1854E+01
.3527E+01
.4854E+01
.5706E+01
.6000E+01
.5706E+01
.7000E+01
.7500E+01
.1854E+01
.7155E-07
.1854E+01
.4000E+01
.4000E+01
.4000E+01

L T e R S I B B |
O OO 0O0OO0O0OO0OO0o0oOoO oo

O O O O o o oo

"old y"

.0000E+0Q0
.1854E+01
.3527E+01
.4854E+01
.5706E+01
.6000E+01
.5706E+01
.4854E+01
.3527E+01
.1854E+01
.9060E-06
.1854E+01
.3527E+01
.4854E+01
.5706E+01
.6000E+01
.5706E+01
.4854E+01
.3527E+01
.1854E+01

[elelelelelNeNeNeoNoNoNololNeoNeoNeoNoNoNoNoNe

"New X"

.1250E+02
.1250E+02
.1250E+02
.1250E+02
.1035E+02
.8500E+01
.6646E+01
.4973E+01
.3646E+01
.2794E+01
.2500E+01
.2794E+01
.1500E+01
.1000E+01
.6646E+01
.8500E+01
.1035E+02
.1250E+02
.1250E+02
.1250E+02

pipe (inches/sec) :

n New Y n
.7000E+01
.5146E+01
.3473E+01
.2146E+01
.1294E+01
.1000E+01
.1294E+01
.2146E+01
.3473E+01
.5146E+01
.7000E+01
.8854E+01
.1053E+02
.1185E+02
.1271E+02
.1300E+02
.1271E+02
.1185E+02
.1053E+02
.8854E+01

[elelelelelNeNeNoNoNoNololoRNeoNeoNoNoNoRoNel

.0000E+00
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COMPLETE ANNULAR CONFIGURATION:

X/Y orientation:

0----> Y
\%
X
11
11
11
11 11
11
11
1
1 1
1 1
11 1 1 11
1 1
11 1 1 11
1 1
11 1 1 11
1 1
1 1 1

11 11 11 11 11 11 11
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COMPUTED MESH SYSTEM:

X/Y orientation:

o---->Y
|
|
\4
X
11
11
11
11 10 1011 10
11 9 9 9 9
10 8 7 7 8 8 10
9 7 6 6 7 9
11 7 5 4 5 6 8
10 5 3 2 3 5 7
8 7 3 2 1 1 3 56
53 1 1 4
1110 9 2 2 91011
8 6 4 4 6 7
3 2
1110 8 7 5 4 2 2 35 7 8 91011
53 2 45
9 8 6 6 8 9
1110 4 3 2 4 1011
75 32 13 5 7
9 6 5 31 3 3 56 9
10 9 8 7 7 7 7 9 10

11 1110 11 11 1011 11 11
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SIMULATION STARTS
Newtonian fluid assumed with exponent "n" equal
to .1000E+01 and consistency factor of .1465E-06

1bf sec”n/sq in.

A yield stress of .0000E+00 psi, is taken.

Axial pressure gradient assumed as -.1000E-03 psi/ft.
Iteration 100, Error = .00000006
Iteration 200, Error = .00000006
Iteration 300, Error = .00000006
Iteration 400, Error = .00000006
Iteration 500, Error = .00000006
Iteration 600, Error = .00000006
Iteration 700, Error = .00000006
Iteration 800, Error = .00000006
Iteration 900, Error = .00000006
Iteration 1000, Error = .00000006

COMPUTED AXIAL VELOCITY:

X/Y orientation:

0---->Y
|
|
v
X
0
0
0
0 2 30 7
0 4 4 5 9
2 5 6 76 10 7
4 6 6 7 10 9
0 6 5 5 6 9 10
2 5 3 2 4 8 10
5 6 31 0 0 5 89
53 0 0 6
024 1 2 530
56 4 577
3 2
02560541 13666420
53 145
456 6 5 4
02 32 13 20
54 10 01 45
4 32 00 0 0 23 4
3 23 1 101 32 3
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EXACT AXIAL VELOCITIES (IN/SEC):

Results for inner boundary, Contour No. 1:

# 1 X=0.1135E+02 Y=0.7000E+01 Answer = 0.0000E+00
# 2 X=0.1135E+02 Y=0.6073E+01 Answer = 0.0000E+00
# 3 X=0.1093E+02 Y=0.5237E+01 Answer = 0.0000E+00
# 4 X=0.1026E+02 Y=0.4573E+01 Answer = 0.0000E+00
# 5 X=0.9427E+01 Y=0.4147E+01 Answer = 0.0000E+00
# 6 X=0.8500E+01 Y=0.4000E+01 Answer = 0.0000E+00
# 7 X=0.7573E+01 Y=0.4147E+01 Answer = 0.0000E+00
# 8 X=0.6737E+01 Y=0.4573E+01 Answer = 0.0000E+00
# 9 X=0.6073E+01 Y=0.5237E+01 Answer = 0.0000E+00
# 10 X=0.5647E+01 Y=0.6073E+01 Answer = 0.0000E+00
# 11 X=0.5500E+01 Y=0.7000E+01 Answer = 0.0000E+00
# 12 X=0.5647E+01 Y=0.7927E+01 Answer = 0.0000E+00
# 13 X=0.6073E+01 Y=0.8763E+01 Answer = 0.0000E+00
# 14 X=0.6737E+01 Y=0.9427E+01 Answer = 0.0000E+00
# 15 X=0.7573E+01 Y=0.9853E+01 Answer = 0.0000E+00
# 16 X=0.8500E+01 Y=0.1000E+02 Answer = 0.0000E+00
# 17 X=0.9427E+01 Y=0.9853E+01 Answer = 0.0000E+00
# 18 X=0.1026E+02 Y=0.9427E+01 Answer = 0.0000E+00
# 19 X=0.1093E+02 Y=0.8763E+01 Answer = 0.0000E+00
# 20 X=0.1135E+02 Y=0.7927E+01 Answer = 0.0000E+00
Results for Contour No. 2:

# 1 X=0.1147E+02 Y=0.7000E+01 Answer = 0.4005E+01
# 2 X=0.1144E+02 Y=0.6019E+01 Answer = 0.4005E+01
# 3 X=0.1103E+02 Y=0.5130E+01 Answer = 0.8502E+01
# 4 X=0.1036E+02 Y=0.4415E+01 Answer = 0.1509E+02
# 5 X=0.9488E+01 Y=0.3951E+01 Answer = 0.1802E+02
# 6 X=0.8499E+01 Y=0.3789E+01 Answer = 0.1893E+02
# 7 X=0.7507E+01 Y=0.3944E+01 Answer = 0.1919E+02
# 8 X=0.6611E+01 Y=0.4400E+01 Answer = 0.1928E+02
# 9 X=0.5900E+01 Y=0.5111E+01 Answer = 0.1936E+02
# 10 X=0.5443E+01 Y=0.6005E+01 Answer = 0.1961E+02
# 11 X=0.5283E+01 Y=0.6996E+01 Answer = 0.2041E+02
# 12 X=0.5430E+01 Y=0.7983E+01 Answer = 0.2273E+02
# 13 X=0.5865E+01 Y=0.8878E+01 Answer = 0.2697E+02
# 14 X=0.6575E+01 Y=0.9597E+01 Answer = 0.2612E+02
# 15 X=0.7492E+01 Y=0.1006E+02 Answer = 0.2195E+02
# 16 X=0.8495E+01 Y=0.1021E+02 Answer = 0.1982E+02
# 17 X=0.9487E+01 Y=0.1005E+02 Answer = 0.1828E+02
# 18 X=0.1036E+02 Y=0.9585E+01 Answer = 0.1516E+02
# 19 X=0.1103E+02 Y=0.8871E+01 Answer = 0.8514E+01
# 20 X=0.1144E+02 Y=0.7981E+01 Answer = 0.4006E+01
Results for Contour No. 3:

# 1 X=0.1158E+02 Y=0.7000E+01 Answer = 0.7489E+01
# 2 X=0.1154E+02 Y=0.5961E+01 Answer = 0.7488E+01
# 3 X=0.1113E+02 Y=0.5014E+01 Answer = 0.1610E+02
# 4 X=0.1047E+02 VY=0.4246E+01 Answer = 0.2835E+02
# 5 X=0.9553E+01 Y=0.3740E+01 Answer = 0.3357E+02
# 6 X=0.8498E+01 Y=0.3562E+01 Answer = 0.3516E+02
# 7 X=0.7436E+01 Y=0.3727E+01 Answer = 0.3561E+02
# 8 X=0.6477E+01 Y=0.4215E+01 Answer = 0.3577E+02
# 9 X=0.5715E+01 Y=0.4976E+01 Answer = 0.3593E+02
# 10 X=0.5225E+01 Y=0.5933E+01 Answer = 0.3638E+02
# 11 X=0.5051E+01 Y=0.6991E+01 Answer = 0.3786E+02
# 12 X=0.5198E+01 Y=0.8044E+01 Answer = 0.4223E+02
# 13 X=0.5639E+01 Y=0.9001E+01 Answer = 0.5072E+02
# 14 X=0.6396E+01 Y=0.9779E+01 Answer = 0.4927E+02
# 15 X=0.7404E+01 Y=0.1028E+02 Answer = 0.4089E+02
# 16 X=0.8489E+01 Y=0.1044E+02 Answer = 0.3684E+02
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# 17 X=0.9551E+01 Y=0.1026E+02 Answer = 0.3407E+02
# 18 X=0.1047E+02 Y=0.9754E+01 Answer = 0.2849E+02
# 19 X=0.1113E+02 Y=0.8986E+01 Answer = 0.1612E+02
# 20 X=0.1154E+02 Y=0.8039E+01 Answer = 0.7490E+01
Results for Contour No. 4:

# 1 X=0.1170E+02 Y=0.7000E+01 Answer = 0.1033E+02
# 2 X=0.1164E+02 Y=0.5897E+01 Answer = 0.1033E+02
# 3 X=0.1125E+02 Y=0.4889E+01 Answer = 0.2260E+02
# 4 X=0.1059E+02 Y=0.4064E+01 Answer = 0.3959E+02
# 5 X=0.9624E+01 Y=0.3514E+01 Answer = 0.4634E+02
# 6 X=0.8498E+01 Y=0.3319E+01 Answer = 0.4831E+02
# 7 X=0.7360E+01 Y=0.3494E+01 Answer = 0.4887E+02
# 8 X=0.6332E+01 Y=0.4016E+01 Answer = 0.4906E+02
# 9 X=0.5516E+01 Y=0.4831E+01 Answer = 0.4926E+02
# 10 X=0.4991E+01 Y=0.5855E+01 Answer = 0.4986E+02
# 11 X=0.4802E+01 Y=0.6986E+01 Answer = 0.5186E+02
# 12 X=0.4949E+01 Y=0.8108E+01 Answer = 0.5795E+02
# 13 X=0.5390E+01 Y=0.9131E+01 Answer = 0.7093E+02
# 14 X=0.6197E+01 Y=0.9973E+01 Answer = 0.6909E+02
# 15 X=0.7309E+01 Y=0.1052E+02 Answer = 0.5624E+02
# 16 X=0.8483E+01 Y=0.1069E+02 Answer = 0.5059E+02
# 17 X=0.9620E+01 Y=0.1049E+02 Answer = 0.4701E+02
# 18 X=0.1059E+02 Y=0.9937E+01 Answer = 0.3979E+02
# 19 X=0.1125E+02 Y=0.9111E+01 Answer = 0.2264E+02
# 20 X=0.1164E+02 Y=0.8103E+01 Answer = 0.1033E+02
Results for Contour No. 5:

# 1 X=0.1181E+02 Y=0.7000E+01 Answer = 0.1241E+02
# 2 X=0.1174E+02 Y=0.5826E+01 Answer = 0.1241E+02
# 3 X=0.1137E+02 Y=0.4753E+01 Answer = 0.2779E+02
# 4 X=0.1072E+02 Y=0.3867E+01 Answer = 0.4854E+02
# 5 X=0.9701E+01 Y=0.3269E+01 Answer = 0.5589E+02
# 6 X=0.8497E+01 Y=0.3057E+01 Answer = 0.5790E+02
# 7 X=0.7279E+01 Y=0.3244E+01 Answer = 0.5845E+02
# 8 X=0.6177E+01 Y=0.3803E+01 Answer = 0.5865E+02
# 9 X=0.5303E+01 Y=0.4675E+01 Answer = 0.5888E+02
# 10 X=0.4739E+01 Y=0.5773E+01 Answer = 0.5955E+02
# 11 X=0.4535E+01 Y=0.6982E+01 Answer = 0.6186E+02
# 12 X=0.4684E+01 Y=0.8179E+01 Answer = 0.6923E+02
# 13 X=0.5115E+01 Y=0.9270E+01 Answer = 0.8717E+02
# 14 X=0.5972E+01 Y=0.1018E+02 Answer = 0.8513E+02
# 15 X=0.7208E+01 Y=0.1077E+02 Answer = 0.6735E+02
# 16 X=0.8478E+01 Y=0.1096E+02 Answer = 0.6052E+02
# 17 X=0.9697E+01 Y=0.1074E+02 Answer = 0.5665E+02
# 18 X=0.1072E+02 Y=0.1013E+02 Answer = 0.4878E+02
# 19 X=0.1137E+02 Y=0.9247E+01 Answer = 0.2784E+02
# 20 X=0.1174E+02 Y=0.8174E+01 Answer = 0.1241E+02
Results for Contour No. 6:

# 1 X=0.1193E+02 Y=0.7000E+01 Answer = 0.1361E+02
# 2 X=0.1185E+02 Y=0.5747E+01 Answer = 0.1360E+02
# 3 X=0.1150E+02 Y=0.4603E+01 Answer = 0.3138E+02
# 4 X=0.1087E+02 Y=0.3652E+01 Answer = 0.5476E+02
# 5 X=0.9787E+01 Y=0.3004E+01 Answer = 0.6164E+02
# 6 X=0.8497E+01 Y=0.2775E+01 Answer = 0.6335E+02
# 7 X=0.7191E+01 Y=0.2974E+01 Answer = 0.6381E+02
# 8 X=0.6011E+01 Y=0.3573E+01 Answer = 0.6398E+02
# 9 X=0.5073E+01 Y=0.4508E+01 Answer = 0.6420E+02
# 10 X=0.4469E+01 Y=0.5684E+01 Answer = 0.6487E+02
# 11 X=0.4250E+01 Y=0.6979E+01 Answer = 0.6726E+02
# 12 X=0.4402E+01 Y=0.8255E+01 Answer = 0.7535E+02
# 13 X=0.4806E+01 Y=0.9418E+01 Answer = 0.9880E+02
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F o3 3 o I

Results for Contour
0.1204E+02
0.1197E+02
0.1164E+02
0.1105E+02
0.9881E+01
0.8497E+01
0.7097E+01
0.5832E+01
0.4827E+01
0.
0
0
0
0
0
0
0
0
0
0

FE 3 3 o FE 3E 3 3 S o 3E 3E 3 3 3 3

Results for Contour
0.1216E+02
0.1209E+02
0.1180E+02
0.1126E+02
0.9987E+01
0.8498E+01
0.6996E+01
0.5640E+01
0.4563E+01
0.3869E+01
0.
0
0
0
0
0
0
0
0
0

F o3 3 3 o FE 3 G 3 S S 3 3 3 3 3 3 3

Results for Contour
.1227E+02
.1221E+02
.1199E+02
.1152E+02
.1010E+02
.8498E+01
.6888E+01
.5433E+01
.4279E+01
.3536E+01

F o3 3 o o 3 3 3

i

14
15
16
17
18
19
20

1

O W o Jo Ul WN

DDA DB DD T DD D DB D DA DX

B I S

DD DA DN D DM K

[eNeNeNeNeNeNeNeNeNe}

.5712E+01
.7101E+01
.8475E+01
.9782E+01
.1087E+02
.1150E+02
.1185E+02

4180E+01

.3945E+01
.4104E+01
.4456E+01
.5405E+01
.6991E+01
.8473E+01
.9877E+01
.1105E+02
.1164E+02
.1197E+02

3619E+01

.3795E+01
.4048E+01
.5026E+01
.6881E+01
.8474E+01
.9982E+01
.1126E+02
.1180E+02
.1209E+02

R R IO O R R R R
lelelelNelNelNelNelNelNe e Ne Ne e e oo e Ne e e B

zZ
I L L | R | R | | | R [ Ry}
OO0 0000000000000 O0O0OO0O0Oo:

HEKKKHKHKKKKKKKKKKKKK KKK

No.

KOO R R R

.1040E+02
.1105E+02
.1124E+02
.1100E+02
.1035E+02
.9398E+01
.8253E+01

7:

.7000E+01
.5659E+01
.4436E+01
.3416E+01
.2716E+01
.2471E+01
.2685E+01
.3327E+01
.4329E+01
.5590E+01
.6977E+01
.8340E+01
.9576E+01
.1063E+02
.1134E+02
.1155E+02
.1129E+02
.1059E+02
.9565E+01
.8341E+01

8:

.7000E+01
.5558E+01
.4248E+01
.3156E+01
.2403E+01
.2143E+01
.2374E+01
.3063E+01
.4137E+01
.5489E+01
.6978E+01
.8437E+01
.9747E+01
.1088E+02
.1166E+02
.1187E+02
.1160E+02
.1085E+02
.9753E+01
.8442E+01

9:

.7000E+01
.5443E+01
.4033E+01
.2867E+01
.2062E+01
.1790E+01
.2040E+01
.2779E+01
.3932E+01
.5382E+01

Answer =

Answer
Answer
Answer
Answer
Answer

Answer =

Answer =

Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer

Answer =

Answer =

Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer

Answer =

Answer =

Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer

Answer =

oo ooooo

[eNeNeNeleleNeNeNoNoNeoNcNeNeRe N X = NeNNo}

[eNeNeNelecNeNeNeNo NN NeNeReNo NN N Ne}

[eNeNeNoNeoNeNeNeNeN-}

.9682E+02
.7345E+02
.6603E+02
.6241E+02
.5502E+02
.3144E+02
.1361E+02

.1378E+02
.1378E+02
.3297E+02
.5762E+02
.6284E+02
.6398E+02
.6428E+02
.6440E+02
.6459E+02
.6519E+02
.6741E+02
.7552E+02
.1050E+03
.1034E+03
.7372E+02
.6641E+02
.6353E+02
.5786E+02
.3304E+02
.1378E+02

.1278E+02
.1277E+02
.3199E+02
.5616E+02
.5855E+02
.5897E+02
.5909E+02
.5916E+02
.5929E+02
.5976E+02
.6159E+02
.6896E+02
.1043E+03
.1039E+03
.6725E+02
.6088E+02
.5907E+02
.5636E+02
.3205E+02
.1278E+02

.1039E+02
.1039E+02
.2753E+02
.4885E+02
.4758E+02
.4738E+02
.4736E+02
.4737E+02
.4745E+02
.4776E+02



# 11 X=0.3271E+01 Y=0
# 12 X=0.3477E+01 Y=0
# 13 X=0.3553E+01 Y=0
# 14 X=0.4523E+01 Y=0
# 15 X=0.6778E+01 Y=0
# 16 X=0.8479E+01 Y=0
# 17 X=0.1010E+02 Y=0
# 18 X=0.1152E+02 Y=0
# 19 X=0.1199E+02 Y=0
# 20 X=0.1221E+02 Y=0
Results for Contour No.

1 X=0.1239E+02 Y=0
# 2 X=0.1235E+02 Y=0
# 3 X=0.1221E+02 Y=0
# 4 X=0.1189E+02 Y=0
# 5 X=0.1023E+02 Y=0
# 6 X=0.8499E+01 Y=0
# 7 X=0.6771E+01 Y=0
# 8 X=0.5212E+01 Y=0
# 9 X=0.3974E+01 Y=0
# 10 X=0.3178E+01 Y=0
# 11 X=0.2899E+01 Y=0
# 12 X=0.3152E+01 Y=0
# 13 X=0.2890E+01 Y=0
# 14 X=0.3755E+01 Y=0
# 15 X=0.6691E+01 Y=0
# 16 X=0.8487E+01 Y=0
# 17 X=0.1022E+02 Y=0
# 18 X=0.1189E+02 Y=0
# 19 X=0.1221E+02 Y=0
# 20 X=0.1235E+02 Y=0

Results for borehole annulus boundary,
0.7000E+01
0.5146E+01
0.3473E+01
0.2146E+01
0.1294E+01
0.1000E+01
0.1294E+01
0.2146E+01
0.3473E+01
0.5146E+01
0.
0
0
0
0
0
0
0
0
0

# 1 X=0.1250E+02 Y=
# 2 X=0.1250E+02 Y=
# 3 X=0.1250E+02 Y=
# 4 X=0.1250E+02 Y=
# 5 X=0.1035E+02 Y=
# 6 X=0.8500E+01 Y=
# 7 X=0.6646E+01 Y=
# 8 X=0.4973E+01 Y=
# 9 X=0.3646E+01 Y=
# 10 X=0.2794E+01 Y=
# 11 X=0.2500E+01 Y=
# 12 X=0.2794E+01 Y=
# 13 X=0.1500E+01 Y=
# 14 X=0.1000E+01 Y=
# 15 X=0.6646E+01 Y=
# 16 X=0.8500E+01 Y=
# 17 X=0.1035E+02 Y=
# 18 X=0.1250E+02 Y=
# 19 X=0.1250E+02 Y=
# 20 X=0.1250E+02 Y=

Annular flow rate ..
Cross-sectional area

.6982E+01
.8548E+01
.9936E+01
.1113E+02
.1199E+02
.1222E+02
.1194E+02
.1114E+02
.9968E+01
.8557E+01

10:

.7000E+01
.5308E+01
.3781E+01
.2539E+01
.1692E+01
.1409E+01
.1680E+01
.2474E+01
.3711E+01
.5268E+01
.6989E+01
.8681E+01
.1016E+02
.1141E+02
.1234E+02
.1260E+02
.1231E+02
.1146E+02
.1022E+02
.8692E+01

7000E+01

.8854E+01
.1053E+02
.1185E+02
.1271E+02
.1300E+02
.1271E+02
.1185E+02
.1053E+02
.8854E+01

Answer =

Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer

Answer =

Answer =

Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer

Answer =

Answer =

Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer

Answer =

OO0OO0OO0OO0OO0OO0OO0OO0OOo

[eNeNeNoNeNeleNeNeNoNeNeNeNe RN XN N Ne}

OO0 O0O0O0000O0OO0OO0OO0OO0OO0O0O0O0O0Oo
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.4903E+02
.5495E+02
.9469E+02
.9650E+02
.5316E+02
.4860E+02
.4789E+02
.4897E+02
.2757E+02
.1039E+02

.6310E+01
.6308E+01
.1802E+02
.3279E+02
.2854E+02
.2813E+02
.2805E+02
.2804E+02
.2807E+02
.2821E+02
.2884E+02
.3284E+02
.7087E+02
.7713E+02
.3073E+02
.2864E+02
.2866E+02
.3283E+02
.1804E+02
.6312E+01

Contour No. 11:
0.
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00

0000E+00

0.9079E+03 gal/min

0.7986E+02 sg inch
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NEW STABILITY CALCULATION:

Mud assumed to be .1000E+01 times as dense as water,
with critical Reynolds number of .2000E+04 in annulus.

LAMINAR/TURBULENT STABILITY ZONES:

X/Y orientation:

o---->Y
|
|
\4
X
L
L
L
L T T L T
L T T T T
T T T T T T T
T T T T T T
L T T T T T T
T T T T T T T
T T T T L L T T T
T T L L T
LTT T T TTL
TTT TTT
T T
LTTTTTT TTTTTTTL
T T TTT
TTT TTT
LT T T T T T L
T T T T LT T T
T T T T L T T T T T
T T T T T T T T T
L LT L L T L L L

Avg Reynolds number, bottom half annulus: .1665E+06
Average Reynolds number, entire annulus: .2235E+06
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PLOT OF "APPARENT VISCOSITY" VS (X,Y):
COMPUTED APPARENT VISCOSITY:

X/Y orientation:

o---->Y
|
|
v
X
14
14
14
14 14 1414 14
14 14 14 14 14
14 14 14 1414 14 14
14 14 14 14 14 14
14 14 14 14 14 14 14
14 14 14 14 14 14 14
1414 1414 14 14 14 1414
1414 14 14 14
141414 14 14 141414
141414 141414
14 14
14141414141414 1414141414141414
1414 141414
141414 141414
1414 1414 1414 1414
1414 1414 1414 1414
14 1414 1414 14 14 1414 14
14 1414 14 14 14 1414 14
14 1414 14 14 1414 14 14
EXACT APPARENT VISCOSITIES (LBF SEC/SQ IN):
Results for inner boundary, Contour No. 1:
# 1 X=0.1135E+02 Y=0.7000E+01 Answer = 0.1465E-06
# 2 X=0.1135E+02 Y=0.6073E+01 Answer = 0.1465E-06
# 3 X=0.1093E+02 Y=0.5237E+01 Answer = 0.1465E-06
# 4 X=0.1026E+02 Y=0.4573E+01 Answer = 0.1465E-06

Apparent viscosity tabulations are similar to those for velocity. In
the present simulation, a Newtonian fluid is assumed so that all “apparent
viscosity” values are identical and equal to the Newtonian viscosity.
Tabulations for apparent viscosity are therefore omitted. For non-
Newtonian applications, values will vary throughout space and also with
flow rate or pressure gradient.
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PLOT OF STRESS "AppVisc x dU(x,y)/dx" VS (X,Y):
COMPUTED (ABSOLUTE VALUE OF) VISCOUS STRESSES:

X/Y orientation:

o---->Y
|
|
\Y%
X
3
9
11
11 9 1215 6
9 6 6 8 4
7 3 1 25 2 2
5 1 1 0 0 1
6 0 3 6 3 2 0
5 3 8 12 9 4 1
20 79 13 15 9 4 3
25 11 14 6
321 6 9 011
102 311
2 4
0000O0O0CO 000O0O0OOCOO
0 2 310
110 011
32 2 4 52 23
11 4 6 7 4 11
3 01 3 6 3 3 10 3
4 53 1 0 1 25 4
5 10 7 7 4 57 10 5
EXACT VISCOUS STRESSES (PSI):
Results for inner boundary, Contour No. 1:
# 1 X=0.1135E+02 Y=0.7000E+01 Answer = 0.4688E-05
# 2 X=0.1135E+02 Y=0.6073E+01 Answer = 0.6129E-05
# 3 X=0.1093E+02 Y=0.5237E+01 Answer = 0.7569E-05
# 4 X=0.1026E+02 Y=0.4573E+01 Answer = 0.7503E-05
# 5 X=0.9427E+01 Y=0.4147E+01 Answer = 0.4306E-05
# 6 X=0.8500E+01 Y=0.4000E+01 Answer = -.1303E-07
# 7 X=0.7573E+01 Y=0.4147E+01 Answer = -.4475E-05
# 8 X=0.6737E+01 Y=0.4573E+01 Answer = -.8526E-05
# 9 X=0.6073E+01 Y=0.5237E+01 Answer = -.1177E-04
# 10 X=0.5647E+01 Y=0.6073E+01 Answer = -.1397E-04
# 11 X=0.5500E+01 Y=0.7000E+01 Answer = -.1514E-04
# 12 X=0.5647E+01 Y=0.7927E+01 Answer = -.1554E-04
# 13 X=0.6073E+01 Y=0.8763E+01 Answer = -.1474E-04
# 14 X=0.6737E+01 Y=0.9427E+01 Answer = -.1055E-04
# 15 X=0.7573E+01 Y=0.9853E+01 Answer = -.4982E-05
# 16 X=0.8500E+01 Y=0.1000E+02 Answer = -.4651E-07
# 17 X=0.9427E+01 Y=0.9853E+01 Answer = 0.4339E-05
# 18 X=0.1026E+02 Y=0.9427E+01 Answer = 0.7526E-05
# 19 X=0.1093E+02 Y=0.8763E+01 Answer = 0.7576E-05
# 20 X=0.1135E+02 Y=0.7927E+01 Answer = 0.6129E-05

Additional results are omitted due to space limitations.



PLOT OF STRESS "AppVisc x dU(x,y)/dy" VS

COMPUTED

(ABSOLUTE VALUE OF)

X/Y orientation:

o---->Y

\Y%
X

10 8 5

11 8 3

10 8

EXACT VISCOUS STRESSES

Results for inner boundary,
0.1135E+02
0.1135E+02
0.1093E+02
0.1026E+02
0.9427E+01
0.8500E+01
0.7573E+01
0.6737E+01
0.6073E+01
0.
0
0
0
0
0
0
0
0
0
0

o FE G G o G
[
[

DA DA D D X X ) T DD DD D K X

5647E+01

.5500E+01
.5647E+01
.6073E+01
.6737E+01
.7573E+01
.8500E+01
.9427E+01
.1026E+02
.1093E+02
.1135E+02

Y=0.
.6073E+01
.5237E+01
.4573E+01
.4147E+01
.4000E+01
.4147E+01
.4573E+01
.5237E+01
.6073E+01
.7000E+01
.7927E+01
.8763E+01
.9427E+01
.9853E+01
.1000E+02
.9853E+01
.9427E+01
.8763E+01
.7927E+01

R R R I R R R
OO0 0000000000000 OoOOoOOoOo

0
0
0
0
0
0
0

4

1 1
0
0

(PSI) :

7000E+01

uwN N

Contour No.
Answer =

Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
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(X,Y):

Answer =

OO0 O0OO0OO0O0O0O0 OO I

VISCOUS STRESSES:

71013

4 1 3 6 911

811

.2465E-05
.1551E-05
.5566E-05
.1044E-04
.1338E-04
.1438E-04
.1376E-04
.1173E-04
.8549E-05
.4531E-05
.1706E-07
.5049E-05
.1066E-04
.1439E-04
.1511E-04
.1487E-04
.1352E-04
.1047E-04
.5572E-05
.1551E-05

Additional results are omitted due to space limitations.
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PLOT OF DISSIPATION FUNCTION VS (X,Y):
COMPUTED DISSIPATION FUNCTION:

X/Y orientation:

o---->Y
|
|
\Y%
X
7
6
9
9 5 1119 3
9 2 3 5 1
5 0 0 02 0 3
2 0 0 0 0 1
8 0 1 3 1 1 0
5 1 5 10 7 2 0
00 59 14 18 10 20
15 14 22 5
8 52 9 15 4 712
002 300
5 11
85001209 106 1 01259
15 931
200 002
8 5 25 7 2 58
01 2 4 6 2 10
1 00 12 0 1 00 1
2 21 0 0 0 0 2 2
4 6 4 3 1 23 7 4
EXACT DISSIPATION FUNCTION (LBF/(SEC X SQ IN)):
Results for inner boundary, Contour No. 1:
# 1 X=0.1135E+02 Y=0.7000E+01 Answer = 0.1915E-03
# 2 X=0.1135E+02 Y=0.6073E+01 Answer = 0.2728E-03
# 3 X=0.1093E+02 Y=0.5237E+01 Answer = 0.6025E-03
# 4 X=0.1026E+02 Y=0.4573E+01 Answer = 0.1128E-02
# 5 X=0.9427E+01 Y=0.4147E+01 Answer = 0.1348E-02
# 6 X=0.8500E+01 Y=0.4000E+01 Answer = 0.1412E-02
# 7 X=0.7573E+01 Y=0.4147E+01 Answer = 0.1429E-02
# 8 X=0.6737E+01 Y=0.4573E+01 Answer = 0.1436E-02
# 9 X=0.6073E+01 Y=0.5237E+01 Answer = 0.1445E-02
# 10 X=0.5647E+01 Y=0.6073E+01 Answer = 0.1472E-02
# 11 X=0.5500E+01 Y=0.7000E+01 Answer = 0.1564E-02
# 12 X=0.5647E+01 Y=0.7927E+01 Answer = 0.1823E-02
# 13 X=0.6073E+01 Y=0.8763E+01 Answer = 0.2258E-02
# 14 X=0.6737E+01 Y=0.9427E+01 Answer = 0.2172E-02
# 15 X=0.7573E+01 Y=0.9853E+01 Answer = 0.1728E-02
# 16 X=0.8500E+01 Y=0.1000E+02 Answer = 0.1509E-02
# 17 X=0.9427E+01 Y=0.9853E+01 Answer = 0.1377E-02
# 18 X=0.1026E+02 Y=0.9427E+01 Answer = 0.1135E-02
# 19 X=0.1093E+02 Y=0.8763E+01 Answer = 0.6037E-03
# 20 X=0.1135E+02 Y=0.7927E+01 Answer = 0.2729E-03

Additional results are omitted due to space limitations.
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PLOT OF SHEAR RATE "dU(x,y)/dx" VS (X,Y):
COMPUTED (ABSOLUTE VALUE OF) SHEAR RATES:

X/Y orientation:

o---->Y
|
|
\Y%
X
2
6
8
7 6 811 4
6 4 4 5 3
4 2 0 13 1 1
3 0 0 0 0 0
4 0 2 4 2 1 0
3 2 6 8 6 3 1
10 5 6 9 10 6 32
13 8 10 4
211 4 6 001
001 210
1 3
0000O0O0CO 000O0O0OOCOO
01 210
100 001
21 12 4 1 12
00 3 4 53 00
2 00 2 4 2 2 00 2
3 32 0 0 0 13 3
3 6 5 4 2 3 4 6 3
EXACT SHEAR RATES (1/SEC):
Results for inner boundary, Contour No. 1:
# 1 X=0.1135E+02 Y=0.7000E+01 Answer = 0.3200E+02
# 2 X=0.1135E+02 Y=0.6073E+01 Answer = 0.4183E+02
# 3 X=0.1093E+02 Y=0.5237E+01 Answer = 0.5166E+02
# 4 X=0.1026E+02 Y=0.4573E+01 Answer = 0.5121E+02
# 5 X=0.9427E+01 Y=0.4147E+01 Answer = 0.2939E+02
# 6 X=0.8500E+01 VY=0.4000E+01 Answer = -.8894E-01
# 7 X=0.7573E+01 Y=0.4147E+01 Answer = -.3055E+02
# 8 X=0.6737E+01 Y=0.4573E+01 Answer = -.5820E+02
# 9 X=0.6073E+01 Y=0.5237E+01 Answer = -.8035E+02
# 10 X=0.5647E+01 Y=0.6073E+01 Answer = -.9536E+02
# 11 X=0.5500E+01 Y=0.7000E+01 Answer = -.1033E+03
# 12 X=0.5647E+01 Y=0.7927E+01 Answer = -.1061E+03
# 13 X=0.6073E+01 Y=0.8763E+01 Answer = -.1006E+03
# 14 X=0.6737E+01 Y=0.9427E+01 Answer = -.7198E+02
# 15 X=0.7573E+01 Y=0.9853E+01 Answer = -.3401E+02
# 16 X=0.8500E+01 Y=0.1000E+02 Answer = -.3175E+00
# 17 X=0.9427E+01 Y=0.9853E+01 Answer = 0.2962E+02
# 18 X=0.1026E+02 Y=0.9427E+01 Answer = 0.5137E+02
# 19 X=0.1093E+02 Y=0.8763E+01 Answer = 0.5171E+02
# 20 X=0.1135E+02 Y=0.7927E+01 Answer = 0.4184E+02

Additional results are omitted due to space limitations.
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PLOT OF SHEAR RATE "dU(x,y)/dy" VS (X,Y):
COMPUTED (ABSOLUTE VALUE OF) SHEAR RATES:

X/Y orientation:

o---->Y
|
|
v
X
6
0
0
2 0 11 0
4 1 0 0 0
3 0 0 10 0 4
2 0 0 1 1 3
6 0 0 0 1 2 1
4 1 1 0 2 2 0
20 3 4 3 3 4 21
25 5 7 4
75 4 6 8 579
20 4 401
5 8
7620248 86 202468
2 5 74 2
321 123
75 4 5 6 4 57
03 33 33 30
1 12 11 1 1 21 1
2 00 0 0 0 10 2
3 00 0 0 00 0 3

EXACT SHEAR RATES (1/SEC):

Results for inner boundary, Contour No. 1:

# 1 X=0.1135E+02 Y=0.7000E+01 Answer = 0.1682E+02
# 2 X=0.1135E+02 Y=0.6073E+01 Answer = -.1058E+02
# 3 X=0.1093E+02 Y=0.5237E+01 Answer = -.3799E+02
# 4 X=0.1026E+02 Y=0.4573E+01 Answer = -.7124E+02
# 5 X=0.9427E+01 Y=0.4147E+01 Answer = -.9132E+02
# 6 X=0.8500E+01 Y=0.4000E+01 Answer = -.9817E+02
# 7 X=0.7573E+01 Y=0.4147E+01 Answer = -.9393E+02
# 8 X=0.6737E+01 Y=0.4573E+01 Answer = -.8008E+02
# 9 X=0.6073E+01 Y=0.5237E+01 Answer = -.5835E+02
# 10 X=0.5647E+01 Y=0.6073E+01 Answer = -.3093E+02
# 11 X=0.5500E+01 Y=0.7000E+01 Answer = 0.1165E+00
# 12 X=0.5647E+01 Y=0.7927E+01 Answer = 0.3447E+02
# 13 X=0.6073E+01 Y=0.8763E+01 Answer = 0.7275E+02
# 14 X=0.6737E+01 Y=0.9427E+01 Answer = 0.9822E+02
# 15 X=0.7573E+01 Y=0.9853E+01 Answer = 0.1032E+03
# 16 X=0.8500E+01 Y=0.1000E+02 Answer = 0.1015E+03
# 17 X=0.9427E+01 Y=0.9853E+01 Answer = 0.9230E+02
# 18 X=0.1026E+02 Y=0.9427E+01 Answer = 0.7149E+02
# 19 X=0.1093E+02 Y=0.8763E+01 Answer = 0.3803E+02
# 20 X=0.1135E+02 Y=0.7927E+01 Answer = 0.1059E+02

Additional results are omitted due to space limitations.



PLOT OF "STOKES PRODUCT"

COMPUTED STOKES PRODUCT:

X/Y orientation:

o---->Y

\Y%
X

EXACT STOKES PRODUCT

Results for inner boundary,
0.1135E+02
0.1135E+02
0.1093E+02
0.1026E+02
0.9427E+01
0.8500E+01
0.7573E+01
0.6737E+01
0.6073E+01
0.
0
0
0
0
0
0
0
0
0
0

o FE G G o G
[
[

DA DA D D X X ) T DD DD D K X

5647E+01

.5500E+01
.5647E+01
.6073E+01
.6737E+01
.7573E+01
.8500E+01
.9427E+01
.1026E+02
.1093E+02
.1135E+02

4 0
8
1110 15
11 15
10 14
6 12
0 7

N

VS (X,Y):
0
0 4
6 7
8 9
9
7
2
2 0
0
1
0o 1
2
0 0
(LBF/IN) :

Y=0.
.6073E+01
.5237E+01
.4573E+01
.4147E+01
.4000E+01
.4147E+01
.4573E+01
.5237E+01
.6073E+01
.7000E+01
.7927E+01
.8763E+01
.9427E+01
.9853E+01
.1000E+02
.9853E+01
.9427E+01
.8763E+01
.7927E+01

R R R I R R R
OO0 0000000000000 OoOOoOOoOo

7000E+01

Contour No.
Answer =

Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer
Answer

10
13

Answer =

15
1214
10
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11

14
15

81010

[eleNeNeloNeleNeNoNoNeNcNeNe - No N N=NNa}

8 98740

.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00

Additional results are omitted due to space limitations.
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TABULATION OF CALCULATED AVERAGE QUANTITIES, I:
Area weighted means of absolute values taken over
BOTTOM HALF of annular cross-section

(e e eleNeNoNoNe]

Axial annular velocity (inches/sec
Apparent viscosity (1lbf sec / sqg in
Viscous stress, AppVis x dU/dx (psi
Viscous stress, AppVis x dU/dy (psi

Shear rate dU/dx (Recip sec, 1 /sec
Shear rate dU/dy (Recip sec, 1 /sec
Stokes product Vel x AppVis (lbf/in

)
)
)
)
Dissipation fnction (lbf/(sec sgin)):
)
)
)

.2614E+02
.1465E-06
.2806E-05
.4162E-05
.3138E-03
.1915E+02
.2841E+02
.3830E-05

TABULATION OF CALCULATED AVERAGE QUANTITIES, ITI:
Area weighted means of absolute values taken over
ENTIRE annular (x,y) cross-section

OO O0OO0OO0OO0OO0OO0

Axial annular velocity (inches/sec
Apparent viscosity (1lbf sec / sq in
Viscous stress, AppVis x dU/dx (psi
Viscous stress, AppVis x dU/dy (psi
Dissipation fnction (1lbf/(sec sgin)
Shear rate dU/dx (Recip sec, 1 /sec
Shear rate dU/dy (Recip sec, 1 /sec
Stokes product Vel x AppVis (lbf/in

VERTICAL SYMMETRY PLANE ABOVE DRILL PIPE
Axial velocity distribution (in/sec) :

)
)
)
) :
) :
)
)
)

.3509E+02
.1465E-06
.3997E-05
.4329E-05
.4247E-03
.2728E+02
.2955E+02
.5140E-05

X 0
2.50 0.0000E+00
2.90 0.2884E+02 *
3.27 0.4903E+02 *
3.62 0.6159E+02 *
3.94 0.6741E+02 *
4.25 0.6726E+02 *
4.54 0.6186E+02 *
4.80 0.5186E+02
5.05 0.3786E+02 *
5.28 0.2041E+02 *
5.50 0.0000E+00

VERTICAL SYMMETRY PLANE BELOW DRILL PIPE
Axial velocity distribution (in/sec):

X 0
11.35 0.0000E+00
11.47 0.4005E+01 *
11.58 0.7489E+01 *
11.70 0.1033E+02
11.81 0.1241E+02 *
11.93 0.1361E+02 *
12.04 0.1378E+02 *
12.16 0.1278E+02 *
12.27 0.1039E+02
12.39 0.6310E+01 *
12.50 0.0000E+00
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VERTICAL SYMMETRY PLANE ABOVE DRILL PIPE
Apparent viscosity distribution (1lbf sec/sqg in):

X 0
2.50 0.1465E-06 *
2.90 0.1465E-06 *
3.27 0.1465E-06 *
3.62 0.1465E-06 *
3.94 0.1465E-06 *
4.25 0.1465E-06 *
4.54 0.1465E-06 *
4.80 0.1465E-06 *
5.05 0.1465E-06 *
5.28 0.1465E-06 *
5.50 0.1465E-06 *
VERTICAL SYMMETRY PLANE BELOW DRILL PIPE
Apparent viscosity distribution (1bf sec/sq in):
X 0
11.35 0.1465E-06 *
11.47 0.1465E-06 *
11.58 0.1465E-06 *
11.70 0.1465E-06 *
11.81 0.1465E-06 *
11.93 0.1465E-06 *
12.04 0.1465E-06 *
12.16 0.1465E-06 *
12.27 0.1465E-06 *
12.39 0.1465E-06 *
12.50 0.1465E-06 *
VERTICAL SYMMETRY PLANE ABOVE DRILL PIPE
Viscous stress, AppVis x duU/dx (psi):
X 0
2.50 0.1197E-04 *
2.90 0.9321E-05 *
3.27 0.6672E-05 *
3.62 0.4002E-05 *
3.94 0.1316E-05 *
4.25 -0.1382E-05 *
4.54 -0.4093E-05 *
4.80 -0.6822E-05 *
5.05 -0.9574E-05 *
5.28 -0.1235E-04 *
5.50 -0.1514E-04
VERTICAL SYMMETRY PLANE BELOW DRILL PIPE
Viscous stress, AppVis x dU/dx (psi):
X 0
11.35 0.4688E-05 *
11.47 0.3916E-05 *
11.58 0.3143E-05 *
11.70 0.2312E-05 *
11.81 0.1431E-05 *
11.93 0.5102E-06 *
12.04 -0.4364E-06 *
12.16 -0.1389E-05 *
12.27 -0.2317E-05 *
12.39 -0.3178E-05 *
12.50 -0.4039E-05 *
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VERTICAL SYMMETRY PLANE ABOVE DRILL PIPE
Dissipation function (1lbf/(sec x sqg in)):

X 0
2.50 0.9781E-03
2.90 0.5935E-03 *
3.27 0.3053E-03 *
3.62 0.1114E-03 *
3.94 0.1417E-04
4.25 0.1518E-04
4.54 0.1160E-03 *
4.80 0.3188E-03 *
5.05 0.6262E-03
5.28 0.1042E-02
5.50 0.1564E-02

VERTICAL SYMMETRY PLANE BELOW DRILL PIPE
Dissipation function (1lbf/(sec x sq in)):

X 0
11.35 0.1915E-03
11.47 0.1323E-03
11.58 0.8401E-04
11.70 0.4583E-04 *
11.81 0.1862E-04 *
11.93 0.3546E-05
12.04 0.1612E-05
12.16 0.1319E-04 *
12.27 0.3719E-04 *
12.39 0.6991E-04 *
12.50 0.1123E-03

VERTICAL SYMMETRY PLANE ABOVE DRILL PIPE
Shear rate dU/dx (1/sec):

X
2.50 0.8171E+02
2.90 0.6362E+02
3.27 0.4554E+02
3.62 0.2732E+02
3.94 0.8984E+01
4.25 -0.9432E+01
4.54 -0.2794E+02 *
4.80 -0.4657E+02 *
5.05 -0.6535E+02 *
5.28 -0.8433E+02 *
5.50 -0.1033E+03

VERTICAL SYMMETRY PLANE BELOW DRILL PIPE
Shear rate dU/dx (1/sec):

X
11.35 0.3200E+02
11.47 0.2673E+02
11.58 0.2145E+02
11.70 0.1578E+02
11.81 0.9769E+01
11.93 0.3482E+01
12.04 -0.2979E+01
12.16 -0.9478E+01 *
12.27 -0.1581E+02 *
12.39 -0.2169E+02 *

12.50 -0.2757E+02 *
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VERTICAL SYMMETRY PLANE ABOVE DRILL PIPE
Stokes product (lbf/in):
X 0

ot uds s WwwwNoN

VERTICAL SYMMETRY PLANE BELOW DRILL PIPE

Stokes

.50
.90
.27
.62
.94
.25
.54
.80
.05
.28
.50

product

[eNeNeNeleNeNeNeNe NN

0.0000E+00
0.4225E-05
0.7182E-05
0.9023E-05
0.9876E-05
0.
0
0
0
0
0

9854E-05

.9063E-05
.7598E-05
.5547E-05
.2990E-05
.0000E+00

1bf/in) :

.0000E+00
.5868E-06
.1097E-05
.1513E-05
.1818E-05
.1993E-05
.2019E-05
.1